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Abstract

Electron interaction with H2O molecules (chapters 1 to 4) are studied to 

determine the absolute differential (DCS) and integral (ICS) cross sections for the 

electron impact excitation of the vibrational symmetric bending (0 1 0 ) and unresolved 

symmetric + asymmetric stretching (100+001) modes respectively. The energy of the 

incident electron beam ranges from 6  to 20 eV with the scattering angle varying from 

10° to 135°. The scattered electrons show significant angular structure in both the 

(010) and the (100+001) DCSs due to decay from Feshbach resonances in H2O' with a 

6 2  symmetry state. This observation agrees for the first time with theoretical studies, 

and the H2O grand total cross section (GTS) results confirm the earlier experimental 

findings.

Femtosecond photon interactions with xenon atoms (chapters 5 to 7) are 

studied by scanning a focused laser spot along the direction of propagation and using 

a sub-millimetre aperture detector that exposes regions of different laser intensities to 

the detector. The ion signal from different regions of the laser focus varies as a 

function of intensity within the confocal volume. Fitting the ion signal to the intensity 

volume shell allows detailed deductions to be made of the laser molecule interactions 

as a function of laser intensity. This has shown ionisation suppression in high 

intensity short laser pulses.

Photon interactions with H2O molecules (chapters 8  to 10) are investigated 

using time of flight mass spectrometer (TOFMS) and a femtosecond polarised laser 

beam. The high intensity laser spot (2x10^  ̂W/cm^) results in Coulomb explosion of 

the molecular ion at a high level of ionisation. The rotation of the laser polarisation 

enables the construction of a TOF matrix of the spectra. For the first time the data are 

corrected for the experimental acceptance angle that allows a full study of the 

fragmented ions. The detected energy and angular distributions of the fragmented ions 

show that the H2O molecule undergoes geometrical stretching, straightening and 

reorientation modifications. The Monte Carlo simulation of the dissociative process 

and the 2D fit give the geometrical bond length, bend angle and alignment angle 

distributions.
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same time while at high n values ions are energetic (dashed arrows) and 
escape detection.

Figure 7.11c A plot of the TOF against square root of the ion’s mass to 162 
charge ratio in order to determine the ion species.

Figure 7.12a The integrated signal of ions fragmented from CO2 molecule 163 
with E H to the detector axis. Ions at different ionisation stages shows good 
symmetry about z = 0 axis.

Chapter 8 166

Figure 8.1a A sketch showing a resonant two-photon excitation and a 166 
resonance enhanced three-photon ionisation of a model atom. Gp is the photon 
energy and G(ip) is the ionisation energy level of the atom. ATI level 
represents above threshold ionisation state.

Figure 8.3a The suppression of the atomic potential in an external E-field 168
ranging from 0 to 1.5 au. The electron at an ionisation level of -2.2 au. (-60 
eV) tunnels through the suppressed potential barriers at £  = 0.6 and 1 au. It is 
free to pass over the barrier at £  = 1.5 au.

Figure 8.7a Double well potential for the outer electron in a symmetric 171
diatomic Ii^ molecule at different intemuclear separations (R as shown on 
top) and in different external E-field strengths. The vertical arrows indicate 
the Stark shift of the ionised electron and the top right numbers are the 
intensities {Posthumus et al 1996).

Figure 8.8a Appearance intensities (full curves) of the {q\, ^2) fragmentation 172
channels of I2 and trajectories (broken curves) as a function of the intemuclear 
separation R. The appearance intensity is lowered at nearly same critical 
separation Rc » 10 a.u. {Posthumus et al 1996).

Figure 8.9a Polar plots of ensemble-averaged alignment angular distribution 174 
for different values of temperature and l^o^airoti. {Friedrich and Herschbach 
1995).

Figure 8.11a Potential energy curves of the ground and excited Vd 175
states of H2  ̂ showing the ATD after the absorption of 1, 2 or 3 photons of 
wavelength 330 nm from the v = 0 vibrational level of the Isa^ bound state 
{Giusti-Suzor et al 1990).

Figure 8.12a Potential energy curves of the bound Isog and unbound 2pOu 176
states of H2  ̂ showing the light-induced adiabatic potentials (solid curves) 
after dressing by 1, 2 or 3 photons of wavelength 532 nm. Dashed curves are 
the crossed diabatic potential curves Isog and 2pOu dressed by even and odd 
number of photons respectively {Bucksbaum et al 1990).
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Figure 8.14a A sketch of a triatomic molecule showing the resultant 179
momentum /?a and energy €& for the nucleus of mass and charge as the 
molecule Coulomb explodes.

Chapter 9 181

Figure 9.1a A diagram of the experimental setup showing most of the 182
components. The circuit box contains potential dividers necessary for the 
micro-channel plate detector and feed through connectors.

Figure 9.1b Sketches of the two sides and top port flanges of the 183
experimental chamber showing all the feedthrough ports and their 
components.

Figure 9.2a The Wiley-McLaren TOFMS assembly used in the IMI 185
experiment. All measurements are to scale except the ring clamps and the 
hypodermic needle (HN) holders and where indicated. The circuit box is 
mounted outside the experimental chamber as shown in figure 9. la.

Figure 9.4a A sketch showing the sequence of the data collection loop. PC 187
D60 and C300 stand for PC Dell 60 MHz and Carrera 300 MHz respectively.

Figure 9.5a A sketch showing the experimental acceptance angle for different 188
ion energies and trajectories, (a) ions have same initial energy but different 
initial trajectory angles a  while (b) ions have same initial trajectory angle but 
different initial energies G. Those with small initial trajectory angles and less 
energy are detected and therefore have a bigger experimental acceptance 
angle.

Figure 9.5b Experimental acceptance angle (a) obtained for oxygen ions. The 189 
data points were collected using the Visual Basic program.

Figure 9.6a A sketch of the momentum geometry space that contributes to the 190 
detected ion signal at momentum value p.

Figure 9.6b The detected ion signal at momentum value p  must be divided by 190 
the correction factor shown in the plot as a function of the detected ion 
momentum p. Dashed lines represent the acceptance angle (a,) vs the initial 
momentum pi of each O ion for comparison.

Figure 9.7a A sketch showing the forward and backward fragmented ions and 191 
the time delay (2Ar) between their arrival at the detector.

Figure 9.7b A spectrum of H2O fragments obtained with 2 different 192 
polarisation directions as indicated. F and B indicate forward and backward 
KT ions. Note the change in the width of the O ions where they broaden with
E L .

Figure 9.8a The conversion of the TOF of the forward ions (shown in the 192 
inset) into momentum p. The signal of the detected momentum is then
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corrected for the experimental acceptance angle.

Chapter 10 194

Figure 10.1a The molecular structure of the H2O molecule. It has a 194 
permanent dipole moment dp = 0.724 a.u (= 1.85 10'^  ̂ esu). The mean 
Polarizability a = 9.8 a.u (=1.45 Â^).
The electronic g/s: lai^ 2ai^ 15%̂ 3ai^ Ibi^, 1®̂ ionisation from Ibi^ =
12.622 eV,
2̂ ^̂  ionisation from 3ai^ V2(ip) = 13.939 eV, 3̂  ̂ ionisation from lb 2  ̂ V3(ip) =
16.973 eV.

Figure 10.1b LHS (a) the sketch of the neutral H2O molecular excitation and 195 
the lowest H2O ionisation thresholds. The lines between the states indicate 
adiabatic dissociation channels for symmetric (C2v) and asymmetric (Q ) 
symmetries (Rottke et al 1998). RHS; the three lowest potential energy curves 
of H2O molecule as a function of (b) intemuclear separation between H and 
frozen OH at equilibrium distance Re=1.8 a.u. and (c) the bending angle 9 
{Schinke 1993).

Figure 10.2a A contour plot of the FES (in eV) of H20^^ as a function in the 196 
bending angle 6 and the intemuclear separation R between H and frozen OH 
at equilibrium distance Re=1.2Â. Zero energy is taken at the metastable 
minimum r= R^=1.2Â and ^180° presented by a dot {Bunker et al 1999). The 
RHS plot is the PEC of H20^^ taken along ^180° for clarity {Van Huis et al 
1999).

Figure 10.3a The computed induced dipole moments (di// and dpi) of H2 O as 198
a function of the applied E-field. Solid and dashed curves are respectively 
when the E-field is applied perpendicular and parallel to symmetry axis of 
H2 O. In the latter case di// = 0 {Bhardwaj et al 1997).

Figure 10.5a Appearance intensities for each of the ionisation channels of the 199
H2O molecule using the enhanced field ionisation Coulomb explosion model 
at different bend angles {0). The solid curves are computed at the ground 
equilibrium bend angle 9= 104°

Figure 10.6a The residual gas analyser readings taken at different times (a) 201
before baking (b), during and after 1 hour baking and (c) after 3 days baking.
H2, H2O and N2 are the only residual gases in the experimental chamber at 
background pressure of 1x10^ Torr.

Figure 10.7a A matrix of the TOF spectra versus polarisation angle recorded 202
for high intensity (2x10’̂  W/cm^) laser interaction with H2O molecule. The 
RHS plot presents the spectrum of the ion fragments taken along p = 0°. Note 
that P is 2n periodic i.e. P = -90° = p = 360° -  90° = 270°.

Figure 10.7b A plot of the fragmented ion TOF versus the square root mass 203
to charge ratio
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Figure 10.8a An illustration showing the method of transforming the matrix 204 
of the TOF of a model fragmented ion (e.g. fT) into a polar plot with the 
conversion of the TOF axis into momentum along the radial axis where p  = 
96.5^(au)£'(kV/m)Ar(ns) (see equation 9.1 chapter 9).

Figure 10.8b A polar plot of the fragmented ions where the radial distribution 205 
presents the ion momentum. The polarisation direction points vertically and 
the plots shown on the LHS are before correction and on the RHS are after 
correction for the variation of the acceptance solid angle.

Figure 10.8c Least-squares fit of the trigonometric form ^xcos^(p)+C to the 206 
proton signal of channels (1,0) and (1,0,1) at momentum = 3 (top) and 19 
(bottom) (xlO^ amu m/s) respectively.

Figure 10.9a A comparison between the corrected experimental results and 207 
the Monte Carlo simulation for O and H ions dissociated from H2O molecule 
in an intense (2x10^^ W/cm^) laser field. In the case of O ions the simulation 
results are presented in the lower half while simulated H ions are presented in 
the LHS half. Note the colour intensity scale of the O MIMs are very similar.

Figure 10.9b The bond length r, bend ^and alignment (j) angle distributions 207
used in the Monte Carlo simulation to reproduce the MIM of the experimental 
results.

Figure 10.10a O and H ion momentum data along p = 90° and 0° 209
respectively, i.e. through the signal peak value, before and after correction for 
the experimental acceptance angle. The top scale is the conversion of the 
bottom momentum scale into ion energy (note the numbers must be squared 
and multiplied by the number in bracket). The stretched dotted curve in the 
bottom left comer for the corrected data of (1,0) channel peaks at 0.31 eV 
(7.7x10^ amu.m/s), which is consistent with the absorption of 4hv (= 6.4 eV) 
at 800 nm. Because the dissociation threshold into OH + H^ is 6.07 eV {Dutuit 
et al 1985), therefore L f will carry an energy of (17/18)(6.4 -  6.07) = 0.31 
eV. The solid black curves in (c) are the Gaussian distributions for each 
channel as obtained by the fitting.

Figure 10.10b The angular distribution of O ions and the least-squares fit to 211 
their corrected signal.

Figure 10.10c The angular distribution of the H^ ion at the peak value of the 212 
momentum of each channel. The solid line fits the data points using the 
Gaussian distribution v4exp{-[^sin(P)]^)+C and the trigonometric form 
J ’cos^ (P)+C where the significant B  and B ’ values are shown in the graph.

Figure 10.11a An illustration showing the effect of the vibrational modes on 212
the magnitude and direction of the O ion momentum. In (a) and (b) the 
momentum magnitude of the open head arrow is greater than momentum 
magnitude of the closed head arrow but in the same direction along the 
molecular symmetry axis. The dashed lines in (c), representing the H-H axis, 
show the dynamics of realigning the H2O molecule with the H -H axis along
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the vertical E-field. This action will bring the p  vector closer to the molecular 
symmetry axis.

Figure 10.11b (a) The dynamics of the ground state asymmetric stretch mode. 213 
(b) The black solid and long dashed curves represent the variations of the 
momentum magnitude and the angle of the H-H axis about the E-field 
respectively, as a function of r\ and 7*2, while the dashed blue and red plots 
show respectively the angles of the momentum and the H^
momentum /7(H) about the vertical E-field as the H2O molecule undergoes 
asymmetric stretch at fixed initial alignment. As the molecule realigns itself 
with the H -H axis along the E-field faster than the asymmetric stretch motion 
the angles of the /7(o'+-̂ ) and the /?(H) about the vertical E-field narrows and 
widens as presented by the solid blue and red plots respectively, i.e. as 
function of n , and (j). Note the angles of the H-H axis and /7(H) about the E- 
field are shifted vertically by 90° for clarity.

Figure 10.11c The quarter pendular period for the alignment time from 0 213
to 90° within the Lorenztian laser pulse profile of peak intensity 2x10^^ 
W/cm^. At local on axis peak intensity intensity Iol == 1.48x10^^ W/cm^ the 
alignment time = zvs the asymmetric vibrational period.

Figure 10.1 Id The contour fits to the experimental MEM of the O ions that 215
are presented in cartesian coordinates. The least-squares fit to each data is 
given by the equation above each graph. The cartesian plot is similar to the 
LHS presentation shown in figure 10.8a. The zero momentum axis coincides 
with the midpoint axis and all forward ions along the TOF axis are converted 
to momentum p  along the y-axis, where p  = 96.5^EAt and At = (tmidpt -  tfwd) 
(equation 9.1 chapter 9).

Figure 10.12a The contours that fit the experimental MIM of the H^ ion 216 
presented in cartesian coordinates. The least-squares fit equation is shown 
above the graph. Note the (1,0,1) channel is not visible in the experimental 
data due to colour scale. However, it is visible when data are presented in a 
contour plot, which match the least-squares fit contour.

Figure 10.13a The alignment distributions of the (1,1,1) and (1,2,1) channels 217
of H2O molecule in an intense laser field. The (1,0,1) and (1,1) channels are 
approximated to have the alignment distribution of the (1,1,1) channel. The 

=1.5 and 1.77 values of the Gaussian form are equivalent to B\<^ = 4.34 
and 5.67, respectively, of the trigonometric form sin^ (^(^. The doted lines are 
the alignment distributions from Monte Carlo simulation.

Figure 10.14a An illustration showing the vibration of the 0J2 bend angle of 219 
the H2O molecule and its mirror image (grey) that are aligned with the H-H 
axis along the vertical polarisation direction. The vibration of each H^ ion, 
w.r.t the molecular symmetry axis, in each quadrant is presented by an 
exponential term in ZP(6Î) distribution (equation 10.6). Note that the angular 
distribution P(p) of the H^ ion is shifted by 90° to avoid the result for the 
complementary angle in the fitting procedure.
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Figure 10.14b The fit results to the angular distributions of the (1,0,1), (1,1), 219
(1.1.1) and (1,2,1) channels. The marks are the data points and the solid lines 
are the fit using the superposition in P(0) and P((t>) as given by equation 10.6.
Two fits are applied using n = 1 and 2 where the values obtained for 6J2 and 
B(&) are shown above each P(p) plot. The polarisation angle is shifted by 90°.

Figure 10.14c The bend angle distributions ZP(é!) of the (1,0,1), (1,1), (1,1,1) 220
and (1,2,1) channels where the difference in the ZP(é>) plots for 6 e [0, 180] n 
= 1 and 9 e  [180, 360] n = 2 is almost zero.

Figure 10.14d The bend angle ?(0) distributions for the (1,0,1), (1,1), (1,1,1) 221
and (1,2,1) channels for n = 1 (solid lines). The dashed curves in the (1,1,1) 
and (1,2,1) channels are the ZP(<0 distributions compared with the Monte 
Carlo simulation (dotted lines). For n = 2 the dashed curves do not change but 
P(6) shifts 10° towards a smaller bend angle with wider distribution.

Figure 10.15a A sketch of the H2O molecule showing the resultant 222 
momentum pu. and energy Gh for the proton of mass mn = 1 amu. and charge 

^  1 au. as the molecule Coulomb explodes.

Figure 10.15b The bond length P(r) distributions of the (1,0,1), (1,1), (1,1,1) 224
and (1,2,1) channels. The dashed curves for 9o using n = 2 overlaps the solid 
curves for 9o using « = 1. The dotted lines are r distributions from the Monte 
Carlo simulation that peak at Tq = 2 Â, which is very close to the average in /*o 
= 2.14 À between the four channels.

Figure 10.15c The averaged bond length P(r) distributions of all channels 224 
compared with the Monte Carlo simulation P(r) of the channels (1,1,1) and
(1.2.1).

Figure 10.16a The H20^ potential curves as a function of the bending angle 9 227
(a) before and (b) after the absorption of a single photon of the 800 nm 
wavelength {lhv=  1.6 eV photon energy) resulting in light induced potentials 
(LIPs) and avoided crossings. The initial wavefunctions are trapped in the 
lower and upper LIPs, solid and dashed respectively, due to bond angle 
softening and hardening {Rottke et al 1998).

Figure 10.16b The MIM of the OH^ presented in cartesian coordinate with 227 
the contours of the 2D fit to the corrected experimental data. The equation 
above the graph represents the least-squares fit result.

Figure 10.16c The dissociation dynamic of H20^^ into (1,1) channel. The 228
most probable charge of OH^ is central where the momentum /?(oh) = -p(H) 
acts. Resolving /?(oh) into />i=24.3xl0^ gives rise to angular momentum and 
P/Â=30.5xl0^ (amu.m/s) very close to 28.3x10^ that is detected by the TOFMS.
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Chapter 1 -  Electron Scattering Theoretical Review

The early days of the twentieth century have witnessed the rise of the theory of 

electron collisions with various targets such as atoms, molecules and ions. The 

appearance of the quantum theory in the second quarter of the twentieth century has 

led to advances in many fields and resulted in not only an understanding of the 

electronic properties of molecules and molecular interactions but also a better 

understanding of many processes where electron-molecule interactions are important.

Massey divABurhop (1969) diVA Massey (1969) have summarised the scattering 

processes of molecules. The number of degrees of freedom involved in molecular 

scattering introduces complexities in determining the cross section of each process. 

With the advances in computing in the second half of the twentieth century it became 

possible to calculate these processes (R-matrix, Burke and Chandra 1972).

Chapter 1 will outline the theories of the scattering processes of electron 

interactions with atoms and molecules and the methods employed in cross section 

calculations. There will be also a review of the physical structure of the water 

molecule and some of the recent experimental studies.

1.1 Cross Section Definition

The cross section for scattering is defined to be the ratio of the number of 

scattering events per unit time, per unit scattering centre, to the flux of incident 

particles onto the target. A beam of electrons entering a cell containing a molecular 

gas of number density Ng will be attenuated (see figure 1.1a).

If S  is the area of the incident electron beam and No is the number of electrons 

going through S  per unit time then Uo = No/S is the number of electrons per unit time 

per unit area. Since target centres outside the beam area are of no significance, the 

number of scattering centres Ug in the effective volume is

Ug = S x l x  Ng = SNg 1.1

where Ng is number of scattering centres per unit area perpendicular to the incident

electron beam and / is the length of the gas cell. Let Ns and Nt be the total number of 

scattered and transmitted electrons respectively {Ns = No- N )  then from definition, the 

total cross section ( o r )  is given by
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CJt  —

N.

(VstVs)
N. = N„NJ<Tr

1.2

1.3

provided / is thin. Thus the final attenuation of the incident current is given by

A = 4  8xp(- 1.4

The differential cross section (DCS = dddO.) is defined by the number of 

particles ris crossing a surface area dS, subtended by solid angle dÇl (=sin^ dO d(j) = 

at a radial distance r from the centre of collision and at polar and azimuthal 

angles 0and ^respectively. For a given incident electron energy can be written, 

using the cross section definition, as

 ̂d(Jt
do. 1.5

Since the molecules are free to rotate the azimuthal term, ({), can be removed. 

However, when an electron of energy Eo collides with the molecule it may undergo 

one of the 3 processes:

• Lose energy (inelastic collision) by exciting the molecule

• Gain energy (super-elastic collision) by de-exciting the molecule, or

• Not lose or gain energy (elastic collision).

Scattered e's
dS  = E dQ  
Detected current
= s

Incident electron beam 
4  =

---->z

Transmitted e's
_  It = N,e s'*

Gas cell 
Number density Ng

Figure 1.1a A sketch o f  electron scattering from molecules in a gas cell o f  number density Ng 
and length /, Scattered electrons are detected by a counter o f  area dS  subtended by solid angle 
cKl

In the case where the processes are indistinguishable due to insufficient 

resolution the DCS becomes an average of a number of indistinguishable processes 

such that
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^̂ {E„,9) ^  Y  Y ^ r̂n{E,,0)
dO S3 " dO

where Nm is the degeneracy of the m* state and / and /  are the experimentally 

unresolved initial and final states respectively.

1.2 Basic Scattering Theory

Scattering theory of the interaction of electrons with molecules encounters 

difficulties due to the number of degrees of freedom involved and due to the fact that 

molecules can have any shape from simple linear to a complex non-spherical shape. 

The electron- molecule interaction can be described quantum mechanically by the 

time-independent Schrodinger equation with a well defined energy E  such that

= 1.7

satisfies the time-independent Schrodinger equation

1.8

Where Y(/.) is the total wave function of the system and H  is the Hamiltonian operator 

of the electron-molecule interaction. In atomic units {-h^llm) reduces to (-1/2) where 

m is the mass of the electron.

In quantum mechanics (QM) the current density j ,  which satisfies the

continuity relation in electromagnetic (EM) theory, is defined by

7 = A (> i/v 'P ‘ - T ’V'I') 1.9
2m

where T* is the complex conjugate of Y and the continuity relation relates charge 

density p  and associated current j  such that

1.10

In order to determine the cross section it is necessary to find the wave 

functions that describe the incident and scattered electrons and satisfy the Schrodinger 

equation, then find the current density from these wave functions.

• The wave function of the incident electron beam is usually presented by an

incident plane wave in the form of ^e '^  since k and r are parallel

and along z). Substituting for 'F in equation 1.9 yields the electron flux
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1.11

where k  (=2 ti/X,= fT^-JlmE ) is the wave number of the incident electron, v is the 

velocity of the incident electron and A is the amplitude of the wave function 'P.

• The scattered electrons are usually represented by a spherical wave function of the 

form ^sc(r)=A e'^(l/r) for large r. The/j^,,6  ̂ term is the scattering amplitude, 

which satisfies the Schrodinger equation; the azimuthal term is removed due to 

symmetry. Substituting in equation 1.9 yields the flux of elastically scattered 

electrons that radially emanate from the target

\Aeo,' ^ |^|2 0) ■W 1.12
r \  m J ' r  

where the grad operator (V) is only allowed to operate on the exponential term to 

avoid the introduction of extra powers of 1/r.

Now the total wave function T r  of the system, which is the superposition of 

the incident and scattered wave functions
^ikr

= Aqik.r 1.13

also satisfies the Schrodinger equation

• The flux of the scattered electrons of a given incident electron energy Eo into an 

area dS (= r^cKl), subtended by solid angle dO. at distance r and scattering angle 0, 

such that the flux is normal to dS is given by

vdQ.

The definition of the differential cross section (DCS) is

d(T.\Eô0)
scattered electron flvx  into solid angle dÇl 

incident electron f lm - 0) d a

diJi(E..0)
d a 0 )

1.14

1.15

1.16

and the integral cross section is obtained by integrating over all scattering angles

ICS(£_) = CT(ĵ ) = 2 ; r |-^ ^ ^ s jn é » i/é >  117

Note that the term {^inOdO) in the integral can be replaced by d{cosO).
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1.2.1 Partial Wave Decomposition

The scattering amplitude f{Eo,e) for a spherically symmetric potential V(r) is a 

function of cos^ thus it is possible to expand it in Legendre polynomials, using the 

partial wave approach, such that for a given incident electron energy Eo

f { E o ^  -  f k / 1 18UK /=o

where ( 1/2 /1 ) - 1) =fi are the partial wave amplitudes and Si are the phase shifts.

Hence the total elastic cross section can be obtained

^ t{e,) ^  TT S  )] = TT X  <5; 1.19K I K ĵ Q

The incident plane wave can also be expanded in Legendre polynomials since 

exp(/l.r ) = exp(/lr cos 0) then

V^in{r) = X ( 2 /  +  iy-//(ft,/;(cOS^) 1.20
Î-0

where Jiqcr) are the spherical Bessel functions, which are a combination of sines and 

cosines with polynomials in Vkr and i = exp(/W 2 ).

1.2.2 Expansion of Full Asymptotic Solution

Since the total wave function \\fTQ-) is a superposition of the incident and 

scattered wave functions, then by substituting their expansions in equation 1.13 an 

expansion of the full asymptotic wave function can be obtained

'ï'r(r) = + sin[ kr + S ,~  //-V,(cos(?) 1.21
Kf V 2 y

where Ji{kr) is replaced by its asymptotic behaviour (= {kr)'^sm{kr4nl2)) and equation

1 °°
1 . 2 1  is rewritten 1 2 2

K 1=0

where Ai are energy dependent coefficients. Equation 1.22 satisfies the differential 

equation that yields an expression for the radial term (fn

^ l{ U \)  ^
^ , T - — + 9]{r)=^ 1.23

such that the asymptotic solutions of this equation are found to be
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This means that if the partial Schrodinger equation is solved then the 

asymptotic behaviour of the wave function immediately defines the phase shifts ôi, 

which are required for the calculation of the scattering amplitude, hence the DCS and 

the total cross sections can be determined (see chapter 4).

1.3 Electron-Molecule Scattering Theory

In the laboratory frame the Schrodinger equation (in atomic units) for electron- 

molecule interactions is given by

T%1r)=0 L252

where Htar is the molecular target Hamiltonian operator. The total wave function 

(M̂T(r)} of the collision process is a sum of the product of the target molecule wave 

function, the scattered electron radial function and the angular function of the 

eigenstates of the total angular momentum operator cp̂ i

^ T { r )  =  ^¥sc{r)9rr,l(R ,f )  1-26
ml

where N is the number of electrons in a closed shell of a diatomic molecule, R is the 

nuclear separation and r is the electron distance from the molecule centre of mass. Çmi 

is a summation of spherical harmonics that describe the angular motion of the target 

molecule and scattered electron.

The interaction potential (K,„/) in equation 1.25 is due to the contribution of the three 

terms:

• The Static Potential (F*̂ ) arises from the pure Coulombic forces between the 

scattering electron and the charge density p  (= -pe+pn the electron and nuclear 

charge densities respectively) of the target molecule, such that

= 1.27 ̂ > •• |r -  r

• The Exchange Potential (V^^) is unlike the static and polarisation potentials as it 

has no classical analogy. It is a purely quantum mechanical effect and various 

models have been proposed {Gianturco and Jain 1986) without definite
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conclusion as to which is the best. The simplest model of Hara (1967) is the free 

electron gas model

A 2 At]
1 + rj

where

and

1 -7

= +21 +K^) / K

1.28

1.29

1.30

and 1 is the ionisation potential of the molecule. Both K' and V"" are attractive.

• The Polarisation Potential ( is due to the long-range dipole moment induced 

by the polarisation of the molecule. Castellejo et al (1960) have shown that it is 

impossible to exactly treat the polarisation because all possible electronic 

molecular states must be included in the analysis of Schrodinger equation in order 

to represent the induced polarisation effects. A way around this problem is to look 

at the response of the molecule, in the asymptotic region, to the electric field of 

the incident electron. Gianturco et al (1976) have modified the short-range cut-off 

parameter based on experimental work. This model overcomes the problem by 

matching the long-range asymptotic form of the polarisation potential to the short- 

range correlation interaction, which is calculated from the electron density with 

the local density approximation of the electron gas

1 -  exp
V '*c y

- o r
2/ 1.31

160

140
 V ' only
------
 pp'120

100

TO

0 0.2 0.6 0.8 1.0 1. 2

Energy (Ry)

Figure 1.3a Approximate theoretical results show the behaviour o f  the grand total cross 
section (GTS) fitting for different interaction potentials {Morrison 1983) compared with 
experimental results (circles) for electron-H; collisions o f  Golden et ur/ (1966).
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where Vc may be the radius of the molecular charge cloud or an adjustable parameter 

used to fit the experimental cross section, and a  is the polarisability of the molecule.

These three physically distinct potentials are employed in the theoretical 

treatments with some degree of coupling found between the polarisation and exchange 

potentials. Figure 1.3a shows the effect of each of the potentials on the fitting of the 

experimental grand total cross section of H2 molecule. Fitting resembles the 

experimental behaviour only when the three potentials are employed.

1.4 Methods of Theoretical Calculations

The non-spherical and multicentred nature of the molecules and the number of 

degrees of freedom involved in the electron-molecule interaction make it very 

difficult to calculate the equations and the potentials of the interaction. Therefore, 

different methods have been used in order to simplify the equations that govern the 

electron-molecule interaction. These methods will be listed with a brief description 

• The Born Approximation (BA) is used by replacing the scattered spherical wave 

function by a plane one for large radial distance r. This leads to a Bom expansion 

of the scattering amplitude as powers in the potential strength, which makes it 

useful in the cases of a weak potential where only the first, and may be the second, 

term in Bom series is important. The modified scattering amplitude becomes

/ ( ^ )  = TTT" X  “  i)f;(cos 9) + 1.32

Q(^) -

2 ik

lin a k

/=o

1 1 . ^ sin
3 2

0  ̂  /) (cos 9)
1.33

V ̂  y i>L (2 / + 3 X2 / - 1) 

tan S f  = I  U(,f^dr 1.34
0

9 l2/+1 »
1.35

where Cuo) represents the dipole-Bom approximation of the higher partial waves 

(/>L), a  is the polarisability and Qq is the Bohr radius. Uq-) is the reduced spherical 

symmetric potential The Bom approximation is the basis for most

scattering theories and modifications have been introduced to equation 1.32 (see
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chapter 4, section 4.2) to include more complicated scattering processes and the 

interaction potentials.

• Close Coupling Theory (CCT) truncates the higher terms in the expansion of the 

total wave function in equation 1.22. The theory limits the expansion to the terms 

that are close in energy between the initial and final states i.e. before and after 

scattering. The truncated terms, even though they are inaccessible, still contribute 

to the scattering process as they are responsible for polarisation effects (see 

section 1.3 polarisation potential). However, a large number of coupled equations 

are generated in this approach due to small energy spacing between rotational and 

vibrational states, therefore, a full ro-vibrational close coupling approach is only 

feasible for low energy e-Hi collision.

A result of the CCT is the convergent close coupling (CCC) method developed 

by Bray and Stelbovics (1992) for solving the coupled equations. Convergence is 

tested by including an ever increasing set of target states in the CCT formalism. It is 

the CCC theory that describes the electron-atom scattering processes at all non- 

relativistic energies.

• Fixed Nuclei Approximation (FNA) was introduced by Massey ( 1930) to simplify 

the electron-molecule interaction by assuming that the inter-nuclear distance and 

the direction of the molecular axis are fixed during the scattering process. Also 

assuming that the molecule is in the ground electronic state, the expansion in 

equation 1.22 is reduced to one term only. The calculations are computed frame 

by frame allowing for the change of the molecular orientation and the inter- 

nuclear separation, then the scattering amplitude is averaged over all possible 

states. The predictions of the FNA are in good agreement with experiments mainly 

at high incident electron energies (>100 eV).

Massey extended the theory to calculate rotational and vibrational cross 

sections using what is called Adiabatic Nuclear Approximation (ANA), where the 

scattering process is solved in two steps. First the FNA is used in the molecular frame 

then the scattering amplitude is averaged over the initial and final states of the nuclear 

wave function before transforming into the laboratory frame. This approximation is 

valid where the collision time ( - 1 0 ’^̂  s) is very short compared to rotational ( 1 0 '̂  ̂ s) 

and vibrational ( 1 0 '̂ "* s) periods, and where the number of excited states of the target 

is limited. However the FNA and the ANA are found to diverge for forward scattering 

directions, 0<  30°, of polar molecules but still valid for scattering angles 6> 30°.
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• Frame transformation Theory (FTT) was formulated by F ana (1970) and Chang 

and Fano (1972) to combine the advantages of the CCT and FNA. The theory 

divides the electron scattering into two regions: 1) In the inner region the 

incoming electron is just inside the molecular electron cloud (r^), so it accelerates 

and sees a frozen nucleus. Thus for r < Vc the FNA is suitable for treating the 

collision process. 2) In the outer region the nuclear motion is included where the 

degree of coupling between different states is weak. Thus for r > the CCT is 

suitable to describe the scattering process. Then the FFT is utilised to bring the 

two regions together and matched at an arbitrary value (see Burke 1979 and 

Buckley et al 1984 for details).

An alternative approach, known as the Angular Frame Transformation (AFT, 

Collins and Norcross 1978), divides the orbital angular momentum space into two 

regions having angular momentum h at a common boundary. For / < // ANA is used 

and for / > // a suitable lab-frame calculation is used (full details in Norcross and 

Collins 1982).

A number of computational methods have been used to solve the electron- 

molecule scattering processes within the various theoretical approximations 

mentioned above. Many of these methods predict DCSs and GTSs very close to the 

experimental results and within the experimental errors. The main disagreement 

usually lies in the forward and backward scattering regions, as they were until 

recently experimentally inaccessible.

1.5 Analysis of Experimental Results

Many of the experiments that study DCSs and GTSs are limited in the ranges 

of forward and backward scattering angles and the range of low incident electron 

energy. Therefore, two methods are used to fit the experimental results to overcome 

the absence of data in the experimentally inaccessible regions in order to obtain the 

integral cross sections (ICS) and the GTS.

• Phase Shift Analysis (PSA) employs the scattering amplitude of equation 1.32 

with and without modifications, which are listed in chapter 4 section 4.2. The Cî ê  

term (equation 1.33) is the contribution of the higher partial waves (/ > L) in the 

Bom approximation arising from the long-range interaction of the induced-dipole

- 3 5 -



potential {Thompson 1966). For / = 0 to L the Cl{6) term is dropped while for / > L 

the is kept and the phase shift becomes

tan^, = ------------- — --------------  136
' a „ ( 2 / , + 3 ) ( 2 / , + l ) ( 2 / , - l )

PSA proved to be a powerful tool in fitting not only the elastic electron-atom 

scattering but also the elastic/inelastic electron-molecule scattering DCS data in the 

present work.

• Effective Range Theory (ERT) was developed in nuclear physics to describe 

nucleon-nucleon scattering for very low energies (Eo-^0) in which de Broglie 

wavelength is comparable with the range of the nuclear forces. In this theory the 

scattering process is described by the scattering length A and the effective range 

parameter Ro.

Spruch et al (1960) introduced Modified Effective Range Theory (MERT) to 

electron-molecule scattering for incident electron energies < 0.6 eV (X » 1 nm) where 

the de Broglie wavelength is comparable with the range of the induced-dipole. The 

expansions of the phase shifts in the MERT are described by the scattering length and 

the long-range potential. The expansions will not be listed because they are of no 

interest in this work as the present incident electron energies are much higher than the 

range specified above.

1,6 Resonance Processes in Electron Scattering

Low energy electron excitation of molecules usually proceeds via resonances, 

which are distinct states of the neutral molecule plus electron formed during the 

collision process. The existence of resonance is inferred from the structure of the 

electron scattering cross section at incident energies around the energy of resonance.

An electron approaching a neutral target (atom/molecule) experiences a weak 

attractive field (oc 1/r", n usually = 4) with possible discrete bound states within the 

attractive potential well. In the case of a neutral atom the weak attractive field can 

maintain one possible stable state. Thus the negatively formed atomic ion may be 

stable in its ground state but has no excited levels of energy below that of an atom and 

a free electron. The same situation applies to excited neutral atoms, which can 

maintain one energy level with a bound electron. Such negative excited-atomic ions
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decay to the ground state (or lower energy level) and release the electron via a 

dominant discrete-continuum electron mechanism, which is important in electron- 

atom scattering.

For the neutral molecules the situation may be complicated by the additional 

energy modes (more degrees of freedom). A stable negative molecular ion may 

possess vibrational and rotational energy levels above that of a neutral molecule and a 

free electron. Thus decay can occur from such excited vibrational/rotational states via 

resonance states, which are known as Feshbach resonances {Feshbach 1958,1962).

The time dependent wave function of a bound electron in a molecule is given 

by oc exp(- iE j  th )  1.37

where E„ is the energy eigenvalue. The probability density I F of a molecule in a

stationary excited state is time independent; therefore, it decays by photon emission 

only. However, \y/nf of a molecular negative-ion resonant state (MRS) is non- 

stationary, whose energy En-\iiiT„ is complex, then probability density

ocexp(-F //A ) 1.38

is time dependent. All negative ions produced via a MRS are in super-excited states 

in their initial step of formation; thus they possess sufficient internal energy to decay 

to a neutral molecule and free electron. F is the energy width of the resonance state 

and the lifetime of the resonance state is hfT. In the decay process resonance structure 

is observed in the cross section function.

The original excited state of the neutral atom/molecule that gives rise to the 

Feshbach resonance is called the ‘parent’, which is a Rydberg rather than a valence 

state, while the parent state of the positive ion is called the ‘grandparent’ of the 

resonance state.

Molecular negative ions with two excited electrons of identical principal 

quantum number are more stable than any other configuration due to minimisation of 

electron screening, rather than considerable screening of one electron by the other 

which occurs with two different principal quantum numbers.

Four resonance forms leading to the formation of the MRS are detailed by 

Christophorou et al (1984). These forms are; 1) Shape or Single-Particle Resonance, 

2) Core-Excited Shape Resonance, 3) Nuclear-Excited Feshbach Resonance and 4) 

Electron-Excited Feshbach Resonance. The first two lie energetically above and the 

last two lie energetically below the parent ground or excited state.
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1.7 Resonance Phase Shift

For zero angular momentum (/ = 0), the partial wave formula of the total 

elastic cross section (equation 1.19, section 1.2.1) can be written {Fano 1961)

a 4;r
rK./=o)

1

2 /
1.39

where Eres is the energy of the resonance state whose width is F. In the case of zero 

width (F ^ 0) equation 1.33 reduces to that of 1.19 with / = 0 only. The rate of decay 

of the resonance state is F/ A. The resonant phase shift is given by

1 F

and the partial wave cross section can be written

1.40

4;r . 2 {e + q,Y 
k ‘ ' ] + s"
‘-t/l . 2 c-  Tysin Ô, 1.41

where £ = 2(Eo-Er«)/F is the off-resonance energy and qi = -coiÔi is known as the 

Beutler-Fano parameter.

Figure 1.7a shows the variation of the cross section <jt with the off-resonance 

energy s  for different values of the parameter qi. For = 0 the cross section shows a 

dip, which is called a “window resonance”.

1.0

0.8

0.6

0.4

0.2

0
-10 ■8 6 ■4 •2 0 2 4 6 8 10

Figure 1.7a Variation o f the cross section (jj shape with off-resonance 
energy e  for selected values o f  parameter qi.
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1.8 Fundamental Processes in Electron-Molecule Collisions

Electron collisions with atoms and molecules create energetic species that 

drive chemical and physical changes of matter. The fundamental processes driven by 

electronic collisions and the challenges they present to both experiment and theory are 

(for a molecule M = AB and where A or B may be CD... )

Elastic Scattering e + M - ^ e  + M

Electronic Excitation e' + M —> e' + M*

Vibrational Excitation e' +  M(v) e '  + M(v*)

Rotational Excitation e' + M(/) -> e* + M(/ *)

Electron Impact Dissociation e' + M(v) -> e' + A+B

Dissociative Attachment e' + M(v) -> A + B

Associative Detachment A' + B ^  + AB

Electron Impact Ionisation + M —> 2e' +

Ion Pair Formation c' + M —> c’ + A' +B^

Apart from the first process, all processes are inelastic and can occur in any 

combination. These collisions are effective in transferring energy to and from any 

degree of freedom of the target molecule. Electron impacts can excite any 

dissociative state of a molecule and reduce it to fragments because electron collisions 

are not subject to optical selection rules as the electron can exchange spin state with 

the target.

The strength of each of these processes depends on the collision cross section 

that in turn depends on the energy of the incident electron and the physical 

parameters of the target. The present work will study the cross section of vibrational 

excitation in water molecules by electron impact at different incident electron 

energies.

1.9 Summary

This chapter has covered the physical definition of the cross section and the 

partial wave decomposition of the scattering amplitude, which presented the 

differential cross section, as an infinite sum of the phase shifts.
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A description of electron-molecule scattering theory was given and the 

potentials of interaction were explained. Theoretical treatments using different 

methods of approximations to describe the collision processes and the methods 

employed to analyse the experimental results were outlined.

The role of the negative ion formation in electron-molecule scattering 

processes was discussed and the different forms of resonance were listed without 

description.

Finally the fundamental processes that govern electron-molecule collisions 

were listed.
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Chapter 2 -  Electron Scattering Experimental Setup

In this chapter the experimental apparatus and setup will be described in detail. 

First the experimental chamber, shielding and vacuum system, will be explained and 

then the electrostatic lenses, electron source and simulations. Finally a discussion of 

the power supplies and signal detection is given.

2.1 Experimental Chamber

The experimental chamber consists of three sections and was made entirely 

from non-magnetic stainless steel (type EN58B). A sketch of the experimental 

chamber is given in figure 2 . la.

• The bottom or primary base plate (PBP) of 35 mm thickness and 836 mm

diameter, has four ports diametrically opposite to each other. Three of these ports

are 225 mm in diameter while the fourth is 200 mm and holds the ionization

gauge. The ionization gauge’s flange is bolted to a 253 mm stainless steel flange 

and both flanges were sealed by 1.6 mm indium wire. The opposite port to the 

ionization gauge is blanked by a 294 mm flange made of aluminium and sealed 

with a viton O ring. One of the other two opposite ports holds a 294 mm flange 

that in return holds the 100 mm flange of the Vacuum Generator rotary 

feedthrough drive, the second one also holds a 294 mm flange that also in turn 

holds the 200 mm flange of the turbo pump. All of the flanges are sealed with 1.6 

mm indium wire, except the turbo pump which is sealed using a copper gasket.

• A 330 mm high flanged cylinder of 3 mm wall thickness and 741 mm outer 

cylinder diameter. The top and bottom flanges, which are welded to the cylinder, 

are 32 mm thick, 47.5 mm wide and 836 mm diameter. The outer cylinder is 

bolted to the primary base plate using a 0.75 mm gold wire as the seal. The 

sidewall of the cylinder has six ports 15,4 mm in diameter. A 110 mm long T 

shaped flanged cylinder was welded to each port. The wall thickness of these 

cylinders is 2  mm and the flange outer diameter is 2 0 0  mm.

» A flanged domed cover of 3 mm thickness. The flange, which is 32 mm thick, 

47.5 mm wide and 836 mm diameter is bolted to the top of the cylinder flange
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using the 1.6 mm indium wire as a seal. The domed cover is lifted by pulleys to 

access the experimental chamber.

2.2 Magnetic Shielding

Shielding the experimental apparatus, electrostatic lenses and interaction 

region is very crucial because stray magnetic and electric fields deflect electrons and 

produce an increased energy spread in the electron beam. The narrower the electron 

energy spread the better the resolution giving more detail in the spectra.

To minimise stray electric fields all wires and connections, especially high 

voltage ones, are screened by braided cables and the experimental tank is earthed 

through an electronic filter unit.

The magnetic flux density, B in gauss, Powell (1968), that will deflect an 

electron beam a distance d  in cm is given by

5max = 6.74£'‘'̂ t//Ŝ  2.0

where E  is the electron beam energy in eV and S  is the path length in cm. There are 

three important regions in this experiment where the magnetic field has to be reduced 

to minimum, the monochromator, the analyser and the interaction region. Though all 

components of the experiment were made from non-magnetic materials, a 1 . 6  mm 

thick and double mumetal shield is used to reduce the earth’s and other external 

magnetic fields. First shield is in the form of a cylinder, that is just smaller than the 

experimental chamber, with a removable lid. The cylinder fits very closely to the 

inside of the chamber and is bolted to the primary base plate. Holes were made on the 

bottom and side of it for the feed throughs, turbo pump and ionization gauge. The 

second shield is in the form of three small mumetal boxes that enclose the 

monochromator, the analyser and the interaction region as shown in figures 2 .1a and 

2.1b. The magnetic field measured using a Fluxgate Magnetometer (MAG-01) was 

0.04 juTesla in the interaction region compared to 24 pTesla without the mumetal 

shield.

The mumetal shield is treated by final heating to 1100°C for 2 to 4 hours in an 

atmosphere of hydrogen (or ammonia) with at least -40 dew point, measured on a 

dew point meter. The shield is then cooled down at a rate of no more than lOO^C/hr to 

300°C {Magnetic Shields Company spec number 201).
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2.3 Vacuum System

Two oil diffusion pumps, Edwards E04 and E06, were replaced by a single ( 6  

inch) turbo-molecular pump, Leybold 600 C. The turbo pump is capable of pumping 

600 l.s '\  at a speed of 36000 rpm, more than the 450 l.s’̂  of the two Edwards 

diffusion pumps. This allows us to reach a background pressure of < 2x10'^ Torr 

compared to 7x10'^ Torr with the diffusion pumps.

An additional advantage of the turbo pump is that it can be left running for 

long periods while the diffusion pump system requires a periodic check of the liquid 

nitrogen coolant that condenses the oil vapour to prevent it from reaching the 

experimental chamber. So with the turbo pump there are no fears from oil vapour that 

may creep and deposit on the electrostatic lenses; charged droplets of oil produce 

electric fields that will deflect the electron beam.

The turbo pump is backed with an Edwards ED330 rotary pump via a 1 inch 

flexible stainless steel pipe. A magnetic valve and a sorption trap, containing alumina 

pellets, were introduced between the turbo pump and the rotary pump with the 

sorption trap directly after the rotary pump. The sorption trap prevents rotary pump oil 

contaminating the high vacuum region.

The magnetic valve is connected to a single line on/off switch inside the N20 

turbo pump controller unit. The N20 unit is a frequency converter required for the 

operation and control of the turbo pump. The N20 unit automatically shuts down the 

turbo pump and the magnetic valve in case of any failure. An external on/off switch is 

added to manually switch off the magnetic valve, if needed, while the rotaiy and the 

turbo pumps are still running.

Two Pirani gauges are mounted on either side of the magnetic valve to 

monitor the pressure in the roughing line. The first Pirani gauge, between the rotary 

pump and the magnetic valve, trips on (switches on) the N20 unit when the pressure 

drops below 0.05 torr. The second Pirani gauge, between the magnetic valve and the 

turbo pump, trips off the N20 unit (and the magnetic valve) if the pressure in the 

roughing line rises above 0.05 torr.
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^  NV: Needle Valve

(3 )  V: Valve

MV; Magnetic Valve

PG: Pirani Gauge 
IG: Ionization Gauge 
PT ; Pressure Transducer 
PBP: Primary Base Plate 
SBP. Secondary Base Plate 
STF: Sorption Trap Filter 
S.S: Stainless Steel...

Figure 2.1a A sketch o f  the 
experimental chamber.
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Figure 2.1b A set o f  photos showing the setup o f the electron spectrometer. Shot (a) show the details 
o f  the monochromator and the analyser, turbo-pump fans, hypodermic needle gasline and the 
interaction region (IR). Shots (b) and (c) shows the double mumetal shielding stages, mumetal boxes 
and lid. Shots (d) and (e) show an overall view with most o f the outer components from below and 
from above respectively.
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The rotary pump is controlled separately from the N20 unit. While pushing the 

start button on the N20 unit will start the turbo pump and open the magnetic valve. A 

time delay, up to 5 minutes, is set before the start of the turbo pump. The time delay 

procedure is crucial because the rotary pump will not compete with the roughing 

speed of the turbo pump. Moreover the turbo pump runs easily and accelerates faster 

with a low-pressure in the experimental chamber.

The pressure in the experimental chamber is measured by Edwards, type IG3, 

ionization gauge, mounted to the primary base plate. The pressure in the tank drops to 

2x10'^ Torr in two days while the chamber is baked by 4x150 Watts, 24 V, halogen 

bulbs. In order to obtain a good low pressure, the components and the inside of the 

experimental chamber are cleaned thoroughly by acetone, mainly to ensure there are 

no grease and oil deposits. Once the pressure drops below 1 10'  ̂ torr the electronics 

that control the electrostatic lens potentials, the channeltron power supply and the data 

acquisition system are tripped on as long as the ionisation gauge is on. If the pressure 

reading on the ionisation gauge exceeds 1.5 times the full scale the above system is 

tripped off to protect the channeltron and the electron gun filament.

The system is protected by a series of electrical trips. If the cooling water 

pressure drops, mains power fails and/or air leaks the whole system is switched off.

2.4 The Secondary Base Plate (SBP)

Since the mumetal shield cannot be strained, as this will destroy its properties, 

a large fiat smooth circular aluminium secondary base plate (diameter 620 mm) was 

manufactured to hold the monochromator and the analyser. The secondary base plate 

is bolted to the primary base plate while lifted by eight aluminium pillars that pass 

through eight holes in the mumetal. Where necessary ports were cut through for 

pumping. In the centre a 95 mm port was cut to allow the cylinder of the interaction 

region to be firmly and directly fitted to the primary base plate. The monochromator 

that consists of the electron gun, hemispherical energy selector and 

accelerating/decelerating lenses is bolted to the secondary base plate while the 

analyser rotates on the secondary base plate, see figures 2.1a and 2. lb.
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2.5 The Mechanical Design of the Analyser

The non-magnetic stainless steel cylinder of the interaction region, 330 mm 

long of diameter 55.8 mm and wall thickness of 4.3 mm, acts as the pivot for the 

phosphor-bronze bearing of the analyser rotating table and provides the location for 

the hypodermic needle gas source.

The rotating table that holds the analyser and its components is bolted to the 

phosphor-bronze bearing that is free to rotate about the cylinder. The outer edge of the 

rotating table, 268 mm from the interaction region cylinder, is supported by two 

bearings. To be able to rotate the analyser, a large gear wheel is bolted to the base of 

the phosphor-bronze bearing and chained to a manually driven small pinion. The 

pinion is mounted on the axis of the Vacuum Generator rotary feedthrough (VG 

model RD3). The external part of the rotary feedthrough is marked with an angular 

scale and the ratio of rotation between the pinion and the gear wheel is 8:1. A third 

gear wheel, mounted in the same plane of the other two, can be adjusted to set a 

proper tension on the chain. All gears and the chain are made from non-magnetic 

stainless steel and are located between the primary and secondary base plates.

The secondary base plate and the gearing system allow the analyser to freely 

rotate about the interaction region cylinder from -  5 to 140 degrees.

2.6 The Gas Line

The main gas under study is water vapour. Water exists in the liquid state 

under normal temperature and pressure with gases (mainly air, which consists mainly 

N2, O2 and others) dissolved in it. Water vapour was obtained from a 50 ml ampoule 

containing de-ionised distilled water. The easy and effective way to remove dissolved 

gases from water is to put the ampoule under low pressure. The metal neck of the 

ampoule was connected to the gas line which is pumped down using an Edwards 

ED75 rotary pump (see figure 2.6a).

Under low pressure the water in the ampoule boils at room temperature and 

the residual gases bubble and escape, hence the dissolved gases are pumped out. The 

ampoule is left under vacuum for -20 minutes, after the water stops bubbling, to 

maximise the purity of the water and to flush the gas line. The pressure in the gas line 

is monitored using an INFICON Pressure Transducer (type CM120-G100A), which is
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calibrated against the Pirani gauge as shown in figure 2.6b, in conjunction with a 

digital voltmeter (DVM) to check for leaks into the gas line. After a day of pumping 

the DVM reads 0.026 V (2.5 10'̂  Torr) indicating optimum vacuum has been 

obtained. Valve V4 is closed to separate the ampoule and the needle valves (NV 1,2,3) 

from the gas line rotary pump.

\  alve V4

S u p p o r te r /

Ga.s line

•fo mm.'

o Readings 
  Fitting

1

0Û

y=4.31 x"^"' exp( x >-1.3 5

0,1

0.05 0.10 0.15 0.20 0.250
Pressure Transducer Readings (V)

Figure 2.6b Calibration with water 
vapour o f the pressure transducer (very 
sensitive at high pressures) against the 
Pirani gauge that is sensitive at low 
pressures. Throughout the experiment 
water vapour pressure in the gas line reads 

Figure 2.6a A photo o f the gas line setup 0.045 V that is equivalent to 0.3 Torr.

Water vapour is introduced into the experimental interaction region through 

needle valve NV2. Water vapour effuses from a capillary tube (hypodermic needle, 10 

mm long and 0.5 mm internal diameter). The capillary tube is made from 

demagnetised stainless steel and soldered to a 6 mm diameter flange, which is bolted 

to the interaction region cylinder. The end of the capillary tube is only 3 mm from the 

centre of the interaction region. To ensure that the background gas pressure does not 

build up inside the cylinder, 2/3 of the cylinder wall was cut away. With water vapour 

effusing from the hypodermic needle the background pressure in the experimental 

chamber increases from 2x10'^ to 2x10'^ Torr as measured using the ionisation gauge 

(Edwards, type IG3), while water vapour pressure in the gas line reads 0.3 Torr.

Water vapour can also be fed into the tank through needle valve NVl of the 

side leak pipe for the measurement of the scattered electrons by background gas 

without the presence of the gas beam.
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2.7 The Electron Lenses

The electron spectrometer consists of three main parts, the electron gun 

monochromator, the interaction region and the electron analyser detector. The 

spectrometer is designed to make measurements of elastic and inelastic differential 

cross sections (DCS). The range of the incident electron energies is 3 to 20 eV and 

detected over a range of scattered angles from 10 to 135 degrees. Good angular 

resolution (< 2°) and energy resolution (50 to 60 meV) are essential to avoid 

overlapping between different excitation processes.

The spectrometer uses electrostatic lenses that have a similar analogy to 

optical lenses. They are used to focus/defocus electrons and are defined by reference, 

principal and focal planes. These lenses can be cylinders or apertures. Many studies 

{Simpson 1964, Read et al 1974 and Brunt et al 1977) were published on the design 

methods of high-resolution electron spectrometers.

In the experiment all electrostatic lenses are titanium cylinders of 10 and 15 

mm inner (D) and outer (H) diameters respectively. Cylinders are made of titanium 

because the reflection of electrons on the inner surface of titanium is minimal while 

other materials have to be sooted. The cylindrical lenses are easily fastened to 

carefully machined optical benches and are electrically isolated from the benches by 

ceramic rods. Each cylindrical lens is clamped in position using stainless steel 

studding insulated from the optical benches by ceramic spacers, as can be seen in 

figure 2.7a.

Electrostatic Lenses are usually formed of two (double-element lens) or three 

(Einzel or triple-element lens) cylinders. In the double element lens the focal (fi and 

fj) and mid focal (Fi and F2) lengths are functions of the voltage ratio V2/V1. In the 

case of the triple element lens the parameters are functions of two independent voltage 

ratios V2/V1 and V3/V1. Vi, V2 and V3 are the potentials applied to the cylinders of the 

electrostatic lens, listed in the direction of travel of the electron beam. A symmetric 

lens is a special case where Vi= V3, then the lens parameters are again a function of 

only the ratio V2/V1. An asymmetric lens is the general case where 

Harting and Read (1976) have published data tables, listing the parameters for 

different types of lenses as a function of voltage ratios.

Figure 2.7b shows a good lens design. The length. A, of the middle element 

(central cylinder) of the triple lens is half the inner diameter (A = 0.5xD). While the
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length of outer elements is at least IxD and the spacing or gap between cylinders is G 

= O.lxD to ensure there is no field penetration. The advantage of triple-element lenses 

over double-element lenses is the fine-tuning affected by adjusting the voltage of the 

middle element without affecting the voltage ratios of the following and preceding 

lenses.

Ceramic
Rods

Stud

Ceramic
Spacers

PTFE
Insulation

Deflectors

Figure 2.7a Two
drawings o f the 
optical bench that 
holds the cylindrical 
lenses.

V2>V1

D e'Trajectory
f  Equipotential 

Contours

Double-element Lens

Reference Plane (RP)

e' Direction
T
D

Optical axis

D = 10 mm 
H = 15 mm
A = 4 or 5 mm 
G = 1 mm

Triple-element Lens

V3>V1

-  H

Figure 2.7b Double and triple cylindrical lenses showing the reference planes 
and the trajectory o f an electron (e )  in an E-field H arting and R ead {\916).

2.7.1 Imaging of an Electron Beam

Focusing of electron beam relies on the principle of deflecting electrons by an 

electrostatic electric field (or a magnetic field). The trajectory of the deflection 

depends on the strength and direction of the electrostatic electric field (E-field). 

Therefore a source of electrons can be imaged as the electrons pass through regions at 

different potentials due to deflections in the changing E-field.

Figure 2.7.1a shows the path of an electron in a double-element lens. For 

convenience the E-fields were replaced by the equipotential contours that are always 

perpendicular to the E-field. The focusing properties of this type of lens is a function 

of the voltage ratios, as mentioned before, plus G/D the ratio of the gap to the lens’s 

inner diameter. For a triple-element lens the focusing property becomes a function of 

A/D, the ratio of the mid element length to the inner diameter, in addition to the 

voltage ratios and G/D.

- 5 0 -



RP: Reference Plane 
PP. Principal Plane 
PF: Principal Foci 
f. Focal length 
F: Mid-focal Length

— -I

Optical Axis

PF, PP2 RP PP, PF,

F igure 2.7.1a A drawing showing how the PF and PP are located with respect to the RP. The RP 
is located through the centre o f  the gap in double cylinder lens and through the centre o f  the mid
element lens in the triple cylinder lens {Harting and Read, 1976).

Once the cardinal points of an electrostatic lens are defined the image {Q) of 

an electron beam source (object F) can be predicted. The location of the principal foci 

(focal length f\ and fi) and the principal planes (mid-focal length F\ and F i\ as 

illustrated in figure 2.7.1a, determine the cardinal points. Newton's equation of a thick 

lens can now be applied to determine the relationship between the object and the 

image distances

OP -  2.1
where F and Q are measured from the reference plane (RP).

The linear magnification {M) of the image, an important relation that allows us 

to determine the electron beam size, is defined by

M = ^ A , = . - ( g .r L .) 2 2

The divergence of the electron beam at the image is a factor that has to be 

counted for. The divergence relation is derived from the Helmholtz-Lagrange law, as 

illustrated in figure 2.7.2b

n  sin(6*i) = ^ 2  sin(6^) Vf/2 2.3

where r\ and ^2 are the heights of the object and the image from the optical axis 

respectively, and O2 are the half angles of the rays at the object and the image 

respectively and U\ and Ui are the regions of fixed potentials at the object and the 

image respectively. It is obvious that a very small image size results in a very big 

divergence.
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Therefore the design of the electrostatic lenses, mainly the length of the 

cylinder, must count for the image size and the divergence of the beam. This is crucial 

in order to obtain a parallel focused electron beam with a low filling factor (50% 

filling factor). To facilitate such a property apertures, named as windows (W) and 

pupils (P), are introduced to define the object and the image of the electron beam (see 

figure 2.8.2a). Pupils define object and image positions and sizes while windows limit 

the divergence of the electron beam.

2.7.2 Aberrations

Electron beams suffer from aberrations due to non-monochromatic electron 

energies and non-paraxial electron trajectories. Equations 2.1 and 2.2 are applicable to 

paraxial electron trajectories; therefore the electron beam object and image are 

generally larger than that calculated using the above equations. This difference is 

known as aberration of the image. It is very important to count for this effect as it can 

lead to over 100% increased image size and a 100% filling factor.

The full aberration of an image results from a sum of many aberrations that 

can be divided into two main groups: Aberrations due to 1) Geometric Lens Errors 

and aberrations due to 2) Electron Beam properties.

Disc o f
Least
Confusion

RP

F igure 2.7.2a Aberration o f an axial object (P) at the image ( 0 .  RP is the reference 
plane and Ar is the radius o f  spherical aberration {Harting and  Read, 1976).

1) Aberrations due to Geometric Lens Errors: These are five types of 

aberrations. Four of them (coma, astigmatism, curvature of field and distortion) are 

difficult to quantify as they result from the finite size of the image. Brunt and Read 

(1975) showed that they contribute 30% at most to spherical aberration, which is 

formed by the non-paraxial electrons, as illustrated in figure 2.7.2a. Electrons
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diverging from the same source (object) are focused at different points along the 

optical axis of the electrostatic lens. The radius (Ar) of the spherical aberration can be 

calculated using the formula, Klemperer and Barnet (1971),

Ars = MCsO^  2.4

where M  from equation 2.2 is the linear magnification, a  is the maximum half angle 

of the electron divergence at the object and Cs is the spherical aberration coefficient 

which is a function of both the object and image distances.

Keeping the filling factor at less than 50% will result in a magnitude of 

aberration less than 3% of the lens diameter. Filling factor (p) is the ratio of the 

maximum distance between the optical axis and the extrapolated incident electron 

trajectories to the radius of the lens. Note that magnitude of spherical aberration 

increases faster than the increase in the filling factor, therefore the filling factor 

should be 50% at maximum.

Moreover the minimum focused beam diameter occurs not in the image plane 

(Q) but somewhere between the image plane and the reference plane. This is the best 

possible beam focus and is called “disc of least confusion”. V2 of the triple-element 

lens is normally slightly tuned and reduced in order to move the “disc of least 

confusion” to the image plane. In general, potentials on the triple-element lens are set 

such that V2>V3>V1, which reduces the magnitude of aberration.

2) Aberration due to Electron Beam properties: Such aberrations arise from 

two factors, the energy spread of the electron beam known as chromatic aberration 

and the effect of space charge.

Chromatic aberration is similar to spherical aberration because less energetic electrons 

are focused at a shorter distance than the more energetic ones. Again Klemperer and 

Barnet (1971) gave the expression for the chromatic aberration

Â cr =  a  Cox  (AÆ/A) 2.5

where Cox is the chromatic aberration constant, a  is the half angle of the angular 

divergence, AE is the energy spread of the electron beam and E  is the energy of the 

electron beam.

Space charge aberration is a unique property of charged particle beams. It 

arises from the repulsive Coulomb forces between the particles of the same charge 

sign and affects the focused beam in two ways:
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Equipotential / 
\  Contours /

F igure 2.7.2b Illustration o f the Helmholtz-Lagrange law.

Firstly it sets a lower limit on the size of the focused electron beam for a given 

electron beam current. Because as the electron beam current increases the number 

density of electrons increases in the focused electron beam and therefore the repulsive 

Coulomb forces increase. This results in forces that diverge the focused beam at the 

image. The expression for the maximum current (/max) that can pass through two 

apertures of radii ri and r? (for r2/ri = 0.0035 to 0.27 range) is given by Read et al 

(1974)

=3.85x10-'/» I! 2.6

where z is the distance between ri and r]. Another expression for ri/r, = 0.01 to 1.0 

range is

/ _  =3.85x10 0.3 +  3 . 7 ^
1 y

2.7

both equations (2.6 and 2.7) are accurate to within ±20%; all quantities are in S.I. 

units.

Secondly the repulsive forces within the focused electron beam alter the 

energy distribution of the electrons; the Boersch effect (1954). Van Leeuwen and 

Jansen (1983) deduced the relation that relates the electron energy distribution A/s to 

the radius of the image (r) and the half angle of divergence (%) at constant potential

^E = m

where

2.8

2.9
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and r  = <[//" 2.10y e )

It is clear from the last three equations that the energy distribution AE 

increases as the electron beam current /  increases and U, r and % decrease. This 

effect contributes about 5% to the magnitude of the aberration in the electron gun 

region of the monochromator because the electron beam current is in the order of 10"̂  

to IC^ A. After the hemispherical energy monochromator the electron beam current 

drops to the order of 10'  ̂A and the above effect becomes negligible.

2.8 The Electron Spectrometer Monochromator

The electron spectrometer monochromator, figure 2.8.2a, is designed to 

produce a beam of electrons with a narrow distribution in electron energy. The vast 

amount of data available, on the focusing properties of lenses and the employed 

energy selectors, has enabled the construction and design of high-resolution electron 

energy spectrometers. It consists of three main parts; the electron source with electron 

gun lenses, hemispherical energy monochromator and pre-interaction region lens 

stack.

2.8.1 The Electron Source

The electron source should produce a beam of electrons at small energy spread 

but with the highest possible current. Heated filaments and photo-ionisation or 

photoemission are the most common sources of electrons. The latter sources are not 

practical because the produced current is very small or a high vacuum, at least 10'^° 

Torr, is required. Moreover these sources were originally designed as sources of 

polarised electron beams {Pierce et al 1980, Field et al 1988, Zhou et al 1989, Guo et 

al 1990).

Heated filaments by contrast work in poor vacuum and yield high current. 

There are three main types of filaments; Pure Metal Filaments, Metal Oxide Coated 

Filaments and Doped Metal Filaments (see table 2.8. la).

A thoriated tungsten hairpin filament of 0.125 mm diameter, is chosen because 

it meets the requirements in terms of producing average-density current at low energy 

spread.
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Table 2.8.1a A table shows the three types of filaments with their properties.

types
Properties

Pure Metal Coated Metal 
Oxide

Doped Metal

Made of Tungsten
Nickel coated with 
barium & strontium with 
Uttle calcium carbonate

Thoriated
tungsten

Life time (hours) 1 0 0 0 Very short > 1 0 0 0

Work function (eV) 4.5 1 2 . 6

Heating
temperature (°K) 2900 1 1 0 0 2 0 0 0

Energy spread (eV) >0.5 0 .1 0.3

2.8.1.1 Configuration of Electron Emission System

The extraction of electrons relies on the extraction E-field applied between the 

filament cathode housing and the first lens element, the anode. The maximum current 

extracted depends on the shape of the filament, design of the lens and the extraction 

field.

Figure 2.8.1a shows the design of the extraction or emission system that is 

based on the Pierce design (1940). Pierce showed that a homogenous E-field will be 

formed at the tip of a hairpin filament if it is placed at the centre of an aperture in an 

electrode whose outer surface is at 67.5 degrees with the electron beam direction. The 

heated tip of a narrow V shaped hairpin filament serves as a point source of electrons 

and the first pupil position {Klemperer and Klinger 1951, Bernius et al 1988). The tip 

of the hairpin filament is located just behind the 2  mm in diameter aperture of the 

electrode that houses the filament. The plane of the hairpin filament is held vertically 

to avoid misalignment of the tip as the filament becomes hot and prone to drooping 

under gravity.

2.8.1.2 Electron Emission and Pencil Angle

Electrons emitted from the tip of the hairpin filament have diverging angles. 

The divergence of the electron beam is primarily controlled and minimised by the 

extraction E-field applied between the cathode and the anode (see figure 2.8.1a). In 

order to ensure that the filling factor is kept small the divergence of the electron beam
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must be kept small. This is achieved by placing aperture in the path of the electron 

beam. The first aperture (2 mm in diameter) is the cathode housing aperture (pupil PI) 

and the second aperture (window Wl, 0.7 mm in diameter and 6  mm from pupil PI) is 

placed more than 2 mm deep in the anode. The Wl radius size and Pl-W l separation 

define the pure geometric quantity of the electron beam angle Ob; angle between 

beams 1 or 2  and 3 as shown in figure 2 .8 .la

«b = tan'V /0 = 3.34° 2.11

where r = 0.35 is the Wl radius and / = 6  mm is the Pl-Wl distance. If we allow the 

pupil to be imaged to infinity, here the window has to be placed on the focal plane of 

the lens, then the electron beam angle is zero because / is set to infinity. However this 

is not practical because the electron density will be very small.

Filament
connectors

Cathode housinn Anode

0.8 mm

Window Wl 
0,7 mm 0

Beam angle 2ttb

Filament

Pupil Pi
2 mm 0 Pencil angle lo u

6 m m  ^

Figure 2.8.1a A sketch o f  the cathode-anode Pierce extraction design showing the 
beam and the pencil angles o f the electron beam. Beams 1 and 2 (solid) form twice 
the beam angle while beams 4 and 5 (dashed) form twice the pencil angle.

Another factor which affects the divergence of the electron beam arises from 

the extraction process of the electrons emitted from the filament tip at very large 

angles to the normal. This factor is known as the pencil angle cXp; the angle between 

beams 4 or 5 and 3. Initially electrons of beams 4 and 5 are emitted tangentially to the 

surface of the tip, i.e. forming 90° to the normally emitted electrons of beam 3. Since 

the anode is at positive potential with respect to the filament the E-field extracts and 

converges these electrons. The pencil angle value is a function of the filament 

temperature and the anode potential as calculated by Kuyatt and Simpson (1967).
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a

where l^(eV) =T(K)/11600 =  0.17 eV (T(K) is filament temperature in degrees Kelvin) 

represents the energy at which most electrons are emitted from the filament and 

Va=l60Y, in most cases, is the anode voltage.

Unlike beam angle, there is no-way to remove the pencil. It is projected all the 

way along the electron beam path and its magnitude is inversely proportional to the 

linear magnification of the image. The Helmholtz-Lagrange law (equation 2.3) can be 

used to work out its projected value at each image and the final form of pencil angle 

magnification {Mp) can be expressed as

2.13

where AT is the linear magnification, U\ and Ui are the regions of fixed potentials at 

the object and the image respectively (see figure 2.7.2b). The above formula (equation 

2.13) is appropriate for small angle approximations such that sin(^) » ^

2.8.2 The Electron Gun

The electron gun is designed to extract electrons from the filament housed 

inside the cathode and focus them to infinity through the entrance of the 

monochromator with a small diameter (0.5 mm) and zero beam divergence. Many 

designs of electron guns require three lenses {Chutjian', 1979, Mason and Newell, 

1986), but in this work two decelerating lenses can produce the beam with the above 

requirements; i.e. two decelerating lenses, A and B as illustrated in figure 2.8.2a.

The design shown in figure 2.8.2a is a 1:1 scale of the electron gun, the 

hemispherical energy monochromator and the pre interaction region lens stack. A 

number of deflector sets are introduced along the path of the electron beam to align 

the electron beam along the optical axis and to correct it for any mechanical 

misalignment. Each set of the deflectors consists of four cylindrical plates (see figure 

2.7a) forming a quadrate that allows us to steer the electron beam vertically and 

horizontally. Since the field penetration inside a cylindrical lens extends over 1 D (D 

= lens inner diameter. Barton and Allison, 1988) the apertures and deflectors are
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placed with at least ID = 10 mm from the reference plane of any lens to prevent 

distortion of the focusing field.

The voltages applied to each element of the lenses depend on the desired 

energy of the electrons at the exit of the electron gun and at the entrance to the 

monochromator where lens L5 and the plate Pll are at the same potential. The first 

part of the triple-element lens A is the anode (An) of the Pierce extraction design 

system. Using equation 2.1 in conjunction with Harting and Read (1976) data, we 

find the voltage ratios of An/L2 = 3, L3/L5 = 9 and L4/L5 = 7.65. If we set the L5 

voltage to 7V then the electron beam energy is 7eV, and subsequently from the ratios 

we find that An, L3 (= L2) and L4 voltages are 189V, 63V and 54V respectively, 

while the LI is kept at maximum voltage of 245V.

In practice, the operating average ratios are An/L2 = 3.2, L3/L5 = 7.14 and 

L4/L5 = 5.7 with An, L2 (=L3) and L4 voltages are 160V, 50V and 40V respectively. 

The voltage (-0.5V ± 0.8V) applied to Kh, the cathode housing, varies every time the 

filament is changed because it depends on the position of the filament tip from the 

aperture and is sensitive to the gas presence. The voltage settings are optimised by 

measuring the beam current on the outer hemisphere (OHl), with zero E-field 

between the outer and inner (IHl) hemispheres, and adjusting the voltages on L4, An 

and Kh. The current measured on OHl is found to range from 150 to 400 nA for 

electron energies between 4 and 8  eV.

A simulation of the electron trajectories in the electron gun is shown in figure 

2.8.2b. The simulation, which includes the space charge effects, is done using Simion 

3D version 6.0 program developed by Idaho National Engineering Laboratory. In this 

simulation electrons are produced just behind the cathode aperture with a mean 

energy of 0.17 eV calculated using L/(eV)=T(K)/11600 (see equation 2.12). The angular 

divergence of emission is ± 90°. The potentials applied are similar to the values used 

in the experiment with only An and L4 allowed to vary.

In figure 2 .8 .2 b simulation (a) employs electrons produced at fixed mean 

energy of 0.17 eV, while in simulation (b) the energy is allowed to vary from 0 to

0.37 eV. The effect of the pencil angle, due to the most energetic electrons initially 

ejected perpendicular to the optical axis, is clearly seen in the final beam spread.
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RP Einzel Lens D
Outer Ring (O R l) 
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(Viiiual)
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(IH l) Inner 
Hemisphere

Pre-Interaction Region Lens Stack

Figure 2.8.2a A 1:1 scale diagram o f the electron gun monochromator. All parts are shown and 
the fllament is shown horizontal for convenience. The gap spacing between elements is 1 mm 
except where indicated The gap spacing between the plate Pll and the lens stack is 0.5 mm

Ceramic spacers * 
& insulators MLenses and deflectors made o f Titanium.

Hemispheres made o f Molybdenom, sooted with acetylene carbon flame (with minute oxygen) 
Apertures made o f  Molybdenom sheet 0.05 mm thick, coated with graphite (DAG 580)
Plates, optical benches, rings and support table made o f aluminium 
Studs, nuts and washers made o f demagnetised stainless steel 
The filament is shown horizontally for convenience

Ruby
Ball

Spacers
Electron Gun Lens Stack 3 mm 0

Lens A Deflectors 0.25 mrh\space

IÔ
W l 0.7 mm 0 W2T .5 m m 0  P2 0.5 mm 0 W3 0.5 mm 0  P3—>oo -v ‘

Lens B



Figure 2.8.2b A Simion simulation showing the electron trajectories, (a) Electrons produced at fixed 
0.17 eV with +90” divergence, (b) Electrons produced from 0 to 0.37 eV with ±90° divergence where 
the effect o f the pencil angle can be seen. Biggest pencil angle results from vertically emitted electrons 
at the filament tip with maximum energy o f  0.37eV.

Table 2.8.2a A comparison between voltages applied to lens elements according to different sources.

Lens/Sources Cathode (Kh) Anode (An) LI L2-L3 L4 L5

Harting  & Read optimise 189 245 63 54 7

Simulation -0.5 1 6 5 + 2 0 250 + 5 45 30 + 3 7

Experiment -0.5 ± 0 .8 160 + 20 245 + 10 50 + 5 35 + 8 7

Table 2.8.2a shows a comparison of the lens voltages from Harting, and Read 

(1976), Simion simulation and experimental values. The difference between the 

calculated and measured voltages can be related to many causes, which include the 

effect of external fields, presence of gases, filament tip position and mechanical 

construction. The voltage settings are optimised by maximising the electron beam 

current not only on OHl of the monochromator but also on 0H2 of the analyser with 

zero E-field between 0H2 and IH2.

Initially lens A images the filament tip PI onto P2 and Wl onto W2. 

Restrictions on the beam size, the angular divergence of the beam and the penetration 

of the focusing field of lens B means that lens A has to focus PI onto the first focal 

plane of lens B which lies between P2 and the reference plane of Lens B. However, 

the disc of least confusion (see figure 2.7.2a) is nearly on the P2 aperture and the 

focused electron transmission is maximum. Now lens B can focus the object, the 

imaged beam on its first focal plane, into infinity. The size of the beam is limited by 

the size of PI and divergence is minimised by the long image distance (Q) of PI. The 

W2 aperture position is chosen such that the divergence of the beam and the filling 

factor in lens B are minimised, typically 50%.
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2.8.3 Hemispherical Energy Monochromator

An electric E-field can be used to disperse the electron beam in order to 

resolve the energy spread in the electron beam. There are three types of the 

electrostatic monochromators; parallel-plates, cylindrical and spherical 

monochromators. The hemispherical monochromator shown in figure 2.8.3a is most 

appropriate as it accepts a diverging electron beam in two dimensions, as shown in 

figure 2.8.3b, and has been well studied by Purcell {\93%).

Transverse 
E-fleld

Vih(>Voh)

P l a t e  ( P I )

E±e 8 » A E E±AE

Angle a

Figure 2.8.3b A sketch o f the 
electron beam showing the two 
dimension diverging angles.

Angle P

Figure 2.8.3a The hemispherical energy 
analyser reduces the energy spread from e to AE.

The properties of the hemispherical analyser were studied by Kuyatt and 

Simpson (1967). The ‘concentric’ inner and outer hemisphere diameters are 4 and 6  

inches (101.6 and 152.4 mm) respectively, as shown in figure 2.8.2a. Aperture W3 

defines the centre of the electron beam and its size at the entrance to the 

monochromator, whilst the potential applied to plate Pll (at a common potential with 

L5 and LIO) determines the energy of the electron beam. The electron beam spreads 

horizontally into an image at the exit of the monochromator whilst following the 

horizontal central path, defined by the mean radius of the two hemispheres, under the 

influence of the transverse E-field. The size (or more precisely the length) of this 

image is determined by the electron beam energy spread and its angular divergence. 

On exiting the monochromator only the central section containing little energy spread 

is allowed to pass through aperture W4. Aperture W4 is in fact a vertical slot of 0.5 

mm width and 5 mm height to compensate for any vertical deflection electrons might 

experience due to residual magnetic fields as they travel along the hemispherical 

mean path of -400 mm. The slot, being perpendicular to the length of the electron 

beam image at the exit, will not affect the resolution of the monochromator especially 

as the width of the slot is the same as the aperture diameter W3 at the entrance.
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Sevier (1972) gives the resolution of the hemispherical monochromator by the 

following relation

M ' _ W
2.14

where Eo is the mean energy of the electron beam, Ro (=63.5 mm) is the mean radius 

of the two hemispheres, W is the electron beam diameter determined by aperture W3 

and ap is the pencil angle of the electron beam where the beam angle % is set to zero 

when the electron beam is projected to infinity. AE is the minimum energy spread of 

the electron beam on exiting the monochromator. This relation is valid provided that 

the apertures, on entrance and exit, are circular and have the same diameter. 

Generally, the energy spread of any quantity is measured at full width half maximum 

(FWHM). The following modified relation of the energy spread at FWHM {AEm) is 

computed and generalised by Read et al (1974) for circular or slot apertures

W
2.15

where a and h are values determined from their relation with the ratio % = Rap HW.

The relation of a and h with x can be found from the graphs in figure 2.8.3c. 

The main contribution to the resolution of the electron beam comes from W and Ro 

while the pencil angle term can be dropped because b is very small compared to the 

other terms (note a is nearly 8  times b value).

2,25

2.00

a

1.75

1.50 I— 
0.00 0.25 0.50 0.75 1.00

0.25

0.20

0.15
0.00 0.25 0.50 0.75 1.00

Figure 2.8.3c A graph that shows the relation o f a and b with x  for a hemispherical 
monochromator. Solid curves apply to circular apertures and dashed curves for slot apertures. 
Reproduced from Read et a l (1974),
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Both equations 2.14 and 2.15 are valid as long as the transverse E-field 

between the two concentric hemispheres is radial at the entrance and the exit to the 

monochromator. Experimentally this is not the case, because the E-field due to the 

elements L5, LIO and PI are perpendicular to the transverse E-field on the exit and the 

entrance to the monochromator, resulting in fringing E-fields which cause dramatic 

distortion to the electron beam trajectory. To overcome this problem, to a first 

approximation, Herzog (1935) suggested the use of apertures before and after the 

entrance and the exit with a proper choice of geometric design. However, Herzog's 

idea is not adequate for a large gap between the inner and outer hemispheres. An 

alternative approach was suggested hy Jost (1979) whose idea is based on placing two 

concentric flat rings, 1 0  mm x 1mm cross section, in the plane and on both sides of 

the entrance and exit apertures (W3 and W4 respectively). A good approximation to 

an ideal radial E-field was found by Jost when the gap between the two rings is equal 

to AR/6 , where ùsR = Rqh - Rm is the hemisphere separation. The voltages on the rings 

are also referenced to the plate voltage. The outer ring (ORl) voltage ( V o r)  can be 

varied between the V o h  and Vpi while inner ring (IRl) voltage {V jr)  can be varied 

between Vpi and Vjh . Best results are usually obtained with V qr=  Vq h  and Vjr=  Vjh .

Figure 2.8.3d shows a Simion simulation for the electron beam as it enters the 

hemispherical monochromator. A parallel electron beam enters the monochromator at 

a mean energy of 7±1.5 eV. The electrons that emerge from the exit indicate a spread 

of nearly ±0.05 eV. In the case (a) where there is no Jost correction ring the electrons 

travel deep into the monochromator before they are deflected and at the exit the 

electrons do not exit tangentially. This indicates that the electrons do not experience a 

radial E-field at both the entrance and the exit. Whereas in case (b) where a Jost 

correction ring is allowed the electron beam behaves normally and deflects 

immediately after it enters the monochromator.

The most energetic electrons trace a longer outer path than the less energetic 

ones. The mean energetic electrons remain on the central path as shown in figure 

2.8.3a. Different voltage settings on the outer and inner hemispheres (or different 

potential difference) allow electrons of different energies to be selected. For an 

optimum Gaussian electron beam and maximum electron current transmission through 

the monochromator exit, the voltages applied to the hemispheres are related by
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K>/ ÔH R 2.16
IH

where F///, Vqu and Vpi are the voltages applied to the inner and outer hemispheres 

and the plate respectively. Rih and Ron are the inner and outer hemispheres’ radii. The 

experimental ratio {R) agrees with the Simion simulation as shown in table 2.8.3a.

Table 2.8.3a A comparison o f the OH and IH potentials between the Simion simulation and the 
experiment.

Vpi VlH Voh R

Simulation 7.0V 10.6V 4.6V 1.5

Experiment 7.0V 10.7V 4.6V 1.54

OR 4.6V

7±0.05eV

OH 4.6V

7±0.05eV s

TR 10

contours

7±1.5eV7±1.5eV

Figure 2.8.3d A Simion simulation shows the difference in electron beam trajectories, (a) Without 
Jost correction rings the electrons travel deeper before they experience any deflection indicates that 
the E-field is not radial at the entrance and the exit, (b) The electron beam behaves as expected with 
Jost rings, indicative that the E-field is radial at every point. Note the difference in the gardients to 
the equipotential contours directly after and before the entrance and the exit respectively.

2.8.4 The Pre-Interaction Region Lenses

The pre-interaction region lens stack consists of three lenses, an accelerating 

lens C, an einzel lens D and an accelerating/decelerating lens E. The pre-interaction
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region lens stack is designed to project the image of the exit of the monochromator to 

infinity, through the centre of the interaction region at 215 mm from the plate Pll, 

where the electron beam interacts with the effusing gas from the hypodermic needle. 

Therefore the beam angle is set to zero and the pencil angle should be less than T  for 

an electron beam diameter of about 1 mm. The energy of the electron beam is 

determined by the voltage on the last element of lens E which is at the bias potential.

The diverging image of the electron beam at the exit window W4 due to the 

monochromator is focused by lens C to its second focal plane which is on P4 (figure 

2.8.2a). The einzel lens D then focuses P4 onto P5 which coincides with the first focal 

plane of the zoom lens E. Finally the electron beam is imaged to infinity by lens E 

since the object P5 of the electron beam lies on the first focal plane of lens E. The pre

interaction region lens stack is designed for energy ranges from 2.5 to 20 eV, hence 

zoom lens E is a decelerating lens. For higher energies the zoom lens E has to be with 

a longer element L16 and a 5 mm middle element LI5.

As with the electron gun a Simion simulation is shown in figure 2.8.4a with 

the voltages applied to each of the elements. Electrons are generated at the entrance of 

the lens stack (exit of the monochromator) with energy 7±0.03 eV (60 meV FWHM) 

and ±1.5® divergence. Element LI6  is varied from 6  to 20V according to the desired 

energy of the electron beam. Consequently element LI 5 has to be varied to maintain a 

parallel beam and as a result the first focal plane of zoom lens E changes position. To 

obtain a narrow parallel beam element LI3 should be varied slightly to compensate 

for the changes in position of the first focal plane of zoom lens E. The voltages shown 

in the simulation are very close to the values obtained from the data table of Harting 

and Read (1976) and the experimental voltages. The electron beam is detected on a 

cone that is fitted in the cylinder of the interaction region (see section 2.9) and 

maximised on the outer hemisphere (0H2) of the analyser.

L14 L15 L16
23V 30-85V 6-20V

Figure 2.8.4a A simion simulation showing the trajectory o f the electron beam in the pre-interaction 
region lens stack.
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2.9 The Interaction Region

The interaction region is located at the centre of the interaction region cylinder 

that is equidistant from the last and the first elements of the pre and post-interaction 

region lens stacks respectively. The centre is situated 45 mm from each of these 

elements and is defined as the volume where the electrons interact with the gas beam. 

The interaction region cylinder (48 mm internal diameter and 4 mm wall thickness) 

has an entrance hole where the cone is fitted for the incident electron beam, an exit 

hole for the reference detector, a horizontal exit slot for the analyser and a hole for the 

hypodermic needle. The slot is 10 mm wide and all holes including the slot are 

centred on the same horizontal scattering plane as illustrated in figure 2.9a.

The cone shown is fitted to a carefully machined cone support that is bolted to 

a machined-fiat outer surface. The cone is isolated from the cone support by three 

ruby spheres, 2  mm in diameter, which are positioned very carefully to align the cone 

aperture (2 mm 0 )  along the centre. The electrically isolated cone is subsequently 

externally wired to the laboratory earth to detect the electron beam current. With the 

aid of the last set of deflectors in zoom lens E the electron beam can be deflected and 

fully dumped on the cone to measure it or centred through the cone aperture. The 

electron beam current is maximised using the pre-interaction region lens stack. 

Throughout the experiment the electron current in the interaction region was 2 nA as 

measured on the cone.

The demagnetised stainless steel hypodermic needle has a 0.6 mm internal 

diameter and a wall thickness of 0.6 mm. It is angled at 60® with the electron beam 

direction in the same horizontal plane and located 3 mm from the interaction region.

2.9.1 The Reference Detector

The reference detector is not employed in this work and is only included in 

this chapter for a complete picture of the experimental setup. Figure 2.9a shows the 

reference detector, which consists of a zoom lens, a parallel plate analyser and a 

channeltron lens detector, at -90® to the primary electron beam direction. It is used to 

monitor the variations in the scattered electron intensities, due to instabilities in both 

the gas beam pressure and the electron beam current. This instability is more
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Figure 2.9a A 1:1 scale diagram o f  the interaction region 
cylinder with the reference detector (zoom lens, parallel 
plate analyser and the channeltron lens detector), which is 
not employed in this work but is shown for a fuller 
description o f the experimental setup.
Note L42 and L43 are at the same voltage as the inner 
plate to ensure a field free region between L42/43 and IP.
P is pupil and Wjn,out are input and output windows.
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significant than any other variations, such as the electron energy spread and angular 

resolution. The cross section of targets under investigation is a function of the 

scattered electrons’ signal that, in turn, is directly proportional to the number density 

of both the electrons and the target gas.

The current of electrons elastically scattered at -90° is weak and, unlike the 

hemispherical analyser, the electrometer cannot be used to maximise the electron 

beam current on the outer plate. Set the middle element of zoom lens F at its 

calculated value to focus electrons elastically scattered at -90°. The weak signal of 

these electrons is detected by the channel electron multiplier (CEM or channeltron) 

and optimised by scanning the voltage on the outer plate, which is usually negative 

with respect to the inner plate. The signal is then maximised by fine tuning the middle 

element of zoom lens F and the deflectors.

The parallel plate analyser is a one dimension imaging tool which gives rise to 

the energy spread. Sevier (1972) expressed the energy spread AE1/2 as

AEi/2 W 2 2—^  = -— + a ] + a l  2.17

where lo is the Win Wont separation, is the electron beam angle perpendicular to 

the dispersion plane and the other terms are mentioned before in equation 2.14. Since 

lo is smaller than IRo the AE1/2 of the parallel plate analyser (150 meV) is bigger than 

the AEi/2 of hemispherical analyser (50 meV).

The reference detector assists in the measurements of the angular differential 

cross sections by measuring the count rate of the scattered electrons detected 

simultaneously by the hemispherical analyser detector and the reference detector. Any 

fluctuations in the gas density and/or electron beam intensity will produce a similar 

change in both detectors.

2.10 The Electron Spectrometer Analyser

The electron spectrometer analyser is very similar in design to the 

monochromator. It also consists of three main parts: the post-interaction region lens 

stack, the hemispherical energy analyser and the channeltron lens stack.

The post-interaction region lens stack and the hemispherical energy analyser 

are a mirror image of the pre-interaction region lens stack and the hemispherical
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energy monochromator, except that there is a 3 mm diameter aperture located in the 

entrance of the first element of the post-interaction region lens stack. The aperture is 

present to improve and minimise the acceptance angular resolution of the analyser. 

The electron transmission is high in this lens stack because the space charge effect is 

very low. Operation of the analyser is identical to the procedures of the 

monochromator described in sections 2.8 .3/4.

2.10.1 The Channeltron Lens Stack

This consists of a two element lens and the channel electron multiplier 

(channeltron) housing. The two element lens focuses electrons from the exit of the 

hemispherical analyser into the channeltron cone through a 3 mm diameter aperture in 

front of the channeltron. The channeltron housing provides a protection and shields it 

from external stray electrons. This lens stack is shown in figure 2.10.1a where only 

the channeltron lens stack is a full scale. Elements L26 and L30 are internally wired 

and held at same voltage as the plate P12 (7V). The voltages on elements L31 and CM 

are 60±5 and 100±10 V respectively.

3 mm 0  aperture 

tSM
Post-Interaction Region Lens Stack

2 Elements Lens
Channeltron Housing

3 mm 0  Channel Electron Multi

Channeltron Lens Stack

Figure 2.10.1a A diagram o f the electron spectrum analyser. Only the channeltron lens stack is a 1.1 
scale. The post-interaction region lens stack and the hemispherical analyser are identical and mirror 
image to the pre-interaction region lens stack and the hemispherical energy monochromator o f the 
electron spectrometer monochromator respectively.
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2.11 Power Supplies

Power supplies needed to provide the voltages to the lenses are a crucial part 

in the design of electron spectrometers. These power supplies have to be very stable 

over a very long period of time. Instability in voltages will cause electrons to drift and 

fluctuate resulting in incorrect cross section measurements.

The overall electrical arrangement of the electron spectrometer power supplies 

is shown in Figure 2.11a. Two Kingshill power supplies are used to provide 125/250V 

mains voltage lines to the lens power supplies. The lens power supplies have to

i) Be insensitive to small leakage currents between elements because any current 

leakage will result in a change in the voltages and de-tune the electron beam.

ii) Minimise the a.c. ripple to avoid modulation of the electron beam, which leads 

to a wide energy spread.

iii) Be smoothly variable to allow a precise tuning of the electron beam.

Circuits are designed to have low impedance and built with regulators to fulfil 

conditions (i) and (ii) respectively. The circuits include ‘ten-turn’ lOOkD and 5kQ 

potentiometers to comply with condition (iii). A final condition for the design of these 

circuits and the power supplies requires them to be floatable.

The bias power supplies (Coûtant, model LQ50/50) are connected such that 

the positive terminals provide a virtual ground (earthing) to the experiment. With this 

arrangement the voltage of the bias power supplies sets the energy of the electron 

beam in the interaction region, provided that both bias power supplies are at same 

value, because last element of the monochromator (LI6 ) is internally wired to this 

virtual ground as well L20 and L40. The advantage of this arrangement is that any 

fluctuations in the OV (or real ground) terminal is offset by the virtual earth because 

the outer terminals are kept at fixed positive voltages. The voltages on the lenses and 

elements are measured with respect to the OV terminal. Notice the terminals of the 

filament power supply (Coûtant, model LB 1000.2) are connected to two identical 12Q 

resistors in series, see figure 2.11a. The middle point is referenced to OV terminal to 

ensure a OV potential drop at the centre. This arrangement keeps the tip of the 

filament at OV drop with virtually zero fluctuations, hence improves the electron 

energy distribution.
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Interaction Power Supply

Kh An Def. L1 L2 
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Def. L3 L4 L5 Def 
2 5

PI HI RI 10 Def.
10
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14

Def; Deflector referenced to the element shown below it. 
P l/2: M onochromator and analyser plates respectively. 
H l/2 : Monochromator and analyser hemispheres.
R l/2 : Monochromator and analyser rings respectively.
L I6, 20 and 40 are internally grounded.

Kingshill Power 
supply 125/250V

Bias Voltage 
Power Supply

250V
125V

OV T

I. .1 . I... ...

Voltage Ramp 
Generator (DAC)

Post-Interaction Lens Stack 
& Analyser Power Supply

Channeltron & Reference 
Lens Stack Power Supply

21 22 Def. 23 24 25 26 Def. P2 H2 R2 30 31 D ef CMa 41 p„ Def D ef P„
22 26 31 42 42a 42b

CMa/r: Analyser and reference detectors CEM housing. 
Pin/out Reference detector inner and outer plates.
L42 and 43 are connected to the inner plate.

1 I

Amplicon Ortec (661) Ortec (550) Phillips X919BL
Interface card < - Ratemeter 1Discriminator Channeltron

P C &
r ----------------------------1

1 Ortec (770+773) ' Ortec (575) Charge sensitive
Software 1 Counter + Timer , 

1 1
Amplifier lOOx < - Pre-amplifier I Ox

Figure 2.11a A diagram showing the overall electrical power supplies and data collection 
arrangements. The ‘ten-turn’ potentiometers are shown as variable resistors and labelled according 
to their elements. Each set o f  deflectors requires two potentiometers, one for vertical and one for 
horizontal deflection. Notice the two in series 12Q resistors wired in parallel with the filament with 
m iddle point referenced to  OV. This arrangement insures that the tip o f  the filament is held at 
constant OV potential difference.
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The voltage ramp generator, connected between the bias and the virtual 

ground, provides an adjustable ramp voltage with a range ±10V. The ramp voltage is 

applied to all elements of the analyser except the first element L20, which is 

connected to the virtual ground to maintain a field free interaction region.

2.12 Signal Detection

The scattered electrons transmitted by the spectrometer analyser are detected 

by the (CEM) channel electron multiplier (Phillips, X919BL) operating in pulse 

counting mode; the output pulse height is independent of the electron energy. The 

channeltron has a spiral shape with a 10 mm diameter conical mouth. A high voltage 

(up to 4 kV) is applied to the end of the CEM while the front (cone) is grounded or 

wired to the CM housing. A Fluke (model 410B) high voltage power supply drives 

the CEM at 3 kV with a typical gain of 1x10 .̂ When an electron hits the front of the 

CEM a secondary electron is ejected. As both electrons accelerate towards the end 

more electrons are ejected to produce an avalanche like process. The gain of the CEM 

doubles for every 500 V increase in CEM voltage but drops if  count rates measured 

are high enough to induce a space charge effect in the CEM. Throughout the 

experiment the count rate was always below the threshold limit because the scattered 

electron signal is very weak.

The signal from the CEM is fed to a lOx-gain charge sensitive pre-amplifier 

(Petley, 1971), which produces positive unipolar pulses of 50 mV. The pre-amplifier 

upper limit count rate is 40 kHz and above this limit the signal falls very rapidly. That 

limit is not reached because the observed signal from the CEM, of the primary 

electron beam at zero scattering angle, is about 37 kHz. The pre-amplified signal is 

further amplified using an Ortec spectroscopic variable amplifier (model 575) set at a 

gain of 100. The signal from Ortec amplifier is discriminated by an Ortec 

discriminator (model 550) set at 0.7 V lower level. At a gain of 100 background noisy 

signals are also amplified but the discriminator removes all signals below 0.7 volts. 

An Ortec ratemeter (model 661) monitors the pulses from the Ortec discriminator 

which can be counted by an Ortec counter (model 770) for any period of time set by 

an Ortec timer counter (model 773). Finally any signal above 0.7V is collected by a 

PC via a ‘software controlled’ Amplicon interface card (PC 14A-programmable
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input/output and counter timer board) for storage and analysis. This arrangement is 

shown in figure 2 .1 1 a.

2.13 Summary

In this chapter a detailed description of the electron spectrometer setup was 

given. The experimental chamber, pumping system and gas line were detailed and 

listed. The electron gun extraction system and lenses were described with simulations. 

The purposes of the pre and post interaction region lenses were explained; to focus the 

electron beam to infinity with a small diameter and to collect the scattered electrons 

with small acceptance angles respectively. Two sets of two concentric 

‘monochromator and analyser’ hemispheres were used to resolve the electron energy 

distribution and select electrons at a certain energy. Channeltron lenses were shown as 

the last stage where electrons are detected by the CEM. A reference detector was 

included for a fuller picture of the electron scattering experiment.

The experimental setup provides an electron beam current of 2 nA in the 

interaction region with an energy distribution at FWHM less than 50 meV. The 

energy of the electron beam can vary from 3 to 20 eV and for higher energies a slight 

modification is required in the last lens of the pre-interaction region lens stack.

Where possible theoretical description and computer simulations were given to 

prove experimental agreement. Minor differences were related to factors explained 

previously. Further related experimental procedures and checks will be given in later 

chapters.
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Chapter 3 -  Electron Scattering Experimental Procedures

In this chapter preliminary experimental investigations are introduced to show

the performance of the experimental setup.

3.1 Data Collection

The program used to collect data, written in C language, displays a menu of

six options. The options are;

1) Collect Data, 2) Display Data, 3) Plot Data, 4) Save/Load Data, 5) Set Up, 6 ) End.

1. Option 1) is selected to run the program in the collecting mode. When chosen the 

following prompts (shown in bold letters) will be offered with responses in 

brackets:

• Number of Scans (0 to 10000, sets number of repeated runs, then press EnterJ).

• Starting Channel (0 to maximum number of scanning channel set in the 

parameters, maximum of 4096 channels, EnterJ).

• Finishing Channel (0 to maximum number of scanning channel set in the 

parameters, EnterJ).

• Step Size (number 1 : one scan per one channel, number 2: one scan per two 

channels and so on. 1 is preferred, EnterJ).

• Time per Channel (l-65535ps) (sets time per channel to count signals, maximum 

is preferred, EnterJ).

• Are these Options Correct (Y/N)? (Y for yes then program runs or N for no).

The following two options appear if there are data stored in the Buffer.

• Add to Current Data (Y/N)? (Y for yes or N for no).

• Current Data Not Saved.

Do You Want to Save it (Y/N)? (If Y a prompt to the main menu will occur, then 

choose option 4), if  N program runs to collect data).

When the number of scans is finished the PC peeps, press button Q a prompt

to the main menu will occur. Choose option 4) to save data.

2. Options 2) and 3) are used to view and plot the data values respectively.
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3. Option 4) is used to save collected data on a floppy or hard disk or to load saved 

data from a disk.

4. Option 5) sets the parameters of the program. When chosen a menu of 3 sub

options opens: 1) Program Parameters, 2) Comp Ramp Parameters and 3)

End. These options will be discussed in the following subsection 3.1.1.

5. Last option 6 ) exits the program and returns user to the Windows platform.

3.1.1 Program Parameters

Option 5) is chosen from the main menu to set the parameters of the program. 

The submenu of option 5) consists of two set-up sub-options, as shown above, and a 

third option to exit it.

a) Sub-option 1) Program Parameters sets the range of the channels and the 

number of ramp outputs and signal inputs. When selected it prompts to the 

following options:

• Select Maximum Number of Scanning Channels Required

1) 512 2) 1024 3) 2048 4) 4096 (sets ramp steps per scan, 3 is selected).

• Select Number of Ramp Outputs Required

1) 1 Output 2) 2 Outputs 3) 3 Outputs (number 1 is selected).

• Select Number of Counter Inputs Required

1) 1 Input 2) 2 Inputs (number 1 is selected for analyser detector only. 

Number 2 is for both analyser and reference detector, which is not included). 

Selected options are redisplayed with the following message

• Are these options correct (Y/N)? (Hit Y for yes or N for no).

b) Sub-option 2) Comp Ramp Parameters, where Comp stands for compensatory, 

is chosen when the electron spectrometer is used in the enhanced resonance 

structure mode (see below). It is selected with 2 or 3 ramp outputs. One ramp to 

drive the bias voltage of the analyser in the energy loss mode and two ramps to 

provide the compensating voltages for the mid-elements L I5 and L21. The 

program will ask for the coefficients of the polynomial fit to the voltages of the 

above elements, base ramp energy (incident beam energy) and the energy per 

chaimel.
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Once the parameters are decided the program runs. While scanning, the data 

are added at each channel and stored in the buffer and at the end of each single scan 

the program starts another scan. The data collection takes at least 2 hours, depending 

on the scanning range and number of scans as well time per channel, to accumulate a 

good spectrum.

In the enhanced resonance structure mode the scattered electron signal is 

detected as a function of the incident electron energy to determine the enhanced 

resonance structure of the target gas. To run the spectrometer in this mode the energy 

of the electron beam is varied by changing the bias voltage, i.e. the last (LI 6 ) and first 

(L20) elements of pre and post interaction region lens stack. As a result the middle 

elements, L I5 and L21, must be varied otherwise the electron beam is defocused. The 

voltages on the elements LI 5 and L21 are plotted against the voltages of elements 

LI 6  and L20 respectively while maximising the current on the outer hemisphere 

(OH2) of the analyser. The data are fitted using a polynomial function, usually of 

second order, and the coefficients are used in the program.

3.2 Energy Loss Mode and Transmission Performance of the spectrometer

To detect elastically, inelastically and/or super-elastically scattered electrons it 

is necessary to apply a ramp voltage between the laboratory ground and the bias 

voltage of the analyser detector. When the ramp voltage is set to zero (before 

ramping) the electron primary beam is tuned and focused and elastically scattered 

electrons are detected. The applied ramp starts at negative voltage and increases to a 

positive voltage that is symmetric with respect to zero for a full range of - 1 .0 V to 

+1.0V. The start point and range of the ramp are determined by the starting and 

finishing chaimels of the scan, normally -0.3 to +0.7V in this work. In the 

negative/positive ramp range, -/+AV is applied and electrons with energy gain/loss 

(super-elastic/inelastic) of eAV are transmitted and focused while elastically scattered 

electrons and electrons at different energies are de-focused. Thus a scattered electron 

spectrum is built up at each angle. Energy per channel is obtained by dividing the 

ramp voltage range by the number of channels.

The ramp is applied to all elements of the analyser detector except first 

element L20 to avoid introducing an E-field in the vicinity of the interaction region. 

However, since the following element L21 is ramped, this results in a slight de-tuning
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of the first zoom lens of the analyser and a fall off in the transmission of the electrons 

with large energy loss/gain. Previous work to investigate the transmission of the 

spectrometer {Mapstone PhD thesis, 1990) showed that the transmission falls off by 

less than 1% for incident electron energies higher than 4 eV in the ramp range of -0.3 

to 0.5 eV. For low incident electron energies transmission correction is necessary, 

however, the lowest incident electron energy in this work is 6.0 eV.

3.3 The Scattering Experimental Techniques

In electron scattering experiments two techniques may be employed. First the 

‘gas cell’ technique {Kuyatt, 1968), where the experimental chamber is filled with the 

target gas to a certain pressure. This technique fell from favour because of many 

disadvantages. To observe a significant signal the pressure has to be increased to a 

level that might affect the CEM, electron optics and electron beam. Another 

disadvantage is the wide Doppler broadening effect. The second ‘crossed beam’ 

technique is widely used in electron scattering experiments. A beam of incident 

electrons crosses a gas beam effusing from a fine hole, capillary (hypodermic) tube, 

an array of capillary tubes or a supersonic nozzle. The advantage of such arrangement 

is the high gas number density in the interaction region nearly 1 0 0 0 : 1  with respect to 

the background gas density. Using a hypodermic needle significantly reduces the 

Doppler broadening {Read, 1975). If a small aperture is used the gas beam will have a 

cosine intensity distribution and the Doppler broadening is not reduced. The only 

disadvantage is the determination of the size of the gas beam and hence the overlap 

volume of interaction with the electron beam.

In both techniques the energy, including energy spread, and angular 

distributions of the scattered electrons by target molecules are determined as functions 

of the energy of the incident electron beam.

3.3.1 Doppler Broadening

Doppler broadening in the energy spread of a monochromatic electron beam 

arises from their interaction with thermal motion of the target gas molecules. The 

Doppler broadening in energy distribution at FWHM is calculated by Chantry (1971)
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3.1

where y=ml{m+M), m is the mass of the projectile electron (5.5x10"  ̂ amu). M is mass 

of target molecule in amu. k is Boltzmann’s constant (8.625x10'^ eV/K), T is 

temperature of target gas in Kelvin and Eo is energy of incident electron in eV.

Since w «M then {m+M) % Mand using masses in atomic mass units (amu), T 

at room temperature (290K) equation 3.1 can be approximated to

= 1 2 .3 ^ ^  (meV)
/2  V M 3.2

The maximum Doppler broadening occurs for large Eg and/or small M. For 

water molecules tV/=18 amu and for Eg=20 eV the addition in incident electron energy 

spread is 13 meV at FWHM which agrees very well with experimental observation, 

see figure 3.3. la for Doppler broadening in the presence of water vapour.

Using the crossed beam technique, by using a hypodermic needle, reduces the 

broadening in the electron beam by a factor of ‘/aAe {Read 1975). The reduction factor 

Ab is the full angular range (in radians) at half-maximum intensity of the gas beam 

{Lucas 1972) as illustrated in figure 3.3.1b.

Using a long narrow hypodermic needle will produce a gas beam, which has a 

cosine ‘number densit} ’ distribution of the power n that is a function in I d, provided 

the gas pressure behind the hypodermic needle is fixed. Therefore Ab is a function of 

hypodermic needle dimensions and hence the Doppler broadening.
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F igure 3.3.1a A comparison o f  two electron energy loss spectra. The FWHM is 37 and 52 meV 
in the absence (solid blue) and presence (dashed red) o f  water vapour respectively. The 15 meV 
difference is mostly due to Doppler broadening and partly due to rotational broadening.
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3.3.2 Single Collision Condition

In electron scattering experiments it is very important to avoid multiple 

electron collisions with target molecules. The condition for the determination of the 

cross sections is that the electron must undergo a single collision. Therefore it is 

necessary to find the maximum gas flow at which single collisions occur. This is done 

by measuring the count rate of the scattered electrons, at fixed incident electron 

energy and scattering angle, as a function of the background gas pressure. Gas is 

admitted into the chamber through the hypodermic needle and scattered electron 

signal is recorded with the background pressure as shown in figure 3.3.2a.

IIa
1
§

8

7

6

5

4

3

2

1

0
0 2 3 4 5 76

Chamber Pressure (x l0 ‘̂  Torr)

Figure 3.3.2a Elastically scattered electron signal from H2O molecules at 45° scattering angle 
as a function o f  the background pressure. Single collision occurs in the linear region.

The initial linear rise indicates single electron collisions which is followed by a non

linear behaviour due to multiple electron collisions. As a precaution, the maximum 

background pressure allowed is central in the linear region i.e. 2 to 3x10'^ Torr.
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3.3.3 The Angular Resolution of the Detector

The angular resolution of the analyser is defined as the range of angles that the 

analyser will detect. The angular divergence of the electron beam and the acceptance 

angle of the analyser, which is determined by the aperture size on L20, determine the 

angular resolution.

Measuring angular resolution is important as it gives an idea of the divergence 

of the electron beam and the width of angles that contribute to the detected scattered 

electron signal. Figure 3.3.3a shows the angular resolution of the analyser where the 

current of the electron beam is measured, in the presence of water molecules, on the 

outer hemisphere (0H2) of the analyser. The analyser is rotated in half degree steps 

and the current is recorded, using an electrometer, for different incident electron 

energies. The minimum angular resolution is 2.3° at FWHM for the lower incident 

electron energy of 6  eV. This is because low energetic electrons experience a bigger 

deflection in the presence of residual external fields. Whereas the angular resolution is 

less than 1° for the most energetic electron beam.

-I— I— I— I— I— I— I— I— I— I— I— I— I— L

0.6

0.5
■1. \

CM
Xo
§ 0.4

U 0.3

00
E 0.2

A A E =  20  eV
G- -  -  o  E^= 17.5 eV 
o -  — o E°= 15 e V
V -V E^= 10 e V

E°= 8.75 eV 
• -------•  E = 6 eV

W 0.1

- I — I— I— I— #  V — •— '— I T  T  V — I— I— I— I ~ i  I t — r

0 1 2 3 4 5 6 7

Angle (degrees)

F igure 3.3.3a A plot o f  the electron beam current at different incident electron energies 
showing the angular resolution o f the analyser. The current is detected on the 0 H 2  o f the 
analyser at different angles.
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3.4 Elastic Differential Cross Section

In chapter 1 the theoretical derivation of the differential cross section from the 

time independent Schrodinger wave equation is discussed and the elastic differential 

cross section (DCS) is defined as

_ scattered electron flux ! unit solid angle _ \r /n Ÿ  3  3

do. incident electron flux ! unit area

whereX0  is the scattering amplitude.

Experimentally further parameters must be included and the detected electron 

current, of incident electron energy Eo, elastically scattered from a single target 

molecule at certain angle ^is given by Kuyatt (1968)

,9) =   ̂ ^  ^

where f  is the elastically scattered electron current, E  is the incident electron current, 

n is molecular number density, / is path length of electron beam through gas, da/dQ. is 

elastic differential cross section, T is transmission efficiency (= 100%, see section 3.2) 

of the analyser which is the ratio of electrons entering the analyser to those detected 

by the channeltron and dQ. is the detector solid angle. Note the geometrical factor g(^ 

= IdÇï is defined as the effective path length of the electron beam through the gas.

The electronic pulse count rate R̂ O), at scattering angle 0, recorded by the 

analyser detector for a fixed electron energy is the sum of the scattered electron 

currents from the target molecules the scattered electron current from apertures 

(mainly cone) In{9) and the count rate of the electrical noise Ne

3.5
e e

The final term. Ne, is virtually set to zero by an Ortec discriminator, the middle term is 

also approximately found to be zero by detection of scattered electrons in the absence 

of target gas. Therefore equation 3.5 reduces to first term only. Although a gas beam 

is used as a target, electron scattering occurs from the background gas cell formed by 

molecules that diffuse outside the gas beam, which must be added to equation 3.5 for 

a given incident electron energy Eo. Substituting for from equation 3.4 and 

replacing IdQ. by g(^ give
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Ride) = R„ [f>igi(e) + " c S d e ) \ ^ ^  3.6

where Rq = I(/e is the count rate of the incident electron current and subscripts b and c 

indicate gas beam and gas cell respectively. The background gas cell contributes 5% 

to the total scattered signal {Mapstone PhD thesis, 1990).

3.4.1 Relative Flow Technique

The relative flow technique (RFT) was first used in previous work {Johnstone 

thesis, 1990) to determine the absolute differential cross sections (ADCS) for H2O 

molecules at different incident electron energies, which are used in this work to 

calculate the inelastic cross section of vibrational excitation in H2O.

RFT first used by Srivastava et al (1975) and lately reviewed by Nickel et al 

(1989) and refined by many authors. The elastic DCS, at incident electron energy E  

and scattering angle 0 = -90° i.e. reference detector, is determined by measuring the 

relative count rate between the molecule X under investigation and an atom (normally 

He) whose elastic DCS is well known, while monitoring the flow rate of the gas and 

the incident electron current. Kanik et al (1989) modified the ratio of the DCS section 

to count for the electron current

{Ri~Rc)ÀNI'lMj
{Ri-Rc)ÀNi4M\ {Ri-RXXhP\{ R i - R c h X N N M ) ,  KRi-K)„AioRh

where Rb is the count rate of the reference detector from the gas beam and Rc is the 

count rate from the gas cell, N  is the flow rate of the gas determinbed by monitoring 

the gas pressure (F) behind the hypodermic needle, h  is the incident electron current 

measured on the middle aperture of the post-interaction region lens stack at zero angle 

and M is mass of the target molecule.

3.4.2 Relative Differential Cross Section Measurements

The elastic DCS obtained for molecule X, at scattering angle -90°, from the 

RFT is used to determine the ADCS at the remaining scattering angles by recording 

the count rate of the analyser (^(^) at each scattering angle simultaneously with the
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count rate of the reference detector {R(0=.9O)). The ADCS, for a given incident electron 

energy Eo, is related to the DCS at 90° by

( /^q)(i9) _ ^g) -̂90°)^(90°)  ̂ g

0̂=-9O“)̂ 9O“)̂ (̂ )

where equation 3.8 is derived from equation 3.7 except that the term î (.90)A4(90) is 

introduced to correct for the differences in the count rate of the analyser and reference 

detectors. Any fluctuations in due to changes in the electron current and/or the gas 

density is compensated for by the simultaneous detection of D(^_90). The ratio g(9o/g(6̂  

is a volumetric correction needed to correct for the overlap volume variations seen by 

the analyser at different scattering angles i.e. is the effective scattering volume.

3.4.3 The Volumetric Correction

Volumetric correction is necessary in determining ADCS because is 

dependent on the scattering angle for most geometries except where the entire overlap 

volume lies within the acceptance solid angle of the analyser. Kityatt et al (1968) 

showed a sin{6) type volumetric correction while Shyn et al (1972) applied a 

{5'/n(^/[0.09+ sin{0)]} factor, whereas Brinkmann and Trajmar (1981) calculated the 

volumetric correction for various geometries and found it almost independent of 

scattering angles for angles greater than 2 °.

Experimentally can be found by measuring the relative DCS, normalised 

to 90°, for an atom or molecule whose DCS is well known. Helium is usually used 

and comparing its measured DCS with the wide range of data available on it g(6̂ He (= 

g(0 x) is extracted and used for the molecule X under study.

3.5 Inelastic/Super-elastic Differential Cross Section Measurements

The inelastic/super-elastic DCS can be measured using the same mathematical 

approach for the elastic DCS where the energy of an incident electron, with initial 

energy Eo, changes to AE = Eo+^E  due to loss/gain of energy bE from excitation/de

excitation of the target atom or molecule. The non-elastically scattered electrons with 

energy AE, at a fixed scattering angle ^are given by
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= 3.9

and the count rate of the electrons with energy AE is given by

K  kgj(e) + V )  + k ' ' ' ”'* 3.10

Dividing equation 3.11 and 3.6 yields a relation for the ratio of the 

inelastic/super-elastic DCS to the elastic DCS such that

do. _ ^AE)

/d O
3.11

It is shown in section 3.2 that the transmission efficiency falls by less than 1% for 

energy change within ±0.5 eV, therefore the ratio % ( & , ) / is close to 1.

Inelastic/super-elastic DCS is obtained by multiplying the absolute elastic 

DCS by the ratio of the area of the inelastic/super-elastic peak to the area of the elastic 

peak. This is given by

dcTi(AE) _  ^(AE)

dO
da.

y
3.12d o

where S  is the area under the peak in the electron energy loss spectrum.

3.6 Sources of Errors

The estimation of errors in the measured values of DCSs is an important part 

of the experiment. There is no way of assessing the magnitude of systematic error 

apart from repeating the same measurements with different techniques and 

approaches. One still needs to justify the estimation of the errors {Srivastava, 1979) 

that partly result from uncertainties in the determination of the parameters on which 

the cross section depends and partly from limitations of the spectrometer itself. The 

various parameters on which the elastic DCS depends are given in equations 3.4, 3.7 

and 3.8 where one has to consider the errors in scattered current (2%), pressure (5%), 

volume correction (7%), background correction (5%), absolute helium cross section 

(5%) and inelastically scattered electrons detected by the reference detector (4%) and 

random errors (2%). These errors are combined in a quadrature and estimated by 

Johnstone e/ a/ (1991) to be 13% uncertainty in elastic DCS.
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Further uncertainties in the measurement of DCS are also introduced by finite 

angular and energy resolution of the spectrometer and the dead time associated with 

the counting electronics. One might also include the unresolved rotational excitation 

uncertainties.

In this work the errors in the inelastic DCS involve statistical uncertainties in 

the count rates i.e. peak areas (5%), transmission behaviour (10%) and ADCS (13%). 

The error in the ADCS increases to 15% - 16% because of the interpolation procedure 

employed to determine some of the unknown ADCS values. The errors are estimated 

to be 18.7% and 19.5% for an energy loss of 0.45 eV [(100+001) mode] and 0.2 eV 

[(0 1 0 ) mode] respectively, this difference is statistical because typically there are less 

counts produced by scattering from the (0 1 0 ) mode.

3.7 Summary

In this chapter we investigated the performance of the electron spectrometer 

parameters such as energy and angular resolution, broadening, transmission and single 

collision conditions. The procedures to run the high-resolution electron energy loss 

spectrometer (HREELS), such as the data collection computer based program and 

ramp generator in energy loss mode, were outlined. The equations employed to 

determine the elastic, inelastic and/or super-elastic DCSs were described and justified. 

The relative flow technique applied in previous work to determine the elastic ADCS 

was described and sources of errors were discussed and estimated.
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Chapter 4 -  Electron Scattering from W ater M olecule: Results

Water is the most abundant chemical on our planet and its presence is 

essential for existence of ‘biological’ life. Hence electron interactions with water 

molecules play a role in the human body chemistry {Turner et al, 1982), as 

exemplified by ionising radiation effects in biological tissue. The interest in water 

extends to astrophysics {Okamoto et al, 1993) as H2O molecules exist in interstellar 

space and in plasmas produced in magneto-hydrodynamic power generators (Norcross 

et al, 1982) and wafer etching techniques using electron beams. Thus electron 

collisions with water molecules have become an attractive subject for theoretical and 

experimental studies, which mostly concentrated on elastic scattering, ionisation, 

dissociative attachment and grand total cross section calculations and measurements. 

However, studies on inelastic DCSs of electron impact vibrational excitation of water 

molecules are very scarce.

Water molecules, in the ground state, have a long-range dipole moment (dp =

0.724 au) due to the bent bond angle of 105  ̂of the H-O-H structure which has three 

modes of vibrations (shown in figure 4a), symmetric bending (OvO), symmetric stretch 

(vOO) and asymmetric stretch (GOv). In this work absolute DCSs for electron impact 

excitation of the bending (0 1 0 ) and unresolved stretching ( 1 0 0  + 0 0 1 ) modes, at eight 

incident electron energies (6 , 7.5, 8.75, 10, 12.5, 15, 17.5 and 20 eV) and for a 10̂  to 

135° scattering angular range in 10° steps, are determined experimentally.

(V ,0 0 )

":iK k:’ 
(OV2O)

( 0 0 V3)

0.96 Â

Figure 4a The molecular structure o f  the H2O molecule. It has a permanent 
dipole moment (dp) and 3 modes o f vibration (vi V; V3) :
Vi symmetric stretch ~ 3657 c m '\ V] symmetric bend ~ 1595 cm'* and 
V3 asymmetric stretch -  3756 cm'*.
V] and V3 fundamental periods are ~ 9 fs, whereas v; fundamental period is ~ 20 fs. 
dn = 0.724 a.u. (= 1.85 10'** esu). Mean Polarizability a  = 1.45 Â '.
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4.1 Symmetry States in H2 O Molecules

In a theoretical treatment the plane of the water molecule generally coincides with the 

x-z plane where the z-axis forms the bisector of the H-O-H bond angle and y-axis is 

perpendicular to the plane of the molecule at the oxygen atom i.e. the three co

ordinate axis intersect at the oxygen atom. The water molecule belongs to the C2v 

symmetry group and the four possible symmetry states A], A2, B] and B2 can be 

expanded in terms of the spherical harmonics such that

I m q

Al > 0 Even > 0 1

A2 > 2 Even > 0 -1

Bi > 1 Odd> 1 1

B2 > 1 Odd> 1 -1

where the spherical harmonic function is

(2/ + lX/-m)!
Pr{cose)F^,) 4.9

_2;r(/ + w)!(l + <y„J_

where m > 0  and q = ± 1  -> cos(w^ and f  sin(m^.

A few studies {Gianturco et al 1980 and Milton 1972) use the y-z plane to 

coincide with the water molecule plane. In this case the Bi and B2 states must be 

interchanged.

4.1.1 Resonance States in H2 O: Theoretical Review

Theoretical studies and experimental investigations have shown that there are 

two distinct resonance regions in H2O; region 1) a sharp resonance from threshold to 

~2 eV and region 2) a broad resonance region centred at approximately 8  eV incident 

electron energy.

Region 1 will not be discussed because it is outside the range of energies in 

this work, but it is worth mentioning that these resonances are due to strong dipole 

fields which Wong and Schulz (1975) called ‘dipole-dominated resonances’.
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Region 2 is very broad, over 6  eV, and formed by the electron attachment with 

the target water molecule to form an excited negative molecular ion (H2O *). The 

lifetime of this state is believed to be very short ( 1 0 ’’̂  s) because fine structure or high 

hannonics are not observed {Gianturco 1991).

Most theoretical studies indicate the existence of four symmetry species (Ai, 

A], Bi and 8 2 ) for the water molecule. Ji'eiss and Krauss (1970) have shown that the 

lowest Feshbach resonant state is the ^B] (6.5 eV) and higher resonant states are ^A, 

(8 .6  eV) and ^ 8 2  (11.8 eV), which fragment due to potential energy surfaces that are 

repulsive in the Frank-Condon region. Dissociative attachment experiments of Milton 

et al (1972) and Belie et al (1981) confirm the intense production of H and other 

weak channels of fragmentation (i.e. O' and OH' Jungen et al 1979). Note that Milton 

(1972) probably uses the same notation as Gianturco (1980), who studies the 

molecule in y-z plane and this switches the Bj and 8 2  notation. However as Jain and 

Thompson (1983) pointed out in their theoretical vibrational excitation studies, that 

there is a broad resonance region around 5-10 eV in the ICSs for both the (010) and 

( 1 0 0 ) excitation modes and that this broad resonance region is most properly 

described as being due to the ^ 8 2  state of H2O'.

H2O Grand 
Parent states.

^ 8 2  18.53

>  15

IcW
co

10

H 2O (x 3 s)
Parent state. 

Singlet Triplet

H2 0 ’
Feshbach

states.

A l 14.75 

^8 1  1262 8 2  13,2 1 2 .6  ^ 8 2
' 8 2 11 .8

A ] 9.86 9.47 ^Ai
'A l 8 6

8 ] 7,44 7.12
' 8 1 6.5

Al 0.0

Figure 4.1.1a Energy diagram for the genealogy o f the H2O electronic states. 
The singlet-triplet splittings are estimated with frozen core calculations and 
subtracted from the singlet energy values {Jungen et a l 1979).

Belie et al (1981) describes the formation of the Feshbach resonant states 

using Weiss and Kraus (1970) results. The 8̂ ] [(Ibi)'^ (3sai)^], “A] [(3ai)'' (3sai)^] 

and ^ 8 2  [(lb2)'̂  (3sai)^] Feshbach resonant states are formed respectively from the



Bi, Al and 8 % states of the parent molecule by the capture of the incident electron 

into the 3sai orbital. These three Feshbach resonant states ^Bi, ^Ai and B̂% are 

interpreted as the capture of two 3sai Rydberg electrons in the ground ^Bi, the first 

excited ^A] and the second excited ^B] state of the grandparent molecular ion 

respectively.

Figure 4.1.1a shows the energy genealogy of the Feshbach resonant H2O 

molecule at different electronic states. The genealogy include the grand parent, parent 

and daughter Feshbach states for all symmetry species {Jungen et al 1979). Note that 

the energy levels may vary a little from author to author but the difference does not 

exceed 0.5 eV.

4.1.2 Transition Matrix and Angular Distribution

The transition for the H2O (x ^Ai) + e' {Eo) = H2O’ (^Ai, ^Bi or 8̂ 2 ) reaction is 

zero when the beam of the incident electrons is in the plane of the water molecule and 

non-zero if it is perpendicular to the plane of the water molecule. In other words, the 

transition reaction will behave as a cosine function in ^(and such that the transition

Toe u.{OH X OH ' ) , where u is the velocity unit vector of the incident electron beam

and {OHxQH')  represents the area vector of the water molecule H-O-H’; $is  the

elevation angle in the horizontal scattering plane and (j) is the azimuthal angle in the 

vertical x-y plane.

If the incident electron energy is greater than the threshold energy for any of 

the resonant states of the negative molecular ion then the molecule may undergo a 

dissociative attachment process. Provided that the lifetime of the H2O' resonant state 

is shorter than the rotational period of the water molecule the KT ion, which is released 

in dissociative attachment process via OH + H~, intensity will be symmetrically 

distributed about ^(and = 90° {Lassettre and Huo 1974).

Azria et al (1979) have computed the angular distribution of the H' ions 

produced by dissociative attachment mechanism of ̂ Ai, ^A2, ^Bi or ^ 8 2  states of H2S", 

which is very similar to the molecular structure of the H2O’, as shown in figure 4.1.2a. 

Azria uses the O'Malley and Taylor (1968) theory adapted to polyatomic molecules 

that is developed to describe the symmetry resonant states of the H2S' ions.
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F igure 4.1.2a Calculated angular distribution for H' ions dissociated from H 2S' for allowed values 
o f  / < 3 for each o f the resonant states. H2O' has a very similar molecular structure and angular 
distribution to H 2S' {Azria et al 1979).

4.2 Interaction Potentials in H2O

Theoretical calculations have been made to determine the potentials of 

interaction (K% and in an attempt to understand the forces that play a crucial 

role in the angular distribution of the scattered electrons.

Gianturco (1991) computed the parameter-free model interaction for the H2O 

molecule in the fixed-nuclei approximation. The static exchange and 

polarisation potentials are evaluated and the eigenphase sums are also examined 

where the number of partial waves included in the expansion of the potentials reaches 

1=1.
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Figure 4.2a represents the static, exchange and polarisation potentials as a 

function of the electron separation from the centre of the water molecule. Figure 4.2a 

(a) shows the spherical component of these potentials for / = 0  and it is clear that the 

static potential dominates the interaction process in the inner region (r < rc) of the 

molecular volume. However, as r increases beyond 30o the interaction becomes 

dominated by the polarisation potential and hence it dominates the electron scattering 

process in the forward direction. For / = 1 the three components of the interaction 

potentials are shown in Figure 4.2a (b). The polarisation and exchange potentials are ~

zero while the peak of the static potential at ~ 1 .8  Oq indicates that the incoming 

electron will almost only see the static potential over the H atom and H2O molecule 

will appear as a nearly spherical heavy atom.

0 9

1 = 03re
re
c

0.0

1.20.4 0.4 2.0 2.8 3.6 4.41.2 2.0 2.8 3.6 4.4
r (a.u.) /-(a.u.)

F igure 4.2a Computed interaction potentials: static potential exchange potential (V ^)  and 
correlation polarisation potential (P^) for e' + H^O (^A,) in the fixed nuclei approximation, (a) 
with / = 0  and (b) / = 1 components. Note the potential sign is changed {Gianturco 1991).

Gianturco (1991) has also included the eigenphase sums for the two 

symmetries as a function of the incident electron energies. The changes in the 

eigenphase sum with collision energy indicate the presence of resonances over the 

range of changes as shown in figure 4.2b.

In figure 4.2b (b) the calculations only include the static and exchange 

potentials (SE) where the changes in the eigenphase sum with the collision energy are 

marginal. This indicates that the static and exchange potentials contribute little to the 

resonances. Figure 4.2b (a) where the static, exchange and polarisation (SEP) 

potentials are employed shows a rapid change in the 6 2  eigenphase sum with collision 

energy. The conclusion is that there is a 8 2  resonance over a wide range of collision
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energies and that the polarisation potential is very crucial in detecting and locating 

shape resonances. Regarding the Ai resonant state there is a rapid change in its 

eigenphase sum for collision energies below 6  eV and therefore it contributes to the 

scattering process at low energies (< 6  eV). Jain and Thompson (1983) also see a 

significant contribution from the ^Ai resonant state at < 5 eV incident electron energy, 

which is outside the range of energies in this work, as shown in figure 4.2c.

(a) SEP e + H j O

2.0

S 0.6 -
M 0.4-
C l.g 0.2 - 
00
^ 0.0 - 0.4-

-0.2- 0.0
6 182 10 14 22 2 6 10 14 18 22

Energ> (eV) Energy Eo (eV)

Figure 4.2b Computed eigenphase sums in the energy range 2 to 20 eV. (a) All interaction 
potentials are included i.e. static, exchange and polarisation (SEP) and (b) only static and exchange 
(SE) potentials are included in the scattering resonance states and {Gianturco 1991).

8

6

I
o  4

V]U

2

0
0 2 6 84 10

Incident Electron Energy (eV)

Figure 4.2c The contribution o f  the individual symmetry states Bj, A% and B2 to the 
integral cross section o f the vibrational excitation (0 0 0  1 0 0 ) as a function o f the incident
electron energies {Jain and Thompson 1983).
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Gianturco (1991) comments on previous experimental results: “Earlier 

suggestions of shape resonances in the vibrationally inelastic channels {Seng and 

Linder 1976) had tentatively tried to assign it to a ^Ai state for the negative ion. The 

present, fixed-nuclei calculations indicate, however, the possible assignment of a 

broad shape resonance to a molecular state. ... one indeed finds that the dominant 

angular momentum component in the ^ 8 2  channel for the eigenphase sums is the p 

wave with / = 1. This suggests therefore that a short-lived H2O' species can exist in 

the vibrationally inelastic channel.”

Further theoretical studies of the electron impact excitation of the water 

molecule by Morgan (1998) and Gil et al (1994) have confirmed the three Feshbach 

resonant states, but at slightly different resonance energies. This is because they use 

different computational methods, different excitation thresholds and different wave 

functions.

Morgan finds that the cross sections of excitation of the three states (’Bi, ^Ai 

and ^A]) and the fourth state (^Bi) are dominated by the resonant states ^ 8 2  and ^Ai, 

respectively, in the energy range from 7 to 20 eV. However, Gil et al have employed a 

trial wave function which shows insufficient resonant structure and energy position. It 

also leads to the Ai state dominating the electronic excitation in e' + H2O collisions. 

One deduces that Gil et al's trial wave function may be not adequate to describe the 

collision process.

4.3 Experimental Review

Experimental electron scattering from water molecules are scarce, mainly 

inelastic scattering, and the available data are compared with the current results in the 

relevant sections. In this section the comparison will be extended to include previous 

experimental results on dissociatve attachment and to relate them to the current work.

As mentioned in section 4.1.1 many groups confirmed the existence of the 

resonant states from dissociative attachment experiments. Figure 4.3a shows the 

results obtained by Belie et al (1981) for H‘ ions produced by e' + H2O via 

dissociative attachment processes at different scattering angles. The H" ion intensities 

at each scattering angle are normalised to the ion’s intensity at 90° scattering angle to 

give the ion intensity angular distribution. In figure 4.3a (a) the incident electron 

energy is 6.5 eV and the angular distribution of the H" ions exhibit the 8̂ % resonant
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State dominated by a p-type-wave when compared with figure 4.3a. Similarly figure 

4.3a (b) and (c), where incident electron energies are 8 .8  and 12 eV respectively, the 

H ion angular distribution exhibit ^Ai and resonant state characteristics which are 

dominated by s+d and d waves respectively. Melton (1972) and Jungen and Vogt 

(1979) have obtained similar results for H2O while Azria et al (1979) have obtained 

very similar results for H2S.

The angular behaviour in resonant scattering processes is determined directly 

by the state symmetries and the number of partial waves probed, which is limited to / 

< 3 due to the almost atomic nature of the resonant electron orbitals. The presence of 

direct potential scattering, which distorts the incident electron wave (s wave), shifts 

the peak position to 100® scattering angle as seen in figure 4.3a (a).

2.00
Eo= 6.5 eV

1.75

I
1.50

5  0.6

1,000.2

0.75
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

12 eV1.00

I
I
I

0.75

r  0.50

0.25
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Scattering Angle 8 (degrees)

Figure 4.3a Experimental results obtained 
by Belie et at (1981) for e' + H2O 
dissociative attachment. The data points are 
the angular distribution o f  H  ions 
normalised to the ion intensity at 90° 
scattering angle for different incident 
electron energies as shown in the top right 
com er o f  each graph, (a) Indicates that the 
process is dominated by p-wave, (b) is 
A], dominated by s and d-waves and (c) is 

dominated by d-wave.

Scattering Angle 6 (degrees)
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4.4 Electron Scattering from H2 O Molecules

Purified distilled water vapour is admitted into the experimental chamber via 

the hypodermic needle and the pressure as monitored on the ionization gauge rises to 

2.5x10'^ Torr from 2x10'^ Torr background pressure. The electron beam is tuned at 

the selected incident electron energy set by the bias voltage and maximised by 

monitoring the current on 0H2 of the analyser at 0° angle (see chapter 2). Due to 

contact potentials the energy of the incident electron beam can vary which is checked 

by applying a retarding potential on element L20, of the post-interaction region lens 

stack, while dumping the electron beam on its aperture. The data collection program is 

set to run in energy loss mode and the scanning range is chosen to operate from 

channel 800 to 1700 at 0.9 meV per channel. Elastically scattered electrons peak at 

channel 1024, which results in energy scan ranges from -0.2 to 0.6 eV (for a wider 

energy scan range the channels can be chosen as 0 to 2048 to give ±0.92 eV energy 

range). During the run the output voltage of the ramp generator is monitored on a 

digital voltmeter or an oscilloscope to ensure there is no fluctuation in the output ramp 

voltage.

The hemispherical analyser is rotated in steps of 10® starting from 10° 

scattering angle and at least 100 scans are performed at each angle. The number of 

scans is increased for the weak signals and each run is repeated at least twice for 

comparison and the results are averaged. At the end of each run the data are stored on 

a floppy disk then the channel number is converted into energy and each peak is 

integrated to get the area value. Figures 4.4a and b show a set of electron energy loss 

spectra for electrons with different incident electron energies scattered of H2O 

molecules at different scattering angles. Three peaks at different electron energy loss 

energies are detected. The first peak due to the elastically scattered electrons with zero 

energy loss, the (0 0 0 ) mode, is the strongest and the two weak peaks are due to the 

inelastically scattered electrons with energy losses of -0.2 and -0.46 eV, which 

correspond to the vibrational excitation of the (0 1 0 ) and the unresolved ( 1 0 0  + 0 0 1 ) 

modes respectively. The inelastic peaks are scaled along y-axis, by the factors of xl5 

to x242, because their detected signals are very small, see figures 4.4a and 4.4b.

- 9 6 -



40000 -
Eo= 6  eV, 8=30' Eo=8,75eV, 8=10' 

(010)80000
(000)30000 (000)

60000

( 100+001)20000
40000

(010) x43 xl60
10000

20000

8000

Eo= 6  eV, 8=90' Eo=8.75 eV, 8=80'
8000

6000

6000

4000

4000

x l4 x25
2000

2000

8000

E„= 6  eV, 8=130' Eo=8.75 eV, 8=100'

6000I
-e

3000

4000

xll x l5
2000

30000 18000

20000 12000

x l30 x5710000 6000

3000
Eo=10 eV, 8=120'

8000

20006000

4000

x53 x l21000

2000 -

0.1 0.2 0.3 0.4 0.5 0.6-0.2 -0.1 0 - 0 .2  - 0.1 0.1 0.2 0.3 0.40 0.5 0.6

Electron energy loss (eV) Electron energy loss (eV)

Figure 4.4a A set o f  electron energy loss spectra for electrons scattered from H ;0  
molecules at different incident electron energies (Eo) and different scattering angles (8 ).
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F igure 4.4b A set o f  electron energy loss spectra for electrons scattered from H2O 
molecules at different incident electron energies (Eo) and different scattering angles (8 ).
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Table 4.4a The ratios o f  the inelastic (010) and (100+001) areas to  elastic (000) areas at each incident 
electron energy and scattering angle.
M ode (0 1 0 ) ( 1 0 0 + 0 0 1 ) (0 1 0 ) ( 1 0 0 + 0 0 1 ) (010) ( 1 0 0 +0 0 1 ) (0 1 0 ) ( 1 0 0 +0 0 1 )

6.0 eV 7.5 eV 8.75 eV 10 eV

10 0.0069 0.0034 0.0051 0.0027 0.0058 0.0032 0.0065 0.0038

20 0.0081 0.0114 0.0041 0.0051 0.0064 0.0060 0.0052 0.0044

30 0.0078 0.0170 0.0056 0 .0 1 0 1 0.0077 0.0099 0.0059 0.0065

40 0 .0 1 0 2 0.0255 0.0077 0.0165 0.0094 0.0142 0.0066 0.0096

50 0.0123 0.0310 0 .0 1 2 2 0.0255 0.0103 0.0187 0.0086 0.0145

60 0.0157 0.0364 0.0194 0.0412 0.0143 0.0262 0.0107 0.0191

70 0.0158 0.0427 0.0241 0.0495 0.0157 0.0318 0.0152 0.0297

80 0.0175 0.0533 0.0208 0.0638 0.0157 0.0372 0.0234 0.0445

90 0.0156 0.0565 0.0322 0.0740 0.0156 0.0446 0.0280 0.0570

100 0.0208 0.0706 0.0337 0.0940 0.0186 0.0554 0.0310 0.0640

110 0.0248 0.0878 0.0348 0.0861 0.0255 0.0578 0.0326 0.0643

120 0.0324 0.0989 0.0371 0.0866 0.0240 0.0613 0.0329 0.0639

130 0.0252 0.0736 0.0228 0.0508 0.0311 0.0573

135 0.0247 0.0727

12.5 eV 15 eV 17.5 eV 20 eV

10 0.0040 0.0016 0.0064 0.0025

15 0.0051 0.0026 0.0047 0 .0 0 2 1 0.0045 0.0018 0.0036 0.0013

20 0.0038 0.0026 0.0057 0.0027 0.0044 0.0018 0.0036 0.0013

30 0.0056 0.0054 0.0051 0.0033 0.0047 0.0023 0.0041 0.0014

40 0.0090 0.0088 0.0074 0.0053 0.0057 0.0034 0.0055 0 .0 0 2 1

50 0.0086 0.0113 0.0071 0.0070 0.0072 0.0050 0.0056 0.0026

60 0.0131 0.0171 0.0091 0.0090 0.0103 0.0069 0.0077 0.0034

70 0.0153 0 .0 2 2 2 0.0141 0.0150 0.0119 0.0096 0.0108 0.0054

80 0.0209 0.0347 0 .0 2 2 1 0.0276 0.0176 0.0154 0.0153 0 .0 1 0

90 0.0219 0.0407 0.0240 0.0307 0.0188 0.0205 0.0170 0 .0 1 2 0

100 0.0209 0.0463 0.0272 0.0373 0.0271 0 .0 2 2 1 0.0204 0.0143

110 0.0239 0.0499 0.0272 0.0369 0.0279 0.0216 0.0254 0.0169

120 0.0258 0.0434 0.0266 0.0361 0.0274 0.0194 0.0229 0.0136

130 0.0253 0.0405 0.0244 0.0285 0.0215 0.0145 0.0194 0.0113

135 0 .0 2 0 2 0.0304 0.0196 0.0245 0.0185 0.0164 0.0167 0.0090
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4.4.1 Analysis

Once the energy per channel and the elastic peak channel number are 

determined the conversion into the energy loss spectrum is given by, {[(channel 

number) -  (elastic peak channel number)] x (energy per channel)}, which is a linear 

relation with channel number.

Recording the ramp output voltage at channels zero (-0.92V) and 2048 

(+0.92V) determines energy per channel such that

y  wax _  y  win 0  9 2 - ( - 0  9 2 )
Energy/Channel = — — ---- ^ — e = —------ -— :— - e »  0.9 meV/Ch 4.1

2 0 4 8 -0

where e is electron charge, V is the ramp output voltage at channel number Ch. This 

procedure is repeated many times at different channels to ensure the relation is linear. 

The elastic signal must peak around channel number 1024, which does vary a little 

from run to run due to slight de-tuning of the hemispherical analyser. If the elastic 

peak is ±50 channels from 1024 the system must be re-tuned.

The area under each of the peaks is integrated taking care not to extend the 

integration to overlap with adjacent peaks. For the inelastic (010) mode the peak is 

integrated from the centre of the peak and doubled to count for the lost part due to 

overlap with the elastic (000) peak. Hence area ratios of the inelastic to elastic peaks , 

table 4.6a, are obtained for each of the electron energy loss spectra and the inelastic 

DCS is obtained by normalising (using equation 3.12) to the elastic ADCS at the 

equivalent incident electron energy and scattering angle, obtained from Johnstone et 

a / (1991). However, the data o ï Johnstone et al does not cover all the incident electron 

energies used in the present work so a third order polynomial fit to the absolute DCS 

data of Johnstone et al at each scattering angle is used to interpolate the ADCSs at the 

missed incident electron energies (7.5, 8.75, 12.5 and 17.5 eV), see table 4.4.1a. The 

fit, performed on EasyPlot version 4.0.1 from Spiral Software, uses a least-square 

downhill-simplex routine that looks for the minimum deviation (%) from the data 

values that is given by

..................
f i t - d a t a ]  1

-  4.2
nerror

- 100-



where n is the number of parameters (degrees of freedom). The DCSs at the scattering 

angles 130° and 135° not included in the Johnstone et al data are derived from the 

theoretical studies of Brescansin et al (1986).

Tables 4.4a, b and c give the elastic (000), inelastic (010) and (100+001) 

DCSs resulting from electron impact at the eight incident electron energies employed 

in the present work while a selection of the cross section plots are shown in figures 

4.5a, and b compared with the molecular phase shift analysis curves (see section 4.5), 

Table 4.4.1a Elastic DCS (xlO’’* cmVsr) for (000) mode at different incident electron energies. The
error on the data is ~ ±13%.

6eV 7.5eV 8.75eV lOeV 12.5eV 15eV 17.5eV 20eV
10 763 1115 867 962 958 945 1048 1102
15 586 617 644 669 709.6 710 766 815
20 446 462 477 489 516.7 517 554 591
30 240 257 264 275 287.6 291 305 312
40 145 153 163.2 167 182.3 195 195 194
50 114 120 121.4 125 125 123 121 117
60 96 99 98.4 102 94.5 91 84 73
70 85 84 82.3 83 74.5 70 62.5 52
80 74 73.3 70.8 71 63.2 59 51.6 42
90 63 62.5 58.9 60 50.5 45 40 32

100 45 46 44.5 47 40.7 36 34.3 30
110 36 39 37.7 42 36.1 31 32.2 30
120 32 35.4 36.1 40 38 34 37 37
130 32 35.1 36.8 40.2 40 46 39.4 45
135 43 60 50 55

Table for (0 1 0 ) vibrational excitation m ode at different incident 
±19.5%.

6 eV 7.5eV 8.75eV lOeV 12.5eV 15eV 17.5eV 20eV
10 5.231 4.605 5.02 6.204 3.801 6.703
15 3.637 3.336 3.452 2.949
20 3.631 2.596 3.053 2.543 1.972 2.966 2.448 2.151
30 1.876 1.969 2.03 1.619 1.618 1.487 1.439 1.281
40 1.476 1.865 1.532 1.102 1.634 1.449 1.106 1.067
50 1.407 2.332 1.25 1.069 1.078 0.871 0.867 0.657
60 1.504 2.388 1.407 1.091 1.24 0.83 0.862 0.559
70 1.344 2.318 1.288 1.265 1.139 0.988 0.746 0.560
80 1.295 2.1 1.112 1.661 1.319 1.302 0.909 0.641
90 1.101 2.112 0.916 1.680 1.103 1.08 0.753 0.545

100 0.936 1.6 0.828 1.457 0.85 0.98 0.931 0.611
110 0.894 1.445 0.961 1.369 0.864 0.842 0.899 0.762
120 1.036 1.508 0.866 1.314 0.982 0.905 1.013 0.847
130 0.807 0.837 1.300 1.01 1.124 0.846 0.873
135 0.867 1.178 0.924 0.919
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Table 4.4.1c Inelastic DCS (xlO’̂ * cm /̂sr) for (100+001) vibrational excitation modes at different

6eV 7.5 eV 8.75 eV 10 eV 12.5 eV 15 eV 17.5 eV 20 eV
10 2.553 5.631 2.766 3.684 1.553 2.624
15 1.808 1.491 1.393 1.073
20 5.062 5.234 2.876 2.127 1.345 1.376 0.994 0.782
30 4.068 4.228 2.603 1.793 1.561 0.96 0.69 0.446
40 3.695 4.234 2.317 1.597 1.608 1.025 0.659 0.412
50 3.534 4.944 2.27 1.809 1.414 0.86 0.599 0.301
60 3.497 5.277 2.578 1.949 1.615 0.817 0.581 0.247
70 3.628 5.36 2.62 2.461 1.651 1.05 0.597 0.281
80 3.941 5.572 2.634 3.156 2.195 1.63 0.794 0.419
90 3.961 5.252 2.627 3.420 2.053 1.383 0.819 0.384
100 3.178 4.343 2 465 3.008 1.886 1.344 0.757 0.429
110 3.162 3.338 2.179 2.699 1.802 1.145 0.695 0.507
120 3.164 3.636 2.213 2.556 1.65 1.228 0.717 0.502
130 2.354 1.871 2.300 1.619 1.312 0.571 0.509
135 1.307 1.471 0.82 0.493

4.5 Phase Shift Analysis (PSA)

The present experimental data covers an angular range from 10° to 135°. Phase 

shift analysis (PSA), which is a well established technique in electron-atom collisions, 

is employed to extrapolate the DCSs to experimentally inaccessible regions, i.e. 0° 

and 180°

The DCS is related to the scattering amplitude, (see chapters 1 and 3, 

equations 1.16 and 3.3) while the partial wave decomposition oî f{0) allows it to be 

written in terms of the scattering matrix, Si(k), as
“  L

and

X  (cos o)  +

Pi{cosO)2\nak

4.3

4.4
(2/ + 3X2/-l)_

where k is the wave number of incident electron. P/(cos G) is Legendre polynomial, a  is 

the polarizability (<3Twater= 9.82^o^) of the target and ao is Bohr radius. The term Ci(^ 

represents the Bom approximation of the higher partial waves (/>L) due to the long- 

range interaction of the induced-dipole potential {Thompson 1966). Regarding Nqt) 

and Si(k) there are three cases, see Boesten and Tanaka (1991);
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1. Atomic (Simple) phase shift analysis (APSA fitting). In this case (e.g. Andrick 

and Bitsch 1975, Newell et al 1981 and Brewer et al 1981), N(jc) = 1 and the 

scattering matrix = exp(2 i(^) where 5i are the phase-shifts of the partial waves. 

APSA is normally applied for < 5 eV and the Cl term is usually dropped.

2. Molecular (Modified) phase shift analysis (MPSA fitting). In this case (e.g. 

Register et al 1980 and Tanaka et al 1982) becomes a size factor. This in turn 

removes any physical meaning relating to the phases. However, MPSA is difficult 

for Eo between 12 and 15 eV and normally fails beyond 20 eV.

3. Inelastic phase shift analysis (IPSA fitting). In this case (e.g. Mott et al 1965 and 

Bransden et al 1970), analysis necessitates the introduction of a complex potential 

and reformulation of the scattering matrix Siqo = pi exp(2 i^ ) where Pi is the 

‘inelasticity’ coefficient, a real number. Here N{k) = 1 and IPSA is normally 

suitable iox Eo > 10 eV upwards.

PSA has been extensively tested (Fursa and Bray 1995) against helium elastic 

results from the convergent close-coupling (CCC) method, a very accurate description 

of the electron scattering process, introduced by Bray et al (1992) for energies 

between 1.5 to 500 eV. In all cases the integral cross sections (ICSs) derived from 

PSA are in excellent agreement with the data of Bray et al and it is concluded that 

PSA works very well for molecules {Merz dead Linder 1998).

PSA has been applied successfully to molecules and has proved to be a good 

practical tool in deriving the ICSs, not only for small molecules of nearly spherical 

shape like CH4 (Tanaka et al 1982, Boesten and Tanaka 1991), SiH4 (Tanaka et al 

1990), GeHt (Dillon et al 1993) and CF4 (Boesten et al 1992) but also to complex non 

spherical molecules such as C2H6 (Tanaka et al 1988), SizHg (Dillon et al 1994), C2F6 

(Takagi et al 1994) and C^Hg (Boesten et al 1994).

4.5.1 Phase Shift Analysis of H 2O DCSs

PSA fittings to water DCSs in the present work are performed by Brunger and 

Campbell (The Flinders University of South Australia). Their program looks for the 

minimum deviation (%) as shown in equation 4.2 and allows the derivation of the 

realistic errors of the ICSs. This is done by testing the sensitive variation of the ICS 

values with the assigned range of possible DCS values in the experimentally
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inaccessible regions, i.e. say ai 0= 155° and 180°, then the ICS variation is observed 

with those of the proposed DCSs. Their method employs {Campbell et al 2000 

submitted)

/ ( ^ )  =  1^  -  l)P ,(co s  d )  (2 />  +  - 1)/^^ (cos e )
/=0 1>L

where iànÔi = ajik^

4.5

4.6
^X 2 /> + 3 )(2 /,+ lX 2 /,-l)  

which is derived from equations 4.3 and 4.4.

Figures 4.5a and b show sets of DCS plots for different vibrational excitation 

modes at different Eo with the PSA fittings (solid line). In the plots TSA(T//mm;)'is 

shown where L and Imax are the numbers of the partial waves employed in the separate 

summation in equation 4.5. In the case L = Imax the second summation (Bom 

approximation) term in equation 4.5 is dropped.

Table 4.5a gives an example of the phase shift of the partial waves in the PSA 

fittings to the (010) and (100+001) DCSs at incident electron energy Eo = 7.5eV. The 

phase shift values listed are in radians where for / = 0  i.e. s-wave the average <ôo> = 

0.242 has the highest shift, which vertically shifts the DCS because s-wave is a 

straight line in the cartesian plot (or a circle in the polar plot). However, the 

contribution from / = 1 and 2 i.e. p- and d-waves give an average <ô\> = 0.02414 and 

<Sz> = 0.09086, respectively, is very significant. The large value in 5\ and causes a 

shift in the peak of the scattered electron at ^  = 90°. Note the positive value in 0i 

causes a shift to the left of the original partial wave, which is equivalent to a large 

negative shift to the right. While averaging 0i in (010) and (100+001) modes the 

absolute value is used.

Table 4.5a The phase shift 5i values found in fitting the (010) and

/ = (0 1 0 ) m ode error ( 1 0 0 + 0 0 1 ) modes error
0 0.216026 0.01228 0.267766 0.01754
1 -0.010435 0.00824 0.037842 0.00947
2 0.15329 0.05746 -0.02843 0.00824
3 0.011747 0.00501 0.014214 0.00612
4 0.006946 0.00458 0.001075 0.0006
5 0.00062 0.00042 0.001039 0.00054
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4.6 Integral Cross Section (ICS) and Grand Total Cross Section (GTS)

Once the PSA is used to extend the DCS to 0° and 180° the ICS is evaluated at 

each Eo for each of the vibrational excitation process using the usual integral

4.7

The values of ICSs for elastic (000), inelastic (010) and (100+001) are listed in 

table 4.6a, plus the grand total cross section (GTS) which is the sum of the elastic and 

inelastic ICSs at each Eo, with the errors calculated from the standard deviation of the 

average ICS values, which include the uncertainties of the corresponding DCS 

measurements.

Table 4.6a The ICS values for each of the vibrational excitation processes, ionization cross section

Eo (eV) (000) ICS 
(xl0‘̂  ̂cm̂ )

(010) ICS 
(xlO'^cm^)

(100+001) ICS 
(xlO '̂  cm̂ )

Ionisation CS 
(xlO’’* cm̂ )

GTS 
(xlO'*̂  cm̂ )

6.00 11.98 16.37 42.72 0.00 12.57
7.50 16.34 31.70 52.90 0.00 17.19
8.75 14.07 22.73 38.62 0.00 14.68
10.00 13.96 19.82 31.06 0.00 14.47
12.50 16.16 14.55 21.61 0.00 16.52
15.00 14.57 14.17 16.41 12.40 15.00
17.50 13.36 14.47 11.11 28.40 13.90
20.00 12.83 11.88 5.913 39.20 13.50
error 20% 25% 25% 25%

The GTS values in this work are lower than the true values because they do 

not include the ICSs for electronic and rotational excitation of H2O molecules due to 

unavailability of such data. The general form of the GTS is

)O T S  ( ^ R o ta t io n a l  '^ ^ V i b r a t i o n a l  ^ E le c t r o n ic  ^ I o n i z a t i o n

where ionization cross sections are obtained from Kim et al (1994).

Figures 4.6a and b show the plots of the present inelastic ICSs and GTS data 

respectively, for electrons of different incident electron energy scattered of water 

molecules. The integral cross sections (ICSs) are compared against previous 

experimental results of Shyn et al (1988) and Seng and Linder (1976) and theoretical 

results of Nishimura and Itikawa (1995), while the grand total cross sections (GTSs) 

data are compared against the results of Bruche et al (1929), Sueoka et al (1986) and 

Szmytkowski et al (1987) which are in reasonable agreement.

- 1 0 7 -



70

H^O Integral Cross Section 

of (010) vibrational mode

□ Present Data 
9 Shyn et al (\9SS )
o Seng & Linder ( 1976)
— K Nishimura Itikawa (1995)

H^O Integral Cross Section 

of (100+001) vibrational mode
60

50

40

30

20

10

0
0 2 4 6 8 10 12 14 16 18 20 0 2 8 10 12 14 16 18 204 6

Incident Electron Energy (E  /eV) Incident Electron Energy (E  /eV)

F igure 4.6a Plots o f  the inelastic ICSs for different incident electron energies for scattering from 
H2O molecules. The present data are compared against previous results as shown in the plotted area.

E

0
'x
co

cn
c/5
C/5

2
u
â0
TD
1
Ü

70 y 

60 -

40 -

3 . :

20 -

t I 1. 1 1 i i .  I I I I I I t  I i I I I I L I I  1 I I I I I I I I I I I 1 -1  .1 I .1  1 I t  1 I I I 1 I

□ Present Data
X Bniche et al { \929)
o Sueoka et al { \986)
7  Szmytkowski et al {\9%1)

Oy
O V 
O
V'  '   ̂ I I I V T
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4.7 Discussion

The results obtained for electron scattering from H2O molecules will be 

discussed and compared against the relevant theoretical studies and the major 

experimental results of Seng and Linder (\91 A and 1976) and Shyn et al (1988).
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The spectra in figures 4.4a and b show energy losses due to the vibrational 

excitation of the fundamental modes of H2O molecules; the symmetric bending (0 1 0 ) 

mode and the unresolved symmetric ( 1 0 0 ) and asymmetric (0 0 1 ) stretching modes 

that must be treated together. Extending the scan range, i.e. the ramp voltage and the 

number of channels, did not show any higher harmonics or combined modes because 

these are weakly excited {Seng and Linder, 1974). The elastic (000) mode strongly 

peaks in the forward direction.

Table 4.4a which gives the inelastic (010) and (100+001) to elastic (000) area 

ratios shows that at low incident electron energies the (0 1 0 ) mode peaks in the 

forward direction and dominates the excitation process, but only in the range of small 

scattering angles (6^<20°). This range increases as the incident electron energy 

increases, dominating all scattering angles at 17.5 and 20 eV incident electron 

energies. This indicates a change (see section 4.8) in the excitation mechanism at 

different scattering angles and incident electron energies.

The elastic DCSs from Johnstone and Newell (1991), used to determine the 

inelastic DCSs, are in very good agreement with the theoretical study of Okamoto et 

al (1993) who include the effects of electron exchange, target polarizability and 

contributions from the dipole potential. The third order polynomial fit employed to 

interpolate the unknown DCSs is accurate to within the experimental errors. Under 

interpolation, the behaviour of the data is well defined, however, this is not normally 

the case for extrapolated results. The experimental and theoretical elastic DCSs are 

forward peaked and the minima in the DCSs shift from -120° at = 6  eV to -90° at 

Eo = 50 eV.

The interpolated elastic (000) ICSs obtained are in agreement with those of 

Johnstone and Newell, which support the use of the PSA fittings. Note that the (000) 

ICSs are not plotted because they look very similar to the GTS plot shown in figure 

4.6b due to the fact that the major contributor in the GTS is the elastic (000) ICS.

4.8 Resonances in H 2O: Experimental Results

Experimental investigations of Seng and Linder (1976) and Shyn et al (1988) 

show an angular structure in the (100+001) DCSs, with their analysis suggesting the 

dominant resonant state is the Â%. The (010) DCSs do not show any angular structure 

and they interpret this as a direct scattering. However, these results differ from the
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studies of Jain and Thompson (1983) and Gianturco (1991 and there is a clear 

disagreement with Nishimura and Itikawa's (1995) study of the DCSs, at most 

energies, and with their ICSs of (010) and (100+001) modes.

Figures 4.5a and b, where the (010) and (100+001) DCSs are plotted against 

the results from Seng and Linder (1976) and Shyn et al (1988), show stronger (010) 

DCSs at middle scattering angles (50° to 90°), which can be clearly seen at energies 

between 7.5 and 15 eV, as compared with Seng and Linder (1976) and Shyn et al 

(1988). While in the forward direction the (010) DCSs are generally in good 

agreement with each other. The angular distribution behaviour of the (010) DCSs can 

only result from the resonant decay of the H2O' rather than direct scattering. The PSA 

fittings applied to the (0 1 0 ) mode indicate an important contribution from p (/=1 ) and 

d (/=2) partial waves. The (010) result and PSA are consistent with the resonant state 

of H2O' having B2-symmetry state, which agrees with Jain and Thompson (1983) and 

Gianturco (1991), when compared with figure 4.1.2a.

The (100+001) DCSs in this work agrees well with the previous experimental 

results at low incident electron energies, whilst at higher energies between 8.75 and 

20 eV the DCS values are generally lower in magnitude in the forward scattering 

direction and in good agreement in the middle scattering angular region (80° to 1 1 0 °). 

The angular distributions of the (100+001) DCSs, which show a stronger structure in 

the middle region than the previous work, confirm the earlier conclusion of resonant 

decay from H2O' from the B2 symmetry that is in line with the results of Jain and 

Thompson (1983). Again the PSA fittings to the (100+001) mode support the above 

conclusion, when compared with figure 4.1.2a, as p and d partial waves are the major 

contributors to the fittings.

The increase in the DCSs magnitude of (000), (010) and (100+001) in forward 

electron scattering direction arises from the interaction of the incident electron with 

the dipole moment of the water molecule.

In section 4.7, paragraph 3, it is mentioned that for high-energy (17.5 and 20 

eV) incident electrons the (010) channel dominates the inelastic scattering process at 

all scattering angles. The physical interpretation is that the unresolved stretch 

( 1 0 0 +0 0 1 ) channels undergo dissociative attachment mechanism at higher rate than 

(010) channel. Cvejanovic et al (1993) indicates that the Bi symmetry, which is 

assigned to the odd levels of the asymmetric stretch (OO V3), is responsible for the large
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cross section of the H“ ion production in the dissociative attachment process. Hence 

the (0 1 0 ) mode has a higher survival probability than the ( 1 0 0 +0 0 1 ) mode.

The (010) and (100+001) ICSs (figure 4.6a) are in good agreement with the 

previous experimental work, especially the (100+001) mode whereas the (010) ICSs 

are larger in magnitude between 7.5 and 10 eV. Both ICS modes exhibit the same 

behaviour as the Nishimura and Itikawa (1995) study except that their ICS peak at 10 

eV compared to 7.5 eV in this work. Discrepancies between the experimental results 

and those of Nishimura and Itikawa ‘... may be ascribed to insufficient accuracy in 

the target wave function used’. They also interpret the peak in the ICS as a ‘shape 

resonance caused by a temporary capture of the incident electron in the potential of 

the target molecule’.

4.9 Electron Scattering from Heated H2O Molecules

In order to observe super elastically scattered electrons from water molecules 

the latter must be prepared in vibrationally excited states prior to collision with 

electrons.

The water molecules are heated using a non-magnetised heating wire 

(constantan, 60% copper 40% nickel, 0.56 mm 0 )  wounded around the hypodermic 

needle in a pair coil to avoid the production of a magnetic field along the hypodermic 

needle by reversing the current in one coil of the pair. The temperature is measured 

using a copper/constantan thermocouple where one junction is wounded adjacent to 

the heating wire on the hypodermic needle and the other junction is referenced to 

room temperature outside the experimental chamber. A linear relation as shown in 

figure 4.9a gives the calibration of the temperature to the digital voltmeter (DVM) 

reading. The heating wire delivers a temperature of 900 K (627 °C, assuming the 

calibration of figure 4.9a remains linear).

The electron energy loss spectrometer is ramped between + 0.6 eV at 

scattering angles 40° and 90° and up to 275 scans are allowed at each run. However no 

super elastic scattering electrons are observed even at temperature of 970 K. This 

indicates that most of the water molecules are rotationally excited and much higher 

temperatures are required to vibrationally excite the H2O molecules.
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4.10 Conclusion

The ICS results, when added together at each electron energy, produce the 

water grand total cross section (GTS) for the electron water molecule collisions as 

shown in figure 4.6b, which agree well with the previous results.

Previous experimental analysis {Seng and Linder 1976) indicates the presence 

of a resonant structure, in the A-symmetry of H2O', only in the (100+001) mode 

whereas (010) mode results from direct scattering. Thus it is apparent that there are 

differences between the previous experimental results and the theory. In the present 

work, both modes of the (010) and (100+001) DCSs show a resonant structure due to 

decay from Feshbach resonances in H2O' with the B2 symmetry state. This dominates 

the broad resonance structure of H2O' in the energy range of the incident electron, 

which agrees with the theory and resolves some of the doubts in the physics of 

electron-water molecule collisions {El-Zein et al 2000a and b). The above conclusion 

is further supported by the experimental study of Cvejanovic et al (1993) ‘... Thus the 

angular behaviour of the scattered electrons does not allow the broad resonance to be 

characterised as either Ai or Bf.

Further studies, experimentally and theoretically, are required to fill the gaps 

in the incident electron energies and the classification of the H2O' state must now be 

revised from an A-symmetry to a B-symmetry scattering process, which dominates
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the resonant structure in the vibrational excitation by electron impact. Experiments on 

the H2S are suggested due to similarities with H2O.

Temperatures of 1000 K are not enough to vibrationally excite the water 

molecules. Using a cw laser beam focused on the hypodermic needle will assist to 

increase the heating temperature and therefore to vibrationally excite the water 

molecules.

4.11 Summary

In this chapter the raw data of electron scattering from water molecules were 

collected at eight incident electron energies, the channel numbers were converted into 

electron energy loss values and electron energy loss spectra, which show two inelastic 

features, were plotted.

The inelastic signals were normalised to the elastic ones and the inelastic 

DCSs were extracted from the elastic DCSs, then PSA fittings were applied to the 

DCSs to extrapolate them to the experimentally inaccessible regions and then 

numerically integrated to obtain the ICSs at each incident electron energy. Both DCSs 

and ICSs are compared with previous experimental results.

A review of theoretical studies on electron water molecule collisions indicated 

the presence of four resonant states of Feshbach type that are repulsive in the Franck- 

Condon region. Dissociative attachment experiments that confirmed the existence of 

these resonant states were reviewed. Further theoretical studies on the vibrational 

excitation of water molecules by electron collisions, which indicated that the B2 

symmetry type dominates the process, were revisited.

Steps of analysis of the present experimental work were explained and results 

obtained confirmed the presence of a resonant structure dominated by the B-symmetry 

type as compared with the theoretical studies. Previous experimental results of 

electron scattering contradicted the theories. The GTS was calculated and compared 

with other theoretical and experimental results.

Further theoretical and experimental work may be needed to confirm the 

symmetry re-assignment and higher temperatures are needed to vibrationally excite 

the water molecules. Table 4.4a of the inelastic (010) and (100+001) areas to elastic 

(0 0 0 ) area ratios is included for future applications.
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Chapter 5 -  Z-Scan Mathematical Review

This chapter will deal with the mathematical derivations and the physical 

descriptions of a focused laser beam. The calculations of the intensity and spatial 

distributions within the confocal volume of the focused laser spot will be shown.

5.1 Confocal Volume Dimensions of a Focused Laser Beam

A Gaussian laser beam of diameter D focused by lens L of focal length /  to a 

spot that is defined by the minimum waist Wo and the Rayleigh range (perpendicular 

and parallel to z- axis respectively) as shown in figure 5.1a such that

2 /1vr' =

A

kD

K
I L
D

5.1

5.2

where X is the central wavelength of the laser beam. Both Wo and Zo are measured at 

the FWHM from the centre of the laser spot that lies on the z-axis at z = 0 and the 

variation in the waist along z-axis is given by

;iz
=  1 + 5.3

y

Note that Wo and are sometimes named as ro and because they represent the 

radial distance of the focused laser beam from the z-axis.

aser beam 
D=12.5 mm 

E=5.5 mJ 
1=800 nm 
T = 70 fs

z - a x i s I

2Wo

Laser beam 
D=12.5 mm 

E=5.5 mJ 
1=800 nm 
T = 70 fs

V
A

2zo

/ ( c m ) 25 10
w„ (mm) 1 10'^ 4 10'^

(mm) 0.4 6.5 10'^
A (W /cm ') 2.4 10^^ 1.5 10‘^

V
Figure 5.1a An illustration showing the variations o f the confocal volume dimensions o f  a focused 
laser beam and the core intensity at each o f  the focal lengths.
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5.2 Intensity Calculations

For a pulsed laser beam of pulse length r seconds at FWHM and energy E in 

Joules the basic laser power is P = Eh. Then the maximum intensity E  of the focused 

laser spot is determined by dividing the above laser power P by the area of the 

minimum waist which is

P E
L  = 5.4

The variation in the intensity along z-axis, which is called the local on axis peak 

intensity El, is determined by the variation in the waist i.e.

P LIoL{r=Q,z) m ’l
5.5

1 +

Figure 5.2a shows the variation of the local on axis peak intensity for two 

values of focal length f. It is clear that the intensity drops very rapidly for a short focal 

length because the Rayleigh range z» is short.

Eo

vO
"b

5

Local on axis Peak Intensity 
W . z =  Io / [ l  +(z/zo)^l

4

3
—  J =  10 cm, /  = 15 lO'^W/cni' 

—" J = 25 cm. I  = 2,4 10̂  ̂W/cm^
2

1

0

z values (mm)
F igure 5.2a A plot o f the variation in the local on axis peak intensity for the lenses in figure 5 .1a of 
focal lengths 10 and 25 cm.

In all the above calculations an assumption is made that the diffraction limit 6  

= 1 and the transmission through optics T = 100%. Experimentally S is in the range 

1 < <̂ < 4 and T = 85%, which depends on the number and the material of the optics 

employed.
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5.3 Causes of the Diffraction Limit

Diffraction in focusing the laser beam arises from the fact that as the front 

plane wave enters an aperture (lens in this case) it is diffracted such that %maii) = 

\21XID where ^  is the angle of the first minimum with the z-axis. The bandwidth 

distribution in the iriconiing wavelength further diffracts the laser beam.

The non-linear refractive indices affect the divergence of the laser beam as the 

intensity increases and causes what is known as “the self-focusing of the laser beam”, 

which alters the diffraction. To avoid the self-focusing of the laser beam the B- 

integral (equation 5.6) value must be as close as possible to zero.

I
5.6

where I  and A are the laser beam intensity and wavelength respectively, while 77 is the 

intensity dependent non-linear refractive index and € is the thickness of the 

material through which the laser beam travels.

Table 5.3a shows the effect of the ^-integral values on the self-focusing of the 

laser beam through different materials. The major value in B-integral is due to the 

long travel of the laser beam through air and the high non-linear refractive index of 

the fused silica material of the optics.

T able  5.3a An exam ple o f  the .0-integral values for different media.

M edium rj (cm^AV) i  (cm) E{J) Pulse (s) D  (cm) 7(W /cm ") A (cm) B
Air 7.6E-19 400 5.5E-03 7.0E-14 1.25 6.40E+10 8.0E-05 1.53

Polariser 3.0E-16 1.2 5.5E-03 7.0E-14 1.25 6.40E+10 8.0E-05 1.81
Lens 3.0E-16 0.5 5.5E-03 7.0E-14 1.25 6.40E+10 8.0E-05 0.75

W indow 3.0E-16 0.3 5.5E-03 7.0E-14 1 l.OOE+11 8.0E-05 0.71
Total B-integral = 4.80

5.4 Variations in the Focused Spot Dimensions due to Diffraction Limit

The diffraction limit prevents the lens from focusing the laser beam to the 

minimum waist as described in equation 5.1. The diffracted minimum waist Wo^is the 

minimum focus that can be achieved by the lens at z = 0  such that

5.7

Consequently the diffracted Rayleigh range Zos becomes
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= * » 5.8

and the effective core intensity los of the laser beam reduces to
- 2 5.9

Substituting equations 5.8 and 5.9 in 5.5 the local on axis peak intensity changes to

L................... / .  -  ■
..............................................................  oL

' i /J
r

Figure 5.4a displays the variation in the distribution of the local on axis peak 

intensity for two different diffraction limit values (1 and 2). A big diffraction limit 

produces a small core intensity and widens the intensity distribution.

2.5

2.0

eo
—  Diffraction Limit Ô =  1 
  Diffraction Limit 6 = 2

o
X

0.5

0 2 4 6 8

z value (mm)
Figure 5.4a A plot showing the effect o f the diffraction limit on the distribution o f the local on 
axis peak intensity for the lens o f  focal length/ =  25 cm.

5.5 Characteristics of a Focused Laser Beam

The intensity Î r, z) of a focused laser beam is spatially Gaussian along r and 

Lorentzian along z (_L and // to the laser beam direction respectively), and is given by

hr.̂ ) =
1 +

e x p
- 2 r ‘

1 + Z . / '

z .

5.11
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{Hansch et al 1996, Walker et al 1998). A 3-D plot of /(r, z) is given in figure 5.5a 

using a peak intensity of 4 10*̂  W/cm“. Here and Zo are the values for a lens o f /=  

25cm detennined at 1/ê  and FWHM respectively.

Figure 5.5a A 3-D plot showing the peak intensity o f  the focused laser spot with A = 4 10^  ̂
W/cm^ and focal spot dimensions o f the/ =  25 cm lens given in figure 5 .1a.

Rewriting equation 5.11 and plotting r against z for a given saturation intensity /„ 

(= /(r,z)} < lo generates peanut shape contours as shown in figure 5.5b, such that

X

r.. = ±< 1 + In
I 1 +

5.12

The plot in figure 5.5b uses lapp the appearance intensities for xenon ions from 

Augst et al (1989) with the core intensity /<, = 4 10̂  ̂W/cm^ and the dimensions of the 

confocal volume from figure 5.1a for the 25 cm focal length lens.

For more accurate calculations that match experimental results one must 

replace the dimensions and the core intensity of the focused laser confocal volume 

with the diffraction limited ones given in equations 5.7, 5.8 and 5.9.

In the literature, the term “saturation intensity is used where the ionisation 

probability is maximum but not necessarily one. The “threshold hh or appearance lapp 

intensity” is where ionisation probability is enough to produce one ion or detect an
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ion. The former is usually a theoretical description and the latter is an experimental 

result that is usually higher than theoretical value due to detection efficiency.

B 0  01

-3 -2 1

— /; = 7 lO'^ Xe" 
— 7̂ = 2  10 '"̂ Xê ' 
- 7 ,  = 4 10'" Xe^" 
- 7 ^  = 9 10'" Xe"+ 
-75=1.5 10'̂  Xe'" 
-76=2.2 10 '̂  Xe^ 
7̂  = 4 10" W W  
Wg = 0.01 mm 
Zo = 0.4 mm

-1 0 

z value (mm)
Figure 5.5b Peanut-like isointensity contours generated using equation 5.12 with core intensity 7„ and 
different appearance intensities lapp (=7(r,-) in W/cm^) as indicated in the top right side o f the graph.

5.6 Full and Slice Volumes Associated with Saturation Intensity

The full volume V̂ p with any given saturation intensity !„ < lo can be 

determined by integrating the area of the disc of radius r from equation 5.12 over z i.e.
“ n.m ax “ «.max “ «.m ax

n̂F = j  J2;zrdrdz= j  j;zr̂ |̂ dz = 2 J |;zr̂ [jdz 5.13
-n ,m m  ® -/i.rm n

Substitute /*„, equation 5.12, then the full volume is
3

K f =
2

/ \
2 ^ « ,m a x

9 \  J
+

4  z 4
- I t a n - '

3 3 .

where ;n,max is calculated by setting r = 0 in equation 5.11 i.e.

o y
5.14

n, m ax 5.15

The slice volume V„s of width Az = Iz? - zj for any given saturation intensity 

can also be calculated by determining the area of the disc of radius r at the midpoint 

of Z| and Z] (z = (zi+Z2)/2 ). Integrating from z; to Z2 about any fixed-point z means, 

within the approximation for small Az, that r is fixed. Therefore, the slice volume is
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=  2 ; r A z  I  rdr = jrr A z =  — w  A z  
2  "

In

oy

5.16

where z, the midpoint of the slice of width Az, is now allowed to change position 

along z-axis to trace the change in the volume slice with z as shown in figure 5.7a,

5.7 Ions Full and Slice Volume Shells

The ion’s full volume shell f^ th a t generates a given ion (e.g. Xe^"^ is the 

volume bounded by the saturation intensity /„ of that ion (e.g. Xe^\ /; = 8  lO’̂  

W/cm^) minus the volume bounded by the saturation intensity 7„+j of the next highest 

charge state ion (e.g. Xe^ ,̂ / 2  = 2 lO’"̂ W/cm^). This can be calculated using

equations (5.14 and 5.15 with Ins) minus (5.14 and 5.15 with I„+i) i.e. F„/= V„p -  

V(n+i)F- Figure 5.7a shows the shells that generate each of the xenon ions at the core 

intensity of 2  lO^^W/cm^.

For intensity selective scanning (ISS) where a slit or a pinhole of width Az is 

used, the ion’s slice volume shell Vns is determined in two steps:

The first where the volume shells do not overlap between the maximum z-values 

(zmax) of the saturation intensities /„ (-4- z„,max) and /„+; (-^ z„+/,max), which can be 

determined from equation 5.5 of the local on axis peak intensity or 5.15 i.e. z„ max = 

Zo[(/o//„)-l]^^ .̂ The ion slice volume shell V'ns is equal to the slice volume Vns of 

equation 5.16. Therefore for z e[ z„,max, «̂+Amax] then

In
J

14- ^
'o J

5.17

The second step where the volume shells overlap the ion slice volume shell V”„s is 

calculated by subtracting the slice volume V(„+j)s bounded by the saturation intensity 

I„+] from the slice volume bounded by the saturation intensity/„. Hence for z e ±

«̂-t-7,max then

1 + In
I n+]

I.
5.18
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Figure 5.7a The xenon ion volume shells that generate each o f the xenon ion species with the 
core intensity o f  2 lO’  ̂W/cm^. Ion full volume shells fV are  shown in different shaded colors and 
the double blue shaded area is Xe ion slice volume.
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Figure 5.7b A plot o f  the Xe ion slice volumes F„s (dashed lines) and F„s (solid lines) 
respectively. The core intensity used is 2 lO'^ W/cm^ and the slit width is 0.5 mm as shown in
figure 5.7a (Xe^^ is excluded)
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Figure 5.7b shows a plot of the ion slice volume shells V„s and V„s, for xenon 

ions using the appearance intensities from Augst et al (1989). The core intensity is 2 

10̂  ̂ W/cm^, the confocal volume dimensions are for the 25 cm focal length lens of 

figure 5.1a and Az is 0.5 mm. It is clear when Az does not overlap different regions 

both slice V„s and V„s volumes coincide and where Az overlaps different regons the 

ion’s slice volume drops below the slice volume F„s of the saturation intensity /„.

5.8 Ion Full and Slice Volume Shells with Diffraction Limit

The equations (5.17 and 5.18) of the ion slice F» volume shells assume the 

diffraction limit S = 1, which is not the case in experiments. However, when the 

diffraction limit is included the peak (core) intensity drops and the ion volume shells 

expand outwards according to equations 5.7 to 5.9. Substitute these equations in 5.17 

and 5.18 the ion slice F „ s  volume shells become, respectively for z g [  z „ ^ x ,  ^«+;,max]

a n d  Z G i  Zfl+i^max

1 + In 5.19

In M+l
L

5.20

Equations 5.19 and 5.20 must be used with experiments as they account for the 

diffraction limit that sets the effective core and local on axis peak intensities which 

yield the different ion signals.

5.9 Ion Signal to Volume Ratio

Ions produced within the focused laser spot have different ionisation 

probabilities, which approaches zero as z increases beyond Zmax- The signals of the 

ion species detected are simply proportional to the volume shells F„s only where the 

ionisation probability Pç) is constant, which can be < 1 but constant.

For both the full volume F„f  and the slice volume the probability of 

ionisation P(j) is calculated by integrating over the range of exposed intensities, and
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the ion signal S  is found from an integration over the exposed volume {Walker et al, 

1998), using intensity representation instead of z,

5.21
0

where Uxp is the experimental intensity i.e. lo for full volume and h i  for the slice 

volume, and àV  is the volume occupied between /  and 7+d/ intensities. dVIdl is 

derived by differentiating V„f of equation 5.14 and of 5.16 with respect to I  (that 

replaces I„)
  5.22

o oÔ1 3 " V /
5.23

51 1 I  olI

Using intensity selective scanning (ISS) experiments, ions of different charge

states are detected using time of flight mass spectrometer (TOFMS) where ions are 

separated according to their mass to charge ratio. Therefore, the detected signal 

of each ion species is proportional to the ion’s slice volume shell dF„j provided that 

the ionisation probability P„s is unity i.e. ^S„JdVns P„s. Here dU» = the slice 

volume shell of width Az.

Experimentally P„s can not be 1 as it is an average of all the probabilities along 

r. Since the focused beam waist is a few tens of microns it is not possible for it to be 

scanned. However, since the focused beam is Gaussian along r the intensity profile 

drops rapidly and there is little chance of finding an atom within the space of the 

intensity profile outside the volume associated with the saturation intensity.

Consequently one should expect P„s to be close to 1.

5.10 Case of an Ion Beam

This is a further calculation of the volume of interaction of an ion beam of 

radius R and a focused laser beam where the saturation intensity /„ extends beyond R, 

as shown in figure 5.10a, therefore z^max = R and the local on axis peak intensity at R 

is calculated using equation 5.5 with R

^L{z=R) -  j ^  \2 5.24
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Figure 5.10a A sketch showing the interaction o f  an ion beam with a focused laser spot. The 
saturation intensity o f  the laser beam extends beyond the ion beam radius R. The volume o f  interaction 
V„R is bounded between the ion beam along z and the full volume o f the focused laser along r. Vj 
is the full volume bounded by the local on axis intensity Ir determined at the edge o f  the ion beam

RF

Let the constant R/zo = C, then the volume of interaction V„r and ôV̂ r/ôI  are
''m ax Vi ^max

~ j  |2;zrdrcb = 2 j  |;zr |̂^"dr

-c ’+c
3

In + —C V  j C - j t a n ' ' ( c : ) l  5.25

s m c e / „ = ^

;r 2 C-'+ 3 C 
a/ "  3 /

Therefore the detected ion signal from the ion beam is calculated by 

substituting dV,tRldI of equation 5.26 into equation 5.21. However, if the core intensity 

lo varies such that the ionisation probability is not saturated then the detected signal is 

the sum of two integrals. The integrals use equations 5.26 and 5.22 with integration 

limits from /„ to I r  and I r  to lo, respectively, substituted into equation 5.21.

The volume V„r  of equation 5.25 is the sum of two volumes; the variable 

volume (bounded by intensity I r  at - =R the radius of the ion beam and the

threshold or saturation intensity / „  < I r )  and the fixed full volume L ^ ^ y  y^^ (bounded

by core intensity lo and intensity I r ). The latter is the sum of the last three terms in 

equation 5.25 which is equal to equation 5.14 with ẑ m̂ax = ^  a constant value, 

therefore Vrr is seen as a constant shift in equation 5.25.
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5.11 Confocal Volume Notations

Different notations have been used to define the volumes such as the full and

slice volume of the saturation intensity and the ion’s full and slice volume shells.

Definitions of these notations will be listed to clarify them:

• lo is the central (core) intensity at z = r = 0  of the confocal volume

• /„ is the saturation (or experimental appearance) intensity that generates an ion of 

charge state n+ (say where the ionisation probability is maximum.

• 7</,(n) is the threshold (or lapp{n) the experimental appearance) intensity that 

generates an ion of charge state n+ (say with ionisation probability «  1 .

• loL is the local on axis peak intensity i.e. the variation in intensity along the z-axis 

where r = 0 .

• Zn,max is the maximum value of z where saturation intensity I„ intersects the z-axis.

• ro,n (not shown before) is the beam waist associated with the saturation intensity I„ 

at z = 0. It is found from equation 5.12, therefore

l l n
2

-  W1- I n
2

1 + 5.27

V„F (subscript capital F) is the full volume that is bounded by the saturation 

intensity I„ and the core intensity lo.

V„s (subscript capital S) is slice volume of width Az bounded by the saturation 

intensity /„.

V„f (subscript small f)  is the net full volume shell that produces ion A""̂ . It is 

bounded by the saturation intensities I„ and /„+; of the next higher charge state

(A(n+i)+̂  i.e. Vnf= V„F- V(„+i)F, t h e r e f o r e , / = I, 2, 3 ... and n > i.
i

V„s (subscript small s) is the net slice volume shell of width Az that produces the 

ion A" .̂ It is bounded by the saturation intensities /„ and I„+j i.e Vns = K s  -  î cn+jjs 

where V(n+I)S is set to zero if z (̂n+I),min ( (̂n+l),mcD̂ .

S  is the detected signal of all ions within the full V„f or the slice V„s volumes 

where P(j) is the relative ionisation probability of ion A“̂ .
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• Sns (subscript small 5 ) is the net detected signal using the ISS experiment of the

ion that has a unity ionisation probability Pns within the net slice volume shell

• VfiR is the volume of interaction between the focused laser beam and the ion beam

of radius R where R »  Wz=r.

• hiiR) is the local on axis peak intensity at r = 0 and R.

5.12 Summary

The chapter described the calculations of the confocal volume dimensions of a 

Gaussian-Lorentzian focused laser spot. Derivations of the isointensity contours were 

shown with the calculations of the spatial volumes occupied by them. For ISS 

experiments the slice volume shells that produce ions of different charge states were 

derived. It was shown that where the ionisation probability is saturated that the ion’s 

detected signal was proportional to the slice volume shell. The volume of interaction 

of an ion beam with a larger laser spot was included. Definitions and notations of the 

confocal volume parameters were stated for clarity.
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Chapter 6 -  Z-Scan Experimental Setup

This chapter describes the z-scan experimental chamber and laser setup for 

intensity selective scanning (ISS). Alignment of the laser beam will be detailed with 

emphasis on the experimental laser setup arrangements.

6.1 Experimental Chamber Setup

Two experimental chamber setups are employed in the z-scan technique for 

the intensity selective scanning experiments. The first setup that is mostly used in the 

current work is part of the ion beam experimental apparatus (collaboration with the 

Queens University of Belfast) as shown in figure 6 . la.

The ion beam experimental chambers setup consists of four ‘non-magnetic 

stainless steel’ chambers A, B, C and D where only the last two chambers, the 

interaction chamber C and the detectors chamber D, are employed for this work. The 

fused silica window section of the interaction chamber C extends -17 cm, out of the 

page, to allow for the mounting of the ionisation gauge (Vacuum Generator VIG 22) 

that gives the pressure reading inside the interaction chamber. Another fused silica 

window extends same distance from the other side of the interaction chamber to serve 

as the laser entrance window.

The ion beam experimental chambers are pumped by three turbo molecular 

pumps as can be seen in figure 6.1a. The Pfeiffer turbo pump (TPU 450H) and the 

other two turbo pumps (Edwards EXT 250 and Leybold TMP 361) are backed up by a 

diaphragm vacuum pump (Vacuubrand MD4T) and Edwards (E1M18) rotary pump 

respectively. The turbo pumps are fastened to the experimental chambers via confiât 

flanges and all flanges are sealed with oxygen free copper gaskets. The turbo pumps 

are controlled by the controller units, Pfeiffer (TCP 380), Edwards (EXC300M) and 

Leybold (NT151/361), that control each manufacturers’ turbo pump respectively. The 

pressure in the experimental tank is 1x10'^ Torr after a couple of hours from the start 

of pumping and when it is baked for two days the pressure drops below 1x10^ Torr.

The system is protected by electrical trips and in cases of any failure the 

control units switch off the turbo pumps and open the magnetic vent valve to bring the 

experimental chambers to atmospheric pressure.
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F igure 6.1a A sketch o f the ion beam experimental setup. Only the section surrounded by a dashed box is used in the z-scan experiment, which consists o f the interaction C 
and detectors D chambers. The channeltron detector detects the ions produced by z-scan intensity selective scanning (ISS) o f the laser beam. The top sketch o f the ion 
direction shows the angle at the bending magnet o f  the ion selector. This angle is formed between the ion source chamber A and the three collinear chambers B, C and D.



The Edwards active inverted magnetron (AIM) Penning and the Edwards 

active Pirani (APG) gauges respectively measure the pressures in the ion source 

chamber (<1x10'^ Torr) and the gas line (<7x10’̂  Torr) of the ion source. Both 

pressure gauges are connected to an Edwards active gauge controller (AGC) that 

drives any three active gauge heads. The reading from the AIM gauge is monitored 

and connected to a relay in an interlock trip box. If water fails or the pressure in the 

ion source chamber rises above a certain pre-set level the trip box shuts down the 

mains power supply.

The gas line connected to the interaction chamber is pumped by an Edwards 

(RV3) rotary pump to a pressure of less than 1x10^ Torr as measured by a Pirani 

(Vacuum generator ZPVG3SKF) pressure gauge. The gas line is flushed by the gas in 

the cylinder to ensure the purity of the admitted gas into the interaction chamber.

The detector chamber D houses the parallel plates of the ion deflector with the 

channel electron multiplier (GEM or channeltron, Galileo 4830G) and the Faraday 

cup detectors in the top part. Another channeltron detector is placed on the central 

axis of the chambers B, C and D at 260 mm from the centre of the interaction 

chamber i.e. the interaction region. This channeltron detector detects the non

deflected ions and is employed in the z-scan experiment.

The second experimental setup is a static gas time of flight (TOF) system that 

will be detailed in chapter 9.

6.1.1 Interaction Region

The interaction region IR forms the centre of the interaction chamber C and 

consists of two parallel plates that are perpendicular to the ion beam direction as 

shown in figure 6.1.1a. The 0.5 mm pinhole of the front plate, which is vertically 

mounted on a manual translation stage at 11 mm from the IR, must be comparable 

with (even smaller than) the Rayleigh range (see figure 5.2a) to allow for spatial 

resolution of the intensity distribution. The horizontal alignment of the pinhole with 

the IR is determined by a helium-neon laser beam fired along the central axis of the 

chambers B, C and D. The back plate on the other side of the IR has a 10 mm aperture 

located at 15 mm from the interaction region.

Figure 6.1.1b shows a Simion simulation where the field formed between the 

two plates extracts the xenon ions (Xe"̂  up to Xe^^) when 0 V and +280 V are applied
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to the front and the back plates respectively. The aperture of 1 mm diameter in the 

simulation produces an ion beam of 6  mm in diameter at the CEM detector, therefore, 

the ion beam is experimentally 3 mm in diameter as the actual aperture is half that in 

the simulation. Hence, all ions are detected because the Galileo channeltron cone is 10 

mm in diameter. The signal from the CEM is fed into a digital storage oscilloscope 

(Tektronix TDS 744A) interfaced with a PC for storage and analysis (see chapter 9 

section 9.4 Data Collection).

The 0.5 mm diameter hypodermic needle is situated 10 mm below the laser 

focus and as gas effuses (out of the page) the pressure rises to ~ 2x10^ Torr in the 

interaction chamber as measured on the ionisation gauge.

Laser Beam 
Waist ~  10 |im + 2 8 0 V

Back Plate
Lascar beam

0 V 
Front Plate

H\podermic
Needle

0 .5 mm 
Pinhole

lions

Translation
Galileo CEM 
Detector

Newport Drive 
MM4005

Signal

Oscilloscope 
Tektronix TDS

PC
+ HT

Figure 6.1,1a A top view sketch o f  the experimental interaction region and the extraction plates.

? 1 mm 0 6 mm 0

Aperture Ions Beam

Figure 6.1.1b A Simion simulation shows the behaviour o f  the extracted xenon ions. Ions with 
initial spread o f 1 mm will diverge to 6 mm over the 260 mm distance o f  travel.
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6.2 Laser Control Room

The laser beam employed in this work uses the ASTRA central laser facility 

(CLF) at the Rutherford Appleton Laboratory (RAL) which is based on a solid state 

titanium-doped sapphire (Ti:S) laser and chirped pulse amplification. The Ti;S is a 

crystalline material produced by introducing TiiOg into a melt of AI2O3 and a material 

is grown from this melt where Ti^  ̂ ions are substituted for a small percentage of the 

aP ^  ions. Therefore, the Ti^  ̂electronic ground state of the new crystal is split into a 

pair o f vibrationally broadened levels that are responsible for the lasing.

In the laser control room a large frame argon ion cw laser supplies 12 W of 

broadband power to pump the ‘Tsunami’ laser head that contains a Ti;S rod. The 

absorption transition in vibrational excitation of the Ti;S occurs over a broad range of 

wavelengths from 400 to 600 nm (blue to green). However, the emission transitions 

occur from the lower vibrational levels of the excited state to the upper vibrational 

levels of the ground state. The emission band extends from 600 to 1050 nm and peaks 

at 780 nm. The acousto-optic modulator driven by the rf source of the Tsunami 

produces mode locked operation at 82 MHz. The laser output of the Tsunami is 

tuneable in wavelength (720 to 1080 nm) and pulse length (5 to 50 fs) while the 

repetition rate is controlled by an acousto-optic modulator (AOM) driven by the rf 

source. The laser pulse, which is set at 82 MHz rate, 50 fs and 5 nJ, is stretched to 180 

ps using a 1500 lines/mm grating and a concave mirror before amplification. The 

stretched pulse is amplified in a multi-pass confocal amplifier that consists of four 

spherical mirrors and a 7 mm long Ti:S crystal pumped with 67 mJ at 532 nm from a 

Nd. YAG laser. After five passes the preamplified pulse train is extracted and passed 

through a pulse picker (Pockell cell) to reduce the repetition rate from 82 MHz to 10 

Hz and is then reinjected into the amplifier to boost its energy. The laser pulse is later 

passed from the laser control room into the experimental target area 1 where it is 

finally compressed to 50 fs using a pair of 1500 lines/mm gratings in parallel 

arrangement. The output of the compressed laser pulse is monitored on a frequency 

resolved optical gating (FROG) system and displayed on a PC monitor; a shot of the 

laser pulse is shown in figure 6.2a. The laser pulse peaks at -793 nm with a spread of 

~ 35 nm and pulse length of -  70 fs at FWHM. Fuller descriptions and further 

developments of the ASTRA CLF can be found in the CLF, RAL annual reports 

(1998-99 and 1999-00).
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F igure 6.2a A shot o f the laser pulse taken by the FROG shows a good symmetric distribution.

6.3 Laser Setup for Z-Scan Experiment

The laser setup employed in the z-scan technique in target area 1 is shown in 

figure 6.3a. The laser beam path must be fixed; therefore, it is defined by placing a 

number of irises in the path of the laser beam. If for any reason the laser beam loses 

its path then adjusting the mirrors will bring it back to the defined path along the 

centre of the irises.

The laser beam, with vertical polarisation and energy up to 11 mJ, that comes 

from the laser control room is deflected by a number of gold coated mirrors and beam 

splitters that are 95 % reflective. A half wave (kH) plate that can be rotated manually 

to rotate the laser beam polarisation is placed before the compressor in order to 

control the energy output level of the laser pulse after the compressor, which only 

selects the vertical polarisation component.

Five percent of the laser beam energy passes through the beam splitter SI into 

a photodiode with an integrating sphere that flips the laser polarisation in all 

orientations in case the photodiode is sensitive to a preferred polarisation direction. If 

the 5% of the laser energy is too high and saturates the photodiode a number of 

neutral filters can be placed in front of the photodiode to attenuate the laser energy.
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The signal from the photodiode provides the triggering pulse to the digital storage 

oscilloscope.
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F igure 6.3a A sketch o f  the laser setup showing all the components used in the z-scan experiment. 
The components labelled are M for 50 mm 0  gold coated mirrors (BK7 substrate), S for femtosecond 
autocorrelated beam splitters (FABS 800 458 PW20 25UV, fused silica substrate), L for coated lenses 
(fused silica). XU are half wave plates (QWPO 800 12/2 R15, quartz wave plate 0 order) and I are the 
irises that define the laser beam path.

The 180 ps laser pulse at 800 nm enters a compressor formed of a parallel pair 

of 1500 lines/mm gratings at 45° to the laser beam to compress the laser pulse down 

to 50 fs. Moving the gratings with respect to each other varies the pulse length that is 

monitored on a PC interfaced to the FROG, which gives the laser pulse length and 

frequency variations (figure 6 .2 a).

Beam splitters S2 and S3 each reflect 95% of the compressed laser beam 

energy into the experimental interaction chamber C and the FROG respectively. The 

remaining 0.25% of the laser energy that is transmitted through S3 is focused by lens 

LI (/"= 2000 mm) behind the near field CCD camera (NFC) to determine the laser 

beam diameter. The lens LI is mounted on a slider, which is parallel to the laser 

beam, so the lens can be moved towards or away from the NFC in order to view the 

whole laser beam diameter on the monitor of the NFC. The magnification of this setup 

is checked by semi-transparent graph paper (0.5 mm grid) attached to iris 17 and 

illuminated by a parallel beam of strong light that is guided through a fibre optic. The 

magnification is set to 10 as viewed on the marked monitor of the NFC for frequent
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check up of the laser beam diameter. Measurement of the laser beam diameter is 

needed to determine the focused intensity of the laser, therefore the filters in front of 

the NFC must be chosen very carefully as not to heavily attenuate the laser beam. A 

fluorescent paper card in the laser can locate the beam diameter at just below 1/e and 

by comparison, the beam diameter on the NFC is very close to 1/ef.

The arrangement of the experimental laser setup up to mirror M4 is fixed and 

modifications are allowed from M4 to the final stage where alignment of the laser 

beam through the interaction chamber C is very crucial. The motorised half wave 

{XU) plate, which is driven by a Newport motion controller (MM4005) and computer 

controlled, rotates the polarisation direction of the laser field as it enters the 

experimental chamber C.

6.4 Alignment of the Laser Beam

Alignment of the laser beam through the interaction chamber C is very crucial 

to ensure that the laser focus is in the centre of the interaction chamber C and that it 

does not drift as the laser focus spot is scanned. Alignment of the optics such as the 

lenses with the laser beam is also very important to prevent the destruction of the laser 

focus spot symmetry.

To align the laser beam through the interaction chamber it is assumed that the 

centres of the entrance and exit fused silica windows are aligned with the centre of the 

interaction chamber C. Two wires are then crossed on each of the fused silica 

windows to define their centres and illuminated with a cw helium-neon (HeNe) laser 

beam positioned before iris 16 and is reflected along the beam path to the interaction 

chamber C using mirror M’ between M3 and 16. A coarse alignment of the HeNe laser 

beam is achieved by all the mirrors from M ’ to M5 to bring the beam as close as 

possible to the centres of the fused silica windows. Irises 16,17 and 18 are then placed 

and centred on the HeNe laser beam and fixed in position. Mirrors M4 and M5 are 

used for fine alignment of the HeNe laser beam through the interaction chamber C 

and a good alignment is reached when the shadow, after the exit window, of the 

centres of the crossed wires coincide as shown in figure 6.4a. Note that the card on 

which the two shadows of the two crosses are viewed must be kept as far as possible 

from the exit window as this will improve the overlap of the two crosses. Then irises
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19 and 110 are centred on the HeNe laser beam and now all the irises define the path 

of the femtosecond laser pulse.

E.xit
window

Entrance
windowCard

z-direction Interaction (+) region

Crosses’
Shadow 2 w ire crosses

HeNe laser beam

F igure 6.4a illustration o f  the laser beam alignment through the interaction chamber C. When the 
shadows o f the two crosses overlap as seen on the card the alignment with the interaction region (+) 
is achieved.

Lens L2 is mounted on a motorised translation stage (M-MFN25CC), also 

driven by the motion controller, located on a plate that allows for fine elevation 

adjustment. In addition, the lens L2 can be rotated about, and translated along, 

horizontal and vertical axes that are perpendicular to the laser beam i.e. x and y-axes. 

These movements are employed to align the optical axis of the lens L2 with the laser 

beam. Moving lens L2 along x and y directions brings the transmitted laser beam to 

the centre of iris 110, whereas rotating lens L2 about these axes brings the reflected 

laser beam from the inner surface of the lens L2 to the centre of iris 19. Therefore the 

principal plane of lens L2 is perpendicular to the laser beam and this ensures that the 

focused laser spot is not skewed.

Alignment of the translation stage with the laser beam is the most sensitive 

part as it is required that as the lens L2 is translated along the z-direction by the 

motorised translation stage the focused spot does not move in the x and y directions. 

To check for the stability of the laser spot in x and y directions lens L3 {f= 500 mm) 

focuses the laser spot in the interaction region into a far field CCD camera (FFC). The 

optical axis of lens L3 must also be aligned with the laser beam by centring the 

reflections of the inner and the outer surface, of the incoming non-focused HeNe laser 

beam, of L3 on iris 110. After the alignment of lens L3 mirror M6  is fixed and only 

mirror M7 is used to bring the image of the laser spot onto the centre of the FFC as 

viewed on the crossed screen of the FFC’s monitor. The mirrors (M6  and M7) are 

introduced in the arrangement as shown in figure 6.3a to gain flexibility in steering 

the laser beam. Now if the z translation of the lens L2 in not parallel to the laser beam 

the focused spot will shift position on the crossed screen of the FFC. Horizontal and 

vertical shifts are corrected by swivelling (rotating) the translation stage and by tilting
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the plate that holds the translation stage respectively. However, after each of these 

corrections the lens L2 must be realigned before it is translated and the process is 

repeated till the focused spot is nearly stationary in both x and y directions. The error 

in these movements is estimated to be ± 5 pm, which is still much smaller than the 

pinhole diameter of 500 pm of the front plate.

The fused silica window reflects 4% of the laser beam that converges due to 

focusing by lens L2, which might itself be damaged by the image of reflection of the 

focused spot. Therefore, an extension is added to move the fused silica window 

towards lens L2. The overall extended distance of the fused silica window from the 

interaction region is ~ 230 mm. Using lens L2 with a focal length of 250 mm on the 

translation stage whose translation span is 25 mm means that the closest distance of 

the lens from the fused silica window is ~ 7.5 mm and the furthest distance is 32.5 

mm. These are very safe distances, as the reflected laser beam from the fused silica 

window images the focused spot far behind lens L2. Whereas if the distance between 

the fused silica window and lens L2 is half the focal length then the reflected laser 

beam from the fused silica window will be focused onto the lens L2  and damage it.

Once the laser beam path is defined by the irises, NFC and FFC are mounted 

and lenses and translation stage are aligned with the aid of the HeNe laser beam the 

mirror M ’ is moved back then the shutter that blocks the laser from the laser control 

room is opened. Goggles must be worn as long as the laser from the laser control 

room fires in the target area 1. The alignment of the femtosecond laser pulses are 

checked and corrected with the aid of the mirrors and beam splitters. Since the 

wavelength of ~ 800 nm of the laser pulses is near the infrared region they are not 

visible to the unaided human eye and therefore a fluorescent card that glows is used in 

the aligning process.

6.5 Summary

The experimental arrangements for the z-scan technique were described in 

detail. The experimental chambers employed were described with the gas line and 

pumping system. The ion extraction system of the interaction region was tested with a 

Simion simulation to ensure detection of all extracted ions. The principles behind the 

Ti.S laser system that is housed in the control room were briefly reviewed.
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Components employed in the laser setup for the z-scan were listed and described. 

Finally procedures of alignment of the laser beam and the optics were explained.

-141



Chapter 7 -  Intensity Selective Scanning Results

In most experiments that study the interaction of atoms and molecules with a 

high intensity laser field, the observed ion signal of any particular species is only an 

average over a range of intensities as the full focused spot is exposed to the detector, 

i.e. atoms and molecules are exposed to a range of intensities (I(r, z)), which can vary 

by several orders of magnitude, within the confocal volume of the focused laser spot.

Intensity selective scanning (ISS) using a z-scanning technique is a powerful 

method for investigating the yield of different charge state ions at different z locations 

along the confocal volume. Using a soft focus lens of large y^number, a relatively 

large Rayleigh range of a few millimetres in the z direction can be produced. This 

allows spatial resolution of the intensity distribution by scanning a slit of width Az (= 

0.5 mm) along the z-direction.

Xenon (Xe) and carbon dioxide (CO2) molecules are studied with ISS where 

previous work of Hansch et al 1996 on Xe indicated a spatial dependence in ion 

production but with no time of flight (TOF) information (i.e. 2-D plots only). 

However, in this work the TOF is included to generate a 3-D matrix presentation that 

yields a more complete picture of the intensity distribution within the laser confocal 

volume.

7.1 Ionisation Suppression

Many of the theoretical studies consider the highest intensities within the 

confocal volume of the laser spot near the centre of the focus. It has been proved 

theoretically and experimentally that the saturated yield of the ions versus intensity 

behaves as a power of 1.5 that can be seen from equation 5.14. Rewriting the equation 

in terms of the peak lo and saturation I„ intensities gives
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N 3/2 X N1/2 /  s 1/2
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For lo »  In only the first term dominates and provided the ionisation probability is 

constant the ion signal is proportional to the volume and behaves as power of 

(3/2) of the focused intensity lo (on a log scale).
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Researchers employ ultra-short laser pulses in order to freeze the vibrational 

motion of the molecules, and also to increase the focused laser intensity as it is 

inversely proportional to the laser pulse length x. However, theoretical and 

experimental studies summarised below indicate suppression of ionisation at high 

intensity and in very short laser pulses.

Ionisation suppression and electron localisation in a high intensity laser 

field are due to quantum effects producing destructive interference of the ionisation 

amplitudes from closely spaced bound states. Burnett et al (1993) states "... if an 

atom consists of two upper states and a lower state, then an incident laser field will 

generate a coherent oscillating dipole moment for each transition. The phase relation 

between the two dipoles will depend on the laser detuning.”

For low intensities (<10̂ "̂  W/cm") the ionisation probability is linear in time 

and obeys Fermi’s golden rule (FOR = cFmFz) where cjm is the multiphoton cross 

section, F  is the photon flux, m is the number of photons and r is the laser pulse 

length. As intensity increases beyond lO'  ̂ W/cm^ the ionisation process starts 

departing from the mutiphoton regime. At high intensities (< 10̂  ̂W/cm^) the atomic 

potential V(x) changes to a double well from the single well due to its long range and 

the electron is located at distance cf, (= Ao/cô ) from the nucleus where the ionisation 

process enters the tunnelling regime, see figure 7.1a. As the laser intensity increases 

the localised wave function oscillates at the laser optical frequency co with increasing 

amplitude of maximum displacement cf. Hence, A, shown in figure 7.1b is suppressed 

while it oscillates at 2co with large amplitude {Su et al 1991, Burnett et al 1993, Reed 

et al 1991, Chen et al 1993, Geltman 1994).

1

0
-20 0 20

X (a.u.)

Figure 7.1a The amplitude vjf o f the bound eigenfunctions (do = 18.5 Oo) for different n quantum 
number. Amplitude for n = 2 is very similar to n =1 {Burnett et a t 1993). The dashed black curve is 
the atomic potential V^x, do) with zero E-field whilst the black solid is the degenerate Vo in some E- 
field where do = EJg)^ and motion o f  the free electron in the E-field is described by d = -A(t)Sin(cot).
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Figure 7.1b Plots o f ionisation probability P[ vs time for different values o f E-field strength (l£(au.) 
= 3.57 10̂  ̂ W/cm^). Oscillations in P\ start from = 0.5 au. (not shown) but are only shown for Eo 
= 5.0 au. for clarity (Su et al (1991).

100 fs 25 fs
- 0.8
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- 0 .6  "50.6  - — — Pulse Envelope 
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- 0 .4  %

3Û,
- 0.2

0.0 0.0

Time (periods)

Figure 7.1c Time dependence o f  the ionisation probability P\ on the rise time o f  the laser pulse 
envelope for two different pulse lengths o f 100 and 25 fs at same peak amplitude o f the E-field Eo -  
4 .9  10'^ au. (= 8.3 10*  ̂W/cm^) (Christov et a l 1996).

Ionisation suppression and higher harmonic generation in very short laser 

pulses, where neutral atoms can survive to higher laser intensities, are due to 

insufficient response of the atomic dipole to the rapid rise in the laser pulse time.

Christov et al (1996) have studied the ionisation probability and high 

harmonic generation in different laser pulse lengths (100 and 25 fs), as shown in 

figure 7.1c. They have shown that the electron wave function experiences a strongly 

delayed response in very short laser pulses, hence, atoms survive to higher intensities 

and higher order harmonics are observed. In the case of the 100 fs laser pulse length 

the peak intensity of the third harmonic coincides with 42% ionisation probability at 

74% Eo, compared with more intense third harmonic at 32% ionisation probability at 

8 6 % Eo for the 25 fs laser pulse. The dipole phase in the 25 fs laser pulse experiences 

a significant delay as the ionisation probability exceeds 50%.
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7.2 Z-Scan Experimental Review

The first intensity selective scanning (ISS) demonstrated by Hansch et al 

(1996) employed a 0.5 mm aperture and a 25 cm focal length lens, as shown in figure 

7.2a, with a 1 kHz laser at 800 nm and pulse length of 140 fs.

Flight tube ~  0.5 m

Ions < -

Lens0.5 mm pinhole

F igure 7.2a The experimental setup o f Hansch et a l (1996).
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F igure 7.2b (a) Xe ion signal with 800 nm, 140 fs pulses as a function o f z; (b) same signal 
displayed vs local on axis peak intensity lot {Hansch et al, 1996).
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The data shown in figure 7.2b of Hansch et al (1996) were acquired with 

5x10^ laser shots per scan on a multichannel analyser (MCA) at 0.1 mm step. 

However, the ion signal strength and saturation intensity are not consistent with the 

ion’s volume shell slice and the ionisation suppression studies. In figure 7.2b (a) 

the Xe^^ signal is at same height as Xe^^ whereas the computed volume shell slice V2s 

of Xe^^ is smaller than Vis of Xe^\ Also the presence of highly charged ions Xe”  ̂

occurring within the range of lower charged ions Xe^”’̂ "̂̂ at large z values is not 

explained. Figure 7.2b (b) shows the ion signal vs the local on axis peak intensity 

where the saturation intensity, which is more likely to occur at the point of inflexion, 

I\ for Xe^^ appears to be 4xlO^\ This value is smaller than 8x10^^, which occurs close 

to Xe^^ signal peak, quoted by Augst et al (1989). However h  = 2x10̂ "̂  for Xê "̂  

occurs at the point of inflexion of Xe^^ signal and agrees with Augst et al data. These 

differences in the saturation intensity values compared to Augst et al (1989), who used 

1 ps laser pulse, do not show ionisation suppression, although Hansch et al (1996) 

uses 140 fs laser pulse.

Zhou et al (1996) have studied the generation of high harmonics in different 

noble gases at fixed laser intensity but for different laser pulse lengths (±200 to 25 fs). 

The positive and negative chirp of the laser pulse redshifts and blueshifts the output 

spectra and slightly increases (6 8 %) and decreases (50%) the ionisation probability 

respectively. The latter effect may arise because the negative chirp induces a 

stabilising effect against ionisation because the atoms experience a wider range of 

frequencies. The experimental results show that as the laser pulse shortens higher 

harmonic orders are generated. Numerical calculations using the atomic potential V(x) 

= -l/(UI+j>Co) au., where x is the potential range and Xo = \lVo 3.7x10'^ at x = 0, 

reveal that the atoms can experience 2 0 % higher laser intensity before reaches 1 0 % 

for the 25 fs compared with the 100 fs laser pulse. These indicate that atoms can 

survive to higher intensities before ionising. In addition. Kendo et al (1993) suggests 

that high harmonic conversion efficiency is roughly inversely proportional to the 

pulse duration for pulse lengths shorter than 1 ps.

7.3 Gas Pressure Condition

The experimental arrangement and laser alignment are as explained in chapter 

6 , but some points must be investigated for optimum conditions in detecting the ion
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signal using the ISS experiment. Since the detected signal of the ions is reduced due 

to the size of the pinhole more gas is admitted into the interaction region in order to 

obtain a significant ion signal, which may be distorted due to the following:

1) Collisional ionisation of atoms/molecules by high-energy electrons due to ponder- 

motive motion in the laser confocal volume.

2) Scattering of ions by the residual gases in the drift tube.

3) Electrostatic repulsion (space charge effect) between ions within the laser 

confocal volume.

The base pressure in the interaction chamber is < 1 10'  ̂Torr and rises to ~ 2 

10'  ̂ Torr for an ISS experiment (compared to 2-5 10'  ̂ Torr for other experiments). 

Rewriting the thermodynamic equation PV = nRT, where n is the number of moles 

and R is the molar gas constant (% 8.314 J.K'\mol'^), in terms of the gas number 

density rig yields rig = 6.4 10  ̂cm’̂  at E = 2 10'  ̂Torr, which is given by

= — N a. =-&±zÜ_6 .0 2 x l0 ^  =9.63xlO "":& ^(m -")

=> = 3.21x10^^/|j.^^)(cm"^) 7.2

• Case 1) Ionisation by electron impact is negligible if rigtE^ < C where r  and E are 

the laser pulse duration and field strength, respectively, {Ammosov 1994, Banerjee 

et al 1999). For gases with ionisation energies ~ 10 eV the constant C « 10̂ ,̂ 

therefore, for high intensity (10^  ̂W/cm^) ultra-short (100 fs) laser pulses rig is ~ 

1 0 ®̂ cm'^ which is far from rig in this work.

• Case 2) Scattering with residual gases is negligible as long as rig < \IL<Ji where L 

is the drift tube length (26 cm) and a; ~ 1 0 '̂ "̂  cm^ is the residual gas cross section, 

hence, «g is ~ 1 0 ^̂  cm'^ which is also higher than rig in this work.

• Case 3) Electrostatic repulsion between ions is negligible compared to thermal 

motion and the extraction force of the extraction plates. The experimental rig = 6.4 

10  ̂ cm‘̂  indicates that the spacing between ions r w 5.4 10"̂  Â, therefore, the 

electrostatic energy between two ions of charge ^ = 3 is G = 14.4x^7^2(auA(A) (eV) 

=> C = 2.4 meV. Whereas the energy due to thermal motion is G = (l/2)A:7(room) = 

26 meV, which is 1 0  times the electrostatic energy i.e. electrostatic repulsion will 

not compete with the thermal motion. Moreover, for ions of charge q = 1, the 

extraction force of 1.7 10'^  ̂ N due to the field of the extraction plates (107.7 

V/cm) is much greater than the force of 1.9 10*̂  ̂ N due to the electrostatic
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repulsion between two ions. Therefore, with a gas pressure of 2 10'  ̂Torr (even up 

to 5 10"̂  Torr, Cornagia et al 1990) it is safe to run the ISS experiment without 

distorting the detected signal of the ions produced within the focused laser 

confocal volume.

7.4 Experimental Arrangements

The laser pulse (Ti;S, % » 70 fs, 1 = 800 nm and 10 Hz) has a pulse energy of

5.5 mJ. Throughout the experiment, the pulse time and frequency profile was 

monitored using the FROG (frequency resolved optical gating) system. The laser 

beam of diameter 12.4 mm is focused with a 25 cm focal length lens mounted on a 

computer controlled translation stage (Newport M-MFN25CC driven by Newport 

MM4005 motion controller) outside the experimental chamber. The focus of the laser 

beam is moved in 0.1 mm steps with respect to the aperture (0.5 mm).

The triggering pulse of the integrating sphere photodiode, which detects the 

energy fluctuations of the laser pulse, is monitored and ± 1 0  % tolerance is set on the 

oscilloscope to minimise the effect of laser energy fluctuations.

Ions are extracted through the aperture by the E-field (10 KV/m) between the 

two extraction plates into a time-of-flight (TOF) mass spectrometer. The ions are 

detected by a channeltron at 26 cm from the interaction region and the signal from the 

TOF was fed directly into a Tektronix TDS 744A digital oscilloscope interfaced to a 

PC. The TOF spectrum at each translation step is averaged over 100 laser shots.

Figure 7.4a shows two Xe ion spectra recorded with different laser confocal 

volumes exposure to the detector. The confocal volume associated with the spectrum 

in figure 7.4a (a) is fully exposed to the detector and shows a strong signal of Xe^^ 

because Xe^^ full volume shell F;/is the largest. Whereas the spectrum in figure 7.4a 

(b) is obtained with a slice, of width Az = 0.5 mm at z « 0, of the confocal volume 

exposed to the detector and shows a drop in Xe^^ signal compared to Xe"̂  ̂because the 

ion slice volume shell > Vh.

Ions are identified by plotting their TOF against the square root of their mass 

to charge ratio (mlq), a linear relation exists as shown in figure 7.4b and given by

7.3
2x m

TOF = t =
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F igure 7.4a Two Xe ion spectra recorded with different confocal volume exposure to the detector, 
(a) the confocal volume is fully exposed to the detector and (b) a slice o f  the confocal volume, of 
width Az = 0.5 mm at z % 0, is exposed to the detector.
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Figure 7.4b A plot o f  the Xe ions TOF against the square root o f  the mass to charge ratios to 
identify the ion species.
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where x is the TOF distance, E is the extraction field, and c is a shift introduced due to 

the time delay between the triggering pulse and the detection of the ion signal. The 

value of ^(2x/E) is determined from the slope of the fit.

7.5 ISS with Xenon Gas

Xenon gas is introduced into the vacuum chamber, rising the pressure from 

1x10'  ̂to 2x10'^ torr. The TOF spectrum, averaged over 100 laser shots, is recorded at 

each translation step of 0.1 mm to build a matrix of TOF spectra against lens position 

as shown in figure 7.5a, which presents fuller details of the intensity distribution 

within the confocal volume of the focused laser spot.
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Figure 7.5a Xenon ions TOF against lens position. The matrix shows the spatially dependent 
yield o f xenon ions at different ionisation stages.

z-axis
Front Plate

Focused laser beam
:

0 - Beam
Laser

IR Waist Beam

Back Plate

250 mm
+ ---- 1— ^  zI

 >1
Figure 7.5b An illustration shows the variation o f the laser beam waist on the fused silica window.
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The negative z-values of the lens give rise to a large 5-integral (5 > 2.2 for z < 

-5.5,chapter 5 section 5.3) value because the laser beam waist is small compared to 

the positive z-values of the lens position (5 < 2 for z > 5.5). Therefore, the 5-integral 

value decreases as the lens is translated towards the fused silica window, as illustrated 

in figure 7.5b, which may result in the slight asymmetry of the Xe ion lobes about the 

z = 0  axis.

In order to make direct comparison of the measured volumes of the detected 

Xe ion signals to the computed volumes, each of the Xe ions species has been 

integrated along the ToF axis. This result is shown in figure 7.5c as a function of the 

z-values of the lens position. Also shown are the computed volumes of the Xe ions 

using the diffraction limit of one and the appearance intensities ofAugst et al (1989).

%

dP

s y
-7 -6  -5 -4 -3 -2 -1

z-value of lens position (mm)

Figure 7.5c The integrated signals o f Xe ions along TOF axis (marked data) as a fonction of z 
values o f the lens position. The solid lines represent the computed volumes with unit 
diffraction limit and the appearance intensities lapp from Angst el a l (1989).

7.6 Ion Slice Volume Shell Fitting

Most of the Xe ion integrated signals on the negative side of the z-scan are 

weaker than the positive side and therefore are less dependable in the slice volume 

shell fitting procedures. The reasons for this difference are not clear, but can be 

related to the changes in the 5-integral, the shear of the laser beam through the fused 

silica window or deformation in the profile of the laser beam.
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Each of the Xe ion signals show at large r-value a slow rise in the signal and 

then there is a change in the curvature (at z„j„ax, n=  1,2,3 ...) of the data points. I  his 

indicates that for z > the field ionisation is via tunnelling through the barrier 

where the probability of ionisation Pi is less than 1. Field ionisation is determined 

where Keldysh parameter y < 1 (y >1 indicates multiphoton process) as described in 

section 7.9 (also chapter 8 ). As the intensity increases the width of the barrier 

decreases increasing the probability of electron tunnelling, as shown in figure 7.6a, 

hence more ions are produced. Then T*, saturates (« 1) for z < due to field 

ionisation in the above the barrier regime; here the Xe ion signal is proportional to the 

slice volume shell V„s. Also noticeable is that Xe ion signals reach the maximum at 

the start of the production of the next higher charge Xe ion state and decreases in the 

overlapping regions.

I

ë
Io

(ip)

eo

Xo
Potential range (%)

Figure 7.6a A plot o f the atomic potential well in an external E-field Field ionisation via tunnelling 
occurs in the dashed potentials where ‘short dashed’ potential has a higher tunnelling rate than the 
‘long dashed’ potential due to the short width through which the electron tunnels. Ionisation in the 
solid potential is via over the barrier because the intense E-field lowers the atomic potential below 
the ionisation potential V(jp) level.

Equations 5.19 and 5.20 are recalled and modified to include the constant of 

proportionality in order to proceed with the slice volume shell F», fittings, such that

K v s  - 1 + bz. In
f  / V l

Cn \ +(xJ _
1 + bz.

7.4

7.5
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Where the parameters a„ = {nl2)wJ'^^z{àSnslàVr,s) = 7.85x10"^^(dS„s/dK„j), b = S, 

Cn = ^In- The natural log term of equation 5.20 is reduced to the an parameter of 

equation 7.5, where an = an ln(/„+;//„), because the saturation intensities are not 

predictable experimentally. V’„s is applied for z„+imax < z<  z„,max while is applied 

for 0 < z < z„+]̂ max- Note the changes in the subscript of Zmax, the boundary of the slice 

volume shell V„s fittings. For example in a Xe’’*' fit V\s and V’\s are applied for zimax 

< z <  zimax and 0  < z < Z2,max respectively.

The fitting procedure starts with V”ns of equation 7.5 where the parameters an 

and b are deduced and then b is substituted into equation 7.4 of which is fitted to 

the rest of the data, hence the parameters an and Cn are obtained. The diffraction limit 

S  is equal to the average b value and the diffracted focused intensity los = IJ< ^>  is 

determined. Note that b is not n subscripted because it is supposed to be the same for 

all ion slice volume shell fittings. Also V”ns is linear with ẑ  therefore b has an effect 

on the gradient of the data.

7.7 Results from Slice Volume Shell Fittings

Slice volume shell fittings are applied to all Xe ions by EasyPlot, where Mzo 

(» 6 ) and lo (= 2.05 10̂  ̂ W/cm^) are calculated from the measured laser beam 

diameter D = 12.4 mm, energy E = 5.5 mJ and laser pulse length r  = 70 fs using 

equations 5.1 to 5.4. The slice volume shell fittings are shown in figure 7.7a and the 

parameters obtained from the fittings are also listed in table 7.7a.

Table 7.7a The parameters values obtained from  the

^ss^arameters V .S
Ions an b a ’n Cn

Xe'^ 9 10'^ 2 9.5 10'^ 49.3
Xe^^ 2 10"^ 2.25 1.8 10"* 150
Xe^^ 3.3 lO"* 2.5 3.1 10"* 375
Xe'+ 3.7 10"̂ 2.21 3.7 10"* 599
Xe^^ 8.8 10'^ 2.4 1.2 10"* 670
X e^ Use <b> = 2.27 4.6 10"^ 874

3=  <b> = 2.27 and lo s - 2.05 10 = 4 W /c m \

In the fitting procedures the data points at each peak, within a range of Az « 0.5 mm 

are excluded, because the signal at the peak of each Xe“̂  ion curve produced via field 

ionisation (i.e. maximum ionisation probability) is reduced by the production of the
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next higher charge state ion via tunnelling ionisation (i.e. ionisation

probability «  1), as indicated in figure 7.7a. The signal in the tail of each Xe ion 

distribution, which arises from the production of ions with ionisation probability «  1 

within the volume shell that is bounded by the appearance (or threshold) and 

saturation intensities (see table 7.8a), are also excluded.

J 1 I 1 I I I I I I I I I I I I I I I I I I I I L

0.0015 -
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0.0005  - Tunnelling 
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for Xe'^Tunnelling

Region
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2 -value of lens position (mm)

6x10'
0.00012
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4x10'
0.00008

&
9  0.00004 2x10'

I
0

0 2 3 2
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F igure  7.7a The plot shows the experimental Xe ion integrated signals with the fittings o f the 
slice volume shell Tunnelling region for Xe''^^ is bounded within the square bracket. Fittings 
to Xe^" and Xe^^ ions are shown separately due to the low statistical number o f data points.

The parameters obtained by EasyPlot can be used to calculate the saturation 

intensity /„, signal to volume ratio (dS^/dEm) and the values of ln(/„+y//„). Since Xe 

ion fittings produce slightly different diffraction limit ^values, the average S= <b> is 

used to convert the r  values of the lens position into the local on axis peak intensity 

loL. Fitting procedures are then repeated as shown in section 7.8 in order to refine the 

results with a common local on axis peak intensity lot-

- 154-



-g

a

-a

c
'<ü

•9
1.0x10

■9
0 .8 x 1 0

■9
0 .6 x 1 0

Tunnelling
■9

0 .4 x 1 0

Diffraction Limit ô = 5.52 
Diffraction limit 6 = 5.76 
Diffrection limit 5 = 6.00

■9
0 .2 x 1 0

0

4 ■3 •2 1 0

z value of lens Position (inm)

F igure  7.7b A z-scan o f  Xe gas taken at a different time with a slit o f  width Az = 135 jam and laser 
energy o f 7.8 mJ. Three close values o f the diffraction limit show the sensitivity o f  the fit to the data.

Fitting procedures are very sensitive to minute changes in the diffraction limit 

values as shown in figure 7.7b. The data were collected at a different time from the 

data in figure 7.5a with a slit of width Ar = 0.135 mm and laser energy of 7.8 mJ. 

Although the laser energy was 40% higher the highest xenon ion observed was Xe^ ;̂ 

because the high diffraction limit value 5.76) reduces the intensity lo = 3.6x1 

to = 1.1x10*  ̂< /  ̂= 1.32x10^  ̂(W/cm^) the saturation intensity for Xe'*̂ .

7.8 Analysis

Once the diffraction limit and the diffracted focused intensity are determined 

the data must be plotted against the local on axis peak intensity Iql by converting r 

values of the lens position using equation 5.10, as shown in figure 7.8a. The saturation 

intensities /„ are located at the points where the new fits cross the Iol axis. The new fit 

is applied to the volume shell slice V̂ s that is derived from equation 7.4. The terms 

diS^j/df,» and l„ are the variable parameters in the new fit, which is given by
/
n Ks Inu L, UJ 7.6
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The core intensity los^  = 2.05xl0’̂ /2.27  ̂ = 4xl0 ’̂  W/cm^ and (ti/2)vî o“̂ A j = 

4.05x10 '̂ . The results obtained (see appendix 1 for 7c) are listed in table 7.8a.

T able 7.8a A comparison o f the present data with Angst et a l (1989) results. The critical values 
computed using the field ionisation equation /^cw W ) = 4x10* V^(ipA/ that suppresses the outer 
potential barrier to the ionisation V(jp)(eV) level. The Iapp{n) is the experimental appearance intensity in

 - I ,  ___ ____ ____I — 1 T 6  ̂ ■______ j  _____________________ .1 ___________ 1 ,   1  1 _____  ; _____

Ions
Computed 4
( i o ' " w W ) (lO'^W/cm^)

Present /„
( l o '^ w W )

% rise in I„ 
w.r.t. 7c

7^n)(10^'^
W/cm^) (ISVdTn

fd.5/dnM

0 87 0.7 1.2 38 0 83 0 2 8 [65%]
Xe^^ 2 02 1.8 3.0 48.5 2.00 0.44 58%
Xe'" 4 72 3 8 6.5 37.7 3.80 0.65 47%
Xe'" 12.9 8.2 13.2 2 33 6 60 0 8 8 36%
X e'" 20.7 16 27.0 30.4 15.0 1.12 26%
Xe^" 2 9 3 21 34 0* <31.4>%

0.0015

I
I
15
&
X3O
&
c

0.0010  -

0.0005  H

V V Xe

Local on axis Peak Intensity (W/cm^)

Figure 7.8a The plot shows the variation o f the Xe ion yield signal with the local on axis peak 
intensity /^l, which is a conversion of the z values o f the lens position.

7.9 Discussion

The results obtained from the new fits that are listed in table 7.8a show that 

there is an average increase of 31% in the saturation intensity /„ in comparison with 

the computed critical intensity U (chapter 8 , section 8.3), which suppresses the outer 

potential barrier to the ionisation V̂ ip) level. The saturation intensity determined 

possibly points at the critical intensity in this work due field ionisation where the
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electron is free to escape the atom. For intensities > 4  the ionisation probability 

saturates and becomes constant, therefore, the detected ion signal is oc ion slice 

volume shell. Figure 7.9a shows the increase in I„ with respect to U that may be 

explained by ionisation suppression due to very short 70 fs high intensity laser pulses.

•  A u g st et al (1989 ) appearance  1
■ P resen t saturation  in tensity  I

6+
X eo

X e10

4 +
X e

X e

X e

X e
1Q-

1 10

C om pu ted  critical 7^(xI0’"* W /cm ^)

Figure 7.9a A comparison o f the computed critical intensity C with the present saturation intensity /„ 
and the appearance intensity lapp from Augst et a! (1989). The solid line presents 100% match

The signal per unit volume àSJéVps (mV/mm^) or signal strength values 

increase linearly with Xe ion species because the GEM emission is dependent on the 

energy of the incident particle. If the ratio of the signal strength is taken with respect 

to the value one step below i.e. ( d S / d ( ^ « / ( d S / d ; the behaviour of the ratios 

decreases linearly with the signal strength {àSlàV)„s as shown in figure 7.9b. Hence, 

for Xe^  ̂the ratio of signal strength to OEM (square bracketed value in table 7.8a) is 

extrapolated from the linear fit, which is 65%. This indicates the GEM is not saturated 

and the unresolved spectrum of isotopes in Xe^  ̂lobe is due to ions coming from a big 

volume and therefore has a wide spatial spread that overlap as seen in the TOF 

spectrum. Note the laser beam waist at the maximum signal of Xe^  ̂ (z = 3.5 mm) is 

0 .1  mm, therefore the time difference between Xe'^ ions produced at the edges of the 

laser beam waist with extraction field 107.7 V/cm is 136 ns, which is comparable with 

the average time difference (150 ns) between the Xe isotopes.

Figure 7.9c shows the effect of Xe ion energy on the absolute detection 

efficiency of the GEM that is interpreted as the ion signal strength. The ion energy is 

calculated from G = qEd where q is the ion charge (au ), E is the extraction field (107 

V/cm) and d is the distance (1.1 cm) from the interaction region to the front plate.

- 157-



Since E and d are fixed then G = 118.5^ (eV). The GEM efficiency best fit is an 

increasing exponential with the ion energy. From the linear fit the work function of 

the GEM is found to be -  20 eV, which is consistent with the GEM specifications.
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Figure 7.9b Plots o f the ratios o f the signal strength ((19/4F)^y(d6'/d against the signal
strength (dAVdf^^ for Xe ions.
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F igure 7.9c Xe ions signal strength as a function o f ion energy indicates an exponential CEM 
emission with the ion energy. However, the difference between the linear and the exponential fit is 
marginal within the ion energy range.

The signal strength of the Xe ion is dependent on the ionisation probability P, 

and the detection (or quantum Qetr) efficiency of the CEM that is dependent on the 

energy of the incident ion. Therefore, (dSVdfOm (A QetrW where the constant of 

proportionality depends on the gas number density and the voltage applied across the
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CEM that are constant. Figure 7.9d shows a comparison of the linearly scaled 

(dS/dfOm for each of the Xe ions to the detection efficiency of the Galileo CEM used. 

Since Xe*̂  ̂to Xe^  ̂lie on the detection efficiency curve then ( f  1)4,5,6 is constant. Data 

of Qeff at low energy is not available so comment on the first three Xe^’̂ ’̂  ̂ ions can 

not be made.

80 -

■ P resen t data  
  G alileo  C E M

uj 40
Xe

Xe Xe
Xe

1 0" 10 10 10  10

Ions E nergy  (eV )

Figure 7.9d Xe ion scaled signal per unit volume (dS/dF)„^ (oc Qgg(d67dF)Pi) plotted against the 
detection (quantum Qeff) efficiency o f the Galileo CEM (KORE Technology technical data).

Table 7.9a The computed Xe ions full and shell volumes and the total number o f  atoms «7

Ions 7„(xlO ‘^W/cm^) V(ip)(eV) Keldysh y F^(m m ^) « 7/mm^ Ions /mm^
X e '' 1.2 12.13 0.92 7.54 10'^ 5.50 10'^ 3.52 10^ 2.64 10^

3.0 21 .21 0.77 2.04 10'^ 1.38 10'^ 8.80 10 '* 6.60 10“*
Xe^" 6.5 32.10 0.64 6.61 10 '^ 4.57 10'^ 2.92 10^ 2.19 10"*
Xe'" 13.2 47.70 0.55 2.05 10'^ 1.74 10'^ 1.11 10“' 8.34 l ( f
Xe^' 27.0 60.00 0.43 3.08 10'^ 2.34 10^ 1.49 10^ 1 .1 2 1 0 ^
Xe^" 34.0 71.65 0.42 7.50 10'^ 7.50 10'^ 4.80 10^ 3.60 10^

Table 7.9a presents the computed ion’s full F„/rand shell volumes bounded 

by the saturation intensities found in this work. The saturation intensity for Xe^  ̂ is 

determined where the peak signal of Xe^  ̂ starts decreasing due to overlap with the 

saturation volume of Xe^ .̂ Multiplying the shell volume values by the gas number 

density (= 6.4x10^ mm'^) gives the total number of atoms nr within each volume 

shell and assuming a constant 75% ionisation probability the total number of ions 

produced is found. The Keldysh parameter (y = and Up(eV) =  9.33x10'''^

7„(W/cmb /iV m )  where V(,p) is the ionisation potential. Up is the ponderomotive
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potential and A=0 . 8  pm is the wavelength) is calculated where y < 1 confirms the 

ionisation process is via field ionisation (y > 1 indicates a multiphoton ionisation 

process).

7.10 Conclusion

The focused intensity of a laser beam is a function of the diffraction limit that 

is precisely determined by the z-scan technique and enables accurate spatial resolution 

of the intensity distribution within a focused laser spot. Then volumes that generate 

different ion species are calculated and it is shown that the ion signal is directly 

proportional to the volume provided the ionisation probability is constant.

The saturation intensity of an ion, where the ionisation probability becomes 

constant, increases as the intensity of the focused laser increases and the length of the 

laser pulse decreases. Therefore, ionisation suppression at high intensity and very 

short laser pulses may be present in this work, which would agree with previous 

experimental and theoretical studies (El-Zein et al 2001).

The signal strength of Xe ion is dependent on the detection efficiency of the 

CEM and the impact energy of the incident ion, whereas the total signal height 

depends on the number of ions hitting the CEM i.e. ions within volume shell slice V„s. 

It is shown that the CEM is not saturated for signal strength that is measured per 1 

mm^ unit volume, however the computed volumes are in the order of 1 0 “̂  mm^ and 

therefore the detected signal is saturation free. The observed unresolved spectrum of 

the isotopes in Xe^^ lobe is only a geometric effect of large laser beam waist.

7.11 Z-scan CO2 Molecules

The z-scan experiment was extended to CO2 molecules in order to investigate 

the molecular fragmentation as a function of laser intensity within the focused laser 

spot. The matrix shown in figure 7.11 a of the TOF spectra against the z values of the 

lens position was recorded at 0.5 mm steps and in different laser polarization 

directions. Without going into much detail and analysis, as CO2 molecules are widely 

studied theoretically and experimentally by our and other groups {Sanderson et al 

1998, Bryan et al 2000 and references there in, Bryan PhD thesis 2001), it is 

necessary to mention the following points:
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• Molecules align along the laser polarisation direction due to the induced dipole 

moment. In the case of CO] it will align along the O-C-O axis.

• The molecular bond length stretches and the bond angle changes in intense laser 

fields.

• Molecules experience Coulomb explosion and the energy of the fragments 

depends on the stage of ionisation.

Since the molecules are aligned with the laser polarisation the forward and 

backward oxygen ion signals split and are clearly distinguished in the TOF spectrum 

as seen in the case of the parallel polarisation {E // to the detection axis) matrix. This 

effect disappears in the perpendicular polarisation {E 1  to the detection axis) matrix 

case and highly charged oxygen ions (O ’̂"̂ )̂ are not detected because of their high 

Coulomb explosion energy that forces them to diverge very rapidly and escape 

detection, as illustrated in figure 7.11b, due to the detector acceptance angle 

{Sanderson et al 1999). The peaks of the backward ions are higher and narrower than 

the forward ones because the time-of-flight mass spectrometer (TOFMS) employed 

does not contain an acceleration grid behind the extraction plate as in Wiley-McLaren 

TOFMS types.
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Figure 7.11a A z-scan vs TOF matrix for the CO2 molecule at different laser polarisation 
directions, perpendicular ( E l  left) and parallel {EH right), to the detection axis. The arrows point at 
forward (F) and backward (B) oxygen ions.
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Figure 7.11b A sketch shows the alignment of the CO2 molecule in two different polarisation 
directions perpendicular { E 1 ) and parallel {E //) to the detection axis. In the case o f  E  // O" ions split 
due to time delay between the forward and backward trajectories, whereas in the E  1  case O”  ̂ ions 
arrive at same time while at high n  values ions are energetic (dashed arrows) and escape detection.
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Figure 7.11c A plot o f  the TOF against square root o f  the ion’s mass to charge ratio in order to 
determine the ion species.

Ions are identified by their TOF and mass to charge ratio as shown in figure 

7.11c (see section 7.4 equation 7.3). Note and have same mass to charge ratio 

and therefore they overlap. However, in the case of the perpendicular polarisation {E 

_L) matrix ions are not detected which infers that is pure.

7.12 Integrated Signal of CO2 Fragments

To analyse the results the fragmented ions must be integrated along the TOF 

axis. The integrated signals in figure 7.12a show a better overall symmetry about z = 0 

axis than Xe ions. However, there is a slight asymmetry with a slightly lower signal
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on the left than the right side, probably because the left side experiences a large B- 

integral value (see section 7.5) that deforms the geometry of the focused laser spot.

Figure 7.12a shows that the integrated signal of the ions exhibit a volume shell 

slice behaviour and the peak signal of the highly charged ions shifts towards lower 

\z I values to peak at z = 0  for the ion. However, the ion signal at the peak (e.g.

does not drop immediately when the region of the next (one step higher 

ionisation stage) ion stage (e.g. Ô )̂ is entered. Therefore, either the overlapping 

between the volume shells that generate different ions is very big, which is unlikely, 

or the higher stage ions are produced via a post dissociative ionisation (PDI) 

mechanism. The latter effect is probable as it is clearly seen in the C ion.
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Figure 7.12a The integrated signal o f ions fragmented from CO2 molecule with E  // to the detector 
axis. Ions at different ionisation stages shows good symmetry about z = 0 axis

7.13 Analysis of Z-scan CO2

The analysis of the z-scan of the CO2 molecule will focus on the ion as it 

extends over a larger z range than all other ions i.e. ions produced at low 

intensities. This observation in z-scanning the CO2 molecule in the present work has 

never been observed in experiments that expose the whole laser confocal volume to 

the detector. This is clearly seen in the long tail of along z-axis in figures 7.1 la 

where there are no other ions produced, although C is in the centre of almost a straight
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C-O-C molecule. One explanation is that the CO2 molecule fragments via multiphoton 

absorption into neutral fragments then C is ionised via a post dissociative ionisation 

(PDI) process at lower intensities because it has a lower ionisation potential than O. 

The predicted process at large z values ( 1 z I >4.5 mm) is as follows

CO2 + n/z V ------^  CO + O

+ [ " ^ c  + o  

IPDI^C'"

This process is very unlikely to produce CO^ via PDI and this is confirmed by 

the absence of CO^^ over the same z range as It is also not possible to be an 

isomérisation mechanism otherwise 0 2 ’̂  must be detected at some stage, which is 

also not the case.

7.14 Summary

The chapter has covered the theoretical and experimental suppression of 

ionisation due to very short high intensity laser pulses. ISS employing a z-scan 

technique in this work has proved to be very powerful in resolving the spatial 

intensity distribution within the confocal volume of a focused laser spot. This enabled 

the detection of ionisation suppression due to higher saturation intensities that yield 

different stages of ionisation at fixed ionisation probability.

It was shown that the intensity of a focused laser spot is diffraction limited as 

determined experimentally using the z-scan technique. The peanut-like volume shells 

were computed for each of the ions and the signal strengths (signal per unit volume) 

were calculated and shown to behave as expected with the detection efficiency of the 

CEM.

Application of the z-scan to the CO2 molecules has revealed physical 

processes that were not previously detected mainly the production of ions via 

multiphoton dissociation into neutral fragments followed by PDI process.
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Chapter 8 -  Theoretical Review of Interactions of Photons with 

Atoms and Molecules

The interaction of atoms and molecules with a high intensity laser field 

involves processes of absorption/emission of many photons and field ionisation. This 

chapter outlines the physics related to the interactions of photons with atoms and 

molecules.

8.1 Multiphoton process

The interaction of matter with photons involves absorption, stimulated 

emission and scattering of photons. With the development of high intensity lasers it is 

possible to access processes that include multiphoton absorption such as electronic 

excitation and ionisation.

Multiphoton ionisation (MPI) is the process where a model atom with an 

ionisation energy G(ip) level has to absorb a number m of photons with photon energy 

Gp «  G(ip) to ionise. The condition required is that the photon flux is high enough to 

ensure the arrival of a successive number of photons within the lifetime of the atom in 

its excited (real or virtual) state after the absorption of a preceding photon. The non

resonant multiphoton ionisation rate R is predicted from the cross section of the 

process and the photon flux {Kleinpoppen m d McDowell 1976, Lambropoulos 1973, 

Chin 2ind Lambropoulos 1984) such that

;  ̂= (T ^ r(s - ')  8 . 1

where m is the number of photons, (Tm is the m multiphoton ionisation cross section 

(cm^*"s”̂ '̂ ) and /  is the laser photon flux (Photons/cmVs) = peak intensity IJho.

Resonant multiphoton processes occur by tuning the laser frequency such that 

the total energy of the absorbed m photons matches the energy level of the state of 

excitation or ionisation. Figure 8 . la  shows the real excited state is a resonant 2 photon 

excitation while the ionisation process is a resonant enhanced 3 photon ionisation.

= =  Ionisation level 
 Real excited state

 Virtual excited state

 Ground state

F ig u re  8 .1a A sketch showing a resonant tw o-photon G (ip)"xm ^
excitation and a resonance enhanced three-photon  ;
ionisation o f  a model atom. Gp is the photon energy and
G(ip) is the ionisation energy level o f  the atom. ATI level '
represents above threshold ionisation state. ______
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8.2 Above Threshold Ionisation

As the photon flux in a focused laser beam increases the absorption of more 

than the number m of photons required to just ionise the atom is possible. This 

phenomena is known as above threshold ionisation (ATI), as shown in figure 8.1a, 

and many experiments have been performed to study it (e.g. Agostini et al 1968, 1979 

and Freeman and Bucksbaum 1991).

The number of the peaks of high energy photoelectrons produced by 

multiphoton above threshold ionisation (MPATl) increases with laser intensity and 

their positions in the photoelectron energy spectrum are separated by the photon 

energy.

Perturbation theory applied to the multiphoton ionisation process has proved 

to be accurate in predicting the appearance intensities of the ions (Augst et al 1989, 

Ammosov et al 1986, Reiss 1980 and Keldysh 1965).

8.3 Field Ionisation

Beyond a laser intensity of 1 lO'  ̂ (W/cm^) the perturbation introduced by the 

E-field of the laser becomes comparable with the binding field of the electron to the 

nucleus. Where the coupling of the E-field to the electron becomes significant the 

perturbation theory becomes invalid.

The E-field produced by the high intensity laser beam distorts the atomic 

potential well and lowers the potential barrier close to the ionisation level as shown in 

figure 8.3a (Bates onà. Bederson 1978, 1981). The static E-field required to ionise an 

atom in a state of effective quantum number n is Aefr = (2n*Ÿ in au. (=3.21 1 0  ̂ n*"̂  

in V/cm). Augst et a / 1991 and Chin et al 1992 defined n = /̂(2G(ip)(au))̂ ^̂ .

In the case of an oscillating E-field the ionisation process occurs via tunnelling 

through the induced potential well barrier provided the tunnelling time is shorter than 

half the optical cycle of the laser light (Augst et al 1991 and Christov et al 1996). 

Classically, the tunnelling time, assuming the bound electron energy to have an 

associated velocity v = (2 V(ip//Mg)°  ̂where V(ip) is the ionisation potential, is given by

T - A H  82^^0.25
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where E is the applied E-field of the laser and &  (= V(ip//4^) is the static critical E- 

field that suppresses the potential barrier to the level of V(ip) (appendix 1). Here E is 

comparable with Ec and q is the ionic charge. The electron quantum tunnelling is 

dependent on the height of the suppressed potential barrier, which determines the 

width through which the electron tunnels. However, the field ionisation ADK formula 

of Ammosov et al (1986) is very successful in describing the experimental data. The 

tunnelling ionisation rate given by ADK theory is

% r - 2 ^exp (s') 8.3

where e = 2.71828 = exp( 1 ).

When the applied E-field becomes bigger than the critical E-field {E > Ec) the 

potential barrier is lowered below the ionisation level and the electron is free to 

escape the atom. Therefore, the field ionisation is in the over the barrier (OB) regime. 

The barrier suppression of the atomic potential shown in figure 8.3a is given by

E ( x )  = ‘ -  Ex 8 . 4

From equation 8.4 the critical E-field is found to be Ec = V(ip//4^, hence , 

critical intensity is 7c(W /cnF) =  E^ = 4x10^ V ( ip / /^ ^ . The field ionisation model is also 

extendable to molecules by adding the potential wells of all atoms i.e. V ( x )  =  -Zf 

(/,/(%-n) -  Ex where q, and r, are the ionic charge and distance from the centre of mass 

(COM) of the i"̂  atom.

5.0

  y= -2 .2
  y=-l/|%| -Oa:
  y=- l / |x  I-0.6jc
  y = - l / | x | - l x
  y=-l/UI-1.5jc

^  2.5

g

§
oo-0

1
V(ip)

<

-5 .0
4 ■2 0 2 4

Atomic potential range (%/au.)
Figure 8.3a The suppression o f  the atomic potential in an external E-field ranging from 0 to 1.5 au. 
The electron at an ionisation level o f  -2 .2  au. (-60  eV) tunnels through the suppressed potential 
barriers at E  = 0.6 and 1 au. It is free to pass over the barrier at £  = 1.5 au.

- 1 6 8 -



8.4 Keldysh Parameter

Keldysh (1964) has derived quantum mechanically for v^eak fields {E «  Ec) 

the ratio of the tunnelling time to the period of the optical cycle of the laser light. The 

Keldysh parameter given in equation 8.5 below detemiines the boundary between 

multiphoton (y> l) and field (y< l) ionisation processes. The physics at y = 1 are not 

yet understood, however, / i s  given by

where V(ip)(eV) is the field free ionisation potential of the bound electron and Up(eV) is 

the ponderomotive potential the electron experiences in the laser field, such that

É Ë .U p = — ^  = 9 .3 3 1 0 -% f  8 . 6

where Eq is the peak E-field of the laser, a> (= 2tw) is the optical angular frequency, 

nie and e are the electron mass and charge respectively. Iq (in W/cm^) is the peak 

intensity of the laser and X (in pm) is the laser optical wavelength.

8.5 Harmonic Generation

Harmonic generation takes place by the emission of high energy photons by 

electrons scattering from their parent ion.

At low intensities where the ionisation process is dominated by MPI the 

electron passes through a series of virtual (non-resonant) and real (resonant) states in 

the atom and out into the ionisation continuum. Harmonics are generated by 

transitions between the bound levels or from the continuum to the bound levels {Shore 

and Knight 1987, Baker et al 1983, Zhou et al 1996 and Faucher et al 1994).

At high intensities the ionisation is via a field process where the free electron 

trapped in the high E-field quivers and reverses direction every cycle. Harmonics are 

produced as the electron returns to and accelerates towards the core with a maximum 

kinetic energy of 3.17Up (eV) where Up is explained above as the ponderomotive 

potential. The energy of the highest harmonic (X-ray region) emitted from an atom of 

ionisation potential V(ip) is predicted to be V(ip)+3.17Up {Christov et al 1996, Casu et 

al 2000 and Becker et al 1997).
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8.6 Sequential and Non-Sequential Ionisation

Ions produced with high intensity laser fields have very high stages of 

ionisation. L ’Huillier (1983) pointed out that the stages of ionisation can take place 

either in steps (sequential) such as or in one step (non-sequential) like

A— where 2 or more electrons are removed simultaneously from the atom.

Sequential ionisation is very likely to occur in intense very long pulses ( »  1 

ps) on the rising edge of the pulse {Lambropoulos 1985), while non-sequential 

ionisation occurs in intense short (< 1 ps) laser pulses {Talepour et al 1997, Augst et 

al 1995 and Charalambidis et al 1994).

Codling et al (1987) tried to detect sequential ionisation in molecules by 

detecting the energy of the fragments. If sequential ionisation occurs then the 

molecule will stretch in steps and the energy of the fragments will be less than that 

calculated for a molecule at equilibrium separation. The detected energy of the 

fragments was much smaller than calculation indicating fragmentation at twice the 

equilibrium separation and interpreted as a slow sequential ionisation. Frasinski et al 

(1989) used the field ionisation model and the potential energy curves to conclude that 

sequential ionisation dominates the ionisation process in intense laser field.

Normand et al (1991) and Cornaggia et al (1990) have found sequential 

ionisation in N%, 0% and CO occurs in 2 ps laser pulses at 610 nm as the molecule 

dissociates within the laser pulse it loses more electrons during the dissociation 

process due to repulsive Coulombic states. Frequency doubling to 305 nm (shortens 

the pulse to 1.4 ps) results in molecular states populated having longer dissociative 

lifetime than the pulse length. Fragmentation occurs through vertical excitation of the 

molecule to quasibound states, which depend on the molecular states of other 

molecules. Hence, sequential ionisation is not observed.

8.7 Enhanced Field Ionisation Model

An electron in a molecular potential is free to move between the nuclei above 

the inner barrier as shown in figure 8.7a. While the outer potential barrier is 

suppressed in an E-field, the inner barrier rises resulting in electron localisation 

{Chelkowski and Bandrauk 1995).
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Initially the molecular potential is atomic-like where the ionisation level is 

well above the middle barrier. As the intensity increases the perturbed electronic 

wavefunction moves along the E-field away from the nuclii causing the latter to repel 

each other and then centralise with the new position of the displaced electronic 

wavefunction where the Coulomb force is neutralised. As the nuclei move apart the 

inner barrier rises to the limit where the electrons in both side potentials are confined 

(or localised) at some critical distance Rc. The field ionisation Coulomb explosion 

model as a function in the internuclear separation R enhances ionisation as R 

increases to Rc {Codling et al 1989), as shown in figure 8.7a, because the applied E- 

field is more effective at large R in lowering the outer potential barrier. However, the 

electronic energy level Gi. of the outer electron is Stark shifted by the same amount 

(Cstark ^ oE.r, where r = Ry'2) in both sides. For a symmetric double well Cl is 

approximated {Posthumus et al 1995, 1996) by

%ipl) ^^2C] = +
' 2  J

-  \ip2) ^ 8.7

where r\ = rj = R/2, e is the electron charge (= 1 in a.u.), V(ipi 2) are the ionisation 

potentials of the atomic ions and ^ 1,2 are the atomic core charges.

R=5 a.u. R=R.=9.5 a.u. R=14 a.u.

0 - -

-5 - ■

(ip)

 ̂ llÔ ^W/cm̂ --

- 5 - '

-10  ■ ■

-15 ■ • s - ■

-20  ■ ■ \ . .

.5 0 5 10 15 5 0 5 10 15 5 0 5 10 15
X (a.u.)

F igure 8.7a Double well potential for the outer electron in a symmetric diatomic I2 molecule at 
different internuclear separations (R as shown on top) and in different external E-field strengths. The 
vertical arrows indicate the Stark shift o f the ionised electron and the top right numbers are the 
intensities {Posthumus et a! 1996).
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The electron localisation at and upward Stark shift in the upper potential 

(LHS) results in ionisation at lower appearance intensity. This classical model shows 

that ionisation is very likely to occur at the critical separation Rc and predicts the 

appearance intensity and the Coulomb energy for each channel.

8 . 8  Post Dissociative Ionisation (PDI)

The ionised molecule stretches and dissociates on the rising edge of the laser 

pulse and the fragments are ionised to higher charge state as they encounter higher 

intensities while the laser pulse reaches its peak value.

The PDI model originates from the fact that the kinetic energy release (KER) 

for the higher charge channels are much smaller than expected {Hatherly et al 1994, 

Schmidt et al 1995) by the field ionisation Coulomb explosion model. Figure 8 .8 a 

shows the appearance intensity in the over the barrier ionisation regime for different 

channels of the I2 molecule and the classical trajectory as the molecule dissociates as a 

function of the internuclear separation. The state of ionisation of each channel occurs 

where first the trajectory and the appearance intensity cross, which in turn depend on 

the location of the molecule within the laser confocal volume. In two different laser 

pulse lengths the KER difference is very little for the (2,2) ionisation channel but the 

difference for the (4,4) channel is very big. The conclusion is that for the long pulse 

(400 fs) the (4,4) channel is produced from the highest (3,3) channel via PDI at a very

(4.4)
(3.4) 
(3,3)

400 fs, 1 10*' W /c n )W  (4,4), 35.9 eV

(2,3)
I

150 fs, 2.5 10*" W/cm" ^  (4,4), 58.8 eV

i
400 fs, 5 10*' W W  ^  (2,2), 14.1 eV

( 1, 1)

150 fs, 8 10*' W/cm^ -> (2,2), 15.9 eV

5 2010 50 100
Internuclear separation (R / a.u.)

Figure 8.8a Appearance intensities (full curves) o f the {qx, qi) fragmentation channels o f  T  and 
trajectories (broken curves) as a function o f the internuclear separation R. The appearance intensity 
is lowered at nearly same critical separation Rc « 10 a.u. {Posthumus et a l 1996).

- 172 -



large R value and that the KER is dependent on the rise time of the pulse, i.e. KER is 

higher for steeper rise-time laser pulses {Hatherly et ai 1994).

This model predicts the point at which the ionisation takes place and the 

highest channel produced for each pulse length and shows that ionisation happens in a 

fast sequence on the rising edge of the pulse.

Since the molecule in an intense laser field stretches to a critical separation Rc 

at nearly twice the equilibrium position Re the kinetic energy release is found to be a 

fraction of the Coulomb energy of the molecule at its equilibrium position. The KER 

is given by KER = Cmqxqil^, where Cm = Re/Rc » 0.45 and 0.7 for light (N2, CO, O2) 

and heavy (CI2, 12) molecules, respectively.

8.9 Molecular Alignment in an Intense Laser Field

The interaction of a linearly polarised E-field vector with a molecule induces a 

dipole moment that forces the molecule to align along the polarisation direction of the 

laser field, thus creating a pendular motion about the laser E-field. The classical 

equation of the pendular motion {{Talebpour et al 1998, Bandrauk and Ruel 1999) is 

given by

= -G)\ cos^(^yf)sin(2 ŷ ) 8 . 8

where p  is the angle between the E-field vector and the molecular axis of the

molecule. (Op = {olEo ITM.\)̂  ̂ {a is polarisability and Mi is moment of inertia) is the

pendular angular frequency. Note that E{t) = EoCos{(ot) and <E {̂t)> = V2E0 .

The potential of interaction V(dp) = = -dpE(Ocos>0 of the permanent

dipole moment dp with the laser E-field averages to zero over an optical cycle of the 

laser pulse. The permanent dipole moment will cause the molecule to quiver about its 

initial position as the E-field changes direction in one optical cycle. Whereas the 

induced dipole moment d;(r) -  a//E//(Oi + cciExit% where Eiit) = E{t)cosp and Exit) = 

E{t)s\np, produces an interaction potential V(dj = -A\Æ  = -{\l2)E^{t){ai/co^p + 

aisirf'p) that averages to -{V4)Eo{anco^p + aisir^'P) over an optical cycle. However, 

the Hamiltonian of interaction is 77 = 83^ -  Ûi£  where B  is the rotational constant and 

is the squared angular momentum operator. Therefore, for a molecule with an > a± 

the interaction potential V(di) has a minimum around >^=0 ° and 180°, which forces the
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molecule to align along the polarisation direction provided the interaction potential 

dj.Æ’ > the rotational energy (Grot = J  is the rotational quantum number)

of the molecule {Friedrich and Herschbach 1995, Larsen et al 1999). Figure 8.9a 

depicts the alignment distribution as a function of both the ensemble temperature and 

Aa the difference between the an and a^.

The alignment of the molecule with the laser polarisation field enhances 

ionisation because the E-field acting on the potential barrier at a large distance from 

the nucleus easily suppresses the potential barrier. However, a molecule perpendicular 

to the laser polarisation requires more intense laser field to ionise it because molecular 

potential appears atomic like where the potential barrier is at very short distance to the 

nucleus {Codling and Frasinski 1993). The angular distribution of the fragmented ions 

confirms the alignment of the molecule prior to dissociation {Sanderson et al 1998, 

Bryan et al 2000, Safvan et al 1998 and Larsen et al 1999).

110

4 400 4000
(a/-«x)£//45

Figure 8.9a Polar plots o f ensemble-averaged alignment angular distribution for different values 
o f temperature and L a ^ a  - a ^  {Friedrich and Herschbach 1995).

8.10 Molecular Bending in an Intense Laser Field

In general, a molecule in an intense laser field experiences molecular 

geometry modifications due to the perturbation of its electronic wavefunction. Besides 

the molecular stretch and alignment the molecule changes its bending angle structure.

The physics behind the bending modification is not well understood since 

molecules such as CO2 with an almost linear structure (175'') in the ground state bend

- 17 4 -



to 170° while H2O with a bend structure (104°) in the ground state straightens to 140°. 

The physical explanation is that the ionised molecule takes the molecular structure of 

its ionic molecular state prior to dissociation as in CO2 {Bry^an PhD thesis 2001). Also 

the potential curve dressing of two different states by photon absorption alters the 

molecular structure due to bond softening/hardening resulting from light induced 

potential crossing as in the H2O case {Sanderson et al 1999).

8.11 Above Threshold Dissociation (ATD)

Above threshold dissociation (ATD) in molecules is similar to above threshold 

ionisation (ATI), where ATD occurs while the molecular potential curve is dressed by 

a successive number of photons {Bucksbaum et al 1990, Zavriyev et al 1990). In ATD 

the photo-dissociation process of a molecule occurs by bond softening of the 

molecule-photon interaction, as shown in figure 8 .1 2 a and described in section 8 .1 2 . 

The additional photon energy above the molecular dissociative continuum appears as 

equally spaced peaks in the kinetic energy spectrum of the detected photo-fragmented 

atoms/ions. Bucksbaum et al (1990) detected 3 proton peaks (at energies given on the 

right side of figure 8 .1 2 a) separated by Vdw because H2 is a homonuclear molecule so 

the photon energy is equally shared between the two fragments.

Dissociation1 0 -

m = 3(u)

/w = 2(g)

2pa,

H + H

Isa,
V =

0 3 4 5I 2 6 7 8
Intemuclear separation (R/a.u.)

Figure 8.11a Potential energy curves o f the ground Vg and D  excited Vj states o f Hz showing the 
ATD after the absorption o f 1, 2 or 3 photons of wavelength 330 nm from the v = 0 vibrational 
level o f  the Iso . bound state {Giusti-Suzor et a! 1990).
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Figure 8.1 la shows the ATD of the molecule with the absorption of more 

than 1 photon. Bucksbaum et al (1990) and Yang et al (1991/3) detected the 

photoelectron spectrum of H2 molecule and confirmed experimentally the presence of 

ATI in molecules. The spectra show two more peaks above the ionisation peak 

separated by \hv.

8.12 Light-Induced Molecular Potentials (LIP)

Most of the molecular studies are limited to diatomic molecules, mainly H%, 

because the additional nuclear degrees of freedom introduce more physics necessary 

to explore the ionisation and dissociation mechanisms. The photon-molecule 

interaction in a dressed state changes the nuclear dynamics that arises from the light- 

induced molecular potential (LIP) curves {Wunderlich et al 1997, Codling et al 2000).

2po,sa,

0 -  —
Trapping

;̂ *''*‘..Crossing & Softening
Tunnelling

Ihi) (u)
§ 3/jd(u) crosses lsag(0/7o)V =  0

g
g

2hv (g)

Crossing & Softening

3Au (u)

21 3 4 5 6 7 8

0.0

0.5

1.0

1.5 

2.0

2.5 

3.0

5 .
Sn

Intemuclear separation (R/a.u.)

F igure 8.12a Potential energy curves o f  the bound IsOg and unbound 2pOu states o f showing 
the light-induced adiabatic potentials (solid curves) after dressing by 1, 2 or 3 photons of 
wavelength 532 nm. Dashed curves are the crossed diabatic potential curves IsOg and 2pa„ dressed 
by even and odd number o f photons respectively {Bucksbaum et a l  1990).

LIP arise from the crossing of the bound and unbound electronic states after 

the former is dressed by the energy of the incoming photon. Exposing a molecule to a 

laser field of frequency u shifts the lower bonding potential by mlw (m = 1 ,2 ,3  ...
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photons), resulting in crossing the antibonding potential curve at some intemuclear 

distance as shown in figure 8.12a. The LIP produces three regions of vibrational 

energy (for convenience consider only the \hv case). First region of vibrational levels 

(v = 0 to 5) below the crossing in the lower light-induced adiabatic potential barrier, 

here the molecule is still bound with some probability that v = 5 dissociates via 

tunnelling through the barrier. Second region at the crossing point where all 

vibrational levels (v = 6  to 9) between the LIPs dissociate with very high probability 

due to the presence of the gap. In this case the molecular bond is weakened and the 

dissociation mechanism is termed as bond softening. Third region above the crossing 

where vibrational levels (v > 10) are trapped in the upper LIP resulting in stabilisation 

against dissociation in an intense laser field. Such process is known as vibrational 

trapping or bond hardening. However, as the laser intensity drops the upper LIP rises 

and molecule dissociates with kinetic energy release that depends on the speed of 

intensity fall (Frasinski et al 1999). Varying the laser frequency and intensity 

respectively changes the crossing level and the width of the gap.

The selection rule requires the bound and unbound states to have the opposite 

parity in order to couple. Therefore, the odd parity of the unbound 2pau state must 

absorb an odd number of photons to become even and couple with the even parity of 

the bound Isag state, which must remain even by absorbing an even number of 

photons. In general the difference in the number of absorbed photons by the two states 

is always ± an odd number. The coupling of the two states in the laser E-field by the 

electric dipole moment induces a Rabi frequency ( u r  = CL£lh) that leads to a non

linear interaction that dominates the photon-molecule interaction {Bandrauk and Sink 

1981).

8.13 Asymmetric Charge Production in Laser Field

In a simple diatomic molecule of different nuclei the production of asymmetric 

charge fragments can be explained by the difference in the ionisation potential 

between the two nuclei. The shift in the centre of mass towards the heavier nucleus 

changes the distance over which the E-field acts in suppressing the outer barrier, thus 

producing asymmetric charge fragments.
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However, for a homonuclear diatomic molecule one expects the molecule to 

break-up with similar charges on the fragmented ions, since less E-field is required to 

produce such channels. Hatherly et al (1994), using covariance mapping, observed the 

production of asymmetric strong (0,2) and weak (1,3) channels in the E molecule in a 

150 fs laser pulse. This can be explained by the field ionisation where the upward 

Stark shifted electron in (1,1) or (2,2) channel is transferred from the upper to the 

lower potential well. The electron is either trapped in the lower potential as the inner 

barrier rises with the increasing laser intensity and intemuclear separation or two 

electrons, which have same energy level in the initial symmetric channel, oscillate 

with the E-field between the two wells as they are Stark shifted to same level. Hence, 

dissociation takes place with the production of the (0,2) or (1,3) asymmetric channels.

8.14 Energy and Momentum Calculations

A molecule interacting with a photon and undergoing photo-dissociation 

releases energy carried by the fragments that is equal to the binding energy of the 

molecule. However, if the molecule is multiply ionised in an intense laser field the 

nuclei experience a Coulomb repulsion force that leads them to explode. The 

detection of the fragmented ions using a time of flight technique enables researchers 

to work back the Coulomb energy, which is given by

e T = ^ S —  (=V) 8.9
2  a*b âb

where Gx is the total Coulomb energy of the ionised molecule. The ionic charge q is 

in a.u. and the nuclear separation /* is in Â (1Â = 10'^  ̂m = 1.89 a.u.). Note b.

Diatomic molecule case: The Coulomb energy calculations and results are 

straightforward especially if the molecule is a homonuclear one; then each fragment 

will carry %Cx. Otherwise conservation of momentum p  = /?» + Pb = 0 yields, (p^ = 

2 /WaCa) = (ph 2 /WbCb) => Ga/Gb = WbZ/Wg and since Ci = Ca + Gb then, Ca = CxWA^b 

and Gb = Gx/Wa/Mb where M,b ^rria + and m is the nucleus mass.

Trlatomic molecule case: Here the momentum calculations give better 

information of the geometry of the molecule as they include the ions’ directions, 

which depend on the bending angle as illustrated in figure 8.14a. In order to work out 

the final energy of any fragmented nucleus (say the one of mass Wa) it must be treated 

with the other two nuclei separately as a diatomic molecule. The equations given
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below show the steps in determining the final momentum pa and energy Ga of the

fragmented nucleus ‘a’ of mass and charge

Conservation of energy; C /^ = Ga + Gb and G/^ = Ga + Gc

e a “" =  e r '% b /M .b  =  14.4m b/A /ab(9aV '-c)

Gâ "" = G/ '̂Wc/Mac = 14.4mc/A/ac(^a^c/^b)

Conservation of momentum: + pC^ = 0 and ""P ^  + p ^  = 0

( p f ’f  = ZmaC/" = 2.775 lO’

= 2m a€r = 2.775 lO" M^^Xq^qJr^)

For convenience the momentum unit is amu.m/s and A7r“‘’‘ = is the

reduced mass of the pair ‘ab’ or ‘ac’. The mass m and charge q are in a.u. while the 

intemuclear distance r is in Â.

C0S(7[-6'a) = -COS(̂ a)

Figure 8.14a A sketch o f a triatomic molecule showing the resultant momentum and energy
Ga for the nucleus o f  mass and charge g , as the molecule Coulomb explodes.

The final momentum of nucleus ‘a’ is the vector sum of the its two momentum 

components p^^  and pa**" along and Vo respectively i.e. p& = p»^ + Pa**"- Therefore 

Pa = {pa^f + {Pa""? -  2  Pa^ Pa '̂'cOS(7I-^) => pa = ipa^f + iPa^'f + 2  Pa^^Pa^ '̂cOS .̂ 

Substitute for p f^  and pâ  ̂ from above to get the final momentum pa and final energy 

Ga = pa /̂2 /Ma in teiTTis of mass m (in a.m.u.), charge q (in a.u.) and intemuclear 

separations r (in Â)

p ,  = 5 . 2 6 1 0 '

/MbO'b , +  2x
(/»a + /M b k (/M,

1 /»b^b c o s # .
_ v k  + / » b k ( /M a + m jry

(amu.m/s) 8 . 1 0

Ga= 1 4 .4 a

+ +  2x

mfb9b
(/Ma+TMbk (/Ma+/Mck

C O S#

(e\ 0 8.11
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Allowing the rotation of the molecular axis with respect to the detector axis 

and calculating the momentum from the time of flight mass spectrometer it is possible 

to deduce the geometrical shape of the molecule prior to dissociation.

8.15 Summary

This chapter dealt with most of the processes that take place in photon- 

molecule interactions such as multiphoton ionisation, above threshold ionisation, field 

ionisation, harmonic generation, sequential and non sequential ionisation.

It was shown that an intense laser field induces molecular geometrical 

modifications like stretching, alignment and bending. The field ionisation Coulomb 

explosion model shed light on the post dissociative ionisation process and explained 

the molecular stretching and asymmetric charge production. It was proved that the 

induced dipole moment forces the molecule to align along the polarisation direction. 

The laser induced bending modification was explained by the molecular structure of 

the ionic molecular state. The light induced potentials in photon-molecule interactions 

can explain the above threshold dissociation mechanism and constructed molecular 

stabilisation in an intense laser field.

Mathematical and graphical presentations where possible were given for 

clarity and better understanding. Conservation of energy and momentum were used to 

derive the final energy and momentum of an ion dissociating via Coulomb explosion.
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Chapter 9 -  IMI Experimental Setup

This chapter describes the experimental setup employed in ion momentum 

imaging (IMI) experiments. The same experimental set up is used for z-scan 

experiments mentioned, without details, in chapter 6 .

9.1 IM I Experimental Setup

The experimental setup, shown in figure 9.1a, consists of a non-magnetic 

stainless steel, 150 mm, 4-way chamber sitting on a Pfeiffer (TPU 450H, 450 l.s'^) 

turbo pump that is backed up by diaphragm vacuum pump (Vacuubrand MD 4T). The 

turbo pump, flanges and feedthrough plates are fastened to the experimental chambers 

via confiât flanges and sealed with oxygen free copper gaskets. The controller unit 

Pfeiffer (TCP 380), provides a digital indictor of the turbo pump conditions (such as 

speed, electric current and time), controls the turbo pump, magnetic ‘vent’ valve and 

the backing pump. At the start, the controller unit shuts the magnetic valve, runs the 

backing pump and gradually speeds up the turbo pump to reach a maximum of 705 Hz 

(> 42000 rpm) in 40 minutes.

The right side confiât flange of the experimental chamber has one feedthrough 

port (34 mm 0 )  with two of four connectors for the heating bulb. Three similar 

feedthrough ports are mounted on the left side confiât flange, of which two are blank 

and the third has two of three connectors for the copper/constantan thermocouple that 

reads the temperature on the hypodermic needle. A connector to the Kanthal 

‘hypodermic needle’ heating wire is fed through from the top port flange. The left side 

confiât flange also holds 3x70 mm 0  ports of which the first is blank. The second port 

is for the ionisation gauge (Vacuum generator VIG 22) that is connected to the ion 

gauge controller (Vacuum Generator IGC 27) to continuously read the pressure inside 

the experimental chamber. The third port is for the residual gas analyser (RGA, 

Spectra LM2, formerly Leda-Mass) cylinder (41 mm 0 )  that extends 100 mm and 

houses the quadrupole mass spectrometer unit. At the end of the RGA cylinder a 

confiât flange holds the connector to the RGA’s RF head. A detailed sketch of the two 

sides and top confiât flanges are given in figure 9. lb.
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Figure 9.1a A diagram o f  the experimental setup showing most o f the components. The circuit box 
contains potential dividers necessary for the micro-channel plate detector and feed through connectors.
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The RGA detects the residual gases inside the experimental chamber through 

the processes that take place in the following parts (Leda-Mass 1991);

1. The ion source or ioniser ionises a sample of the atoms and molecules by 

accelerated electrons emitted from a filament, and sends them to the quadrupole 

filter.

2. The quadrupole filter separates the ions according to their mass to charge ratio 

miq and presents each miq to the collector.

3. The collector detects the ions and converts the signal into an electrical current that 

is passed to the RF head for amplification. Units 1 to 3 are housed in one piece 

(Spectra LM2) inside the experimental chamber to form a complete Quadrupole 

Mass Spectrometer.

4. The RF head (Spectra LMIO) consists of the amplifier electronics and the inputs 

and the outputs connected to the Satellite control unit.

5. The Satellite unit (Spectra LM46) is a processing unit that is interfaced to a PC 

via RS232 serial link and is computer controlled under Windows environment.

The experimental chamber is protected by electrical trips and in cases of any 

failure the Pfeiffer (TCP 380) controller unit switches off the turbo and backing 

pumps and opens the magnetic vent valve, after the turbo pump slows down to < 1 0 0
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Hz to avoid putting pressure on the vanes and bearings due to sudden rush of air, to 

bring the experimental chamber to atmospheric pressure.

Two fused silica windows extend -45 mm on both sides of the experimental 

chamber to serve as the laser entrance and exit windows. The axis that joins the 

centres of the fused silica widows passes through the interaction region (IR) that 

forms the centre of the experimental chamber. The pressure in the experimental tank 

is 1x10'^ Torr after a couple of hours from the start of pumping and when it is baked 

for two days the pressure drops below 1x10’̂  Torr.

The gas line connected to the interaction chamber is pumped by an Edwards 

(RV3) rotary pump to a pressure of less than 1x10'^ Torr as measured by a Pirani 

(Vacuum generator ZPVG3SKF) pressure gauge. The gas line is flushed by the target 

gas or vapour to ensure the purity of the admitted gas into the interaction chamber. 

The cylinder can be replaced by an ampoule containing liquids.

The top part of the experimental chamber houses the Wiley-McLaren time of 

flight mass spectrometer (TOFMS) that will be described in the following section.

9.2 Time of Flight Mass Spectrometer (TOFMS)

The Wiley-McLaren TOFMS type presented in figure 9.2a consists of bottom 

and top plates (1 mm thick and 50 mm 0 )  at positive (+150 V) and negative (-150 V) 

potentials, respectively, and separated by 20 mm. A fine mesh of 0.5 mm spacing is 

held in place by DAG (conductive graphite solution) to cover the central 10 mm 0  

hole on both plates and thus generate a uniform static extraction E-fleld between the 

two plates. A third similar plate with mesh at -501 V that forms the acceleration grid 

and the base of the drift tube is separated by 5 mm from the top plate to accelerate the 

ions into the field free region of the drift tube (106 mm), which is at same potential of 

the acceleration grid. At the end of the drift tube a 3 mm 0  aperture is introduced to 

improve the experimental acceptance angle of the detector followed by an ion 

acceleration grid at -2.8 kV, which also prevents secondary electrons produced by the 

channel multiplier plates (CMP) from entering the drift tube. The non-magnetised 

stainless steel drift tube (DT) is 110 mm long and supported by two ring clamps 

isolated from the holder by PTFE insulation.
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F igure 9.2a The Wiley-McLaren TOFMS assembly used in the IMI experiment. All measurements 
are to scale except the ring clamps and the hypodermic needle (HN) holders and where indicated. The 
circuit box is mounted outside the experimental chamber as shown in figure 9. la.
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Two parallel CMPs (Phillips G25-25DT/13, 2 mm thick, 27 mm 0 ,  25 pm 0  

channels angled 13® to the perpendicular axis of the CMP plate, and 96 MQ 

resistance) plates separated by a 1 mm thick copper ring electrode are the active part 

of the detector. The potential drop across each of the CMPs is -1.167 kV (maximum

1.5 kV). An externally wired concentric copper disc and ring collect the signal from 

the CMPs and pass it to the digital storage oscilloscope DSO (Tektronix TDS 744A) 

interfaced with a PC via GBIP link.

The laser beam is reflection focused using a 50 mm focal length spherical 

mirror that is fastened inside an adjustable threaded cylinder-like holder. The inner 

threaded side of the holder fixes the mirror firmly in position using a 2  mm wide 

threaded ring with 2 PTFE washers on both sides of the mirror to protect it from 

damage. The outer threaded side of the mirror holder enables the focused spot of the 

laser beam to be moved to the IR region that lies on the centre between the top and the 

bottom plates. The laser beam can be also focused using a 50 mm focal length lens or 

a longer focal length lens (250 mm) mounted on the opposite side to the mirror or 

outside the experimental chamber respectively.

The hypodermic needle HN (0.5 mm 0  and 20 mm long) is inserted 

horizontally through its holder hole where the tip, at 10 mm from the IR, points at the 

interaction region (IR). When the experimental chamber is open to atmosphere and 

flashes of the focused laser spot are viewed through the HN holder hole the spherical 

mirror is in good position. A Kanthal heating wire and a copper/constantan 

thermocouple are wounded round the HN to heat and read the temperature of the HN, 

respectively, in case the molecular gas is needed to be excited. PTFE tubing 

connected to the HN conducts the gas from the gas line through the leak valve LV 

(Vacuum Generator, VG MD6 ), mounted on the top port flange, to maintain the flow 

of the gas at constant pressure into the experimental chamber.

9.3 Setup and Alignment of the Laser Beam

The procedures for setting up and aligning the laser beam through the 

experimental chamber are the same as for the z-scan experiment in chapter 6 , sections

6.3 and 6.4 (see figure 6.3a). However, during the alignment process the TOFMS is 

removed to avoid blocking the HeNe laser by the spherical mirror. Once alignment is
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achieved the TOFMS is lowered into its position and laser flashes are viewed through 

the HN holder hole to ensure they coincide with the IR. Irises are then placed in the 

path of the laser beam to establish the laser beam axis.

A half wave {XJ2) plate, mounted in a Newport (URM lOOCCHL) motorised 

rotation stage connected to a Newport (MM4005) motion controller unit that is 

interfaced to PC via RS232 serial link, is introduced before the lens to enable the 

rotation of the laser beam polarisation direction. Note that as the X12 plate is rotated 

by 0̂  then the polarisation field will rotate by 20 . The Newport motion controller 

program is written in G-language (graphical C) using Labview (National Instruments, 

version 5.0) software under the Windows environment.

9.4 Data Collection

Once the setup and alignment of the laser beam are satisfactorily achieved the 

process of collecting the data starts. The integrating sphere photodiode connected to 

the DSO monitors the fluctuations in the energy of the laser pulse and triggers the 

DSO. A tolerance of ± 10 % is set to minimise the effect of energy fluctuations in the 

laser pulse while the DSO is set to average the spectra of 100 ‘triggered’ laser shots 

that runs at 10 Hz, 800 nm and 65 fs. The energy of the laser pulse averaged over 100 

shots is read on a power meter that has a conversion ratio of 9.23 mJ/mV.

Commands 

Run ^

S ta rt angle  
(+  1 step). 

O rd ers  
to  start

Photo
diode

A v erag ed  
d a ta  rece ived  

&  sto red  in 
P C C 3 0 0

V isu a lisa tio n  
&  p ro cessin g  
d a ta  on  tim e.

X ------------------------- /

PC D60
N ew port
(M M 4 0 0 5 )

- > PC D60
DSO

T ek tro n ix

\ ________________ /

PC D60 - > ■

r*—
S to rag e

PC C300
k

Seria l lin k  R S 2 3 2 G P IB  link  4 8 8  p o rt E th e rn e t L ink

F ig u re  9 .4a A sketch showing the sequence o f the data collection loop. PC D 60 and C300 stand for 
PC Dell 60 M Hz and Carrera 300 M H z respectively.

The programs that direct the outputs to and record the inputs from the DSO 

and Newport motion controller are written in G-language Labview based software in 

the Windows platform. When the commands are set, such as the rotation angle step, 

start and stop angles, the program runs in the sequence shown in figure 9.4a. The data 

at the end of each loop that represent one rotation angle step are stored in another PC
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(Carrera 300) linked via the Ethernet network for on time visualisation and data 

processing without jamming and slowing down data collection process. Therefore 

commands are executed in order and the loop repeats itself with one step rotation 

angle added to the previous run set by the Newport motion controller.

9.5 Experimental Acceptance Angle

The detection of an ion produced in the interaction region depends on its initial 

energy, initial trajectory angle with the detection axis, strength of the extraction field 

and the aperture size at the end of the drift tube as shown in figure 9.5a. Increasing the 

ion energy and the angle of the trajectory the acceptance angle decreases, while 

increasing the extraction field and the aperture size increases the acceptance angle.

Aperture

Ions

Acceleration grid

Top plate

Initial trajectones

I

Aperture

Ions

Acceleration grid
-501V

-150V
Top plate

Initial trajectory

I

Bottom plate
+150V

Bottom plate

F igure 9.5a A sketch showing the experimental acceptance angle for different ion energies and 
trajectories, (a) ions have same initial energy but different initial trajectory angles a  while (b) ions 
have same initial trajectory angle but different initial energies G. Those with small initial trajectory 
angles and less energy are detected and therefore have a bigger experimental acceptance angle.

A program written in Visual Basic that includes the geometry of the extraction 

plates and the acceleration grids determines the experimental acceptance angle of the 

forward and backward ions as a function of their energy {Thomas Ph.D. thesis 1999). 

The inputs are the grid potentials and spacings, interaction region size, aperture size, 

flight tube length and ion mass, charge and energy under test. An example of the 

experimental acceptance angle for O ions is given in figure 9.5b, which shows that the 

experimental acceptance angle is bigger for the higher charge state ions because the 

force of attraction {qE) is bigger.
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Figure 9.5b Experimental acceptance angle (a ) obtained for oxygen ions. The data points 
were collected using the Visual Basic program.

9.6 Correction Factor

The calculated experimental acceptance angle using the visual basic program 

is a ID angle. However, figure 9.6a shows that the detected signal S of an ion at 

particular momentum value p is  a contribution from all ions that lie on the surface 

area A = n[p tan(a,)]^, where a. is the acceptance angle of the most energetic ion, 

which has initial momentum p, (= p/cos(a,)) but detected with momentum p. The area 

A is then divided by the area of the hemisphere of radius p,. Hence the detected signal 

S is divided by correction factor = V2sin^(a,) that is analogous to solid angle correction 

{Sanderson et al 1999).

Figure 9.6b shows the correction factor against the detected momentum p for 

three different oxygen ions and compared with the uncorrected acceptance angle (a/) 

vs the initial momentum p,. The uncorrected plots show a sudden switch to maximum 

acceptance angle (a,), which is physically not acceptable, while the corrected ones 

show what should be expected from the geometry of the TOFMS as a smooth curve to 

full detection of the low energetic ions.
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Figure 9.6a A sketch o f  the momentum geometry space that contributes to the detected ion signal 
at momentum value p.

Maximum a , = 90'0.5
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o
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Figure 9.6b The detected ion signal at momentum value p  must be divided by the correction factor 
shown in the plot as a function o f the detected ion momentum p. Dashed lines represent the 
acceptance angle (a,) vs the initial momentum pi o f each 0  ion for comparison

9.7 Time of Flight (TOF) and Conversion to Momentum

Molecules in intense laser fields are ionised and undergo Coulomb explosion 

due to the repulsion forces between the ions. As the molecule explodes the ions share 

equal magnitudes of momentum, but different direction depending on the molecular 

geometry, while ions carry different energies according to their masses, the lowest 

mass carries the highest energy. However, molecules align in the laser field due to the 

induced dipole moment. The fragmented ions Coulomb explode, considering a 

diatomic molecule and the laser E-field parallel to the detector axis, such that the
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forward ions accelerate towards the detector and the backward ions decelerate away 

from and then accelerate towards the detector as shown in figure 9.7a. Therefore, the 

time delay between the detected ions is 2A/, where A/ is the time it takes the backward 

decelerating ion to reach zero velocity.

....................................... -150  V
Forward ions

(IR) Time, t=Q

Laser beam

Backward ions

+ 150 V

Figure 9.7a A sketch showing the forward and backward fragmented ions and the time delay (2A/) 
between their arrival at the detector

From the time delay between the forward and the backward ions one can 

calculate the energy of the Coulomb explosion and the momentum each ion carried. 

The momentum p  and energy G formulae are given, respectively, by

/> = 96.5^£A/(amu.m.s’*) 9.1

\2

e= -^ = 4.83x10-'
2m m

9.2

where q is the charge in atomic units (au.), E is the extraction E-field in kV/m, Af is 

time in ns (nano-second) measured from the midpoint between the forward and the 

backward detected ion signal and m is mass in atomic mass unit (amu.). For example, 

<7 = 1  au., E = 15 kV/m (= 150 V/cm), A/ = 1 ns and m = 1 amu then p  = 1448 

amu.m/s and G = 0.011 eV.

Figure 9.7b shows two spectra for Fl2 0  molecules in a focused laser beam of 

11 mJ energy at 60 fs pulse length with the E-field perpendicular (_L) and parallel (//) 

to the detector axis. The ions split into forward and backward ions due to the 

alignment of the H2O molecule along its H-H axis for the EH case, whereas O ions 

broaden for the EL case due to the bent structure of the H2O molecule.
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Figure 9.7b A spectrum o f H^O fragments obtained with 2 different polarisation directions as 
indicated. F and B indicate forward and backward H" ions. Note the change in the width o f the O 
ions where they broaden with E 1.

9.8 Correction for the Experimental Acceptance Angle

In the correction procedure for the experimental acceptance angle, is 

considered as an example for the case EE. is found to peak at around 1280 ns, 

which is supposed to be the  ̂= 0 time Therefore, 1280 is subtracted from the TOF of 

the forward ions to give A/ then the momentum p  is calculated using equation 9.1.

0.08
0.06

0,05

0.04

0 .06 Forward /  r = 0 \  Backward003

0.02

0 .0 !

0.04 1230 1250 1270 1290 13301310

O afte r co rrec tion  
O" b efo re  co rrec tio n

0.02

0
0 5 5 ,5

0 .5x10 1.0x10 1.5x10

m om entum  (/7/am u.m .s 
F igure 9.8a The conversion o f  the TOF o f the forward ions (shown in the inset) into 
momentum p. The signal o f  the detected momentum is then corrected for the experimental 
acceptance angle.
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The detected signal of vs momentum p  shown in figure 9.8a peaks at zero 

momentum because the least energetic ions have nil experimental acceptance angle. 

Therefore, the detected signal is divided by the correction factor mentioned in section

9.6 (see figure 9.6b) to produce a corrected signal that peaks at around 3.5x10"  ̂

(amu.m/s) due to the influence of the experimental acceptance angle. The corrected 

data is used to deduce the geometry of the exploding molecule. Fuller details and 

results for H2O molecules using the ion momentum imaging maps (IMIM) will be 

given in the following chapter.

9.9 Summary

The ion momentum imaging experimental setup was discussed and the Wiley- 

McLaren time of flight mass spectrometer was detailed. The laser setup and alignment 

were shown to be the same as discussed for the z-scan experiment. The data collection 

sequence was sketched and proved that there was no interruption or congestion in the 

collection process.

The experimental acceptance angle was explained and correction procedures 

for that effect were included to deduce the correction factor. Time of flight and time 

delay between the forward and the backward ions showed the possibility of 

converting them to momentum. An example of the H2O spectrum was given and the 

corrected detected signal of the ion for the experimental acceptance angle is 

determined.
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Chapter 10 -  High Intensity Laser Interactions with H2O: Results

The water (H2O) molecule is the subject of study in this chapter. Water is one 

of the major constituents of our planet earth that is necessary for life and is a focus for 

discovering on other planets. In this work the geometrical changes in water molecules 

subjected to high intensity laser field will be studied.

10.1 Theoretical and experimental Review

Theoretical and experimental studies have shown that the water H-O-H 

molecule has a symmetric shape and a bend structure of 104.5° in its electronic 

ground state, thus possessing C2v symmetry. The bend shape gives rise to a permanent 

dipole moment along the angular bisector in the plane of the molecule, as shown in 

figure 10.1a, i.e. the molecular symmetry axis. Werner et al (1995) have studied 

experimentally the molecular shape of H2O by bombarding it with fast ions while 

utilising a time and position-sensitive detector. The conclusion is that the bend angle 

(-105°) in H2O molecule is the same for all ionisation channels and the total Coulomb 

energy is ~ 37 eV and 6 8  eV for ionisation {q\\,qo,qw) channels H2Û^  ̂ (1,1,1) and 

H2 0 "̂  ̂(1,2,1) respectively, thus the bond 0-H length is around 1 Â.

104.5'
0.96 Â

a .

F igure 10.1a The molecular structure o f the H^O molecule. It has a permanent dipole 
moment dp = 0.724 a.u (= 1.85 10'^^ esu). The mean Polarizability a  = 9.8 a.u (=1.45 Â^). 
The electronic g/s: l a /  2 a /  lb 2  ̂ 3 a /  l b / ,  1  ̂ ionisation from l b /  Vi(jp) = 12.622 eV,
2"^ ionisation from 3 a /  V 2(ip) = 13.939 eV , 3'̂ '̂  ionisation from lb 2  ̂W(ip) = 16.973 eV .
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The permanent dipole moment allows vibrational excitation by photon 

absorption in the electronic ground state that has a (lai^ 2 ai  ̂ Ibz  ̂ 3ai^ lb /)  

configuration. The electronic excitation to Rydberg states from the non-bonding Ibi 

and the bonding 3ai orbitals have a bent and a linear equilibrium geometry 

respectively ( Van Harrevelt and Van Hemert 2000). The potential energy curve (PEC) 

crossings can take place between the linear and bent geometry states; resulting in 

dissociation of the bound states via a bond softening process.

18 -■

16 - •

14 -•

12 - ■

g  1 0 - .
UJ

H+OH CZ)

H+OH ('n )

1.8
%-OH (3.U.)

(c)

I

104° 180°
Bending angle {ff)

Figure 10.1b LHS (a) the sketch o f the neutral H2O molecular excitation and the lowest H2O 
ionisation thresholds. The lines between the states indicate adiabatic dissociation channels for 
symmetric (C id  and asymmetric (C J  symmetries (Rottke et a l 1998). RHS; the three lowest potential 
energy curves o f H2O molecule as a function o f  (b) intemuclear separation between H and frozen OH 
at equilibrium distance Re=1.8 a.u. and (c) the bending angle 9{Schinke 1993).

Figure 10.1b shows the energy levels of the excited states of the neutral H2O 

molecule and the lowest ionisation stage. Also shown on the RHS of figure 10.1b 

is the dependence of the potential energy curves (PEC) (and potential energy surfaces 

PES) on the intemuclear separation between the nuclei and the bond angle 0. The H2O 

potential energy curves and surfaces (PEC and PES) in its electronic ground and 

lowest excited states will not be detailed in this work due to the large number of these 

potentials (shown as grey boxes in figure 10.1b). The following references (Van
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Harrevelt and Van Hemert 2000, Varandas et al 1998, Schneider et al 1996 and 

Schinke 1993) detail the significance of these potentials in the processes of 

photodissociation dynamics.

10.2 Potential Energy Surface

The field ionisation Coulomb explosion theoretical and experimental studies 

of H2O are very scarce. Bunker et al (1999) and Van Huis et al (1999) have studied 

the potential energy surface (PES) for in its ground state to explain the

Coulomb explosion into OH^ +

-0.62

-0.31

3 0.062
C

1.5--

0.062

0.0

80 100 120 160140
Bending angle ( f f )

Figure 10.2a A contour plot o f the PES (in eV) of H20^" as a function in the bending angle ^and  the 
intemuclear separation R between H and frozen OH at equilibrium distance R^=l .2À. Zero energy is 
taken at the metastable minimum Rg=1.2À and ^ 1 8 0 °  presented by a dot {Bunker et a l 1999). The 
RHS plot is the PEC o f HzO^^ taken along ^ 1 8 0 °  for clarity {Van Huis et a l 1999).

2+Figure 10.2a presents the potential energy surfaces (PES) for the H2O 

molecular ion from Bunker et al (1999) as a function in the bond length ^h-oh, where 

the OH bond length is kept fixed at the equilibrium position = 1.2 Â, and the bend 

angle 6. The PES contour plot shows a metastable state at the equilibrium separation 

in a linear geometry as shown on the RHS potential energy curve (PEC) plot along 0 

= 180'\ The zero energy of the metastable state is at 5.48 eV above the dissociation 

energy of H  ̂+ OH^ while the potential of the saddle point is at 0.1 eV above the zero 

energy {Van Huis et al 1999).
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The computed vibrational energies (in Cj symmetry) by Van Huis et al (1999) 

for the short and the long 0 -H  stretch and H -O -H  bend are 0.27, 0.12 and 0.08 eV 

respectively. This indicates that the stretch mode of H:0^^ gives rise to the 

dissociation into H^ + OH^ as the energy of this mode is higher than the saddle point 

energy (0.1 eV) of the metastable H]0^^ state. One concludes that the bending mode 

survives dissociation to give higher ionisation levels at higher laser intensities. 

However, H]0^^ is usually formed with an excess energy of about 3 eV that exceeds 

the energy required to dissociate the molecule, therefore, the bending mode will 

dissociate only ifHiO^^ has excess energy or via tunnelling through the barrier.

Note the vibrational energy of the H:0^^ symmetric stretch mode is not 

computed as it is in the Civ symmetry. Hence, it is likely that HiO^^ dissociates into

H20^-"(C2v)

+ 1"*

2 H ^ + 0  2°^

P f + OH+ 3"*

Hz + 4*̂

The last two channels are very unlikely to occur because for the 3̂ “' chatmel to occur

must be in the Q  symmetry (see figure 10.1b (a)) and the 4"" does not occur 

because the ionisation potential of (35.12 eV) »  the ionisation potential of Hz 

(13.9 eV). The first channel is weak because in an oscillating E-field ionisation takes 

place through the outer (H) barriers (see chapter 8 section 8.7) or requires the H atoms 

to be adjacent i.e. H -H -0 , which only happens via an isomérisation process. 

Therefore, the strongest dissociation channel in Civ symmetry of doubly ionised HiO 

molecule is 2H^ + O.

10.3 Laser Induced Alignment in HiO

The bend structure of the HiO molecule generates along the axis of symmetry 

a permanent dipole moment dp, which interacts with the oscillating E-field of the laser 

beam. However, this potential of interaction averages to zero over an optical cycle 

(see chapter 8 section 8.9). Alignment of the molecule with the laser polarisation 

direction arises from the induced potential of interaction due to the polarisability 

anisotropy {an -  aj.) of the molecule.
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Larsen et al (1999) has detected alignment in the diatomic I2 molecule with a 

3.5 ns laser pulse while Kumar et al (1996) and Safvan et al (1998) have found laser 

induced alignment in triatomic CO2 and CS2 molecules in a 35 ps laser pulse. 

Bahrdwaj et al (1997) has studied the laser induced alignment in H2O, NO2 and SO2 

molecules, using a 35 ps laser pulse at lO'  ̂ W/cm^ laser intensity. The deduction is 

that the induced dipole moment d,// (_L symmetry axis) increases with the laser 

intensity as shown in figure 10.3a while the permanent one dp± (// symmetry axis) 

decreases. This implies an > which drives the molecule to align with the symmetry 

axis perpendicular to the polarisation direction i.e. H2O aligns with H-H axis along 

the polarisation direction.
Intensity (xlO^** W /cm h

0.0 0.14 0.56 1.26 2.24 3.50 5.04 6.87 8.97 11.3 14.0
2.0

dpx parallel E-field

c

I
a

5

■ ■0 ,
Q.

■■0.4anti-parallel E-field

0.0
0.0 0.04 0.16 0.200.08 0.12

Electric field (E/a.u.)

Figure 10.3a The computed induced dipole moments (d[, and dpj.) o f  H^O as a function o f  the 
applied E-field. Solid and dashed curves are respectively when the E-field is applied perpendicular 
and parallel to symmetry axis o f  H2O. In the latter case di,̂  = 0 (Bhardwaj et a l 1997).

10.4 Laser Induced Coulomb Explosion in Molecules

The short femtosecond and intense laser pulses probe the high stages of 

ionisation of molecules and result in Coulomb explosion phenomenon. This 

phenomenon can be preceded by fast geometrical deformation and molecular 

alignment with the laser polarisation direction followed by anisotropic production of 

molecular fragment ions.

Yamanouchi et al (2000), Sanderson et al (1999), Hishikawa et al (1999), 

Bryan et al (2000) and others have studied molecular geometrical deformation in 

Coulomb explosion in di- and tri-atomic molecules such as N2, NO, CO2, SO2 and
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H2O. The method employed in all the above experiments is the mass resolved 

momentum imaging map (MRMIM) incorporating a time of flight mass spectrometer 

(TOFMS). The angular distribution of the fragmented ions is detected by rotating the 

laser polarisation direction with respect to the detection axis of the TOFMS. The 

analysis of the MRMIMs show that molecules stretch to nearly twice their equilibrium 

distance and tend to straighten to about 180° bend angle. The straightening of the 

molecule is interpreted using light dressed potential energy surfaces (LDPES) along 

the bending coordinate and the avoided crossing between the linear and bent geometry 

states as shown in figure 10.16a.

10.5 Enhanced Field ionisation in H2O

The field ionisation Coulomb explosion model explains the ionisation 

enhancement at some critical distance Rc, at nearly twice the equilibrium distance K;, 

as due to effective potential barrier suppression by the applied E-field at large 

intemuclear distance.

Intemuclear separation (r/Â)

0.53 1.06 1.59 2 .12  2 .65  3.18 3.71 4 .2 4  4 .7 7  5 .30  5.83 6.36

- —  (1,3,1), ^  = 160'
-  -  (1,3,1), ^  = 140'
- —  (1,2,1), ^  = 140'
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• — (1,1,1), 0̂ = 180'
-  -  (1,1,1), ^  = 130'

B e n d  a n g le
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1310
2 3 4 6 9 10 11 121 5 7 8

Intemuclear separation (r/a.u.)
Figure 10.5a Appearance intensities for each o f the ionisation channels o f  the H2O molecule using 
the enhanced field ionisation Coulomb explosion model at different bend angles ( ^ ) .  The solid 
curves are computed at the ground equilibrium bend angle 9o = 104°.
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Figure 10.5a shows the computed laser appearance intensity required to ionise 

the H2O molecule into the (^h,^o,^h) channels as a function of the intemuclear 

separation r. The computed model accounts for the electron Stark shift and the bend 

angle. The model shows that each ionisation channel has a low appearance intensity at 

a critical intemuclear separation Rc that is 3 to 4 times the equilibrium distance Re = 

1.81 a.u. Re gets smaller as the ionisation chaimel gets higher. As the molecule 

straightens the appearance intensity curve slightly shifts towards a lower intensity and 

a lower critical distance.

10.6 Experimental Procedures

The experimental chamber, laser alignment and data collection sequence are 

setup as described in chapter 9. The base pressure in the interaction chamber is about 

1x10'  ̂ Torr after a couple of hours from the start of pumping and it drops to about 

3x10'^ Torr in a couple of days. At this stage the residual gas analyser detects 

background residual gases prior to baking. Figure 10.6a shows the RGA readings 

through different stages of baking the experimental chamber where after 3 days of 

baking the only remnant gases are H2, H2O and N2 at pressure < 1x10'  ̂Torr.

The laser pulse (Ti;S, i  « 60 fs, ^ = 800 nm and 10 Hz) has a pulse energy of 

900 pJ. The laser beam of diameter 10 mm is reflection focused by a 5 cm focal 

length spherical mirror to produce an intensity of 2x10^^ W/cm^ in a twice diffraction 

limited spot. A half wave (X/2) plate, mounted in a computer controlled Newport 

motorised rotation (URM lOOCCHL) stage connected to a Newport (MM4005) 

motion controller unit, rotates the laser polarisation in 2.5° steps with respect to the 

detection axis. The pulse height from the integrating sphere photodiode that provides 

the triggering pulse is monitored and ± 10 % tolerance is set on the oscilloscope to 

reduce the effect of laser energy fluctuations.

Ions are extracted through the top plate grid by the E-field (150 V/cm) 

between the two extraction plates into the time of flight (TOF) mass spectrometer. 

The ions are detected by the MCP and the TOF signal is fed directly into a Tektronix 

TDS 744A digital oscilloscope interfaced with the PC. The TOF spectrum at each 

rotation stage is averaged over 100 laser shots. Ion species are determined by plotting
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their TOF against the square root of their mass to charge ratio {miq), as explained for 

xenon in chapter 7, section 7.4 (see equation 5.3).
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F igure 10.6a The residual gas analyser readings taken at different times (a) before baking (b), 
during and after 1 hour baking and (c) after 3 days baking. H;, H2O and are the only residual 
gases in the experimental chamber at background pressure o f 1x10'^ Torr.
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10.7 HiO Results

Distilled water contained in an ampoule (50 ml capacity) and connected to the 

gas line in place of the gas cylinder is left to boil for two hours under low pressure to 

degas it. Pure water vapour is then introduced into the vacuum chamber rising the 

pressure from < 1x10'^ to 1x10'  ̂ Torr. The TOF spectrum, averaged over 100 laser 

shots, is recorded at each rotation stage of 2.5° to build a matrix of TOF spectra 

against polarisation angle as shown in figure 10.7a in a cartesian plot where z-axis is 

the ion signal strength. The spectrum on the RHS is chosen at the polarisation angle 

P = 0° to give an idea of the fragmented ion signal strength relative to the parent 

molecular ion H2 0  ̂signal.

2.0

1.6

1.4

f  1.2
Lu
ê  
1  10
0
1g  0.8

0.6

0.4

0.2

-40 10 60 110 160
320 Polarisation angle (P”)

F igure 10.7a A matrix o f the TOF spectra versus polarisation angle recorded for high intensity 
(2x10*^ W/cm^) laser interaction with H2O molecule. The RHS plot presents the spectrum o f the ion 
fragments taken along p = 0°. Note that p is 2 k  periodic i.e. p =  -90^ = p = 360° -  90° = 270°.
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The matrix in figure 10.7a shows while some ion signal like the (and 

residual peak at vertical polarisation direction (p = 0° and 180°) other ion

signals such as peak at horizontal polarisation (p = 90° and 270°). This suggests

the molecule is forced to align with the H-H axis along the polarisation direction. The 

molecular parent ion H2 0  ̂ looks isotropic at all polarisation directions because it has 

zero energy hence has full detection with 7i/2 acceptance angle. Note H20^\ 

compared to residual N2^\ has not been detected because it is not stable, which agrees 

with the study of Van Huis et al (1999). Each of the ion species is determined from 

the plot of the TOF against the square root of the mass to charge ratio as shown in 

figure 10.7b.

2.0
HO

y = +0.518x -0.374 
max dev:0.00936, r^=1.00

0.5

1.0 1.5 2.0 2.5 3.0 3.5 4 .0 4.5

{m/q)M l

F igure 10.7b A plot o f the fragmented ion TOF versus the square root mass to charge ratio

10.8 Momentum Imaging Maps (MIM)

In order to analyse the dissociation dynamics and molecular geometrical 

modifications prior to Coulomb explosion, each of the fragmented ion species is 

presented in a polar plot and the TOF axis is converted into ion momentum along the 

radial axis. The polar plot is generated, as illustrated in figure 10.8a, from the 

midpoint axis between the forward and the backward ions and includes the entire 

forward ion signal along the polarisation angle because the latter signal is stronger and 

cleaner than the backward one.
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Figure 10.8a An illustration showing the method o f transforming the matrix o f the TOF o f a model 
fragmented ion (e.g. into a polar plot with the conversion o f the TOF axis into momentum 
along the radial axis w herep  -  96.56/(au)£(kv m)At(ns) (see equation 9.1 chapter 9).

Figure 10.8b shows the polar plots of the momentum imaging maps (MIM) of 

the fragmented ions O ,̂ and The LHS polar plots are constructed directly 

from the matrix of the TOP spectra before correcting for the experimental acceptance 

solid angle. The observed angular distribution confirm reorientation, and alignment 

with H-H axis along the E-field, of the light H2O molecule in a femtosecond (60 fs 

laser pulse length) time scale as the moment of inertia in H2O is small. This suggests 

the induced parallel dipole moment di// dominates at high laser intensity and so the 

molecule is driven to align at (3 = and 180°.

The wide angular distribution of H  ̂ and the elliptical shape of and 

arises only from the bent structure of the H2O molecule. The H2O molecule with a 

bent nature and aligned with H-H axis along the E-field repels the central O ion 

normally to the polarisation direction contributing to a wide angular distribution (P(P)) 

of the H  ̂ion about the E-field.

The H  ̂ polar plot MIM shows a weak signal at momentum % 0 and 19 

(xlO^amu.m/s) consisting of ions from H  ̂+ OH (1,0) and 2H^ + O (1,0,1) channels 

respectively. The lowest momentum (1,0) channel is nearly isotropic in angular 

distribution indicating weak alignment and therefore must be produced in the outer 

region of the laser confocal spot where the intensity is low. The least-squares fit of the 

trigonometric form ^xcos^(P) is used to describe the alignment of the molecule about 

the E-field where a large value of B indicates strong alignment while B <2 shows no 

alignment. For the (1,0) channel B = 2.3 indicates very weak alignment. On the 

contrary the (1,0,1) channel shows some alignment with the E-field where a least-
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squares fit gives B » 4.3. However, the alignment of (1,0,1) channel can arise due to 

repulsion between the outer light H ions prior to Coulomb explosion. Figure 10.8c 

shows the least-squares fit for the two channels (1,0) and (1,0,1) at momentum p = 

and 19 (xlO  ̂amu.m/s), respectively, prior to correction for the acceptance solid angle.
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Figure 10.8b A polar plot o f  the fragmented ions where the radial distribution presents the ion 
momentum. The polarisation direction points vertically and the plots shown on the LHS are before 
correction and on the RHS are after correction for the variation o f the acceptance solid angle.
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F igure 10.8c Least-squares fit o f the trigonometric form /4xcos^(I3)+C to the proton signal of 
channels (1,0) and (1,0,1) at mom entump  = 3 (top) and 19 (bottom) (xlO^ amu.m/s) respectively.

10.9 Corrected M IM  and M onte Carlo Simulation

It is shown in chapter 9 (section 9.5) that the low energetic ions have a large 

acceptance solid angle which give rise to a strong signal for low energy ions 

compared to the energetic ones. Corrections to the acceptance solid angle as discussed 

in chapter 9 section 9.6 are necessary to extract the information about the molecular 

geometry prior to the Coulomb explosion.

The corrected MIM on the RHS of figure 10.8b shows a large effect on the 

fragmented O ions, which change their shape from an ellipse to a pair of lobe like 

islands, because the small momenta have acceptance angles reaching tc/2 as the 

momenta approach zero. Similarly, the signals of zero and low momenta, ions in 

the (1,0) and (1,0,1) channels respectively, are suppressed. The correction effect on 

the high momenta H ions produced by Coulomb explosion of the channels (1,1),

(1,1,1) and (1,2,1) is marginal.

When the ion signals are corrected for the experimental acceptance angle a 

Monte Carlo simulation is performed {Bryan thesis 2001, Sanderson et al 1999) to 

match the measured MIMs. In the simulation the bond length (r), bend angle {0) and 

alignment angle {(j)) with the laser field are allowed to vary, in triangular and 

trapezoidal distributions, to mimic the momentum imaging maps (MIM) via the
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Coulomb explosion processes. The MIM simulations in figure 10.9a show a good 

agreement with the corrected experimental results.
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ë 40-
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Figure 10.9a A comparison between the 
corrected experimental results and the 
Monte Carlo simulation for O and H ions 
dissociated from H2O molecule in an 
intense (2x10*^ W/cm^) laser field. In the 
case o f  O ions the simulation results are 
presented in the lower half while simulated 
H  ions are presented in the LHS half. Note 
the colour intensity scale o f  the O MIMs 
are very similar.
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The simulations only include the (1,1,1) and (1,2,1) channels and the 

triangular and trapezoidal molecular geometrical distributions, presented in figure 

10.9b, replace the smooth distributions. However, the molecular r, 6 and ^ 

distributions used in the simulation confirm the molecular geometrical modifications 

(stretching, straightening and alignment) from the ground molecular state.

10.10 Discussion

The Monte Carlo simulation is run separately for each of the (1,1,1) and

(1,2,1) channels using O ion data for comparison. The simulation results for H ions of 

each channel are then added to reproduce the MEM of H .̂ However, the simulation 

does not include the (1,1) or the (1,0,1) channels that contribute to the observed H^ 

MIM. Therefore, an alternative method that relies on superimposing the bond length r, 

bend angle ^and alignment angle ^ distributions will be applied to extend the analysis 

to include all channels. For this purpose the behaviour of H and O ion momentum and 

angular distributions must be determined from the 1-D plots first.

The momentum behaviour: Figure 10.10a shows a slice through the 

momentum spectrum, before and after correction for the acceptance angle, at p = 0° 

and 90° where H and O ion signals peak respectively. The bottom scale of each graph 

is the ion momentum while the top scale is the conversion of the momentum p  into the 

ion energy in eV.

The and momentum behaviour shown in figure 10.10a (a) and (b) peak 

at momentumpo = 25.4 and 36.4 (xlO  ̂amu.m/s) respectively. The solid line, showing 

a fit to the experimental corrected data, has the form

+ C 10.1

where A is the amplitude, at w = 1 Bip) (= 2(ln2)'^"/FWHM) is inversely proportional to 

the FWHM, which is given by {po^+ B{p)^'4\xûŸ'^ -  (p j^-  B(p)'Wln2)^ '̂", and C shifts 

the spectrum vertically. The most probable momentum is determined by po where m 

corrects for a near Gaussian distribution. These parameters are varied using a least- 

squares fitting technique to obtain the best fit, the values are given by the equation 

shown inside each graph. Note the second exponential term is introduced to allow for 

the overlapping of the backward (negative) low momenta ions.
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F igure 10.10a H and O ion momentum data along 3 = 0° and 90° respectively, i.e. through the 
signal peak value, before and after correction for the experimental acceptance angle. The top scale 
is the conversion o f the bottom momentum scale into ion energy (note the numbers must be squared 
and multiplied by the number in bracket). The stretched dotted curve in the bottom left comer for 
the corrected data o f (1,0) channel peaks at 0.31 eV (7.7x10^ amu.m/s), which is consistent with the 
absorption o f  4hv (= 6.4 eV) at 800 nm. Because the dissociation threshold into OH + H is 6.07 eV 
(Dutuit et a l 1985), therefore H will carry an energy o f  (17/18)(6.4 -  6.07) = 0.31 eV. The solid 
black curves in (c) are the Gaussian distributions for each channel as obtained by the fitting.
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The proton (H^) corrected momentum spectrum in figure 10.10a (c) is the sum 

of the + O + f f  (1,0,1), + 0H+ (1.1), H* + O* + (1,1,1) and i f  + + H*

(1,2,1) channels. The second strongest channel (1,1) after (1,1,1) and the weakest 

(1,0,1) channel that contribute to the obtained experimental spectrum are excluded 

from the Monte Carlo simulation. The solid line that fits the corrected data points is 

the sum of the closely packed channels having Gaussian distributions of the form

= e x p ( - - p 7 1 1+ C 10.2
i=l

where the parameters are as explained above for equation 10.1. The sum is over the 

four (1,0,1), (1,1), (1,1,1) and (1,2,1) channels. The channel (1,0) is excluded because 

it is very weak. Also m[ is set to 1 because w = 0.814 for and = 0.913 for are 

very close to 1. In addition, the difference in the overlap of closely packed near 

Gaussian and completely Gaussian distributions is indistinguishable.

The photodissociation + OH (1,0) channel, which is visible in the 

uncorrected spectrum in figure 10.10a (c), is heavily suppressed by the correction for 

the experimental acceptance angle. However, scaling the corrected spectrum by 40 

times reveals the (1,0) channel to peak at 0.31 eV {po = 7.7x10^ amu.m/s). The energy 

value agrees well with the absorption of four photons (1/zv = 1.6 eV at 800 nm) that 

shift the attractive potential curve by 6.4 eV i.e. 0,33 eV above the dissociation 

threshold into H^ + OH (6.07 eV, Rottke et al 1998). Hence, the 0.33 eV excess 

energy is shared between the two fragments according to their masses such that H^ 

carries (17/18x0.33 =) 0.31 eV. This result gives more confidence in the method of the 

correction to the experimental acceptance angle.

The angular behaviour. The angular distribution P(p) of the O ions is shown 

in figure 10.10b with two least-squares fits to the corrected data. One of these fits is 

trigonometric as described in section 10.8 and is given by ^xsin^(p) while the second 

fit has a Gaussian form {Friedrich and Herschbach 1995, and Larsen et al 1999)

P(p) = ^ex p {-[% co s(p )fl+ C  (^ ,4’|s in (p f'<'> + C ’) 10.3

Again the parameters are as explained above and the equivalent equation on the RHS 

is valid for i5’(p) > 2. The Gaussian distribution at FWHM = I80-2cos’̂  

((ln(2/(l+exp(-B^))))''^/^) for the LHS equation 10.3 or 180-2xsm\(!4)^^^') for the 

RHS equation 10.3. Hence, the angular distributions P(p) of O^ and O^  ̂have FWHM 

= <70°> and <60°> respectively. Both fits show that O^  ̂has a narrower distribution
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than indicating that the (1,2,1) channel is aligned tighter with the laser E-field. 

Note the parameters of equation 10.3 on the RHS are primed because they are not 

equal to the parameters of equation 10.3 on the LHS. Since p is the laser polarisation 

angle then P(p) describes the fragmented ions angular distribution about the detector 

axis.
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F igure 10.10b The angular distribution o f O ions and the least-squares fit to their corrected signal.

Figure 10.10c shows the angular distribution of the four dissociated channels 

of the proton signal at the peak momentum of each channel. The FWHM of the 

channels listed in ascending order are (1,2.1) 52.5°, (1,0,1) 60.2°, (1,1,1) 62.6° and

(1,1) 67°. Both (1,1,1) and (1,2,1) channels show the angular distributions of the H  ̂

ion (62.6° and 52.5° respectively) to be narrower than the O ion (70° and 60° 

respectively), which is contrary to what one would expect from a bend molecular 

geometry alone (see figure 10.11c). The angular distribution of the H  ̂ ion is, 

therefore, affected by both the alignment P(̂ i and the bend P(^ angle distributions.
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Figure 10.10c The angular distribution o f  the H ion at the peak value o f  the momentum o f each 
channel. The solid line fits the data points using the Gaussian distribution v4exp(-[Bsin(3)]^}+C and 
the trigonometric form /Tcos^ (P)+C’ where the significant B  and B ’’ values are shown in the graph.
Here FWHM = 2sin"((ln(2/(l+exp(-5"))))"7/?) or = 2cos“ (('/2)''^’).

10.11 2D Fit to Oxygen Ion MIM

The symmetry shape of the H2O molecule and the fact that H cannot be 

ionised beyond (1 proton nucleus) will always lead to dissociation into the 

symmetric channels (1, n, 1) with n = 0, 1,2... This fact makes the argument that the 

angular distribution of O ions is mainly due to molecular alignment with the laser E- 

field valid as illustrated in figures 10.11a and 10. lib.

(a) Symmetric Stretch (b) Symmetric Bend (c) Asymmetric Stretch
(v,00)

p  vector
S y m m e try

(OV2O)

p  vector
p  vector

180°

F igure 10.11a An illustration showing the effect o f the vibrational modes on the magnitude and 
direction o f  the O ion momentum. In (a) and (b) the momentum magnitude o f  the open head arrow is 
greater than momentum magnitude o f the closed head arrow but in the same direction along the 
molecular symmetry axis. The dashed lines in (c), representing the H -H  axis, show the dynamics of 
realigning the H2O molecule with the H -H  axis along the vertical E-field. This action will bring the 
p vector closer to the molecular symmetry axis.

- 2 1 2 -



(a) Ground state Asymmetric Stretch (OOV3) R̂ =1.82 au., 57 au., /'max=2.07 au., =̂105̂
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F igure 10.11b (a) The dynamics o f  the ground state asymmetric stretch mode, (b) The black solid and 
long dashed curves represent the variations o f the momentum magnitude and the angle o f  the 
H -H  axis about the E-field respectively, as a function o f r, and /*2, while the dashed blue and red plots 
show respectively the angles o f  the momentum and the H^ momentum p m  about the
vertical E-field as the H2O molecule undergoes asymmetric stretch at fixed initial alignment. As the 
molecule realigns itself with the H -H  axis along the E-field faster than the asymmetric stretch motion 
the angles o f the and the p m  about the vertical E-field narrows and widens as presented by the 
solid blue and red plots respectively, i.e. as function o f r ,, /'2 and (f>. Note the angles o f  the H-H axis 
and p m  about the E-field are shifted vertically by 90° for clarity.

25
  Alignment time from 0 to ti/2
 Laser pulse profile20

15

10 1/4t =  T

5

0 0
-0.45 -0.30 -0.15 0 0.15 0.30 0.45

I

Laser z direction (mm)

F igure 10.11c The quarter pendular period 'Arp for the alignment time from 0 to 90° within the 
Lorenztian laser pulse profile o f  peak intensity 2x l0‘° W/cm^. At local on axis peak intensity Iol ~ 
1.48x10*^ W/cm^ the alignment time An, = r ŝ the asymmetric vibrational period.
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Figure 10.11a shows how both the symmetric bend and stretch modes affect 

the magnitude of the O ion momentum that is ejected parallel to the molecular 

symmetry axis. The smaller the bend angle 0  and the bond length r, the bigger the O 

ion momentum p  and vice versa. The asymmetric stretch mode alters the momentum 

direction with small changes in the momentum magnitude as shown in figure 10.1 lb. 

However, the realignment of the H2O molecule with the H-H axis along the E-field 

will compensate for off molecular symmetry axis ejection; because the pendular 

period {Bandrauk and Ruel 1999) Tp = InlcOp = 2ti{2MiIaEoŸ'^ = 405 a u. (= 9.8 fs), 

where Bo = 0.759 a.u. {Iq = 2x10^  ̂W/cm^), the moment of inertia (appendix 2) Mi = 

1.17x10"  ̂emu.flo^ (emu = electron mass unit = 5.486x10'^ amu.) and the polarisability 

a  = 9.8 a.u. Therefore, for the H2O molecule to align from 0 to %/2 takes a quarter 

period i.e. V̂ tp = 2.45 fs < rvs = 9 fs the vibrational period of (OOvg) mode. Figure 

10.11c shows the variation of V̂ tp within the Lorentzian laser pulse along the laser 

direction, where at local on axis peak intensity Iql = 1.48x10^  ̂W/cm^ V̂ tp = Tv3 = 9 fs. 

Therefore, within the laser confocal volume the H2O molecule aligns faster than the 

vibrational motion of the asymmetric stretch mode. One expects the pendular period 

to increase as the molecule stretches because Mj oc i.e. °c r, but the polarisability 

also increases, mainly an as the molecule straightens, therefore an reduces the 

dependence on r.

Hence, the angular distribution of the O ions due to the asymmetric stretch 

mode will be minimal, and in all cases the observed angular distribution of the O ions 

in the MIM is mostly due to molecular alignment, i.e. for oxygen ions P(p) = P(̂ 5) a 

Gaussian distribution, with the laser E-field. While the O (and H) ion momentum 

distribution is a function of the bond length r and the bend angle 0, which is reduced 

to equation 10.1 (and 10.2 respectively).

The MEM of the O ion can be fitted using grid multiplication of two 

distributions, the alignment distribution (equation 10.3) along the axis of the 

polarisation angle and the momentum distribution (equation 10.1) along the radial 

axis (or y-axis in cartesian plot), given by

p) = ( % )  1=

expj^- -  p ” I  + exp|^- ( 5 (r t |p r  + p ” ) j + C 10.4
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The least-squares 2D fit to the experimental O ion data is more accurate in 

determining the momentum and alignment behaviour than fitting a slice of each at the 

peak value because the 2D fit includes all spectra at all polarisation angles. Figure 

10.1 Id shows the contours that fit the 0  ion MIMs, which are presented in cartesian 

coordinate with polarisation angle p along the x-axis and the momentum p  along the 

y-axis. The parameter {A, B{(f>), B{p), po, m and C of equation 10.4) values that are 

allowed to vary in the fit are given in the equation above each graph. The FWHM of 

the (1,1,1) and (1,2,1) channels of the O ion are 63° and 53.4° where = 1.5 and

1 .7 7  resp ec tiv e ly .  ̂_ 0 .0 1 3 {exp|-(0 .0 9 3 3 (/7°"  +25°'^)f]+expl.(0.0933(^°"^ -25“*h)‘]}
{exp[-(l 5cos(p)f D+0.0065, max dev: 0.00569, B{^) = 1.50.

z = 0.0167{expl-(0.047(p"^5 +35“’’))-]+ expl-(0.047(/j“”  -35“” ))^]} 
{exp[-(1.77cos(p))"]}+0.0069, max dev: 0 .0 0794 ,5(o>) = 1.77.

o  50

30 60 90 120 150
Polarisation angle (P^)

180 210 240 270

F igure 10.1 Id  The contour fits to the experimental MIM of the O ions that are presented in cartesian 
coordinates. The least-squares fit to each data is given by the equation above each graph. The 
cartesian plot is similar to the LHS presentation shown in figure 10.8a. The zero momentum axis 
coincides with the midpoint axis and all forward ions along the TOF axis are converted to 
momentum p  along the y-axis, where p  = 96.SqE^X and At = (tmidpt -  tf^d) (equation 9.1 chapter 9).
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10.12 2D Fit to Hydrogen Ion MIM

From the 2D fit to O ion MIMs the alignment distributions of the H2O 

molecule about the laser E-field are detemiined for the (1,1,1) and the (1,2,1) 

channels. The 2D fit in this section will be applied to the H ions to extract the bond 

length r and the bend angle distributions.

In the ion case the momentum distribution P(/?) of each channel is a 

superposition in the bond length r and the bend angle <9 distributions, i.e. P(̂ )=P(r)P(éî), 

while the angular distribution P(p) is a superposition in the alignment ^ and the bend 6 

angle distributions, i.e. P(|3)=P(̂ P(60. To simplify the fitting procedure the Gaussian 

angular distribution form P(p) = y4exp[-(Z^(p)sin(p))^] replaces P(^P(6) along the x-axis, 

and the Gaussian momentum distribution P(/?) of equation 10.2 replaces P(r)P(6D along 

the y-axis, such that

= Z  4  expj- [p"'' -  I jexpf sin(p)f}+ C 10.5
1=1

where the i^ term refers to each channel in the H ion spectrum and = 1. The

variable parameters in the least-squares fit are A,, B,ip),po„ and C.

:  60

z = 0.037 exp{-[0.\ l { p - 2 \ .5)]^} exp{-[ 1,71 sin(p)]‘)
+ 0.56 exp{-[0. \ \ l { p  -39)]ri exp{-[1.38sm(p)]'}
+ 0.747 exp{-[0.16l(/>-49)f} exp{-[l.45sin(p)f}
+ 0.526 exp{-[0.12(/^-59)p} exp{-[1.75sin(p)]^} +0.01

.X / m

-90 -60 -30 0 30 60 90 120 150 180 210 240 270

Polarisation angle (p”)

Figure 10.12a The contours that fit the experimental MIM o f the iT  ion presented in cartesian 
coordinates. The least-squares fit equation is shown above the graph. Note the (1,0,1) channel is not 
visible in the experimental data due to colour scale However, it is visible when data are presented in 
a contour plot, which match the least-squares fit contour.
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Figure 10.12a represents the contours of the fitting result to ion MIM that 

is presented in cartesian coordinate. The equation that fits the data points is shown 

above the graph where each line in the equation refers to one of the channels, in the 

following order from top to bottom (1,0,1), (1,1), (1,1,1) and (1,2,1). The respective 

angular distributions at the FWHM of these channels are 55.2°, 68.5°, 65.2° and 54°. 

The 2D fit to the H ion MIM shows that the angular distribution of the (1,1,1) and

(1,2,1) channels are < 2° wider than that of the O ion (63° and 53.4° respectively) of 

the same channels, as one would expect for the bend geometry of the H2O molecule.

10.13 The Alignm ent Angle Distribution o f H 2 O in an Intense Laser Field

It has been shown in section 10.11 that the angular distribution of the O ions 

arises mainly from laser induced alignment of the H2O molecules. Therefore, the H2O 

alignment distribution of the (1,1,1) and (1,2,1) channels can be assigned, 

respectively, to the angular P(p) distribution of the and deduced from the 2D fit 

to the O ion MIM. An assumption is made for the (1,0,1) and (1,1) channels to have 

the alignment distribution of the (1,1,1) channel. The alignment distribution P(<̂) 

shown in figure 10.13a has the Gaussian form Aexp[-(.^((z5)sin(^))^-C] where N  = 

(l-exp(-5^((ÿ)))'’ is a normalisation factor, C = exp(-Z?^(^)) a vertical shift and =

1.5 (O^) and 1.77 (O^^) as deduced from the 2D fit to the O ion MIM in figure 10.1 Id.

0.9 -

^  0.6-

cu

•90 -60 -30 0 30 60 90 120 150 180 210 240 270
Polarisation angle (P°)

Figure 10.13a The alignment distributions o f the (1,1,1) and (1,2,1) channels o f  H2O molecule in 
an intense laser field. The (1,0,1) and (1,1) channels are approximated to have the alignment 
distribution o f the (1,1,1) channel. The = 1.5 and 1.77 values o f the Gaussian form are 
equivalent to = 4.34 and 5.67, respectively, o f the trigonometric form sin^^*^(^). The doted 
lines are the alignment distributions from Monte Carlo simulation.
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10.6

The Monte Carlo simulations of P(ÿ5) are in good agreement with the alignment 

distributions of the (1,1,1) and (1,2,1) channels though the simulation are 9° and T  

wider at FWHM than the 2D fit.

10.14 The Bend Angle Distribution of H2O in an Intense Laser Field

The angular distribution P(p) of the ion is a superposition in the alignment 

P((0 and the bend P(^ angle distributions. Knowing P((̂ ) the bend P(<9) {Yamanouchi et 

al 1999) angular distribution can be deduced by fitting the P(P) distribution, using

P(P) "  ^W-(^(<i)COsW)^]}x

exp|^- j + exp|^- 18o)f j j +

exp[ -̂ {B̂ g)ip -  % - 18o))̂  j + expĵ - + % -  36o)f j j

where A is amplitude and BiO) counts for the bend angle distribution at FWHM. B{<̂  

= 1.5 and 1.77 for the ((1,0,1), (1,1), (1,1,1)) and (1,2,1) channels, respectively, as 

determined from the alignment distribution of the 2D fit to the O ion MIM. /? = 1 or 2 

and O0I2  is half the most probable bending angle. Each exponential term in the 

summation ZP(é  ̂is the Gaussian distribution of the vibration of the 0J2 bend angle in 

each quadrant as shown in figure 10.14a. The sum of the first two exponential terms 

raised to power n determines the overlap of the bend 9o!2 angle distribution of the 

molecule and its mirror image about the E-field in the upper semi-circle. Similarly the 

sum of the last two terms determines the overlap in the lower semi-circle.

The angular distribution P(p) determined by the 2D fit to the H^ ion MIM are 

fitted by varying the parameters T, B{ff) and $ol2 while n and B{<̂  are fixed at the given 

values. Note the polarisation angle along the x-axis is shifted by 90° to avoid the 

result for the complementary angle of Ool2 i.e. tt/2-61,/2 and the Gaussian form of P(p) 

= yfexp[-(B(P)sin(p))^] is replaced by the trigonometric form sin^^^XP) because the 

latter form normalises itself from zero to one. Table 10.14a shows the 5(p) and its 

equivalent B’(p) values for each channel deduced from the 2D fit to the H^ ion MIM as 

given by the equation in figure 10.12a.
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Figure 10.14a An illustration 
showing the vibration o f the 0J2  
bend angle o f  the H2O molecule 
and its mirror image (grey) that 
are aligned with the H -H  axis 
along the vertical polarisation 
direction. The vibration o f  each 
H ion, w.r.t the molecular 
symmetry axis, in each quadrant 
is presented by an exponential 
term in ZP(9) distribution 
(equation 10.6). Note that the 
angular distribution P(P) o f the H^ 
ion is shifted by 90° to avoid the 
result for the complementary 
angle in the fitting procedure.

90°

C o m plem entary  ^  I { ' 
angle  /  %

C om plem entary
angle

m-ûo/2M o le c u la r0° 180'Symmetry axis m in c t rv  a \ i c

180'

C om plem entary
angle

C om plem entary
angle

A/ = 1 0 /2= 68.2 & B  „ =0.032
o (G)

/; = 1 ^ 0 /2=61.7 =0.0285
o (0)

/2= 62.6° & a  =0.0252.n = 2

0.4

CL

0.2

A? = 2 a /2= 56.3° & B =0.0229.

(1,1)

12= 63 .1 & g  =0.0291) (0)
12= 57.6° & g  =0.0233.

M = 1 ^  8 /2 =  64.5 & g^g =0.0313 

/2= 60.0° & g  =0.0257AA = 2 n = 2

(1,1,1)

0.6
-O

2
0.4

Û-
0.2

0 45 90 135 180 225 270 315 360 0

Polarisation angle (P°) Polarisation angle (P°)

F igure 10,14b The fit results to the angular distributions o f  the (1,0,1), (1,1), (1,1,1) and (1,2,1) 
channels. The marks are the data points and the solid lines are the fit using the superposition in P(0) 
and P((|)) as given by equation 10.6. Two fits are applied using n = 1 and 2 where the values obtained 
for 6J2  and g(0) are shown above each P(P) plot. Note the polarisation angle is shifted by 90°
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Figure 10.14b shows the fitting results to the angular distribution P(p) of each 

channel using equation 10.6 where the values of 9J2 and B{9) are listed above each 

channel plot of P(p) for using n =1 and 2.

Table 10.14a The Gaussian ff(P) and the equivalent trigonometric .g’(P) values for P(P).
P (p)^ ''~"^C hannel (1,0,1) (1,1) (1,1,1) (1,2,1)
Gaussian B{$>) 1.71 1.38 1,45 1.75
Trigonometric ^ \P ) 5.34 3.88 4.14 5.56
FWHM 55.2° 68.5° 65.2° 53.4°

(1,0,1)   (1,1)

a.-
ê  0.6 

I:  0.4
CL
2

0.2
-n =  2

  (1,1,1)   (1,2,1)

x>2 0,4
Cl.

0.2
-n = 2 ■n = 2

0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360

Bend angle (0°) Bend angle (0°)

Figure 10.14c The bend angle distributions SP(0) o f  the (1,0,1), (1,1), (1,1,1) and (1,2,1) channels 
where the difference in the ZP(0) plots for G g [0, 180] ri = 1 and 6 & [180, 360] « = 2 is almost zero.

Table 10.14b The bend angle Bp values and FWHM using n -  1 and 2
Channel (1,0,1) (1,1) (1,1,1) (1,2,1)

6>o(/7= 1) 136.4° 123.4° 126.2° 129°
FWHM (M = 1) 104 116.8 114.4 106.4

(9o (« = 2) 125.2° 112.6° 115.2° 120.0°
FWHM {n = 2) 132.2 145.4 143 129.6

Figure 10.14c represents the deduced ZP(6) distribution. The most probable $o 

angle and the FWHM, given by (2Vln2)/!6B(% for each channel are listed in table 

10.14b for both of the fits using n = 1 and 2 where the « = 2 gives a smaller Oo value 

but wider distribution at FWHM. However, the plots of ZP(6) for both values o ïn  = \ 

and 2 do not change as shown, respectively, in the left half {6 e. [0, 180]) and the right
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half {9 e [180, 360]) of each plot. Figure 10.14d shows the P(6>) plots for 6>that is the 

vibration of the bend angle with respect to the fixed O-H arm.

In case n=\ or 2 the channels (1,0,1 ) and (1,2,1) have nearly the same bend 6 

angle distribution at FWHM and are narrower than the channels (1,1) and (1,1,1) that 

are of nearly same width. The highest 9o angle is that for the (1,0,1) channel followed 

by the (1,2,1) while (1,1) has the lowest Oq value, however, for n =1 the 9q values are 

higher by <10.5°> than that for n =2. Because n = 2 gives rise to an extra overlapping 

term, centred on 180\ that pushes 9o towards a lower value.

The dashed curves of the ZP(6>) distribution in figure 10.14d for the (1,1,1) and

(1.2.1) channels may also result from the overall P(6̂  of a molecule as it flips through 

180° due to the large amplitude of vibration. In this case, the dip in ZP(^ curves at 9= 

180° may be explained by the saddle point potential shown in figure 10.16a that leads 

to bond hardening in the upper light induced potential. Comparing the (1,1,1) and

(1.2.1) Monte Carlo simulations with the deduced EP(^ results agree well at the top 

of the hat-like distribution while diverge at the bottom of the distributions.

( 1,0 , 1) ( 1 , 1 )

g
_ 0.6 

1o  0.4
CL

0.2

( 1 , 1 , 1 )

g
0 ,6

Io 0.4 

0.2

0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360

Bend angle (0°) Bend angle (0°)

F igure 10.14d The bend angle P(6  ̂ distributions for the (1,0,1), (1,1), (1,1,1) and (1,2,1) channels for 
n = 1 (solid lines). The dashed curves in the (1,1,1) and (1,2,1) channels are the Z P (^  distributions 
compared with the Monte Carlo simulation (dotted lines). For n = 2 the dashed curves do not change 
but P (^  shifts 10° towards a smaller bend angle with wider distribution.
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10.15 The Bond Length distribution of H2O in an Intense Laser Field

The momentum of the fragmented protons dissociated from H2O molecule is a 

function of bond length r and bend angle 0. However, since the molecule undergoes 

one of the vibrational modes, the stretching vibration of each channel is assumed to 

have the most probable Oo bending angle deduced from the above calculations.

Therefore, equation 8.10 (chapter 8) is used, after modification for the H2O 

molecule as shown in figure 10.15a, to deduce the most probable bond length ro from 

the most probable momentum po and bend angle Oo of each channel. Since momentum 

p  oc 1/Vr, then the bond length distribution is determined by calculating the minimum 

/"mm and the maximum r^ax from, respectively, the maximum momentum and the 

minimum momentum p^m at the FWHM of the Gaussian momentum P(/?) distribution 

obtained by the 2D fit of the H  ̂ ion MIM, as given by the equation above figure 

10.12a, while 0 is fixed at Oo bend angle. Table 10.15a lists the most probable 

momentum po and the FWHM, given by (2Vln2)/%), deduced from the 2D fit to the 

H  ̂MIM and the bend Oo angle, using /? = 1, of each channel.

The modification of equation 8.10 to the bond length gives r in equation 10.8, 

after transforming the triatomic molecule of figure 8.14a into the H2O molecule in C2v 

symmetry shown in figure 10.15a.

Table 10.15a The parameters o f the Gaussian momentum fit to ions
P(p) '—^  Channel (1,0,1) (1,1) (1,1,1) (1,2,1)
Po (xlO^ amu.m/s) 21.5 39 49 59
Gaussian B(p) 0.17 0.117 0.161 0.12
FWHM (xlO^ amu.m/s) 9.8 14.23 10.34 13.88
Fitted do using ti = 1 136.4° 123.4° 126.2° 129°

cos(7t-6^h) =  -sin(V S^o)

OH

180-1

Figure 10.15a A sketch o f the H2O molecule showing the resultant momentum pn  and energy Gh 
for the proton o f mass /Wh = 1 amu and charge = 1 au as the molecule Coulomb explodes.
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(2 ^0 )

HH

>Ph -

and r  =

5.26x10^

p :  1

2.77x10’

16?o
17 ' 4 s in ( ig J

+ + (l6çoSin(iéiJ
17

(mo+m„)ro„(m„+m„)r, 

(amu.m/s)

Ph

16q^
+ + llôço sin(i(9 j

(Â)

10.7

10.8
17 4sin(i(9 j V 17

where qo, Tq and/?H are in au., Â and amu.m/s respectively. Equation 10.8 is valid for 

(1,0,1), (1,1,1) and (1,2,1) channels while equation 10.9 is valid for the (1,1) channel

17 2.77x10" 
r „ = --------=------  (A) 10.9

Note To of the (1,1) channel is independent of 60 bend angle because the charge on the 

fragmented OH^ is not localised. The maximum and minimum pmin momentum = 

po + and -  V2FWHM respectively.

The bond length P(a-) distribution is given {Yamanouchi et al 1999) by

P(r) =  ^ e x i >  - Biir)
1 1

10.10

where at FWHM r^in = B(r)^rJ{Bir)+{roln2f"f and r^ax = Bir)'^rJ{B(r)-{ro\n2f"f. 

Therefore, if rmin, m̂ax and ro are known then B(r), given by (rmin'*oln2)'''7(Vro-V/*min) or 

(̂ max^oln2)'̂ 7(Vrniax-Vro), is calculated in order to plot P(r), and the FWHM = rmax-̂ min 

= 4B(r)Vo(roln2)’''7(5(r)^-roln2)^ is determined.

Figure 10.15b presents the plots of the bond length P(r) distributions deduced 

using equations 10.8, 10.9 and 10.10 with fixed 0o for all ro, rmin and r^ax at each 

channel. Channels (1,1,1) and (1,2,1) are found to peak around ro = 2.6 Â compared 

with ro = 1.67 Â for channels (1,0,1) and (1,1), while the FWHM is nearly the same 

for all channels. The peak values of ro differ from the value found by Monte Carlo 

simulation, however, the average < ro> = 2.14 Â of all channels is almost the same as 

the Monte Carlo simulation ro = 2 Â. Monte Carlo simulation uses two channels

(1,1,1) and (1,2,1) at the same ro value to reproduce the results of four channels, 

therefore, the bond length distribution must peak at the average ro of the four 

channels. Figure 10.15c shows the averaged P(r), produced by averaging all ro, rmm, 

rmax and B{r), distribution in comparison with the Monte Carlo simulation P(r). The 

comparison shows a good agreement between the two methods.
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The peak values determine the critical separation Rc at which enhanced 

ionisation of the molecule occurs by lowering the outer potential barrier. This explains 

the highest t'o = 2.757 Â value of the channel (1,2,1) where ionisations of higher 

stages are further enhanced at higher critical separations.

IO
(X

0.2

1.0 J. 4- J . X X X X

( 1 , 1 , 1 )

Is
CL

0,2

0 1 2 3 4 5 6 7 8 9  10 0 1 2 3 4 5 6 7 8 9  10
Bond length (r/A) Bond length (r/A)

Figure 10.15b The bond length P(r) distributions o f  the (1,0,1), (1,1), (1,1,1) and (1,2,1) channels. 
The dashed curves for do using n = 2 overlaps the solid curves for Oo using « = 1. The dotted lines 
are r distributions from the Monte Carlo simulation that peak at /"o = 2 A, which is very close to the 
average in = 2.14 A between the four channels.

a.

2
CL

1.0

0.8

0.6

0.4

0.2

0
0 1 102 3 4 5 6 7 8 9  

Bond length (r/A)

Figure 10.15c The averaged bond length P(r) distributions o f  all channels compared with the Monte 
Carlo simulation P(r) o f the channels (1,1,1) and (1,2,1).
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10.16 Conclusions

Both the Monte Carlo simulation and the fitting method confirm the molecular 

geometrical modifications in the H2O molecule prior to Coulomb explosion. The 

differences in the results between the two methods are small. However, the fitting 

method extends the analysis to all the four (1,0,1), (1,1), (1,1,1) and (1,2,1) channels.

The average bond length distribution for each of the ((1,0,1) and (1,1)) and the 

((1,1,1) and (1,2,1)) channels peak at the critical bond lengths Rc = <1.67> and <2.6> 

Â (fitting results) respectively. This is about twice the equilibrium length in the 

ground state Re = 0.96 A, hence, agreeing with the theoretical and the experimental 

studies of the molecular stretch in an intense laser field. Comparing this result with 

figure 10.5a of the enhanced ionisation appearance intensity reveals that ionisation 

occurs not at the least appearance intensities at large intemuclear separations (3 to 3.7 

Â), but at a higher appearance intensity at Rc = 2 Â (Monte Carlo simulation) and 2.6 

Â (fitting result). This can be explained by competition between the fast rising time in 

the laser intensity on a femtosecond time scale and the stretching time (10 to 20 fs) of 

the nuclei.

The smooth r distributions obtained for the (1,1,1) and (1,2,1) channels by the 

fitting procedure are <25%> higher than the Monte Carlo simulation, as the latter 

method does not include the lower (1,0,1) and (1,1) chaimels. The critical separation 

obtained by the fitting procedure for the (1,2,1) channel, Rc = 2.757 Â, is slightly 

higher than the (1,1,1) channel, Rc = 2.467 Â, because the E-field is more effective in 

lowering the outer potential barrier at large intemuclear distances. Therefore, higher 

ionisation channels are produced at higher critical distances. However, the result 

conflicts with the enhanced ionisation model shown in figure 10.5a where the (1,2,1) 

channel is produced at a lower critical separation than the (1,1,1) channel. The 

production of the symmetric (l,n ,l) channels in H2O may be atomic like because the 

outer H atoms can not be ionised beyond H^  ̂and O is in the centre of the molecule.

Reorientation and alignment of the H2O molecule with the laser E-field is 

clearly demonstrated in the alignment angle (j) distributions that narrow as the 

ionisation channel increases. The reason is that better alignment is required to produce 

higher ionisation channels and the higher the intensity required for higher ionisation 

chaimels the stronger the alignment. Besides, the bend angle of the (1,2,1) channel is 

bigger than that of the (1,1,1) chaimel resulting in a higher parallel polarisability,
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which drives the (1,2,1) channel to align tighter than the (1,1,1) channel. The wide 

distribution in the alignment angle <j> is due to competition between the parallel and 

perpendicular polarisabilities.

The bend angle ^ distributions saturate at <131 °> for all channels. These 

results are confirmed by both the Monte Carlo simulation and the fitting procedure. 

The wide distribution from 130° to 180° indicates straightening in the molecular 

structure that is due to bond softening by the light-induced molecular potential in the 

photon energy dressed state. Figure 10.16a shows the first (ground, double well) 

and second Â  ^Ai (linear, single well) lowest potential curves of the ion as a 

function of the bending angle 0. The latter A ^A\ potential curve is dressed by the 

energy of one photon (at 800 nm) and therefore is lowered by 1.6 eV to cross the X  

double well near the centres at the minimum of the most probable bending angle 0 

= 120°. Molecules initially with the minimum and maximum bending angle i.e. 

wavefunction initially at the outer sides of the potential curve X  ^B] when crossing 

occurs are trapped in the lower light induced potential via bond softening. The 

molecule oscillates at large amplitudes about 0= 180°. However, bond hardening also 

occurs for molecules where the wavefunction is initially near the centre of the double 

well i.e. at the inner sides of the potential curve X  B̂% when crossing occurs. These 

molecules are trapped in the upper light induced potential (LIP) via bond hardening 

where there is a saddle point at 180°. The minima of the upper LIP shifts towards 

a higher value than 0=  120° due to the gap of the avoided crossing. As the laser 

intensity increases the gap widens and pushes the shift towards 0 = 180°. The latter 

effect does not appear in the Monte Carlo simulation while fitting procedure shows a 

dip in the bend angle ZP(<5>) distribution at ^ = 180° and the molecule in this state 

straightens via tunnelling. The bend angle 0 distribution narrows as the ionisation 

channel increases due to the higher Coulomb repulsion and the light induced 

potentials of higher ionic states at higher laser intensity.

Table 10.16a summarises the results obtained for each channel obtained from 

the dissociation of the H2O molecule via Coulomb explosion in the intense laser field. 

The bend Wangle values are listed using « = 1. Conservation of momentum p  reveals 

that the momentum of the fragmented O ions, given by

Po = 2 cos(j0^) (xlO^ amu m/s) 10.11
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where qu = 1, me = 1, wo = 16 and qo = 1 or 2 (in a.u.) for (1,1,1) or (1,2,1) channels 

respectively, are 29.4 and 37.5 (xlO  ̂ amu.m/s) using and Oo values listed in table 

10.16a. These values are in good agreement with the O ion momentum, po = 25x10  ̂

amu.m/s for the (1,1,1) andpo = 35x10  ̂amu.m/s for the (1,2,1), obtained by the 2D fit 

to the O ions MIMs. The difference can be attributed to the broad peak in the O ion 

momentum due to the overlapping with the backward ions.

7" -5

UJ

60 120 180 240 300 3600

Crossing

A Aj - hv

0 60 120 180 240 300 360
Bend angle (0°) Bend angle {0°)

Figure 10.16a The H2O potential curves as a function o f  the bending angle ^  (a) before and (b) 
after the absorption o f a single photon o f the 800 nm wavelength (l/iv  = 1.6 eV photon energy) 
resulting in light induced potentials (LIPs) and avoided crossings. The initial wavefunctions are 
trapped in the lower and upper LIPs, solid and dashed respectively, due to bond angle softening and 
hardening {Rottke et al 1998).

z = G .00633exp{-[0.0538(p-28.3)f }exp(-[0.502sin(p)]^}-<-0.00144

-90 -60 -30 0 30 60 90 120 150 180 210 240 270
Polarisation angle (P*)

Figure 10.16b The MIM o f OH presented in cartesian coordinate with the contours o f the 2D fit to 
the corrected experimental data, The equation above the graph presents the least-squares fit result.
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Table 10.16a A summary o f the results for the dissociated channels. Maximum and minimum 
values are determined at FWHM. The angular P(P) distribution o f  each channel is given by the
 ________r__SVn)/r>\

(1,0,1) (1,1) (1,1,1) ( l /Z J )
/?o(H) (xlO^ amu.m/s) 21.5 39 49 59
Pmm (xio^ amu.m/s) 16.60 31.88 43.83 52 06
Pmax (xlO  ̂ amu.m/s) 2640 46.12 54.17 65.94

B(p) 0.170 0.117 0.161 0.120
€^H) (eV) 2.4 7 88 12.44 18.04

/7o(0) (xlO^ amu.m/s) 21.5(H) 28.3(0H) 25 35
Go(0 ) (eV) 2.4(H) 0.244(OH) 0.203 0.397

Experimental KER (G t/ cV ) 4.8 8.12 25 08 36.48
Ground state KE (Gj/eV) 9.49 15.0 39.49 69.49

Ratio C -  KER/KE 0.51 0.54 0.64 0 53
00 (degrees) 136.4 123.4 126.2 129

7  (degrees) 8 44 65.0 6 9 0 75 8
-  (degrees) 188.4 181.8 183.4 182.2

B(0) 0.0320 0.0285 0.0291 0.0313
'•o(Â) 1.614 1.721 2.467 2.757

^min (^ ) 1.071 1.231 2.019 2.207
^max (À) 2.707 2.574 3.084 3.540

B(r) 4.644 5 985 1.065 1.333
^0 (degrees) 90 90 90 90

(Ln (degrees) 59.1 59.1 59.1 62.0
Anax (degrees) 120.9 120.9 120.9 118.05

Alignment B (^ or 1.5 or 4.34 1 5or4 .34 1.5 or 4.34 1.77 or 5.67
0 ’(P) (Trigonometric) 5 34 3 88 4.14 5 56

Figure 10.16c The dissociation
dynamic o f  into (1,1) channel.
The most probable charge o f OH" is 
central where the momentum p^ou) = 
-/7(H) acts. Resolving /7qh into p± = 
24.3x10̂  gives rise to angular
momentum and p  = 30.5x10̂
(amu.m/s) very close to 28.3x10̂  that 
is detected by the TOFMS.

>/),/=/)hCos(38.5)

\ P 0 H  =

r= \.72A>̂ /7i=/7Hsin(38.5)

Figure 10.16b represents the least-squares contours that fit the experimental 

OH^ data after correction for the acceptance solid angle. The fragmented OH^ ion is 

found to peak, experimentally, at = 28.3x10^ amu.m/s. Conservation of

momentum for the (1,1) channel, which is treated as a diatomic, states that the two 

fragments OH^ and must have same magnitude in momentum i.e. =

However, this is not the case because = 39x10  ̂ »  =28.3x10^

(amu.m/s) due to the fact that the charge on the OH^ fragment is not localised which 

gives rise to an angular momentum component beside the radial one, as detailed in 

figure 10.16c. The angular P(p) distribution of OH^ (5 ’(p) = 2.2) is wider than its 

associated (5’(P) = 3.88) fragment indicating the effect of the angular momentum
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component on reducing the linear momentum, hence, increasing the acceptance solid 

angle of the OH^ fragment.

10.17 Summary

Chapter 10 dealt with photon interactions with the H2O molecule using a high 

intensity laser field. The geometrical shape of the H2O molecule in the ground state 

was discussed and confirmed by experimental studies.

The theoretical potential energy surface (PES) of the H20^^ described the 

dissociation mechanism into + O f f  from the ground state, but the theory did not 

include laser induced geometrical modification. Laser induced alignment in H2O was 

governed by the parallel induced dipole moment along the H-H axis due to the larger 

parallel polarisability compared with the perpendicular polarisability.

Laser induced Coulomb explosion was detected due to enhanced ionisation as 

the molecule stretches to some critical distance. The appearance intensity of the 

enhanced ionisation as a function of the intemuclear separation was computed for the 

tf20 molecule and showed a minimum at large separation at about 3 times the 

equilibrium distance.

Experimental procedures for the time of flight mass spectrometer (TOFMS) 

were explained, which were used to record the fragmented ions TOF matrix versus 

polarisation angle for the H2O molecule. Rotating the forwardly dissociated ions 

about the central axis of zero time generated the momentum imaging maps (MIM) 

with ion momentum along the radial axis. The MIMs were presented for each ion 

before and after correction for the acceptance solid angle.

Monte Carlo simulations, using the Coulomb explosion of (1,1,1) and (1,2,1) 

channels with triangular (r and ^  and trapezoidal {9) distributions, generated the 

observed experimental results that included two additional channels (1,0,1) and (1,1), 

which were excluded from the simulation. Alternatively, the 2D fitting method, using 

the superposition of distributions, was applied and smooth distributions in bond length 

r, bend Wangle and alignment ^ were deduced for the four channels.

Both the Monte Carlo simulation and the 2D fitting methods showed that the 

H2O molecule underwent molecular geometrical modifications; stretching, 

straightening and reorientation in a femtosecond time scale.
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Chapter 11 -  Summary and Conclusions

This research embraced two quite distinct modes of study of atomic and 

molecular physics namely High Resolution Electron Energy Loss Spectroscopy 

(HREELS) and femtosecond laser interactions. This chapter summarises the results 

and conclusions of this research.

HREELS o f  Waten An existing electroa spectrometer was employed for these 

measurements with modifications made to the electron optical alignment and with the 

introduction of a beam of H2O. New absolute differential cross sections in the 6 to 20 

eV range were made with a resolution of 50 meV. This permitted the complete 

resolution of the various symmetric and asymmetric vibrational modes at 200 meV 

and 460 meV. It is known that the vibrational excitation process proceeds by a 

Feshbach resonance and previous experimental work {Seng m d  Linder 1976) claimed 

that the group symmetry classification was A-type in contradiction with theory. The 

present angular distributions resolved this disparity, giving the symmetry as B-type in 

agreement with theory {Jain and Thompson 1983 and Gianturco 1991) for the first 

time. The application of a partial wave analysis enabled the computation of the 

differential cross sections to angles outside the experimental range of measurement 

i.e. 10® to 135®. Integral cross sections for the resolved vibrational levels were 

determined. These measurements are important for comparisons with state-of-the-art 

electron polyatomic molecule scattering theories.

The scientific conclusion to come from this work is the symmetry 

classification of the H2O ' state that dominates the reaction mechanism for vibrational 

excitation in the range of the incident electron energy. Further experiments at low and 

high incident electron energies are suggested for electron scattering from H2S due to 

the molecular similarities between H2O and H2S.

Intensity Selective Scanning: Most TOF spectrometers which measure laser 

induced molecular fragmentation view the total interaction volume produced by the 

focused laser beam. The consequence of this is that the observed signal is a mixture of 

different processes that take place in different parts of the focus, which has intensities 

spanning three or four orders of magnitude. In order to spatially resolve the signal and
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hence the intensity a z-scanning technique was employed by scanning a 25 cm focal 

length lens with respect to a 0.5 mm pinhole, which is the entrance aperture to the 

time of flight mass spectrometer (TOFMS). The TOFMS was modified to 

accommodate these changes. The large /-number of the lens produces a soft focus of 

reJativeJy large Rayleigh range of about a millimetre and the small width of the 

pinhole allows spatial resolution of the intensity distribution along the z-axis. A 

similar technique was employed by Hansch et al (1996). The present technique yields 

a z-scan for each of the ionised species, which was measured for six charged states of 

xenon. The z-scan revealed the spatial distributions of the Xe ions (figure 7.5a) with 

the highest charged state, Xe^\ emanating from a region localised around z = 0 while 

the lowest charged state, Xe^\ emanated from regions localised around z = ±4 mm. 

The measured ion signals were compared with the computed volumes determined 

from Gaussian optics. Only where the probability of ionisation is saturated = 1 ) is 

the signal proportional to the volume and the calculated volumes are then 

representative of the observed ion signal volumes. If /  < /„, the experimental 

saturation intensity, then Pçj) < I. The computed curves in figure 7.7a depend not only 

on the values of l„ but also on the diffraction limit, of the optics employed.

In fitting the data Ô and /„ were allowed to vary. The results of the fitting 

together with the measured data are given in figure 7.7a. It is clearly seen that where /  

> I„ the measured signal is only a function of the volume; in this case we have over 

the barrier ionisation. When /  <7„ the signal, for each ion species, does not follow the 

volume variation. A change in the curvature of the signal as a fimction of z indicates 

the onset of an intensity dependent tunnelling process. This aspect of the work in 

fitting the data and identifying the tunnelling is an advance over the work of Hansch 

et al (1996). In addition the z-scan gives values for for each ion, which are 

consistent with those of Augst et al (1989) who employed a l p s  laser pulse.

Further we applied the z-scan technique to a molecule for the first time i.e CO2 

and identified the production of not associated with other ion production (figure 

7.1 la). In order to fully exploit this method it should be employed as a standard 

technique in all future molecular and molecular ion work.

High Intensity Laser Interactions with H2O: Fligh intensity photon 

interactions with H2O molecules were investigated using a Wiley-McLaren type time
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of flight mass spectrometer (TOFMS) and the ASTRA 60 femtosecoad linearly 

polarised laser at RAL. The high intensity focused laser spot (2x10^  ̂W/cm^) results in 

the Coulomb explosion of the molecular ion up to the level of ionisation. Four 

significant channels of dissociation were observed in the Coulomb explosion process, 

the (1,0,1) = h V o + H ^  the (1,1) = the (1,1,1) = it+ O ^+ ît  and the (1,2,1)

= channel. Rotation of the laser polarisation using a half-wave plate

enabled the construction of a TOF matrix of the TOF spectra against polarisation 

angle with respect to the detection axis (figure 10.7a). For the first time such data was 

corrected for the experimental acceptance angle (see figure 10.8b), which then 

allowed a full study of the fragmented ions through the construction of the ion 

momentum imaging map (IMIM) (figure 10.8b). The detected energy and angular 

distributions of the fragmented ions suggest that the H%0 molecule undergoes 

geometrical (stretching, straightening and reorientation) modifications. Indeed in the 

laser field remarkably the H2O molecule aligns with the H-H axis, which is 

orthogonal to its symmetry axis, along the laser E-field. This is a result of the induced 

dipole moment due to the interaction of the large polarisability in the H-H direction 

with the laser E-field overcoming the permanent dipole moment along the symmetry 

axis. This agrees with theoretical studies by Friedrich and Herschbach 1995, 

Bhardwaj et al 1997 and Bandrauk m dRuel 1999.

Using existing programs, a Monte Carlo simulation of the Coulomb explosion 

of the ( J J J )  and (]^2,1) channeJs was determined using triangular alignment and 

bond length distributions and a trapezoidal bend angle distribution. The simulation 

was executed separately for each channel and compared with the O ion data i.e. 

and This preliminary method neglected the (1,1) and (1,0,1) channels. The 

simulated results for the (1,1,1) and (1,2,1) channels were subsequently combined to 

reproduce the H^ IMIM. Good agreement was obtained for the and IMIMs but 

less good for the H^ IMIM (see figure 10.9a) due to the presence of the (1,0,1) and 

(1,1) channels at low energies.

In order to include all channels a new 2D fit has been applied to the 

experimental data using Gaussian distributions for the ion angular distribution along 

the x-axis and momentum distribution along the y-axis. The new 2D fit also benefits 

from the approximation that the angular distribution of the O ion is solely due to the 

alignment distribution as justified in section lOTl of chapter 10. Once the ahgnment 

distributions are determined from the 2D fits to the O IMIMs they are then fed into
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the 2D fit of the IMIM assuming that the (1,0,1) and (1,1) channels have the same 

alignment distribution as the (1,1,1) channel. Consequently, the bend angle and bond 

length distributions are determined for each of the dissociative channels (table 10.16a) 

(1,0,1), (1,1), (1,1,1) and (1,2,1) for the first time. The range of the bend angle 

embracing the four channels is 65° to 180° while the range of the bond length is 1.1 to 

3,5 Â. These values are significantly different from the known ground state 

equilibrium values of 104° and 0.96 Â. It is clear that the laser induced dissociative 

ionisation processes stretch and bend the molecule. The molecular stretching is 

consistent with the trend in the enhanced ionisation model {Codling et al 1989) where 

in diatomic molecules the bond length doubles before the critical distance is reached. 

There is at present no other detailed experiments with which to compare the present 

results. However, Yamanouchi et al (2000) have measured the fragmentation of the 

(1,1,1 ) and (1,2,1 ) channels with a 100 fs laser pulse at 800 nm and have simulated by 

trial-and-error the bond length and the bend angle, which are consistent with their 

data. They find the peak value of the bend angle to be 180° for both channels in 

disagreement with our peak values of 126° and 129° for the (1,1,1) and (1,2,1) 

channels respectively. In addition, their quoted values of the bond lengths are 1.7 and 

2,0 Â for the (1,1,1) and (1,2,1) channel respectively. This conflicts with present 

values of 2.5 and 2.8 Â respectively. However, it should be noted that Yamanouchi et 

al (2000) didn’t correct their data for the acceptance solid angle.

The conclusion from this work is that the H2O molecule undergoes 

geometrical changes during laser induced fragmentation. Future experiments are 

suggested using different wavelengths, different laser pulse durations and coincidence 

detection of electrons and ions.

This thesis details the experimental setups and the analytical procedures for 

two distinct subjects of study, i.e. electron and photon interactions with molecules. 

The conclusions drawn in this thesis have been presented at both national and 

international conferences and have been published as four papers in refereed journals.
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Appendices

Appendix 1 -  Determination of the critical intensity in the field ionisation 

method

The critical intensity determines the boundary between tunnelling and over the 

barrier field ionisation processes. The predicted critical intensity uses a simple 

theoretical model based on the superposition of the Coulomb potential with the static 

electric E-field that is given by

V( . = - -  eÉ.x => in a.u. K . Ex
H H

The position Xmax of the height of the barrier is found by setting dV(x)/dx = 0

Equating V (x^  to the ionisation potential F(ip) yields the critical E-field 

strength

= % , = - ü S - 4 = % ^  (au.)
Em ax|

Therefore, the critical intensity E  is proportional to Ec  ̂such that

/ . =  4.00x10’ (W/cm' )
9'(a.u .)
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Appendix 2 -  Determination of the moment of inertia of H%0 molecule

The moment of inertia Mj of H2O molecule is determined where the molecule 

is in the ground state Cjv symmetry as shown in figure A2a where Oo = 104.5°.

c/=0.124

./?=1.748au. Id

Z(//='6RHM= 1.44 w™=2

Figure A2a A sketch o f the H2O molecule in ground state C2V symmetry. 

R// = %RHH == V2Resin( 1/2 0̂) =1.44 au. and R± ^  ReCOs( 1/2 0̂) ^  1.114 au.

The centre of mass C of H2O is calculated using the equivalent mass M™ = 2 

amu. of the H-H at their centre C’ such that

Dw™ = => 2Z) = 16(/?  ̂-  D) => D = 0.99au. and r/ = 0.124 au.

Therefore R = =1.748 au.

Moment of inertia of H2O molecule about centre of mass C is

M, = + m̂ ^R̂  + = 6.36amu.au.^ = 1.17x10"̂  emu.au.^
i

since 1 emu. = 5.48x10'^ amu.
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Resonance phenomena in electron impact excitation of the 
fundamental vibrational modes of water
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Abstract

Absolute differential cross-sections for electron impact excitation o f  the bending (010) and unresolved stretching 
(100) +  (001) vibrational modes o f  water (HjO) are reported. The incident electron energy is Eq =  7.5 eV and the scattered 
electron angular range 10°-120°. Significant angular structure in both die (010) and (100) -b (001) differential cross-sections, 
due to resonant decay from HjO", is apparent. This observation confirms the earlier result o f Seng and Linder [J. Phys. B 9 
(1976) 2539] fix resonance enhancement o f the stretching modes, but is contrary to their analysis for the bending mode 
where they postulated the dominant population mechanism was due to direct scattering. Integral cross-sections for excitation 
o f  the (010) and (100) -f (001) quanta at 7.5 eV are also reported. © 2000 Elsevier Science B.V. AH rights reserved.

Water is one o f the primary constituents of our 
planetary biosphere and as such studies into the 
understanding of its fundamental properties are im
portant. It also plays a crucial role in other areas of 
interest such as radiation physics and astrophysics 
(Okamoto et al. [iD- Thus it is not surprising that 
electron collisions with H jO  have been the subject 
o f quite significant amounts o f experimental and 
theoretical study over many years. However, with 
only a few exceptions, this effort has been mainly 
limited to elastic scattering, ionisation, dissociative

* Corresponding author. Permanent address: School of Chem
istry, Physics and Earth Sciences, The Flinders University of  
South Australia, G.P.O. Box 2KX), Adelaide, SA 5001, Australia. 
Fax; -1-61-8-8201-2905; e-mail; michael.brunger@flinders.edu.au

attachment and grand total cross-section determina
tions. Excellent summaries o f the available results 
can be found in Johnstone and Newell [2] and Mor
gan [3] and so we do not repeat those details again 
here.

With respect to the specific subject matter o f this 
Letter, namely vibrational excitation in H^O, the 
major experimental investigations have been due to 
Seng and Linder [4,5], Shyn et al. [6] and Furlan et 
al. [7]. Seng and Linder [5] reported differential 
cross-sections (DCS), for excitation of both the bend
ing (010) and unresolved stretching (100)-t-(001) 
vibrational modes, at nine energies in the range 
0.35-8 eV and excitation functions at the scattered 
electron angles (0^)20° and 90°. Significant angular 
structure in their measured DCS for the (100) -I- (001) 
modes, in the 6 -8  eV energy range, was observed.

0009-2614/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved. 
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Following the formalism o f  Read [8], their analysis 
suggested it was the resonant decay o f  the ^A, state 
o f  that was responsible for the enhancement
in the (1 0 0 )+  (001) cross-section in this energy 
range. No such resonance enhancement for the (010) 
cross-section, in the 6 - 8  eV range, was, however, 
observed with this behaviour being explained by 
them [5] as being due to direct scattering dominating 
the population mechanism for the bending mode. A  
later study [6], into these same vibrational modes, 
provided somewhat ambiguous results. While it is 
true that the Shyn et al. [6] integral cross-section 
(ICS) for excitation o f the ( 1 0 0 ) +  (001) modes 
showed a broad maximum, consistent with resonance 
phenomena influencing the scattering process, the 6 
and 8 eV angular distributions o f  Shyn [6] displayed 
little i f  any angular structure. Similarly they found, 
consistent with Ref. [5] in this case, no angular 
stmcture in the DCSs for the (010) bending mode. 
The final experimental study into excitation o f  the 
fundamental vibrational quanta o f  H jO was reported 
by Ref. [7], In this case, the incident electron ener
gies were 30 and 50 eV. As these energies are 
outside the regime o f  direet interest for this investi
gation, we do not discuss the results o f  Ref. [7] any 
further. From a theoretical perspective, the only cal
culation to go beyond the first Bom  approximation 
available in the literature, for vibrational excitation 
in H 2O, appears to be due to Jain and Thompson [9], 
Here DCS and ICS for electron excitation o f  the 
symmetric stretch (100) and bending (010) modes 
are reported. Interesting results were obtained with 
the two most important being that: (a) it is clear 
“ . . .  that there is a broad resonance region around 
6 -1 0  eV (in the ICS) for both the excitation m odes”  
and (b) “  . . .  this broad feature is most properly 
described as being due to the B j state o f  H jO " ” .

It is thus apparent from the above discussion that 
there are differences in detail between the results o f  
the experiments [5,6] and between both these experi
ments and the theory [9]. Consequently w e can only 
conclude that there remains some doubt as to the tme 
nature o f  the physics o f  the process, and w e note that 
it is this uncertainty which has motivated us, at least 
in part, to undertake the present experimental study.

The electron spectrometer and measurement tech
niques employed in the present work are essentially 
those used by Johnstone et al. [10], and so only a

brief discussion o f  the relevant details is given here. 
A beam o f  H jO  effusing from a titanium tube (I D. 
0.5 mm; length, 10 mm) is crossed with a beam o f  
monoenergetic electrons o f  desired energy E^. In the 
present application £„ =  7.5 eV. Elastically and in- 
elastically scattered electrons at a particular scatter
ing angle are energy analysed and detected. The 
overall energy resolution for these experiments is 
typically 50 meV (FW HM) and, under normal oper
ating conditions, incident electron beam currents ~  2 
nA were obtained in the interaction region.

At each scattering angle, energy-loss spectra were 
recorded over the range - 0 .3  to 0.6 eV. A  typical 
spectrum at Eg =  7.5 eV and 6̂  =  30° is shown in 
Fig. 1. Three peaks can be clearly identified in this 
spectrum. They are due to elastic scattering and 
electron impact excitation o f the (010) bending and 
(100) +  (001) stretching fundamental vibrational 
quanta o f  H^O. The spectra were obtained by apply
ing a linear voltage ramp to the reference rail (en
ergy-loss) o f  the electron optic and hemispherical

10000

(000)

H O
8000

E = 7.5eV

0= 30"
(0.91 meV/channel)

6000

4000

2000
(100 ♦ 001)

x l D

-0.2 0 0.2 0.4 0.6

F ig . 1. T y p ic a l e n e rg y - E f l€ B 'ÿ y * 4 L 6 > 8 ^ î  sca tte rin g . T h e
p rese n t d a ta  ( • )  a n d  an  in te rp o la tio n  th ro u g h  th o se  d a ta  ( — ) are  
sh o w n . T h e  in c id e n t e le c tro n  e n e rg y  w a s  7 .5  e V  a n d  th e  e le c tro n  

s c a tte r in g  a n g le  w as  30°. T h e  p o s it io n s  o f  th e  e x c ite d  v ib ra tio n a l 

q u a n ta  a re  in d ic a te d  in  th e  f ig u re .
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energy analysis elements, that constitute the anal
yser, in an energy-loss mode in conjunction with a 
computer based multichannel scaler which stored the 
scattered signal as a function of energy-loss. Each 
spectrum was then analysed to determine the ratio R 
(from the areas A under the respective peaks) of the 
inelastic to elastic intensities.

R{e )̂ =
“̂ e la s tic  (  ^ e )

for all i =  (010) or (100 -h 001). ( 1)

Provided the transmission of the scattered electron 
analyser is well characterised [11] this ratio is equiv
alent to the ratio of the differential cross-section for 
the vibrational excitation process o f interest 
to that for elastic scattering (o-o(^)),

, for all f =  (010) or (100 -h 001) .

(2)

It is immediately apparent from £q. (2) that provided 
cTo(6>e) is known, the relevant inelastic DCS can be 
derived. In the present study, we have employed the 
absolute elastic e"4- H jO  DCSs o f Ref. [2] to deter
mine the required values for <T(oio)( ê) 
<^(ioo+ooi/^eX respectively.

Careful consideration has been given to the opti
misation of the transmission o f the post-collision 
electron optics [10] in these measurements. This is 
crucial to enable accurate determinations for R(dJ. 
The maximum energy difference for the outgoing 
electrons is around 0.46 eV (the energy difference 
between elastic scattering and the (100 +  001) vibra
tional excitation), which at an incident energy of 7.5 
eV represents a change of only about 6% in the 
scattered electron energy.

A general discussion of the errors associated with 
the present type of measurements can be found in 
Nickel et al. [12]. In the current work, the statistical 
errors associated with the scattering intensity mea
surements are small ( < 5%). Additional errors due to 
the uncertainty in the elastic differential cross-sec
tions of [2] ( ~  16%) and an uncertainty in the imi- 
formity of our analyser transmission (conservatively 
estimated to be ~  10%) must also be considered.

When these sources of error are added together in 
quadrature we find an overall error on our (010) 
DCSs to be typically ~  19.5%, and an overall error 
on our (100 4- 001) DCSs to be typically ~  18.8%.

In Fig. 2a and Table 1 we show our present DCS 
for excitation o f the (010) bending mode by 7.5 eV 
electrons. Also plotted in this figure are the 20° and 
90° cross-sections from Ref. [5], as taken from their 
excitation function measurements, and the 8 eV DCS 
results o f both Refs. [5,6]. It is clear from Fig. 2a 
that while the 20° cross-section of Ref. [5] is in quite 
good agreement with present result, their 90° cross- 
section is about a factor o f two smaller in magnitude 
than what we have found. Indeed it is apparent from 
Fig. 2a that for all scattering angles greater than 60° 
the present DCS is stronger in magnitude than those 
of both Refs. [5,6], which are in fair agreement with 
one another at middle angles. The origin for this 
discrepancy lies in our observation that while the 
current DCS exhibits significant structure in the an
gular distribution, due to resonant decay from HgO", 
neither the 6 eV or 8 eV (010) DCSs of Refs. [5,6] 
exhibit any such angular structure, indicating that 
they found the dominant population mechanism for 
excitation of the (010) mode was due to direct 
scattering. We note that the present result for reso
nance enhancement o f the (010) excitation process is 
consistent with the prediction o f the calculation [9]. 
The reason for the discrepancy between the present 
result and those of Ref. [5] and Ref. [6] is not clear. 
It cannot be due to a slight mismatch in the respec
tive beam energies, as the shape resonance is very 
broad. Neither do we believe it is an angular resolu
tion effect.

We have applied the molecular phase shift analy
sis (MPSA) procedure o f Boesten and Tanaka [13], 
as most recently used by Metz and Linder [14] in 
their ethane studies, to the present (010) DCS. The 
result of this process is plotted in Fig. 2b, where the 
MPSA gives an excellent fit to the measured cross- 
sections and provides a plausible extrapolation to 0° 
and 180°. The MPSA was performed in order to 
enable us to extrapolate the measured DCS to 0° and 
180°, and then integrate, to derive the relevant inte
gral cross-section (ICS), and also to try and ascertain 
the dominant partial waves in the scattering process. 
We note that in the present application of the MPSA 
five partial waves were allowed to vary in the fit to
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H,0
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= 7.5 eV

IH

T a b le  1

A b so lu te  d iffe re n tia l c ro s s -s e c tio n s  ( in  u n its  o f  1 0 " ‘ * cm ^ s r “ ‘ ) 

fo r  e le c tro n  im p a c t e x c ita tio n  o f  th e  (0 1 0 )  b e n d in g  m o d e  o f  H jO  
at a n  e n e rg y  o f  7 .5  eV . T h e  u n c e rta in ty  o n  th is  d a ta  is ~  ±  19 .5% . 
T h e  c o rre sp o n d in g  in te g ra l c ro s s -se c t io n , Q  ( in  un its  o f  1 0 “ '*  
c m ^ )  fo r  th is  p ro ce ss  is  g iv en  a t th e  fo o t o f  th e  co lu m n  a n d  the  
u n c e rta in ty  in  its v a lu e  is  e s tim a te d  to  b e  ±  2 5 %

0 / ^(010)
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5 0 2.33
6 0 2.39
70 2 .32
8 0 2 .10
9 0 2.11
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F ig . 2 . (a )  A b so lu te  d iffe re n tia l c ro s s -se c tio n  fo r  e le c tro n  im p a c t 
e x c ita tio n  o f  th e  (0 1 0 )  b e n d in g  m o d e  o f  H jO  (in  u n its  o f  1 0 “ '*  
cm ^ s r “  ' )  a t an  e n e rg y  o f  7 .5  eV . T h e  p re se n t  d a ta  ( # ) ,  th e  
e a rl ie r  re su lts  o f  S e n g  a n d  L in d e r  ( □ )  an d  th e  8 eV  resu lts  o f  
S e n g  a n d  L in d e r ( O )  a n d  S h y n  e t a l. ( x )  a re  sh o w n , (b )  R e su lt o f  

th e  M P S A  p ro ce d u re  f it  ( — ) to  th e  p re se n t 7 .5 e V  (1 0 0 )4 - (0 0 1 )  
d iffe re n tia l c ro s s -sec tio n  ( # ) .  A lso  sh o w n  a re  th e  7.5 e V  e x c ita 
tio n  fu n c tio n  d a ta  p o in ts  o f  S e n g  a n d  L in d e r  ( □  ).

our measured DCS. The ICS for 7.5 eV excitation of 
the (010) bending mode was found to be 0.317 X  

10"‘* cm^ ±0 .079  X  10“ c m\  somewhat larger 
in strength than predicted by Ref. [9] in their calcula
tion. The MPSA procedure indicated important / =  1 
and / =  2 partial wave contributions, which is consis
tent with the HjO" state having B-symmetry [5,8]. 
This latter observation agrees with the conclusions of 
Ref. [9], when they considered the contributions 
from individual states to the integral and momentum 
transfer cross-sections.

The present DCS for excitation of the (100 -f 001) 
stretching modes by 7.5 eV electrons is shown in 
Fig. 3a and listed in Table 2. Again we have also 
plotted on this figure the 20° and 90° cross-sections 
from Ref. [5], as taken from their excitation function 
measurements, and the 8 eV DCS results o f both 
Refs. [5,6]. Also plotted here is the theory result [9] 
for excitation o f the (100) symmetric stretch mode. 
In this case it is apparent from Fig. 3a that the 
present (100 +  001) data and that of Ref. [5] are in 
very good agreement at all the common angles of 
measurement. The current angular distribution (see 
Fig. 3a) shows significant structure at middle scatter
ing angles, which is consistent with the 8 eV DCS
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F ig . 3. (a )  A b so lu te  d iffe re n tia l c ro s s -se c tio n  fo r  e le c tro n  im p act 

e x c ita tio n  o f  the  (IO O )-h(O O I) s tre tc h in g  m o d es  o f  H j O  ( in  un its  
o f  10“ ' * cm ^ s r “ ' ) a t  an  e n e rg y  o f  7 .5  eV . T h e  p rese n t d a ta  ( • ) ,  
th e  e a rl ie r  re su lts  o f  S e n g  a n d  L in d e r  ( □ )  an d  th e  8 eV  resu lts  o f  
S e n g  a n d  L in d e r  ( O )  a n d  S h y n  e t  a l. ( X )  a re  sh o w n . A lso  show n 
is the  re s u lt  o f  the  c a lc u la tio n  b y  J a in  a n d  T h o m p so n  ( — ) fo r  the 

(100) sy m m e tric  s tre tc h  m o d e , (b )  R e su lt o f  th e  M P S A  p ro ced u re  
f it  ( - )  to  th e  p re se n t 7 .5 e V  (lO O )-t-(O O l) d iffe re n tia l c ro ss -sec 
tio n  ( ■ ) .  A lso  s h o w n  a re  th e  7.5 e V  e x c ita tio n  fu n c tio n  d a ta  

p o in ts  o f  S e n g  an d  L in d e r  ( □  ).

T a b le  2

A b so lu te  d iffe ren tia ]  c ro s s -se c t io n s  ( in  u n its  o f  1 0 “ '*  cm " s r “ ' )  
fo r  e le c tro n  im p a c t  e x c ita tio n  o f  th e  ( 1 0 0 ) -v-(0 0 1 )  s tre tc h in g  m o d es  
o f  H 2O  a t an  e n e rg y  o f  7 .5  eV . T h e  u n c e rta in ty  on  th is  d a ta  is 
~  ±  18.8% . T h e  c o rre s p o n d in g  in te g ra l c ro s s -sec tio n , Q, (in  u n its  

o f  1 0 “ ' * c m ^ )  fo r  th is  p ro ce ss  is  g iv en  at th e  fo o t o f  th e  co lu m n  

an d  th e  u n c e rta in ty  in  its  v a lu e  is e s tim a te d  to  b e  ±  2 4 %

‘^(100)+ (001)

10 5.63
20 5.23
30 4.23
4 0 4.23
50 4 .9 4
60 5.28
70 5.36
8 0 5 .57
90 5.25

100 4 .3 4
110 3 .3 4
120 3.64

0(100)+(001) 5 2 .9

measurement o f  Ref. [5], but contrary to that found 
by Ref. [6], Our (100 +  001) DCS thus confirms the 
earlier observation [5] for resonance enhancement o f  
the stretching m odes due to decay from H^O". We 
have also applied the MPSA procedure [14] to the 
current (100 +  001) DCS. The result o f  this process 
is plotted in Fig. 3b, where we see the MPSA gives 
an excellent fit to the measured cross-sections and 
again provides a plausible extrapolation to 0° and 
180°. The ICS for 7.5 eV excitation o f  the stretching 
modes was found to be 0.529 X  10“ '  ̂ cm^ ± 0 .1 2 7  
X 1 0 " ‘* cm^, in very good agreement with the 
corresponding ICS [5] and, surprisingly given the 
somewhat different shape o f  their DCSs (see Fig. 
3a), in good accord with the ICS o f Ref. [6]. Similar 
to the results w e discussed previously for the bend
ing mode, the MPSA procedure indicated important 
/ =  1 and / =  2 partial wave contributions for the 
stretching modes, consistent with the H jO ” state 
having B-symmetry [5,8]. This result is contrary to 
the classification advanced earlier [5], which sug
gested that a H jO " state o f  A-symmetry was play
ing the major role in the reaction mechanism for 
(100 +  001) excitation. The work o f Jain and 
Thompson [9] unambiguously demonstrated the piv
otal role o f  a B-symmetry H jO ' state, consistent 
with our analysis.
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We have also applied (see Fig. 4) the MPSA 
procedure to the 7.5 eV elastic DCS from our group 
[2], and found the elastic ICS was 16.34 X  10" 
cm^ ±3.27 X  10“ '^ cm^. When this elastic ICS is 
added to the ICS for the (010) and (100 + 001) 
vibrational ICS, an estimate for the 7.5 eV grand 
total cross-section (^ q js )  can be obtained. We note 
that this is a legitimate procedure because at 7.5 eV 
the ionisation channel is closed, excitation to combi
nation and overtone vibrational quanta are expected 
to be small [4] and excitation to open electronic 
states is also expected to be weak [3,15]. Our esti
mate of the grand total cross-section, = 17.2
X  10“ '^ cm^ ±3.5 X  10"'^ cm^ is in good agree
ment with the accurate linear transmission ^qxs of 
Szmytkowski [16], =  20.8 X  10“ cm^ ±1.9
X  10“ cm̂ . We therefore conclude that the pre
sent elastic, bending and stretching ICS at 7.5 eV 
form a sum that is self-consistent with the preferred 
value of the grand total cross-section for e~+  HjO 
scattering, and that this result provides some further 
support for the validity of the present data.

In summary, we have reported absolute DCS and 
ICS for excitation of the bending and stretching
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modes of H^O by electrons of 7.5 eV incident 
energy. While the present study may have been 
conducted at only one electron energy, significant 
results for both the bending and stretching vibra
tional modes were nonetheless obtained. They in
clude that the current DCS and ICS results for the 
(100 + 001) stretching modes are in very good 
agreement with the earlier determination [5], thereby 
confirming their work. In particular, both the present 
DCS and that of Ref. [5] at 8 eV exhibit significant 
structure at middle angles in their respective angular 
distributions (see Fig. 3a), which arises due to reso
nant decay from H ^O '. For the bending mode, 
however, there are differences in some details, par
ticularly at middle angles, between the present DCS 
and the work of Ref. [5]. Specifically, while we 
found that the bending mode was also resonantly 
enhanced due to decay from H^O", Ref. [5] did not. 
When the present (010) and (100 + 001) ICS are 
combined with an elastic ICS derived from previous 
work from our group, the resultant was found 
to be in good agreement with the independent grand 
total cross-section measurement [16]. This demon
strates the self-consistency of the current results. 
Finally, when a MPSA procedure was applied to our 
(010) and (100 + 001) DCS we believe certain as
pects of the vibrational excitation mechanism were 
clarified. Namely, consistent with the calculation [9], 
that at 7.5 eV both the (010) and (100 + 001) excita
tion processes are enhanced by resonant decay from 
lI jO ” and that in both cases the / =  1 and 1 = 2 
partial-wave components are dominant. This sug
gests that the decay is from a state of scattering 
symmetry B-type, which is contrary to the classifica
tion originally advanced by Ref. [5]. Hence one of 
the key physical insights to come from our work 
is that the classification of the state, that
dominates the reaction mechanism for vibrational 
excitation around 7.5 eV, must be revised from an 
A-type scattering symmetry to a B-type scattering 
symmetry.
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A bstrac t A comprehensive study of absolute differential cross sections (DCSs) for electron 
impact excitation of the bending (010) and unresolved stretching (100 + 001) vibrational quanta 
of water (H2O) is reported. Eight incident electron energies (£ 0) to the range 6-20 eV were 
investigated, and the scattered electron angular range was 10^-135°. Integral cross sections (ICSs) 
were derived from the corresponding vibrational DCSs using a molecular phase shift analysis 
technique. The self-consistency of these vibrational ICSs was considered by summing them, at 
each £ 0 . with available elastic and ionization ICS to provide estimates for the H2O grand total 
cross section (GTS), which could then be checked against the independent GTSs of Szmytkowski 
(1987 Chem. Phys. Lett. 136 363) and Sueoka et al (1986 J. Phys. B: At. Mol. Phys. 19 L373). 
Good agreement was typically found.

1. Introduction

At the recent ‘electron-driven processes: scientific challenges and technological opportunities’ 
workshop in Hoboken, NJ$ a group comprised of individuals with expertise in electron-driven 
processes and individuals with expertise in techniques and methodologies in related fields, met 
to identify the most promising scientific challenges for the investigation of processes initiated 
and driven by electron-induced mechanisms. One of the outcomes from this workshop was 
the identification of water (H2O) as the prototypical molecule for future, detailed and accurate, 
theoretical and experimental electron-scattering studies. Consequently, in this paper we report 
results from one such comprehensive study, specifically an investigation into the excitation of 
vibrational quanta in H2O by electron impact.

Previous experimental and theoretical work on electron scattering from H2O molecules 
has been well summarized by Johnstone and Newell [1] and Morgan [2], and so we do not 
repeat those general details again here. However, with respect to the subject matter of this 
paper, we note the major experimental investigations have been due to Seng and Linder [3,4], 
Shyn et al [5], Furlan et al [6] and a preliminary report of some aspects of the present study 
[7]. Seng and Linder [4] reported differential cross sections (DCSs), for excitation of both 
the bending (010) and unresolved stretching (100 + 001) vibrational modes, at nine energies 
(Eo) in the range 0.35-8 eV. The scattered electron angular range of these measurements was 
20°-11 O'". They also reported excitation functions at the scattered electron angles (âe) 20° 
and 90° and, in addition, integral cross sections (ICSs) for both the (010) and (100 + 001) 
modes. Similarly, Shyn et al [5] reported DCSs and ICSs for seven energies in the range

t  Permanent address: School of Chemistry, Physics and Earth Sciences, The Flinders University of South Australia, 
GPO Box 2100, Adelaide, SA 5001, Australia.
$ http://attila.stevens-tech.edu/physics/People/Faculty/Becker/EDP/

0953-4075/00/2250334-12$30.00 © 2000 lOP Publishing Ltd 5033
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2.2-20 eV and, again, for both the (010) and (100 + 001) modes. In this case the scattered 
electron angular range for the DCS measurements was 6  ̂ — 30°-150°. Higher-energy DCS, 
in this case for Eq — 30 and 50 eV and =  10°-60°, were measured for (010) and 
(100 + 001) by Furlan et al [6]. As these energies are outside the regime of direct interest 
for this investigation, we do not discuss their [6] results any further. Finally, we note the 
work of El-Zein et al [7] which concentrated on resonance phenomena in the (010) and 
(100 + 001) channels in the 6-8 eV impact energy range. DCS and ICS were determined 
by them at the single-electron energy 7.5 eV, with the angular range of that DCS measurement 
being Oe =  20°-120°. The present study significantly extends this earlier work [7] from our 
group.

From a theoretical perspective the only calculations to go beyond the first Bom 
approximation available in the literature, for vibrational excitation in H2O, appear to be due 
to Jain and Thompson [8] and Nishimura and Itikawa [20]. Here DCS and ICS for electron 
excitation of the symmetric stretch (100), asymmetric stretch (001) and bending modes are 
detailed.

In this paper, we present absolute DCSs for electron impact excitation of the (010) and 
(100 + 001) vibrational quanta of H2O at eight energies in the range 6-20 eV. The scattered 
electron angular range is 10°-135°. A molecular phase shift analysis procedure [7,9] is then 
applied to these DCSs to enable us to derive the corresponding ICSs. In the next section of 
this paper a brief precis of the apparatus and experimental techniques is given. In section 3 
our results are presented and discussed, while in section 4 some conclusions from the current 
investigation are drawn.

2. Experimental details

The electron spectrometer and measurement procedures used in the current crossed-beam 
work are essentially those used in Johnstone et al [10], and so only a cursory description of 
the relevant details is given here. A beam of H2O, effusing from a titanium tube of internal 
diameter 0.5 mm and length 10 mm, is crossed with a beam of mono-energetic electrons 
of desired energy Eq. In the present application Eq =  6, 7.5, 8.75, 10, 12.5, 15, 17.5 and 
20 eV. Elastically and inelasticaUy scattered electrons at a particular scattering angle are energy 
analysed and detected by a channel electron multiplier. The overall energy resolution for these 
experiments is typically 50 meV (FWHM) and, under normal operating conditions, incident 
electron beam currents ~  2 nA were obtained in the interaction region.

At each scattering angle and energy, energy-loss spectra were recorded over the range 
—0.3-0.6 eV. A typical spectrum at Eq =  7.5 eV and 6̂  =  30° is shown in figure 1 (see also 
[7]). Three peaks can be identified in this spectrum. They are due to elastic scattering (000) 
and electron impact excitation of the (010) and (100 + 001) fundamental vibrational quanta 
of H2O. The spectra were obtained by applying a linear voltage ramp to the reference rail 
(energy loss) of the electron optic and hemispherical energy analysis elements, that constitute 
the analyser, in an energy-loss mode in conjunction with a computer-based multichannel scaler 
which stored the scattered signal as a function of energy loss. Each spectrum was then analysed 
to determine the ratio R (from the areas A under the respective peaks) of the inelastic to elastic 
intensities,

Rk(0^)= , for all * =  (010) or (100 + 001). (1)
Aelastic (^ e)

Provided the transmission of the scattered electron analyser is weU characterized [11] this 
ratio is equivalent to the ratio of the DCS for the vibrational excitation process of interest
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Figure 1. Typical energy-loss spectrum for e~ + H^O scattering. The present data ( # )  and an 
interpolation through those data (— ) are shown. The incident electron energy is 7.5 eV and the 
electron scattering angle is 30'’. The positions of the excited vibrational quanta are indicated in the 
figure.

(o-k(Oe)) to that for elastic scattering (rro(^g)),

=  foralU  =  (010)or(100 + 001). (2)

It follows from equation (2) that, provided cro(0e) is known, the relevant inelastic DCS can 
be derived. In the current study we have employed the absolute elastic DCSs of Johnstone and 
Newell [I], or an interpolation from those data, to determine the required values for <T(oio)(̂ e) 
and (T(]oofOoi) (^e), respectively. Note that our interpolation of the data of Johnstone and Newell 
[1], to obtain values for the DCS at energies they did not specifically measure, is valid in this 
case because of the absence of resonance behaviour in the elastic channel [1,12] in the energy 
regime we consider.

Careful consideration has been given to the optimization of the transmission of the post
collision electron optics [10] in these measurements. This is crucial to enable accurate 
determinations for R i (0e)- The maximum energy difference for the electrons is around 0.46 eV 
(the energy difference between elastic scattering and the (1(X) + (X)l) vibrational excitation), 
which at an incident energy of 6 eV represents a change of only 7.5% in the scattered electron 
energy.

A general discussion of the errors associated with the present type of measurements can 
be found in Nickel e t a l [13]. In the current work the statistical errors associated with the 
scattering intensity measurements are small (<  5%). Additional errors due to the uncertainty 
in the elastic differential cross sections [1] 13-17%) and an uncertainty in the uniformity
of our analyser transmission (conservatively estimated to be ~  10%) must also be considered. 
When these sources of error are added together in quadrature we find an overall error on our 
(010) DCSs to be typically ~  19.5%, and an overall error on our (100 + 001) DCSs to be 
typically ~  18.8%.
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Figure 2. Resuit o f the MPSA procedure fit (— ) to the present 20 eV (100 + 001) differential cross 
section ( • )  data. Seven partial waves were allowed to vary in this fit, with higher-order terms 
obtained from the Bom series result.

To derive ICSs from our DCS measurements we have applied the molecular phase 
shift analysis (MPSA) procedure of Boesten and Tanaka [9] (and references therein), to the 
respective (010) and (100 + 001) DCSs. A typical result of this process for the (100 + 001) 
modes at E q =  20 eV is given in figure 2. It is clear from figure 2 that the MPSA gives an 
excellent fit to the measured differential cross section and provides a plausible extrapolation 
to 0° and 180°. This extrapolation is then used in conjunction with the measured DCS to 
calculate the integral.

4 (£ 'o )  =  f  (7k(Eo,0)sinddd.
Jo

The relevant integral cross section is then found in the standard manner from 

Q k (E o )  =  2 n I k ( E o ) .

(3)

(4)

In the present application of the MPSA usually around seven partial waves are allowed to 
vary in the fit to our measured DCS. Higher-order partial waves were accounted for using the 
Bom series result [9,14].

3. Results and discussion

3.1 . D ifferen tia l cross  sec tio n s

In tables 1 and 2 we present our differential cross sections for electron impact excitation of 
the (010) and (100 + 001) vibrational quanta of HoO, respectively. A representative selection 
of these DCSs is also plotted in figures 3(a)-(c) and figures 4(a)-(c). Note that in both these 
series of plots (a) corresponds to a 6 eV incident electron energy, {b) corresponds to a 10 eV 
incident electron energy and (c) corresponds to a 15 eV incident electron energy.

Considering figure 3 in more detail we see that the shape of the (010) differential cross 
section changes significantly as the energy of the incident electron beam is increased. It is
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Figure 3. Differential cross sections (x  10“ ‘* cm" sr~* ) for electron impact excitation o f the (010) 
vibrational mode o f water at (a) 6 eV, (b) 10 eV and (c) 15 eV. The present data ( # )  are compared 
with the previous results of; □ , Seng and Linder [4] and O, Shyn et al  [5],

clear from figures 3 {a ) - ( c )  that while all the differential cross sections are strongly peaked 
in the forward scattered electron angle direction, indicating the importance of the electron- 
dipole-moment interaction for excitation of this mode, it is also apparent that although at 6 eV 
there is essentially no angular structure in the DCS, at 10 and 15 eV there is important angular 
structure at middle angles. This angular structure, or enhancement of the DCS, at 10 and 
15 eV and middle angles is due to resonant decay of a B-symmetry state of H2O" into the 
(010) channel. This point was examined in detail earlier by El-Zein e t a l [7] and so we do 
not repeat those arguments again here. Note, however, the conclusions drawn by El-Zein e t a l  
are entirely consistent with the results of the calculation of Jain and Thompson [8] as to the
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are compared with the previous results of; □ , Seng and Linder [4] and O, Shyn et al  [5].

symmetry of the resonant state and that it decays into both the bending and stretching modes 
of water. When we compare the present (010) DCS with those of other workers, then at 6 eV 
(figure 3 (a )) the level of agreement between our work and that of both Seng and Linder [4] and 
Shyn e t a l [5] is generally very good across the entire common angular range of measurement. 
At 10 eV, however, this is not the case (figure 3(b)). The angular distribution of Shyn e t a l  
[5] is more strongly peaked at forward scattering angles than the present result, and it also 
has none of the angular structure of the current measurement. For 10 eV incident electrons
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Table 1. Differential cross sections ( x 10“ ^̂  cm^ sr~^ ) for electron impact excitation of the (010) 
vibrational quantum in H^O. The error on the present data is typically ~  ±19.5% at each energy.

e  (deg)

£ 0  (eV)

6.0 7.5 8.75 10.0 12.5 15.0 17.5 20.0

10 5.231 4.610 5.923 6.204 — 3.801 6.703 —

15 — — — — 3.637 3.336 3.452 2.949
20 3.631 2.600 3.053 2.543 1.972 2.966 2.448 2.151
30 1.876 1.970 2.030 1.619 1.618 1.487 1.439 1.281
40 1.476 1.870 1.532 1.102 1.634 1.449 1.106 1.067
50 1.407 2.330 1.250 1.069 1.078 0.871 0.867 0.657
60 1.504 2.390 1.444 1.091 1.240 0.830 0.862 0.559
70 1.344 2.320 1.330 1.265 1.139 0.988 0.746 0.560
80 1.295 2.100 1.143 1.661 1.319 1.302 0.909 0.641
90 0.982 2.110 0.964 1.680 1.103 1.080 0.753 0.545

100 0.936 1.600 0.869 1.457 0.850 0.980 0.931 0.611
110 0.894 1.450 1.046 1.369 0.864 0.842 0.899 0.762
120 1.036 1.510 0.922 1.314 0.982 0.905 1.013 0.847
130 0.807 — 0.933 1.305 1.010 1.124 0.846 0.874
135 — — — — 0.867 1.178 0.924 0.919

Table 2. Differential cross sections (xlO~*^ cm^ sr“ ^) for electron impact excitation of the 
(100 + 001) vibrational quanta in H2O. The error on the present data is typically ~  ±18.8%  at each 
energy.

£ 0  (eV)

e (deg) 6.0 7.5 8.75 10.0 12.5 15.0 17.5 20.0

10 — 5.630 3.263 3.685 — 1.553 2.624 —

15 — — — — 1.808 1.491 1.393 1.073
20 5.062 5.230 2.876 2.127 1.345 1.376 0.994 0.783
30 4.068 4.230 2.603 1.793 1.561 0.960 0.690 0.447
40 3.695 4.230 2.317 1.597 1.608 1.025 0.659 0.412
50 3.534 4.940 2.270 1.809 1.414 0.860 0.599 0.301
60 3.497 5.280 2.646 1.949 1.615 0.817 0.581 0.247
70 3.628 5.360 2.706 2.461 1.651 1.050 0.597 0.281
80 3.941 5.570 2.708 3.156 2.195 1.630 0.794 0.419
90 3.562 5.250 2.765 3.420 2.053 1.383 0.819 0.384

100 3.178 4.340 2.587 3.008 1.886 1.344 0.757 0.429
110 3.162 3.340 2.370 2.699 1.802 1.145 0.695 0.507
120 3.164 3.640 2.354 2.556 1.650 1.228 0.717 0.502
130 2.354 — 2.084 2.407 1.619 1.312 0.571 0.509
135 — — — — 1.307 1.471 0.820 0.493

we only have the 6^ — 20° and 90° DCS of Seng and Linder [4] (from their (010) excitation 
function measurement) to compare with our results. In this case the =  20° datum point of 
Seng and Linder is in excellent agreement with the current DCS, although at 90° the agreement 
between us is quite poor. This discrepancy at 90° simply reflects the following point. Namely, 
that Seng and Linder found the dominant population mechanism for the (010) mode was due 
to direct scattering, while we additionally observe an important resonant enhancement effect. 
The present 15 eV DCS is plotted in figure 3(c), where we can only compare with the result 
of Shyn e t  a l  [5]. It is apparent from figure 3(c) that for ^  60° and 6̂ , ^  110° the present
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DCSs and those of Shyn e t a l are in quite good accord. At middle angles, however, the level of 
agreement is only marginal, although it is true that to within the combined uncertainties on the 
two respective data sets there should be overlap between them. While we do not specifically 
plot the 20 eV DCS for excitation of the (010) quantum, we note that at this energy the shape 
of the present angular distribution is essentially structureless, as is expected away from the 
influence of the decay of the state.

Electron impact excitation of the ( 100 + 001 ) stretching modes of water are considered in 
figures A {a )-{c ). At each of these respective energies the cross sections are forward peaked, 
although the degree of forward peaking in the angular distributions is significantly less than 
that found previously at the corresponding energy for the (010) mode (see figures 3 (a )- (c ) ) .  
On the other hand, the amount of angular structure in each of the illustrated ( 100 + (X)l) DCS 
is significantly stronger than that seen v is-à -v is  for the (010) mode. These observations are 
consistent with the resonant decay process, from the B-symmetry state of H2O", playing a 
more significant role in the excitation of the stretching modes than was found for the bending 
mode. They also indicate (see figures A {a )-{c ))  the comparatively smaller effect that direct 
scattering has for excitation of the stretching modes than for excitation of the bending mode. 
The agreement between the present data and those of Seng and Linder [4] for excitation 
of the (100 + 001) modes is, at the common energies of measurement, very good. This is 
specifically illustrated in figure 4(a). Indeed, both the current DCSs and those of Seng and 
Linder show significant angular structure at middle electron scattering angles (see also [7]), 
consistent with resonance enhancement of the cross sections. On the other hand, the DCSs of 
Shyn e t a l [5] exhibit no angular structure in any of their ( 100 + (X) 1 ) angular distributions (see 
figures 4 (a )- (c ) ) . Consequently, the agreement between the present data and those of Shyn 
et a l is generally quite marginal, the earlier DCS work [5] having a different shape and often 
tending to be stronger in magnitude at both the more forward and backward scattering angles.
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Figure 5, Integral cross sections cm^) for electron impact excitation o f the (010)
vibrational mode o f water. The present data ( • )  are compared with the previous results of: □ , 
Seng and Linder [4] and O, Shyn et al [5].
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3.2. In teg ra l cross se c tio n s

In tables 3 and 4 we present our integral cross sections for electron impact excitation of the (010) 
and (100 + 001) vibrational quanta of respectively. These ICS are also plotted in figure 5, 
for the (010) mode, and figure 6, for the (100 + 001) modes. Recall that the present ICS were 
determined from our DCS measurements using the MPSA procedure discussed in section 2. 
It is obvious from figures 5 and 6 that the current measurements confirm the preliminary 
conclusion of El-Zein e t a l  [7], namely that the broad B-symmetry shape resonance of H2O" 
enhances both the (010) and (100 + (X)l) cross sections in the % 6-10 eV energy range. We 
again highlight the consistency of this result with that obtained from their calculations by Jain 
and Thompson [8] and Nishimura and Itikawa [20].

Table 3. Integral cross sections (x  10“ '* cm*) for electron impact excitation o f the (010) vibrational 
quantum in H2O. The error on the present data is ~  ±25% .

Eo (eV) ICS ( X 10-'*  cm -)

6.0 16.37
7.5 31.70
8.75 22.73

10.0 19.82
12.5 14.55
15.0 14.17
17.5 14.47
20.0 11.88
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Table 4. Integral cross sections ( x 10 cm^) for electron impact excitation of the (100 + 001) 
vibrational quanta in H2O. The error on the present data is ~  ±25% .

Fo (eV) ICS (X 10-'** cm2)

6.0 42.72
7.5 52.90
8.75 38.62

10.0 31.06
12.5 21.61
15.0 16.41
17.5 11.11
20.0 5.913

Eo

%
X

o

(A
(0
2
Ü

1
■Oc
2

80

70

60
Grand Total Cross Section 

e + H^O scattering

X*

20

10

10 15

Energy (eV)

20 25

Figure 7. Grand total cross sections ( x  10“ *̂  cm") for electron scattering from water. The present 
data ( • )  are compared with the previous results of: — , Briiche [16]; O, Szymtkowski [17]; and 
X ,  Sueoka et al [IS].

Considering figure 5 in more detail we note that at Eg =  6 eV and for Eg >  10 eV all the 
available (010) ICS measurements are, to within their respective experimental uncertainties, in 
good agreement with one another. In the region of the resonance, however, the present (010) 
ICSs are significantly larger in magnitude than those of either Seng and Linder [4] or Shyn 
e t a l [5], which are themselves in quite good accord. Indeed, at the peak (Eg ~  7.5 eV) of 
the resonance the present (010) ICS is almost a factor of two greater in magnitude than that 
of Seng and Linder and Shyn et al. The possible origin for this discrepancy was examined by 
El-Zein e t a l [7], although no definitive conclusions were drawn by them. Given, as we shall 
see shortly, the very good agreement between all three data sets, to within their errors, for the 
(1(X) + 001) ICSs the origin of this discrepancy, at and near resonance, in the (010) mode ICS 
remains something of a mystery.
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Table 5. Integral elastic cross sections (x: 10“ *̂  cm^) fore" +H2O scattering. The ‘present’ elastic 
ICS were derived by applying a MPSA to the earlier work of Johnstone and Newell [1]. The error 
on the ‘present’ elastic ICS is ±20%.

Eo (eV) IC S (x lO -'^cm ^)

6.0 11.98
7.5 16.34
8.75 14.07

10.0 13.96
12.5 16.16
15.0 14.57
17.5 13.36
20.0 12.83

Table 6. Grand total cross sections ( x 10"*^ cm^) for e" +H2O scattering. The error on the present 
GTS is ±25%. Note that the ionization cross section for H2O was taken from Kim and Rudd [15], 
(see text).

£ 0  (eV) ICS (X 10"^^ cm^)

6.0 12.6
7.5 17.2
8.75 14.7

10.0 14.5
12.5 16.5
15.0 15.0
17.5 13.9
20.0 13.5

The present (100 + (X)l) integral cross sections are plotted in figure 6, along with the 
earlier results of Seng and Linder [4] and Shyn e t  a l  [5]. The agreement, as alluded to above, 
between all three data sets is very good across the entire common energy regimes. Thus an 
‘optimum’ experimental cross section set for excitation of the (100 + 001) modes could easily 
be derived from the three existing ICS measurements. This ‘optimum’ set would then provide 
theorists with a benchmark ICS for this process, against which they could test the validity of 
their calculations.

In table 5 we provide the integral elastic cross sections that we have derived, using the 
MPSA, from the elastic DCS measurements of Johnstone and Newell [1]. Note that in all 
cases the present estimates for the elastic ICS are consistent with those provided earlier by 
Johnstone and Newell, thereby demonstrating the utility of the MPSA procedure. When 
the elastic ICSs of table 5 are combined with the vibrational ICSs from tables 3 and 4, 
at each E q, and the corresponding ionization cross sections for water from Kim and Rudd
[15] we are able to obtain a lower bound estimate of the grand total cross section (GTS) 
for e“ + H2 O scattering. The results of this process are tabulated in table 6 and plotted 
in figure 7. Also shown in figure 7 are the previous GTS determinations from Briiche
[16], Szmytkowski [17] and Sueoka e t  a l  [18]. Note that the present GTS estimates are a 
lower bound on the true values because they do not include ICSs for excitation of any of 
the electronic states of H2O [19], for which absolute values are unavailable in the literature. 
Nonetheless it is clear from figure 7 that the current GTS values are in reasonable accord 
with the other available independent experimental data [16-18]. Consequently, we can 
surmise that the present elastic and vibrational ICS, when summed with reliable ionization
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ICS from Kim and Rudd [15], provide a self-consistent set for electron scattering from 
H 2 O .

4. Conclusions

We have reported on a comprehensive investigation into electron impact excitation of the (010) 
and (100 + 001) vibrational quanta in water. Important resonant enhancement effects in both 
these modes were observed in the ~  6-10  eV impact energy range. The present DCS and 
ICS data, when combined with the lower-energy results of Seng and Linder [4], provide an 
extensive and accurate body of data, from near threshold to 20 eV, against which state-of-the-art 
electron-polyatomic molecule scattering theories can benchmark their calculations.

This paper therefore satisfies one of the outcomes o f the recent Hoboken meeting which 
established H2O as the prototypical molecule to be jointly studied in depth by theoreticians 
and experimentalists.
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Geometry modifications and alignment of H2O in an intense femtosecond laser pulse
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The Coulomb explosion of H2O in laser pulses of 50 fs and intensity of 3 X lO'* W/cm  ̂has been investi
gated using an ion momentum-imaging technique to determine the shape of the exploding molecule. The 
molecule is found to straighten substantially during the ionization process with the bend distribution at a 
maximum between 130° and 180°. [51050-2947(99)50904-9]

PACS number(s): 33.80.Rv, 33.80.Gj, 33.90.-t-h

Modifications to the structure o f  a small molecule during 
laser-induced Coulomb explosion is an active area o f interest 
at present. Experiments have shown that the bond lengths o f 
polyatomic molecules as large as SF̂ , [1] expand to double 
their normal value before multiple ionization is complete. 
Evidence has been found to support bending o f  both the 
ground state [2,3,4] and vibrationally excited [5] CO; mol
ecule, and straightening o f  the initially bent SO; molecule
[6]. A more recent experiment indicated that SO; retains its 
bent structure [7] for high ionization channels. In the present 
experiment we use a momentum-imaging technique devel
oped by Hishikawa e t a i  [7] to examine the modification to 
the initially bent H ;0  molecule in a 50-fs laser pulse o f peak 
intensity 3 X lO'* W/cm^.

The 790-nm, 10-Hz laser used in the present experiment 
has been modified from that used in earlier studies [1,4,5]. 
The incident laser beam enters the vacuum system, which 
has a base pressure o f  10“  ̂ Torr, through a fused silica win
dow and is reflection focused using an /75 spherical mirror 
into the interaction region, which gives a near-diffraction- 
limited Gaussian spot radius, calculated to be 2.5 ptm. The 
intensity was derived from the spot size and the pulse energy 
o f  900 pL.i to peak at 3 X lO'  ̂ W/cm^. The direction o f  the 
laser polarization was controlled using a half-wave plate. 
The laser focus was situated in a central plane equidistant 
from two parallel grids separated by 20 mm, which formed 
the source region o f a Wiley-McLaren-type time-of-flight 
(TOP) mass spectrometer [8], in which a 3-mm aperture was 
placed in front o f the microchannel plates [4]. During the 
experiment the target gas pressure rose to 10"’ Torr and be
cause o f the increase in both the laser pulse energy and the 
focal spot size, the signal strength was one hundred times 
higher than in previous work [4]. The signal from the chan
nel plates was therefore fed directly into a Tektronix TDS 
744A digital oscilloscope interfaced to a personal computer. 
The laser pulses were monitored as previously [4] in order to 
minimize the effect o f energy fluctuations. The polarization 
was rotated in 2° steps and a TOP spectrum was recorded at 
each step. Only one hundred laser pulses were needed to 
build up each spectrum and so a two-dimensional matrix o f  
TOP spectra from 0° to 360° could be built up in approxi
mately 30 min. The intensity distribution o f  an ion as a func
tion o f momentum, /( /* ) , is derived for each TOP spectrum, 
using the formula P -  e q A T ,  where q is the ion charge, e is 
the extraction field strength, and A T is the flight time relative

to the known flight time o f an ion with zero initial momen- 
tiun. A momentum map is then created by combining the 
distributions in polar form to give the signal strength as a 
function o f  momentum and angle with respect to the laser 
polarization direction.

Figures 1(a)-1(e) show momentum maps [7] o f  the ob
served atomic fragment ions, H ’ , and constructed 
from spectra recorded at 2° intervals from 0° to 360°. The 
vertical axis is parallel to the laser polarization direction. 
Clear information can be gained from these plots. Figure 1(a) 
shows a low-momentum island ( <  lOX lO^amums” ') con-
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FIG. 1. Momentum maps for the atomic fragment ions resulting 
from the Coulomb explosion of H;0. The vertical axis is parallel to 
the laser field direction e.
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sisting o f  ions from the H^ + OH (1,0) channel. The island is 
circular, indicating that the angular distribution o f  these ions 
is isotropic. The crescent-shaped islands, which consist o f  
ions from the Coulomb channels (1,1,1) and (1,2,1), have a 
wide angular distribution, but are not isotropic. The gray 
intensity scale shows that these islands have their highest 
values at angles close to 0° and 180°, which indicates that 
the Coulomb explosions result from H2 O molecules in which 
a certain amount o f  alignment exists between the H-H axis 
and the laser polarization direction. We have fitted a function 
o f  the form A  cos" 6  to the angular distribution, at a mo
mentum o f 40X 10  ̂amu m s"', which is close to the highest 
point on the island (at 0° and 180°). The least-squares fit 
gives a value o f  » =  4.5, which compares with « = 1 2  for the
(1,1,1) channel o f  CO2 at the same laser intensity [4]. We 
can try to explain the observations o f  both the low- and 
high-momentum hydrogen fragments by considering a num
ber o f  important results.

Recent experiments with laser pulses o f  less than 100 fs 
and intensity greater than 10''' W/cm^ have shown that the 
angular distributions o f  fragments from light diatomic mol
ecules cannot be explained simply by the higher ionization 
rate o f molecules, which are initially aligned with the laser 
field [9,10]. This indicates that the laser field reorients light 
diatomic molecules on a femtosecond time scale. By contrast 
it was found that the massive B molecule could not be reori
ented on such a short time scale. The H2O molecule is light 
and so it is reasonable to assume that the origin o f  the angu
lar distribution, observed here, is the reorientation of the H2 O 
molecule by the laser field. The static-field-induced dipole 
strengths parallel and perpendicular to the H-H axis have 
recently been calculated for a range o f  field strengths [11]. 
These calculations suggest that at low laser intensity 
( =  1 0 '̂  W/cm^), the torques on the molecule associated with 
these dipoles are roughly equal and opposite, so that the 
molecule is not reoriented. The angular distributions o f H 
ions, most probably from the (1,0) channel, were measured 
in that work and found to be isotropic. This observation is 
confirmed in the present work, as the low-momentum 
ions must originate from a region within the focal spot where 
the intensity is low enough to result in only single ionization 
channels such as (1,0). The calculations further showed that 
at higher intensities, the parallel-induced dipole becomes 
dominant and so the molecule should be rotated, such that 
the H-H axis aligns with the laser field. This prediction is 
confirmed by the present result. The effect o f opposing 
torques should reduce the amount o f reorientation experi
enced by the molecule in comparison with more linear mol
ecules such as CO2 , leading to a lower value o f  « as ob
served here. Furthermore, the bent nature o f  H2 O is 
important in widening the angular distribution o f  the Cou
lomb channel in a very simple way. If the H-H axis is com
pletely aligned with the polarization direction, the trajecto
ries o f the H^ ions cannot be along the polarization 
direction, because o f  the repulsion from the laterally offset 
oxygen ion. The bent nature o f H2 O is deducible from Figs. 
1(b) and 1(c) in which the and momentum plots are 
elliptical. In both cases the major axis o f  the ellipse is orien
tated at 90° to the laser polarization direction. This indicates 
that the molecules aligned with the H-H axis along the po
larization direction repel the central oxygen ion at right

FIG. 2. Correction geometry used for tlie finite collection angle 
a of the detector. P  is the momentum parallel to the detector axis 
and the signal measured at a particular P  is proportional to the area 
A = tt(P  tan a f  -, see text for discussion.

angles to the polarization direction; this is only possible from 
a bent geometry.

Further information about the molecular geometry can be 
extracted from the momentum maps, but first it is necessary 
to correct the data for the effect o f  the variation o f  detector 
acceptance angle with ion momentum. This variation has the 
most effect on the oxygen ion maps in Figs. 1(b) and 1(c), 
because the momenta o f  the oxygen fragments are small, and 
so the acceptance angle becomes large, reaching tt/2  for mo
menta close to zero. This means that the ion distributions 
appear more isotropic than is physically the case. Figure 2 
shows the geometry, which must be considered for the cor
rection procedure applied to each momentum point P  on the 
map. In Fig. 2 the signal S  measured at a particular momen
tum P  is proportional to the momentum surface area A , de
fined by 7r(P  tan or)  ̂ where a  is the acceptance angle o f  the 
most energetic ion, which can be detected with momentum 
P /co s{a )  and which can be calculated from the experimental 
geometry. The measured signal is divided by the factor 
Trsin^fo;), which is analogous to a solid angle correction. A 
fuller discussion o f  this and other correction procedures will 
be given elsewhere.

Figures 3(a)-3(c) show the angular distributions o f  H^, 
O^, and respectively, after a correction for the varia
tion o f acceptance angle. In Fig. 3(a) the central island is 
now not visible, but the Coulomb islands have not been 
greatly altered, as their momentum is high. The major differ
ence is in Figs. 3(b) and 3(c) where removing the false isot
ropy has transformed the elliptical islands into "bow-tie” - 
shaped islands. It is now possible to use the three corrected 
maps to deduce the geometry o f the exploding molecule, by 
comparing them with maps derived from a Monte Carlo 
simulation o f  the Coulomb explosion o f the H2O molecule 
from a distribution o f  geometries. A similar technique has 
been used previously [3] to determine molecular geometry 
from the islands o f  a double correlation map. In the present 
simulation, three independent distributions are chosen to rep
resent the O— H bond length R, the H— O— H bond angle 6, 
and the alignment angle cf) between the H-H axis and the 
laser polarization direction. The distributions used are either 
triangles or trapeziums for ease o f calculation. The simulated 

map was derived from a set o f  R , 0, and 4> distributions 
in which the molecule was allowed to explode into the
(1,1,1) channel and the map was derived from a set o f 
distributions in which the molecule exploded into the (1,2,1) 
channel. The simulated H'̂  map contains contributions from 
both channels, weighted in accordance with the magnitudes
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FIG. 3. Momentum map.s after correction for the finite collec
tion angle o f  the detector.

o f  the and ion intensities o f  Fig. 3. The simulated 
maps were individually normalized so that they could be 
compared with the experimental maps. The initial distribu
tions chosen were consistent with the geometry o f  the neutral 
molecule, i.e., the 6  distribution peaking at 104° and the R  
distribution peaking at 0.96 A. These were not found to give 
a good agreement with the experimental map, and so were 
varied until the best agreement was found. Figures 4(a)-4(c) 
show a comparison between the experimentally derived and 
the best-simulated momentum maps. The general agreement 
is good, with the simulated maps reproducing the shape o f  
the islands and the positions o f the highest ion signal in the 
experimental maps.

Figures 5(a)-5(c) show the derived distributions for R , cf>, 
and 6. For both channels, the R  distribution was found to 
peak at 2 A, in good agreement with the critical distance 
theory [12,13]. The alignment distribution 4> narrows with 
increasing ionization channel as expected [4]. This is for two 
reasons; better alignment is needed between the molecule 
and the field to produce the higher ionization channel, and 
the greater field strength, which produces the higher channel, 
also gives rise to more reorientation. Triangular alignment 
distributions with full width at half maximum o f 60° and 40° 
were derived to describe the (1,1,1) and (1,2,1) channels o f  
CO2 [3], as compared to 70° and 60°, respectively, in the 
present work. The results are therefore consistent with reori
entation o f H ;0 , but to a lesser extent in H2 O than in CO2 , 
due to competition between the parallel and perpendicular
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FIG. 4. Comparison between experimental (EXP) and simulated 
(SIM) momentum maps.

torques. The maximum in the bond angle 6  distribution is at 
130° for the (1,1,1) channel and 140° for the (1,2,1) channel. 
This compares with a most probable angle o f  104° for the 
neutral molecule; even more striking is the fact that the bend 
angle distributions saturate at these values. Figure 5(d) also 
shows a comparison with d y  the angle between the FF̂  tra
jectories, calculated with a multiconfigurational self- 
consistent-field technique [14] for dissociating H20^^ and 
H20"'  ̂ excited by highly charged ion impact. These distribu
tions describe the molecular ion geometries well, but the 
bond angles cannot directly be derived from them, as the 
dissociation is not completely Coulombic. Nevertheless, the 
dissociation is close to Coulombic, the d y  distributions are a 
good approximation to the natural bond angle distributions, 
and they show a low probability for large angles. In the 
present work the observation o f  high probabilities for large 
bond angles, between 130° and 180°, strongly indicates that 
the molecules have been straightened in the laser field. The 
phenomenon responsible for this straightening o f  the mol
ecule may be bond angle softening [15], tentative evidence 
for which has been found in the photoelectron spectrum o f  
H2 O at 532 nm. Figure 6 shows the interaction potential as a 

function o f 6 for the H2 0  ̂ ion with the W , state lowered 
by the photon energy o f  1.6 eV. This makes the crossing 

positions close to the centers o f the wells o f the % 
ground state, and close to the most probable angle for Fl2 0 ,̂
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FIG. 5. Distributions o f  the bond length R, alignment angle é, 
and bend angle 6 used to generate the simulated map in Fig. 4. A lso  
shown are the distributions calculated by Werner et a l  [14]. See 
the text for a discussion o f  the single-photon process, which allows 
the m olecule to access large bond angles, in the present experiment.

which is 120°. The process o f bond angle softening occurs 
by a single-photon transition from the ground state onto the 

À  1 state; the molecule then begins a large-amplitude os
cillation to the other crossing, where it emits a photon and 
returns to the ground state. The time scale for this motion is 
comparable to the rise time o f  the laser pulse. If the molecule 
is ionized near the start o f  the laser pulse, which is likely, 
then there is enough time for the ion to undergo this bending

-6"

-8-

- 10-

H-O-H Bond Angle (degrees)

FIG. 6. Interaction potential for derived from Rottke

et ai [ 15], with the À , state shifted by the photon energy o f  1.6 
eV.

process before the peak intensity is reached, and Coulomb 
explosion takes place. The bend angle distribution would be 
modified in this process, increasing the importance o f  large 
angles as observed.

In conclusion, using high-intensity femtosecond laser 
pulses, we have been able to excite the molecule to
high vibrational levels through a single-photon, bond angle 
softening process, and observe the resulting nuclear motion, 
through Coulomb explosion, using a momentum-mapping 
technique. This technique has also revealed the stretching o f  
the bonds, before Coulomb explosion, consistent with en
hanced ionization and alignment o f  the fragment ions, con
sistent with the reorientation of the molecule in the laser 
field. Further theoretical studies o f  the bond angle softening 
process in a high-intensity laser pulse would be beneficial.
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Abstract. The Coulomb explosion of carbon dioxide in a 55 fs laser pulse o f intensity 1.5- 
3 X lO'^ W cm“  ̂ has been studied using a variety of techniques based on time-of-flight mass 
spectroscopy. Covariance mapping has been used to identify Coulomb explosion channels and 
to measure the associated kinetic energy release. By comparing time-of-flight spectra taken with 
linearly and circularly polarized light, a clear signature of laser-induced reorientation is found, 
which is strongest for the lowest Coulombic channel. lon-momentum imaging coupled with Monte 
Carlo simulation shows that the zero-point bend-angle distribution is better preserved than for longer 
laser pulses. However, some residue of the sequential processes dominant in much longer pulses 
is found.

1. Introduction

The development o f tabletop femtosecond lasers has allowed dramatic progress in the 
understanding of the behaviour o f small molecules in intense electric fields. The alignment 
and ionization o f diatomic molecules in high-intensity plane-polarized laser fields is now 
reasonably well understood in terms o f enhanced ionization [1-3]. A  number o f  studies o f  
triatomics [4-14] have been carried out over the last ten years with increasing pulse energies 
and decreasing pulse duration, including two attempts to quantitatively describe the bend angle 
as well as bond length [6,12]. These experiments have both shown that modifications to the 
neutral bend-angle distributions occur during multiple ionization and Coulomb explosion. In 
the case o f H2 O in a 55 fs laser pulse [12], the molecule was found to straighten substantially, 
and in the case o f  carbon dioxide [6] in a 150 fs pulse, an enhanced distribution o f  bend angles 
3vas observed. By using a combination o f covariance mapping [8] and ion-momentum imaging 
incorporating finite-angle correction [12], we can study the geometry o f carbon dioxide in a 
55 fs laser pulse o f intensity 3 x 10̂  ̂W cm“ .̂ These current techniques have also produced 
information about the reorientation and dissociation dynamics. The experimental system used 
in this work is identical to that used in Sanderson e/ a / [12,13]. Moreover, a full description 
o f the ion-momentum imaging technique is given here, including the Monte Carlo technique 
used to simulate the Coulomb explosion process.

Previous investigations o f  the Coulomb explosion o f carbon dioxide have noted the narrow 
angular distribution o f the energetic fragment ions [6,13]; this has been attributed to laser- 
induced molecular reorientation. However, no conclusive experimental evidence has been put

0953-4075/00/040745+22$30.00 © 2000 lOP Publishing Ltd 745
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Figure 1. (a) Schematic diagram of the 50 fs 1 mJ Tirsapphire laser system employed in this work. 
{b) The TOF mass spectrometer used to measure the ionic products. See the text for a discussion.

forward that differentiates this phenomenon from preferential ionization of initially aligned 
molecules. We hope to make this distinction by comparing the Coulomb explosion of carbon 
dioxide in linearly and circularly polarized laser pulses, for which the average laser electric 
field in the direction of the detector has been made equal [15].

2. Experimental

A schematic diagram of the laser system used in this work is presented in figure \{a ) . An 
argon-ion laser pumps a Ti:sapphire oscillator, producing around 9 nJ in 50 fs at A. =  790 nm. 
An all-reflective stretcher, comprised of a 1500 lines/mm grating and a concave mirror, is used 
to increase the pulse duration to 180 ps. The stretched pulses are then amplified in a multi-pass 
confocal amplifier containing a Tiisapphire crystal, pumped with 67 mJ from a Nd:YAG laser. 
The stretched pulses pass through the crystal five times and are controlled by four spherical 
mirrors, each with a radius of curvature of 2000 mm. The preamplified pulse train is then 
removed from the amplifier and passed through a pulse picker. This reduces the repetition rate 
from 82 MHz to 10 Hz. The selected pulse is then reinjected into the amplifier, where the 
pulse energy is raised to 4 mJ. A pair of 1500 lines/mm gratings in parallel arrangement then 
compress the pulse back to 50 fs. The output pulse duration is monitored with a single-shot 
autocorrelator. Following the compressor, beam-steering mirrors control the beam path into 
the apparatus. A half-wave plate mounted in a rotation stage controls the polarization direction 
and a quarter-wave plate can be inserted into the beam path after the half-wave plate to produce 
circular polarization. Following optical losses, 900 /xJ per pulse enters the vacuum chamber 
through a fused-silica window.

Transmission of the 50 fs pulse through the window causes a temporal dispersion o f 10%, 
giving a final pulse length in vacuum of 55 fs. The laser pulse is then focused with an on-axis 
/ / 5  spherical mirror. Pulse-to-pulse energy fluctuations are detected by a photodiode (PD), 
monitoring the reflection from the entrance window. This signal is fed into a single-channel 
analyser (SCA), which produces the trigger for a digital storage oscilloscope (DSO) provided 
the PD pulse is within ±10% of the required level.
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Figure 1(6) illustrates a schematic o f the time-of-flight mass spectrometer (TOFMS), 
which employs the Wiley-McLaren [16] geometry. The laser focus is situated at the centre 
o f the source region o f the spectrometer. Gas is introduced into the spectrometer through a 
hypodermic needle 1 cm from the laser focus, typically raising the pressure from 1 x 10“  ̂
to 1 X 10“  ̂ Torr. Ions are extracted from the source region by the applied electric field 
and accelerated by E i .  The ions then drift through a field-free region at the end o f which is a 
removable aperture, 3 mm in diameter. Ions transmitted by the aperture are accelerated through 
a grid onto a pair o f channel plates, 25 mm in diameter, mounted in a chevron formation. The 
channel plate signal is fed directly into a Tektronix TDS 744A DSO, interfaced to a laboratory 
PC via a GPIB link.

2 J .  D e te rm in a tio n  o f  th e  f o c u s e d  la s e r  in ten sity

Two approaches were used to determine the focused laser intensity. Firstly, calculations were 
made o f the radius, coq, o f  the focal spot, using the laser wavelength (790 nm), the focal length 
o f the spherical mirror (5 cm) and the beam diameter (1 cm). The beam is 1.5-times diffraction 
limited and, assuming a Gaussian profile, coq =  3.75 p ,m . The intensity was then calculated 
from the pulse characteristics (900 ptJ in 55 fs) and was found to be 3 x 10̂  ̂W cm~^ within 
an Airy disc containing 86% o f the pulse energy. Secondly, using an experimental approach, 
xenon and argon were introduced independently into the spectrometer, and their stages o f  
ionization determined. The highest stages o f ionization observed were Xe^^ and Ar̂ "̂ , for 
which appearance intensities o f 8 x 10̂  ̂and 3 x 10̂  ̂W cm~^, respectively, were determined 
by Augst e t  a l  [1 1 ], which is consistent with the calculated laser intensity.

2 .2 . Id en tifica tio n  o f  th e  C o u lo m b  ex p lo sio n  ch an n els a n d  m e a su rem e n t o f  k in e tic  en erg y  
re le a se

We have previously used a simple one-dimensional TOF technique in the study o f alignment 
and bending in the Coulomb explosion o f carbon dioxide from the ground state [13] and 
from vibrationally excited states [14]. ‘Channel-resolved’ experiments employing covariance 
mapping or coincidence detection have allowed identification o f the explosion channels and 
measurement o f the kinetic energy release (KER). Comaggia [6] and Bering and Comaggia [ 10] 
employed double covariance, Comaggia e t  a l  [7] and Frasinski e t  a l  [9] used triple covariance, 
and Sanderson e t  a l  [18] used triple coincidence in conjunction with a position- and time- 
sensitive detector. In these experiments, laser pulses o f 80 fs [10], 150 fs [6,7] and 200 fs [9] 
and highly charged ion (HCI) impact [18] were used to multiply-ionize the molecule. A  
comparison with HCI impact seems appropriate, as in this process field ionization is also the 
dominant ionization mechanism. In this section, we present the Coulomb explosion channels 
observed, and the total KER associated with each channel determined by two-dimensional 
covariance mapping.

In this experiment, the laser polarization was set parallel to the axis o f the TOFMS and the 
aperture was removed to ensure near-unity collection efficiency. The number o f laser pulses 
and hence number o f individual TOF spectra recorded was o f the order o f 10'̂ . The experiment 
was performed at a pressure o f 3 x  10“  ̂Torr; this pressure was necessary to keep the ion signal 
low at around 3—4 dissociations per laser shot.

At the intensities present in the laser focus, carbon dioxide may be ionized three or more 
times (up to CO^  ̂under present conditions), with explosion into three atomic ions being the 
dominant process. By applying conservation o f momentum to the explosion, i.e. measuring the 
momenta o f  pairs o f correlated ions, fragmentation channels may be identified. Figure 2 shows
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Figure 2. Covariance map of the fragment ions from the Coulomb explosion of carbon dioxide, 
recorded with lO'* laser pulses. The pulse length is 55 fs, generating an intensity of 3 x 10*̂  W cm“  ̂
at 790 nm. The laser polarization is parallel to the axis of the TOFMS. The detected ions are labelled 
on the y-axis. The subscripts / ,  m and b correspond to ‘forward’, ‘middle’ and ‘backward’ ions. 
Note the correlation between the and C^’ ions is overlapped with the autocorrelation line. The 
enlarged region contains the following correlations: (a) O" + 0 \  (b) O ' + C \  (c) O + O^" and
(d )0

a covariance map, in which the ions detected are labelled on the _y-axis. The subscripts / ,  m  
and b  correspond to the ‘forward’, ‘middle’ and ‘backward’ ions. The forward ions initially 
travel in the direction of the detector and the backward ions away from it, but are turned around 
by the applied field E \ . Middle ions are thermal or from low-energy dissociation. This notation 
also applies to figures 3 and 6. The identification procedure is demonstrated in the enlarged 
section of the map, where the following correlations are present: (a) + O^, (b) + C ,̂
(c) and (d) The dashed line corresponds to the peak of correlation (a),
which passes through the peak of correlation (b); correlations (c) and (d) are observed to peak 
at higher momenta. Correlations (a) and (b) therefore constitute a Coulomb explosion channel, 
as momentum is conserved in the oxygen ions; this is the CO^  ̂ + C  ̂+ channel. All
o f the explosion channels identified in this manner are presented in table 1 along with the total 
KER and the Coulombic kinetic energy (CKE) from the ground state equilibrium position. 
The results of [7,9,10,18] are also included. The notation (M, N , P )  in table 1 corresponds 
to the dissociation channel + Ĉ "̂  +

Comparing the ratio o f k  =  KER/CKE from this work with those from [7,9,10,18], the 
same general trend is observed: k decreases slightly with increasing pulse length. In the HCI 
experiment [18], roughly the same range of channels was observed [19] although the KER 
has only been calculated for those channels reported. The values of k  observed in the present 
and previous laser experiments show some scatter, but an average taken across all channels 
shows a small systematic increase in k with decreasing pulse length. This observation is 
in agreement with the behaviour of diatomic molecules field ionized by 400 and 50 fs laser 
pulses [1]. The relatively small magnitude of the increase is due to the importance of the
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Table 1. Total KER for the explosion channels identified by two-dimensional covariance mapping. 
The experimental values are then compared to the CKE generated by explosion from the ground 
state equilibrium position. The ratio of these two values (^) is then compared with those measured 
in [7,9,10,18]. ^av is the mean k over all observed channels at each pulse duration.

Channel 
(M, N, P)

KER
(eV)

CKE
(eV)

k =  KER/CKE

200 fs [9] 150 fs [7]
55 fs 
(present) 40fs[10]

1 fs[18,19] 
HCI impact

(1 ,1 ,1) 18 31 0.55 0.58 0.55 1.28
(1 ,1 ,2 ) 50 0.54 1.10
(1 ,2 ,1 ) 56 0.61 1.50
(1 .2 ,2 ) 38 87 0.38 0.44 1.65
(2 ,1 ,2 ) 42 74 0.57 0.57 0.51 1.20
(2 ,2 ,2 ) 70 124 0.51 0.50 0.56 0.55 1.22
(2 ,2 ,3 ) 90 161 0.57 0.57 0.56 0.55
(2 ,3 ,2 ) 174 0.50 0.52
(2 ,3 .3 ) 100 223 0.45 0.45 0.49
(3 ,3 .3 ) 116 279 0.39 0.47 0.42 0.51

^AV 0.5 0.5 0.51 0.54 1.33

critical distance, [1-3]. The results from the HCI experiment are interesting as they show 
k ^  I, where explosion has occurred from around the ground state equilibrium position. The 
HCI impact can be viewed as a unidirectional electric field pulse in which the HCI-molecule 
interaction time is around 1 fs, causing field ionization. Altiiough interactions between the HCI 
and molecule such as momentum transfer complicate the situation, this observation indicates 
that the dominance o f the critical distance in field ionization could be overcome with a laser 
pulse o f a few femtosecond in duration. In this case. Coulomb explosion will occur from 
the ground state equilibrium position. The channel information and KER will be utilized in 
sections 2.4 and 3, where an ion-momentum imaging technique is used to study the geometry 
o f  the exploding molecule.

2 .3 . E x p e r im e n ta l in ve s tig a tio n  o f  m o le c u la r  reo rien ta tio n

There has been considerable contemporary debate concerning molecular reorientation within 
linear polarized laser pulses. The term ‘reorientation’ implies changing the initial random 
distribution o f the molecules in the laser focus such that the inter-nuclear axes o f the molecules 
rotate towards the polarization direction. A  number o f experimental studies have investigated 
this process in a range o f  diatomic molecules [11,15,20,21] ranging from H] to I2 . These 
studies showed that, whilst the massive I2 molecule is not reorientated, lighter molecules from 
CI2 to H2 were substantially influenced by the laser electric field. Molecular reorientation 
has been used to explain results in similar experiments in triatomics. In Sanderson e t  a l  [13], 
the narrowing o f a fitted distribution (A cos" 6 )  with explosion channel was taken to infer 
reorientation in carbon dioxide, where 6  is the angle between the laser polarization and the 
axis o f the TOFMS, and A  is an arbitrary scaling parameter. We reported that n  increased from 
n  =  12 for the (1, 1, 1) channel to « =  16 for the (2, 3, 2) channel. However, the distinction 
has not been made experimentally between reorientation ionization and preferential ionization 
o f initially aligned molecules. In order to rectify this, we have investigated this phenomenon 
by comparing TOF spectra recorded with linear and circular polarization [15].

Firstly, a TOF spectrum was recorded with linear polarization; at a pulse energy o f 450 /iJ
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the polarization was set parallel to the axis o f the TOFMS, The aperture was present in the 
spectrometer (see figure 1(h)), thus only fragments from those molecules which exploded 
along the TOF axis within the angular acceptance (pACC were observed, where ^acc is small 
for energetic fragments. The pulse energy was then doubled to 900 /xJ, and a quarter-wave 
plate inserted into the beam path to produce circular polarization; this is illustrated in figure 1. 
The circularity o f the polarization was tested by placing a linear polarizer after the quarter-wave 
plate, and measuring the laser pulse energy as a function o f  polarizer angle. The pulse energy 
was found to be constant to within 5%, indicating good circularity. A second TOF spectrum 
was then recorded with circular polarization but with double the energy o f  the linearly polarized 
beam, such that the average electric field (e) in the direction o f the detector was the same in 
both cases.

To predict what differences might be observed in the TOF spectra, it is necessary to consider 
the ionization process for both types o f polarization. We assume that the final ionization stage 
reached by a carbon dioxide molecule is determined by the maximum magnitude o f the laser 
e-field along the 0 - 0  axis [1]. In the case o f circularly polarized light, ionization is governed 
only by the location o f the molecule within the laser focus, as the electric field strength is 
the same in all directions. The molecules effectively ‘sample’ the maximum laser intensity. 
With linearly polarized light ( if  reorientation is absent), ionization is dependent not only on 
the location o f the molecule within the focus but also the initial orientation o f  the molecule 
with respect to the laser polarization direction. Throughout the focus, molecules that are well 
aligned with the laser polarization experience the strongest g-field along their 0 - 0  axis and 
are ‘preferentially’ ionized. This leads to the characteristic distribution o f energetic fragment 
ions along the polarization direction; hence when the polarization direction is parallel to the 
TOFMS axis, these energetic fragments will be detected.

In the case o f circularly polarized light, the direction o f the energetic ions is isotropic, but 
because (pAcc is small {(Pa c c  ^  10°), only those ions emitted in the direction o f the detector 
are collected. The number o f molecules that are c o in c id e n ta lly  aligned with the spectrometer 
axis is identical in both cases and the laser electric field has been made the same in both cases. 
Hence, if  molecular reorientation is absent, and only preferential ionization occurs, the signal 
for a given fragment ion will be the same for both polarizations. Conversely, i f  there is more 
ion signal with linear polarization, it indicates that reorientation has occurred.

Presented in figure 3 are the TOF spectra o f carbon dioxide recorded with linear and 
circular polarization. The average ion signal strength o f the COJ parent ion is comparable 
in both cases. However, for all other stages o f ionization, the spectrum recorded with linear 
polarization exhibits a significant increase in ion signal. The straightforward conclusion from 
figure 3 is that carbon dioxide is substantially reorientated during the interaction with the laser 
pulse. However, we would like to derive more detailed information for each ion and we can 
do this by integrating the signal under each peak for the linear I  (lin) and circular I  (circ) cases 
and taking the ratio R m i  =  /(lin ) : /(circ).

The variation o f / ? r o t  with ion species and the predominant channel o f  origin is presented in 
figure 4. The first distinction to be made is between the high-momentum and low-momentum 
ions, on the upper and lower curves, respectively. As discussed above, the experimental 
technique is designed to work with high-momentum ions but we can look at the variation o f  
/?ROT for the low-momentum ions provided we consider the much greater acceptance angle 
^Acc for these ions. The effect o f this increase in ^acc is to boost /(circ) and, therefore, to 
artificially lower /?Ror— hence the two distinct curves o f figure 4. For example, the COj ion 
has no momentum from dissociative recoil, only from thermal motion, and so <pacc — 90° 
(figure 5); this means that all ions are detected. For COj, /?rot ~  1 and this indicates that 
even for this low-intensity process, reorientation occurs, as without reorientation there would
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Figure 3. TOF spectra of carbon dioxide recorded with 55 fs laser pulses. The solid plot indicates 
the spectrum taken with linear polarization with a pulse energy of 450 /iJ. The laser polarization 
direction is parallel to the axis of the spectrometer, as indicated in figure 1. The dashed plot indicates 
the spectrum taken with circular polarization, with a pulse energy of 900
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be substantially more COj signal with the circular polarization light, because more energy is 
deposited in the focus. For CO^ ,̂ 7?rqt > 1, indicating that the amount of reorientation has 
increased with ionization channel. Examining the variation of /?rqt with channel we see the 
same pattern for both low- and high-momentum ions: /?roi increases with channel up to the 
( 1, 1, 1 ) channel and then decreases for the higher channels. In order to determine that this 
drop in /?rot is not an instrumental effect due to an increase in ^p^cc  ̂particularly for the high- 
momentum oxygen fragments, the value of <̂ ACC for O ,̂ and has been calculated at the 
average measured momentum of each ion and the results are shown in the inset of figure 5. It 
appears that there is actually a small decrease in ^acc with increasing stage o f ionization. The 
effect o f this is to cause a slight in crease  in /?rot with ionization stage. It therefore appears 
that the observed decrease is physical and not instrumental in origin. The dependence of /?rot 
on ion species indicates that most reorientation is experienced by molecules that explode into 
the (I, 1, I) channel (i.e. the and ions); the importance of this process decreases for 
the higher-order channels which involve the and ions. If we assume that
the final ionization step takes place at or near the peak o f the pulse, which is reasonable [16], 
then the ions that experience maximum reorientation are, at most, doubly ionized. These 
molecules then go on to explode into the ( 1, 1, 1 ) channel on the removal of the third electron. 
The amount of reorientation produced therefore depends on the point within the laser pulse 
that the third electron is removed, hence, the earlier the third electron is removed, the less 
reorientation occurs. As a consequence of this process, the high-order channels experience 
less reorientation as the third electron is removed very early in the pulse. The fact that the 
angular distributions sharpen for higher channels [13] must indeed be the effect of preferential 
ionization, as discussed earlier.

The strength of the reorientation process is dependent on the e-field experienced by 
the molecule (as before, dependent on location within the focus and initial orientation), its 
polarizability and moment of inertia. The moment of inertia of the molecule is similar over the
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range o f channels as Coulomb explosion occurs at around double the ground state equilibrium 
position. Furthermore, the g-field strength necessary to produce the higher channels increases 
accordingly [22]. It therefore appears that a drop in the polarizability o f  the molecule could 
be responsible for the lower reorientation o f the highest channels. The and more highly
charged ions are exploding coulombically, whereas the ions are dissociating more gently.
It may be this difference which effects the electrons freedom o f movement; in addition the 
effect o f laser-induced electron localization [2] may be important.

2 .4 . D e te rm in a tio n  o f  m o le c u la r  g e o m e tr y  u sin g  ion -m om en tu m  im a g in g

As discussed in section 2.3, we have previously measured the angular distributions o f the 
carbon and oxygen ions emitted from the Coulomb explosion o f  carbon dioxide [13] in order 
to investigate the effects o f laser-induced reorientation and geometry modification. While 
the oxygen ions were emitted along the laser polarization, the carbon ions were emitted 
perpendicular to the polarization direction. This distinct orthogonality o f  the ion trajectories 
could only result from Coulomb explosion of a bent molecule. A  similar deduction was 
made by Comaggia [6] using the two-dimensional covariance mapping technique, in which 
the best agreement between the data and a Monte Carlo simulation o f  the molecular structure 
was found with a wide bend-angle distribution peaked at 6  =  180°. By developing the 
ion-momentum imaging technique o f Hishikawa er a / [11], we have also been able to obtain 
structural information about the H] O molecule [12], which was found to straighten substantially 
during the ionization process. In the current work, we apply this technique to carbon dioxide to 
measure the O-C bond length ( r )  and O -C -O  bend angle (6 ) , along with measuring the angular 
distributions o f the carbon and oxygen ions with respect to the laser polarization direction.

The TOFMS was operated as in section 2.3, with the aperture present but using only linearly 
polarized light. A series o f TOF spectra were recorded as a function o f  angle p  between the 
laser polarization and the axis o f the spectrometer. This was performed by slowly rotating 
the half-wave plate and recording spectra at two-degree intervals. The DSO averaged the ion 
signal over 100 laser shots, then passed the spectrum to the PC. Following a 360° rotation of  
the polarization, the spectra were recalled in bulk to form a TOF matrix. Figure 6 {a )  shows a 
three-dimensional TOF matrix for carbon dioxide. The x-axis is TOF in seconds, the y-axis is 
^  in degrees and the z-axis is the ion signal intensity on a colour scale. To aid ion identification, 
a horizontal section through the TOF matrix at ^  =  0° is shown in figure 6 (b ). A number o f  
qualitative observations may be made from the TOF matrix. The very low momentum ions 
COj, C02^, CO^ and O^ appear as uniform vertical stripes, independent o f  f .  These ions 
have little momentum as they originate from the lowest channels such as pure ionization or 
dissociative ionization, and as such the maximum signal for these ions occurs at flight times 
corresponding to zero initial momentum, referred to as r(po). The values o f t ( p o )  are known 
for all the observed ions as Kpo) (x where m /q is the mass-to-charge ratio. All the
atomic ions exhibit non-uniform behaviour: for example, the ions appear as forward- 
backward islands situated either side o f /(/?o) at values o f  ̂  around 0° and 180°, and the Ĉ "̂  
ion appears as a stripe o f varying width which is widest at 90° and narrowest at around 0° and 
180°. The Ĉ "̂  ion and the backward ion overlap producing a feature, which combines 
aspects o f both ions, broadening at 0°, 90° and 180°. The implications o f  these distributions 
are more easily visualized from ion-momentum images (TMls) where the signal intensity o f an 
ion is plotted on a polar map. The radial coordinate represents momentum derived from flight 
time by the formula p  =  K ( q 2 s t E \ ) ,  where p  is momentum in amu m s~ \ Af =  t { p o )  — t  
in ns, q  is the ion charge in au, E \ is the extraction field in V c m ~ \ and K  — 9.8. The 
angular coordinate f  represents the angle between the ion trajectory and the laser polarization
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Laser -induced Coulomb explosion in carbon dioxide 755

direction. IMI plots are presented for ail atomic ions in figure 7 and it is quite clear from 
them that the oxygen and carbon ions exhibit markedly different behaviour. Apart from 
which has some signal at zero momentum in figure 7(a), the oxygen ion signals all appear as 
double islands, parallel to the laser polarization direction, and with non-zero momentum. This 
indicates that the ions are emitted with high momentum along the laser polarization direction. 
However, the carbon ion signals appear as single elliptical islands, centred at zero momentum, 
with their major axis perpendicular to e , indicating that the ions are emitted with low or zero 
momentum but preferentially perpendicular to the laser polarization direction.

By considering the range o f  momenta in the IMI plots over all oxygen ions, we can derive 
information about the dissociation channels that occur. This is possible because the oxygen 
fragments take away the majority o f the momentum, as the carbon atom is in the middle o f the 
molecule. As an example, the highest momentum with which O'*" ions are detected (figure l { d ) )  
is 300 X 10  ̂ amu ms~^; this is near to the middle o f the momentum range o f the signal 
in figure 7(g). We can therefore deduce that explosion channels involving and such 
as (1, 1, 2) or (1, 2, 2) are occurring. However, there is no overlap in momentum between the 

and ions, so we deduce that no channels involving these ions are occurring. Both o f  
these conclusions agree with the information gained from covariance mapping in section 2.2.

By comparing ffagment-ion momenta we can gain an insight into the origin o f  the two 
rings present on the IMI plot at /? =  100 x 10  ̂ amu ms“ * and p  — 280 x  10  ̂ amu ms“ * 
in figure 7(g). These rings are not present in either the or plots, nor are they present 
in the CO^ IMI, which is not shown. Furthermore, they cannot originate from a symmetric 

channel (for example, the ( 1, 1, 1)  channel) as the ion momentum will lie in the 
momentum range between the two rings, as derived from the covariance mapping experiment. 
This implies that these signals are not due to from any explosion or dissociation channel. 
Further analysis has shown that the positions o f these features correspond to values o f  t  {p o )  for 
the multiply charged ions (inner ring) and (outer ring) on the TOF matrix. They 
only appear as rings o f finite momentum because the map is calculated using the value o f t  (p o )  
for O^. The presence o f the residual signal is not surprising, as recent experiments have 
shown that femtosecond laser pulses may produce metastable triply charged parent ions (Sakai 
e t  a l  [23]). The presence o f is more puzzling, as it has no recoil momentum, as the ion 
signal is at a maximum at p q . This ion must therefore be produced either in an asymmetric 
process ->  + O, or as the result o f the sequential process COJ CO'*’ + O,
followed by CO^ —̂ CĜ '*'. The sequential process is more plausible, as no evidence has 
been found o f any other channels in which the dissociating partners differ in charge by more 
than one unit, as seen in table 1. The presence o f CÔ '*' probably explains the signal observed 
in our previous work, which was carried out under much poorer signal conditions [13]. In 
that work, the low-energy O'*" signal exhibited a second maximum perpendicular to the laser 
polarization direction and was tentatively assigned to molecules reorientated in this direction 
and drastically bent. However, the superior resolution in both angle and momentum in the 
present experiment now allows us to rule out this conclusion.

The IMI plots presented in figure 7 can be interpreted in terms o f the geometry o f the 
exploding carbon dioxide molecule. If the molecule is linear and the two O -C bonds break 
simultaneously, the carbon ions will receive no initial momentum from Coulomb explosion 
except from asymmetric channels, which will result in carbon ions being emitted along the 
O -C -0  axis. However, if  the molecule has a bent geometry, the carbon ion will receive 
significant momentum perpendicular to the 0 - 0  axis. In the case o f C*', Ĉ '*' and Ĉ '*' ions, the 
peak in the ion signal is at zero momentum, but extends in the direction perpendicular to the 
oxygen trajectories. An uncritical interpretation o f figure 7 leads to the conclusion that there 
is a distribution o f bend angles peaked at 0 =  180°.
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We would like to draw quantitative information about the molecular geometry from the 
IMI plots. This is possible by simulating the Coulomb explosion o f molecules with model 
distributions o f the O-C bond length and O -C-O  bend angle. However, so far no account 
has been made for the considerable variation o f collection efficiency with ion momentum and 
species: this problem must be addressed. By reducing the angular acceptance <p a c c  o f the 
detector, there is an enhancement in ion signal strength for low momentum ions with respect to 
high momentum ions as low momentum ions are preferentially detected (as discussed earlier). 
Quantitative correction for this instrumental effect is possible and the true structure o f the 
exploding molecule will only be resolved after this correction has been carried out.

The correction geometry to be considered is presented in figure 8. The method accounts 
for the range o f momenta that may contribute to the signal I  o f an ion with momentum p .  
By reducing the geometry o f the TOFMS to its simplest equivalent form, we can see that 
it is possible for an ion with momentum p '  and initial angle y  with respect to the TOFMS 
axis (where p '  >  p  and y  >  0°) to contribute to the signal o f the ion with momentum p .  
This is because the detector only resolves the component o f  p  parallel to the axis. We can 
calculate the maximum angle a  at which any ion will pass through the aperture with momentum 
p /  cos Of, and scale /  at /? by the ratio C of the area S  to the area o f the hemisphere o f radius 
p / COSO?. The area S  is defined by the rotation o f p tan a  over all azimuthal angles. The 
functional form o f this correction is shown in figure 8 for the ion, and is referred to as 
the ‘finite-angle correction’, as there is a finite angle that the initial momentum o f an ion may 
make to the TOFMS axis and be detected. The correction factor reduces to C =  ^ sin^ a , 
where g is a constant o f proportionality. Also shown in figure 8 is the variation o f a correction 
derived simply by considering the solid angle o f the maximum acceptance angle for an ion 
with momentum p .  This intuitive solid-angle correction is unphysical, particularly for low  
momentum (for the ion, we classify low momentum when p <  3 x 10'̂  amu ms“ Q, where
the correction is independent o f  momentum. The finite-angle correction is the best single-step 
correction method possible; to improve the precision o f this process, an iterative approach 
would be necessary.

Figure 9 shows the result o f applying the correction procedure to the IMI plots from 
figure 7. The fully resolved distributions o f the fragment ions are now observed for the first 
time. The most striking effect o f applying the finite-angle correction is for the carbon ions. 
The peaks in the ion signal are now found at p =  50,120 and 180 x 10  ̂ amu ms“  ̂ for C^,

and respecively, as opposed to at zero momentum as in figure 7. In figure 9(6), a 
contribution to the ion from the overlap with the ion has been subtracted, using the

ion signal reflected about t (po) and scaled using the ratio o f the to Oy  ̂ signals. As 
before, the carbon ions are emitted perpendicular to the laser polarization. The correction 
procedure is less dramatic in the case of the oxygen ions except for the low-energy ion.

There is some ion signal parallel to the polarization direction on the IMI (figure 9 (a )) .  
Although it is tempting to interpret this as the consequence o f molecules being aligned 
perpendicular to the laser polarization, and link it with the inner ring on the IMI (figure 9 (d )) ,  
the signal does not vary as a function o f angle in the same way as the signal. As discussed 
earlier, the inner ring on the IMI plot is most likely to be due to The momentum
o f parallel to the polarization direction is consistent with enhanced ionization o f a carbon 
monoxide ion CO^ -> 0 “̂ + C .̂ This correlation cannot be seen on the covariance map, as 
it overlaps the correlations that form the (1, 1, I) channel. To resolve this channel, we would 
have to calculate the triple-covariance coefficient. This could result from a sequential process 
beginning with the enhanced ionization o f the carbon dioxide ion: COJ ->  CO^ + O^. If  
the CO^ ion remains stable, and then begins to dissociate, the first ion may have moved 
sufficiently far away that it does not play any part in the dissociation process. The dissociation
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Figure 8. The correction geometry for the ‘finite-angle correction’ method, which allows the effect 
o f  the variation in detector angular acceptance with ion momentum and species to be removed from 
the IMI plots. The variation o f the fimte-angle correction, C, with ion momentum, p ,  is illustrated 
for the O- ion. Also presented is the variation o f the ‘solid-angle’ correction factor, which depends 
only on the maximum acceptance angle for a particular ion: this is also shown for the ion.

of CO  ̂then initiates enhanced ionization CO  ̂ in which the fragment moves
along the polarization direction. However, in a 55 fs laser pulse this is not possible, as the CO  ̂
and fragments will not have moved far enough apart to allow the ion to avoid interaction 
with the first ion. Alternatively, the CO  ̂ ion may originate from the CO  ̂+ O channel in 
a region of low intensity. In this case, the CO  ̂ ion can dissociate more rapidly, as the neutral 
oxygen does not strongly interact with the carbon ion. This sequential process is dominant for 
long-pulse experiments [4], but only a residual signal can be seen at 55 fs, and then only for 
the ( 1, 1 ) channel of CO. Multiple ionization during the dissociation of CO^ is not possible, as 
it originates from a low-intensity region. Clearly, in regions of high peak intensity, CO2 may 
be formed in an electronic level which would dissociate into CO  ̂+ O, but as the laser field 
rises quickly there is insufficient time for the O-CO^ bond to expand before further ionization 
and dissociation takes place. This leads to the high-order Coulomb channels which result in 
three atomic ions with clearly correlated momenta.

A qualitative interpretation of the IMI plots in figure 9 can be drawn from the fact that the 
carbon ion distributions are not peaked at p^. The molecule must have a bend-angle distribution 
peaked at some angle B ^  180° at the time of the Coulomb explosion. Furthermore, the linear 
configuration is very unlikely, as there is little ion signal at zero momentum in the case of the 
three carbon ions.
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3. Monte Carlo simulation of Coulomb explosion in carbon dioxide

By employing a Monte Carlo technique to generate IMI plots from triangular distributions 
of bond length, bend angle and angle of alignment with the laser polarization, a comparison 
can be made directly with the corrected data [12]. Two independent functions represent the 
O-C-O bend angle {0 )  and O-C bond length (/•); these coordinates are illustrated in figure 10. 
Using values randomly derived from these functions, the positions of each ion are calculated 
in Cartesian space, and are allowed to explode under the Coulomb force. The result of a 
single simulation is a momentum vector for each of the three fragment ions 0 { q \ ) ,  C i q i )  and 
0(^3) with charges q \ ,  q i  and q^. Rotating the three momentum vectors according to a third 
distribution then simulates the alignment (0) of the molecule with respect to the laser field; 
this coordinate is also shown in figure 10. The r and 0 distributions used in the simulation 
are described by three parameters: peak position, positive- and negative-going half-width- 
at-base (HWAB), while the (f) distribution is described just by a HWAB. The r  distributions 
determined from the present covariance experiment were used as a starting condition in the 
simulation process. In this work, equal bond lengths were used to simplify computation.

We were able to apply a number of initial constraints to the distributions. The 4> distribution 
must peak at 0  =  0° to constrain the oxygen ions parallel to the laser polarization. The 0 
distribution must peak at an angle 0 ^  180  ̂to reproduce the observed momenta o f the carbon 
ions. As each simulation is equivalent to the fragmentation of one molecule, 10“̂ explosions 
were simulated to generate IMI plots that are directly comparable with the experiment. The 
main objective was to simulate all the channels observed in the present covariance mapping 
experiment (table I ). For completeness, the other explosion channels observed in [7,9,18] were 
included, which are unresolved in this work due to an overlap in the covariance islands. The 
distributions were varied until all of the ions from a particular channel were visually judged 
to be close to the experimental data. Making a visual comparison between the observed 
and simulated data gave a good first-order agreement. IMI plots were then generated for 
each ion built up from all contributing channels scaled independently. The values of these 
scaling parameters were found using least-squares fitting, by comparing the observed and 
simulated plots. Finally, the least-squares value was further improved by varying the r, 0 
and (f) distributions and scaling values. A large number of different distributions were tested 
during the simulation process, to ensure that the best possible combination of distributions was 
found. During the simulation process, it was found that the oxygen ions were most sensitive 
to variation in the r  and 0  values, whereas the carbon ions were influenced most by variation 
in the peak in the 0 distribution.

Figure 11 shows a graphical comparison between the experimental data and the best-fit

% Figure 10. Coordinate system used in the Monte Carlo simulation o f  the 
Coulomb explosion in carbon dioxide.
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simulations. This clearly shows the success o f the simulation process, as the major features 
are well reproduced. Two simulated rings representing and were also included in 
figure 11(6/) to aid visual comparison. The largest difference is in the polar width o f the carbon 
ion signal, which is narrower in simulation. This difference could be evidence for partially 
sequential dissociation. An attempt was made to reproduce this by simulating non-equal bond 
lengths, but the results were very similar to those in figure 11. ff seems that to improve the 
simulation process, it would be necessary to simulate the molecular dynamics before the final 
ionization stage is reached. These processes were not taken into account in the simulation, 
which starts with stationary ions.

The best-fit r, 6  and 0  distributions are presented in figures 12 and 13. Examining these 
results in detail, the HWAB o f the <f) distribution decreases from 30° for the (1 ,1 ,1 )  channel to 
20° for the (3, 3, 3) channel. This agrees well with our previous work at 7 x 10̂  ̂W cm“  ̂with 
60 fs laser pulses [13]. We previously attributed this narrowing to the increasing dominance 
o f molecular reorientation. However, it now appears (as shown in section 2.3) that although 
laser-induced reorientation d o e s  occur for the Coulomb channels, this narrowing is due to the 
increasing significance o f preferential ionization with channel. By comparison, Comaggia [6] 
found a HWAB o f 60° for the (1,1,  1) channel, decreasing to 30° for the (2, 2, 2) channel. 
This difference in the width o f the 0  distributions may be due to the effect o f laser induced 
reorientation. This is because the laser intensity increases from 1 x 10̂  ̂ [6] to 7 x  10̂  ̂ [13] 
and 3 x IGd̂  W m “  ̂ in this work, but the effect o f preferential ionization has been shown to 
cause widening o f angular distributions with increasing laser intensity [20].

The most probable value o f r  does not vary a great deal with channel but the distributions 
do narrow with increasing channel and this may have a number o f physical reasons. Firstly, if  
we assume that enhanced ionization [1-3] is the underlying reason for the appearance o f the 
critical distance at around double the equilibrium inter-nuclear separation, then it is possible 
that the ionization rate varies more rapidly for the higher charge states than for the lower charge 
states. Secondly, partially sequential dissociation processes can play a part in widening the 
bond lengths o f the lowest Coulomb channels. This can be understood by assuming a simple 
model in which the initial dissociation o f COj is on a path which would lead to a molecular 
and atomic fragment such as COJ CO^ + 0 . In a region o f low intensity this may in fact 
be the final channel, but at a slightly higher intensity as CO^ + O passes through a second 
ionization takes place producing CO^ + O^. If the molecular fragment also starts to dissociate 
then CO^ CC + C can also pass through a second rc to give CO^ 0^ + (^  and a final 
(1, 1, 1) channel in which one bond is longer than This will happen regardless o f whether 
the second dissociation takes place before or after the first is reached, and the net result is 
a broadening o f  the bond lengths for the (1, 1, 1) channel. The effect becomes progressively 
less for increasing channels, until, for the highest channel, the second dissociation is initiated 
by the laser soon after the first. This leads to a more synchronized extension o f  the bonds: 
multiple ionization takes place until rc is reached where the final ionization occurs, giving a 
narrower observed distribution o f

It is interesting that in this model the stability o f the CO^ ion determines whether the 
final dissociation channel is (1,1)  or (1 ,1 ,1) ,  as the dissociation o f this ion initiates enhanced 
ionization. This argument does not require that the two processes occur in regions o f different 
peak intensity, merely that there is competition between the dissociation channels. Recently, 
Hering and Comaggia [10] have shown, by comparing the saturation points for the oxygen 
ions in the (1, 1) and (1 ,1 ,1 )  channels, that these two channels originate from the same 
spatial region. They concluded that the (1 ,1 ,1)  channel must result from simultaneous double 
ionization o f COJ. In an atomic system, the existence o f  doubly and triply charged ions in 
the same focal region would be a good indicator that the triply charged ion has resulted fi*om
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best-fit IMI plots shown in figure 10. The variation of bond length with explosion channel is shown 
in the upper panel, where the peak in the distribution is shown by tav. The points at which these 
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distributions for the (3,3,3)  channels is included in the two small panes on the right-hand side of 
the figure. The .r-axis shows the probability o f a particular bond length or alignment angle, shown 
on the y-axis.

simultaneous double ionization. However, this is not the case for a triatomic molecule, in which 
it is the competition between partial and full dissociation, which leads to different amounts of 
enhanced ionization from the same focal region.

The best-fit 0 distribution is shown in figure 13, where it is compared with a calculation of 
the ground state zero-point distribution of the neutral molecule [24], the work of Comaggia [6] 
using a 150 fs laser pulse, and the result of HCI impact [18], The ‘image’ of the molecule 
which results from this work is somewhat closer to the theoretical curve than in the longer pulse 
experiment, but for the HCI impact for which the interaction time is a few femtoseconds [18] 
the observed 0  distribution is closer to the zero-point distribution than in this work. The 
present triangular distribution differs considerably from that of [6], Physically, the probability 
of finding a molecule with a bend of 180° must be zero as there is no phase space at 180°, 
and the fact that the bend distribution o f [6] peaks at 180° either indicates that straightening 
has occurred for the longer pulse, or that a deliberately simple distribution was used for 
ease of computation. The peak in the present distribution is 171° compared with 174.7° in 
the theoretical curve. The least-squares fitting procedure is sensitive to the peak position, 
to within a few degrees indicating the importance of enhancement to the bend angle and not 
straightening. The width of the present distribution is less than that of [6] and this is probably a 
more significant comparison, indicating that modifications to the molecular geometry increase
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Figure 13. Bend-angle (^) distribution (degrees) used to generate all ehannels shown in figure 11. 
Also shown is the expected ground state zero-point distribution [24]. For comparison, the 0 
distribution from [6] is also included, where the laser pulse length was 150 fs. A comparison is 
also made with the (2,2,2) channel from [18], where HCI impact was used to initiate the Coulomb 
explosion.

with the length of the molecule-5 field interaction. This trend seems reasonable in the case 
of laser-induced multiple ionization and dissociation, as the probability of exciting electronic 
states, which change the molecular geometry, will depend on the amount of time for which the 
molecule is exposed to the laser pulse before Coulomb explosion occurs. This is supported 
by our recent results with H2 O [12] where, with similar techniques and pulse length, we 
were able to show that the molecule straightened significantly, due to single-photon bond- 
angle softening. This result contrasted with an earlier HCI impact experiment [25], using 
impact at 126 keV, which found that the molecule retained a significant bend similar to that 
predicted for the molecular ion.

4. Conclusion

A variety of experimental techniques have been used to probe the dynamics of the dissociation 
and subsequent Coulomb explosion of carbon dioxide on a femtosecond timescale. Firstly, 
covariance mapping has allowed identification of the Coulomb channels and measurement 
of the kinetic energy released. These results indicate that ionization takes place when the 
inter-nuclear bonds are around double their equilibrium ground state length. However, when 
a comparison is made between the present results and experiments employing a variety of 
pulse lengths [7,9,10], a gradual increase in KER with decreasing pulse length is evident from 
the increase in k/^y. Both o f these observations are consistent with the enhanced ionization. 
Furthermore, the results from HCI impact [18] indicate that the critical distance may be 
overcome with a laser pulse of a few femtoseconds duration.
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Secondly, by comparing the ion signals recorded with circular and linear polarization, we 
have demonstrated experimentally for the first time that laser-induced molecular reorientation 
occurs for carbon dioxide, and that this process happens on a femtosecond timescale. The 
strength of the reorientation process appears to decrease with increasing Coulomb channel, 
indicating that the evolution of the laser-induced dipole moment depends on the stability of 
the molecule.

The ion-momentum imaging technique (coupled with a correction for the instrument 
behaviour) has proved to be a powerful tool in understanding the dissociation dynamics of 
COJ. Firstly, we have been able to accurately determine that laser-induced reorientation only 
aligns the molecule to be parallel with the laser polarization direction [13]. In so doing, we have 
identified a residual signal from stable CO^ ,̂ along with a signature of enhanced ionization of 
CO^ during dissociation. Both of these result from COj dissociating into CO^ and a neutral 
oxygen fragment, and the stability of the nascent CO^ ion governs the path into either the 
(1, 1) or (1,1,1) channels. This implies that the (1, 1, 1) channel need not be produced in 
simultaneous double ionization [10]. Moreover, it is worth noting that the dissociation of the 
CO2 molecule is to be expected, as electronic levels leading to break-up will be accessed during 
ionization. This is a well known consequence of other ionization processes, such as electron 
impact [26] or synchrotron ionization [27], as well as being observed for long-pulse (tens of 
picoseconds) laser ionization [2]. The expansion of the inter-nuclear bonds is thus a natural 
mechanism in the COj ion; hence, a search for processes that stretch the molecular bonds, 
such as centrifugal force due to laser-induced reorientation [10], is likely to be fruitless. The 
dissociation of the molecule is effectively imaged at the critical distance due to the enhanced 
ionization process.

Finally, the comparison of measured and simulated IMI plots has shown that carbon dioxide 
does alter its geometry during the reorientation-dissociation process. The zero-point bend 
distribution of the neutral molecule is not fully maintained throughout Coulomb explosion. It 
does appear, however, that the amount of the laser-induced bending, which occurs on a longer 
timescale [6], is less for the present 50 fs pulse. The observation of such modifications depends 
on a combination of the inertia of the molecule and the electric field rise time. Hence, for a 
laser pulse of similar rise time, it is possible to observe considerably more modification to 
the structure of the lighter H2O molecule [17]. It is likely that modifications to molecular 
geometry result largely from accessing electronic levels that induce nuclear motion, as in the 
case of H2O; however, the partially sequential nature of the dissociation process highlighted in 
this work, particularly for the (1, 1, 1) channel, is also a mechanism for blurring the molecular 
‘image’ by allowing parts of the dissociating molecule to move independently of each other.
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Note added in proof. The recent results o f Hishikawa et al [28], at 100 fs, show a larger degree of geometry modification 
than in this work, at 55 fs, but for most channels this is less than at 150 fs, confirming the trend of reduced modification 
with pulse length.
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Abstract

T h e  v iab ility  o f  u s in g  b e a m s  o f  m o le c u la r  io n s  as  a  ta rg e t for s tro n g  field  
fra g m e n ta tio n  s tu d ie s  u sin g  in te n se  u l t ra - sh o r t  la s e r  p u lses  is d e m o n s tra te d . 
In  th is  w ay the p ro d u c tio n  m e c h a n ism  fo r m ultip ly  ch iu g e d  io n s  in  s tro n g  
fields m ay  b e  e lu c id a ted .

I. Introduction

In recent years, the study of short pulse laser interactions with 
neutral atoms and molecules has led to the discovery of new 
effects in strong held physics. These include above threshold 
ionization and dissociation, bond softening and Coulomb 
explosions [1]. Most recently atomic clusters have been used 
as targets, with resulting observations o f coherent X-rays [2J, 
and of high energy ions [3]. In this paper we describe a 
new experimental arrangement, designed to carry out such 
experiments with ionized targets.

To date experimental studies designed to observe 
fragmentation of molecular ions by short laser pulses have 
used neutral molecule targets and relied on the assumption 
that the ionization of the molecule and the dissociation of 
the molecular ion, occurring in the same laser pulse, are 
sequential processes. There is evidence to support that this 
assertion is generally true for pulse durations greater than 
about 1 ps. However when the pulse durations are significantly 
less than a ps, such that they approach the vibrational period 
of the molecules, a sequential description of the processes 
may well break down, and a simultaneous treatment may 
be more appropriate [4]. Moreover, the use of neutral targets 
has the distinct disadvantage that as the laser intensity is 
varied the molecular ion will be produced in differing states 
o f internal energy.

At the point o f interaction the molecular ion beam is 
intersected by a reflection focussed, pulsed laser beam. A 
Ti:Sapphire oscillator, pumped by an argon ion laser, pro
duces femtosecond pulses which are subsequently amplified 
using the chirped amplification process to give 2 mJ pulses 
at 10 Hz. The laser, housed at the Rutherford Appleton 
Laboratory, currently delivers radiation pulses o f 50 fs 
duration at a wavelength of 790 nm. These pulses are moni
tored using a single shot autocorrelator. When focussed to 
a spot size of 4 diameter, laser intensities o f approximately
lO'̂  Wcm“* can be produced. However due to the low target 
densities available in a typical low energy ion beam 
(approximately 10  ̂ cm"^), it is more appropriate to focus 
to a larger spot size with a correspondingly longer confocal 
length. In the study of H] ions a spot size o f  O.I mm, with 
confocal length of approximately 15 mm was used. This gave 
a maximum pulse intensity at the point o f interaction of 
7 X 10'-’ W cm -\

Following laser dissociation o f the H j ion the fragments H 
and H \  which retain the initial ion velocit); are subjected 
to electrostatic deflection which separates the primary 
2500 eV H] ion beam from the product 1250 eV beam. 
The H; ions are monitored using a Faraday collector while 
the ions and the H neutrals are detected using channel 
electron multipliers. In addition to the spatial separation of 
the ions a time of flight analysis was also performed on 
the fragmenting products. The laser pulse provided the start 
pulse for the timing electronics with the ions timed over 
the 27 cm flight path between the point o f interaction and 
the channel electron multiplier detectors.

2. Experimental arrangement

A schematic diagram of the experimental arrangement, as 
used in the preliminary study on ions is shown in Fig. 
I. Molecular ion beams can be extracted from suitable 
sources, focussed by a five-element cylindrical lens system, 
and momentum selected for purity in a 30’ bending magnet. 
Further focussing by a three-element aperture lens system 
and path correction by electrostatic deflection plates occur 
in a differentially pumped chamber. The deflectors may also 
be used for ion beam m odulation The molecular ion beam  
then enters the interaction and analysis chamber which is 
maintained at a base pressure o f about 5 x  I0~'° mbar.
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3. ResuJts

Results obtained for the fragmentation of H t  ions by 790 nm, 
50 fs laser pulses are shown in Fig. 2. Protons may be pro
duced either through dissociation:

( I s f l - g ,  v ) - I - « / i o j - >  - I - H ( n , / )  ( I )

or through ionization, via a Coulomb explosion:

H 2 (lsffg,v) +  n /icu^  H+ +  m + e .  (2)

With the laser polarization fixed along the ion beam direction. 
Coulomb explosions would be witnessed by two distinct peaks 
in the proton time-of-flight spectrum. This is due to protons 
being ejected preferentially in the forward and backward 
directions with peak energies o f about 3 eV in the 
centre-of-mass frame of reference [5]. Kinematic shifts would 
result in such protons having laboratory energies o f  approxi
mately 1250 ± 1 2 0  eV. Such double peaks were not observed 
in the current study, with only a single strong peak at the 
central energy of 1250 eV present in the spectra. Hence the 
proton yield plotted in figure 2 relates entirely to the dis-

5

4

3

2

0
0 1 2 3 4 5 6 87

L aser P ow er ( t 0 ‘  ̂ W ctn'^)

Fig. 2. P ro to n  y ie ld  d u e  to  th e  d is so c ia tio n  o f  H f  by 7 9 0  n m . 50  fs la s e r  pu lses, 
a s  a  fiin c tio n  o f  la se r  intensity. E x p e r im e n ta l  re su lts  ( # ) .  L in e a r  reg ression  
th ro u g h  e x p e rim e n ta l d a ta  (------- ).

sociation channel (eqn. (1)). With a maximum laser intensity 
o f 7 X lO'  ̂ Wcm“% this is in qualitative agreement with a 
theoretical prediction that the Coulomb explosion channel 
in H 2  has a threshold of 8 x  iO'̂  Wcm~" [6]. This prediction 
is based on a simulation of the appearance intensity curves 
for Coulomb explosions in H i [5], where transition rates 
are described by power laws o f  the form, T, =  a,/''', and 
the semi-empirical parameters a, and rj, are found through 
fitting to experimental data. A similar calculation for the dis
sociation channel (eqn. (1)) in H i puts the threshold at about 
2 X 10*̂  W cm~^, which is higher than that observed in the 
present measurement.

4. Conclusion

The present measurement o f the dissociation of H; as a func
tion o f laser intensity, demonstrates the viability o f using mol
ecular ion beams as targets for studies involving intense 
ultra-short laser pulses. Current upgrades to the laser system 
will permit extension to the regime where Coulomb 
explosions may be observed. In order to address the issue 
of fragmentation dynamics in strong fields, and as pulse 
durations approach 1 fs, further studies will focus on more 
complex molecular ions, with products analysed for both 
charge state and fragmentation energy. Experimentally this 
will require the primary ion beams to be energy selected, 
coupled with a more sophisticated analysis and detection sys
tem for the fragmentation product ions. In this way the pro
duction mechanism for multiply charged ions in strong 
fields may be elucidated.
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A bstract. A  fast beam o f ions, produced from a low energy ion accelerator, has been used  
for the first time in intense laser field experiments. The technique has enabled neutral dissociation  
products to be analysed and detected for the first time in such studies. Energy spectra o f  neutral and 
ionized fragments, product yields as a function o f  focused laser intensity and angular distributions 
o f  neutral dissociation products have been measured. Significant differences are observed between  
the present results and those obtained from experiments involving neutral H2 m olecules. These 
differences are indicative o f  the precursor %  m olecule playing an important and hitherto neglected 
formative role in the laser-induced fragmentation processes.

1. Introduction

The continual development of high power (> 10̂  ̂ W cm'^), short pulse (< 100 fs) lasers, 
coupled with advances in experimentation have opened up new areas of study in the behaviour 
of matter in strong fields. Over the past decade this has led to the elucidation of phenomena 
such as above threshold dissociation (Giusti-Suzor et al 1990), bond softening (Bucksbaum 
et al 1990) and bond hardening (Yao and Chu 1993, Frasinski et al 1999) in molecules, and 
the emission of highly energetic ions (Hutchinson 1998) and coherent x-rays (McPherson et al 
1994) from rare gas clusters. Most recently the fusion of nuclei in deuterium clusters has been 
witnessed (Ditmire et al 1999).

The study of molecules with a limited number of degrees of freedom has been particularly 
fruitful, since state-of-the-art lasers deliver radiation fields comparable in strength to 
intemuclear bonding fields. Furthermore, pulse durations of the order of tens of femtoseconds 
are readily generated, which are comparable to the vibrational periods (T) of motion, e.g. I2 

(T =  155 fs) and (T =  20 fs). This can allow both the natural rotation and vibrational 
motions to be frozen during the interaction of the molecule with the laser pulse. As well as 
the fundamental interest of intense field-molecular interactions, such studies are driven by 
the quest to control chemical dynamics via the variation of laser parameters such as intensity, 
pulse duration, phase and frequency. By far the greatest effort to date has been expended 
on the study of the H% molecule, this being the simplest neutral molecular system. Studies 
prior to 1995 have been comprehensively reviewed by Giusti-Suzor et al (1995), with more 
recent review papers by Codling et al (2000) and Bandrauk (2(X)0). There have been several

0953-4075/00/142743+10$30.00 © 2000 TOP PubUshing Ltd 2743
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Figure 1. Proton kinetic energy spectrum resulting from the fragmentation of neutral H i molecules. 
Peak A corresponds to the so-called bond softening peak, peak B to the so-called above threshold 
dissociation peak and peak C to the Coulomb explosion or dissociative ionization peak. The 
spectrum is typical o f that observed in other such measurements (see for example Gibson et al  
1997).

recent investigations of laser-produced fragmentation of the neutral H] molecule (e.g. Shao 
et a l  1996, Thompson e t  a l  1997, Zhu and Hill 1997, Gibson e t a l  1997, Walsh e t  a l  1997 and 
Frasinski et  a l  1999) using both single colour and phase-control two colour photodissociation 
in which the fragmentation channels (0,1) and (1,1) were monitored. The channel notation 
i p , q )  denotes the ionization multiplicity of the fragmenting particles.

7.7. F ragm entation  o f

A measured energy spectrum of product protons resulting from the fragmentation of Ho 
molecules by a laser pulse of wavelength 790 nm, pulse duration 65 fs and intensity 
3 X 10̂  ̂ W cm“  ̂ is shown in figure 1. This measurement, carried out as part of the present 
study using the ASTRA laser at RAL (UK), utilized a gas target fed into the interaction region 
via a hypodermic needle in a similar way to previous studies. The spectrum shown in figure 1 
is typical of previously observed Ho spectra. The three observed peaks have been interpreted 
as being due to bond softeningf (peak A), above-threshold dissociation (peak B) and Coulomb 
explosion (peak C). The bond softening mechanism may be understood in terms of an adiabatic 
avoided curve crossing between the two lowest electronic states of the HJ molecular ion (Is 
cTg and 2p ctu), coupled via a single photon absorption resonance, see figure 2. Ions in the 
vibrational level v =  5 of the Is <Tg state can escape through the gap with close to zero 
dissociation energy, while those in higher vibrational levels will escape with correspondingly

t  Frasinski et al  (1999) have recently proposed that interaction between the one photon and three photon dressed 
states can lead to the production o f low energy protons from vibrational levels i; =  3 and 4 via a process o f bond 
hardening, thus providing an alternative interpretation o f peak A.
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F igu re 2. Potential energy diagram lor the m olecular ion, schem atically show ing adiabatic 
avoided crossings (dotted curves) at typical laser parameters. The dashed vertical lines show  the 
Franck-Condon region for excitation from the ground state o f  the H t m olecule.

higher energies. A similar avoided crossing at the three photon absorption resonance (with one 
photon re-emitted, leading to a net two photon process) has been invoked to explain the above 
threshold dissociation peak, B (Zavriyev et a l 1990). The position of experimental peak B has 
been modelled satisfactorily as resulting from excitation to the vibrational levels v  =  1-4 of 
the ion. However, less success has been achieved in modelling the intensity and width of 
peak B where it is assumed that the ion is populated in a Franck-Condon distribution (Dunn 
1966),

The Coulomb explosion peak, C, is believed to result from enhanced ionization, subsequent 
to dissociation, at some critical intemuclear separation, Rc, of the HJ ion, where Rc >  R q 
(the equilibrium intemuclear separation of the molecular ion). The value of Rc has been 
predicted by the electron localization model (Seideman e t  a l  1995, Posthumus et al 1995), 
and by consideration of the charge resonance nature of the Is cTg and 2p HJ states (Zuo and 
Bandrauk 1995), In an altemative interpretation it has been suggested that the observed kinetic 
energy distribution originates from ejected-electron screening of the escaping fragments, rather 
than due to enhanced ionization at some critical distance (Brewczyk et a l  1997),

1.2. F ragm entation  o f  H 2

Experiments with HJ molecular ions in intense laser fields are recognized as being particularly 
difficult, hence all experimental work to date has used Hz  as the primary target, complicating 
the understanding of the fragmentation dynamics of H t. The H  ̂ions have thus been produced 
by laser-induced ionization via:

H2 ((ls o-g)“, u) +nTia> -> Ht( ls  cTg, u) + e ( 1 )
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‘followed’ by laser interaction with the the secondary target, by the same laser pulse. 
The product ions are generally assumed to be in a Franck-Condon vibrational distribution 
(Gibson et a l  1997). This assumes that the H2 molecule remains unaffected prior to ionization 
in the laser field. In addition, the ejected electron is highly correlated with its parent HJ 
and may influence the nascent ion before laser-produced dissociation (0,1) and dissociative 
ionization (1,1) occur.

In order to decouple these two steps, and also to shed light on the behaviour of the H? 
neutral in the laser field, we herein report on the first experimental study of the interaction 
of high intensity short pulse laser radiation with H2 molecular ions in a fast-beam target. By 
using this approach the precursor Hi neutral state and any electron-H| correlation effects 
associated with the primary H2 ionization are avoided. Furthermore, the technique has an 
added advantage in that as well as detecting the product protons it also permits the detection 
of the product neutral H atoms. This is the first time that neutral dissociation products have 
been detected in the study of molecules in strong laser fields. A preliminary account of some 
of this work has been published previously as part of conference proceedings (Williams et a l  
1999, McKenna gf a/ 1999).

2. Experimental approach

The experimental arrangement (see figure 3) will be discussed in detail in a future 
communication, so only a brief account will ensue. H2 ions were formed in a plasma discharge 
ion source, with a 1 keV beam extracted and momentum analysed. The vibrational distribution 
of the ions was not measured, but running the discharge under vastly different source conditions 
produced no observable change in measurements. Furthermore, measurements of proton 
energy spectra from HJ fragmentation in various gas targets have been shown to give consistent 
results with discharge and electron-impact type sources, where the latter is run so as to produce 
a classic Franck-Condon vibrational distribution (Caudano and Delfosse 1968).

At the point of interaction, the HJ ion beam of diameter 1 mm full width at half 
maximum (FWHM) was intersected at 90̂ " by a linearly polarized laser beam. The Ti-sapphire 
laser operated at a fundamental wavelength of 790 nm (1.6 eV), delivering pulses with an 
approximately Gaussian temporal profile of 65 fs FWHM at a repetition rate of 10 Hz. A lens 
of focal length 25 cm was used to focus the beam to a Gaussian waist of 10 pm with a maximum 
intensity of 5 x 10*“' W cm“ .̂ With the axis of polarization set mutually perpendicular 
to both beams, proton fragments, predominantly ejected along the polarization vector, were 
energy analysed by applying a variable electric field across a pair of deflection plates. The

C o lle c to r  in.

N e u tra l  F ra g m e n t 
D e te c to r

B eam  F o cu sin g , 
S te e ra g e  a n d  M o d u la tio n
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A p e r tu re

L a s e r
B eam

E le c tro s ta tic
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N eedle

S e lec tio n  M ag n e t

Ion  S o u rce
E x tra c t io n  L en ses

F igu re 3. A  schem atic diagram o f  the apparatus.
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Figure 4. Kinetic energy spectra resulting from the fragmentation o f H^. -------, H atom kinetic
energy release spectrum; • , proton kinetic energy release spectrum with dashed curve drawn through 
the experimental points to guide the eye. For ease o f display the (0 ,1 ) dissociation peaks have been 
normalized to the same peak height. The inset shows the dissociation peak on an expanded energy 
scale with the predicted fragment energies expected from a Franck-Condon vibrational distribution 
o f the Ht ion displayed as vertical bars. The height o f  the bar represents the population o f the 
particular vibrational state, normalized to the dissociation curves for u — 9.

energy-selected protons were then deflected in a 45° parallel plate analyser and detected in an 
off-axis channel electron multiplier. The parallel plate analyser served to separate and baffle 
the primary beam from the proton signal. As well as the energy analysis, a time-of-flight 
analysis was also incorporated into the spectrometer in order to enhance the signal to noise 
ratio, the noise being dominated by the interaction of the primary beam with the background 
gas. For each proton energy, the peak in the time-of-flight spectrum was integrated to yield 
a single point in the proton energy spectrum. H atom fragment yields were measured by 
rotating the axis of polarization of the laser through 90°, such that the polarization direction 
was collinear with the ion beam axis. The fast neutral products passed undeflected through the 
parallel plate analyser and were detected in an on-axis channel electron multiplier. In this way 
a complete energy spectrum for the H atoms could be deduced from a single time-of-flight 
spectrum.

3. Results and discussion

Measured energy spectra for both proton and H atom fragments from an molecular ion 
beam are shown in figure 4, with the measurements carried out at a laser pulse intensity 
of 3 X 10̂ '̂  W cm“ .̂ The intensity was calibrated by introducing Ar and Xe gas into the 
interaction region via a hypodermic needle, and extracting product ions into the time-of-flight 
spectrometer. Intensity values obtained by comparison with the threshold intensities of Augst 
et a l  ( 1989) agreed well with values calculated from the known laser parameters. The similarity 
between the normalized main peaks in the proton and neutral spectra of figure 4 is immediately
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apparent. The proton peak is narrower than the neutral H peak due to a reduction in the effect 
of the broadening that arises from the finite velocity spread in the incident ion beam. This is 
the case since protons ejected perpendicular to the ion beam are analysed, whilst analysis of H 
atoms occurs for those ejected parallel to the incident beam. Clearly these peaks are both due 
to the (0,1) dissociation channel, leading to a proton and a H atom with equal kinetic energy.

It should be noted that the proton energy calibration is due to a calculation based on the 
ideal action of the energy analyser, ignoring any inhomogeneity in the electric field at the 
edges of the deflection plates. On the other hand, the neutral H energy calibration is direct 
and highly accurate, relying solely on precise timing information and measurement of the 
distance between the point of interaction and detector. However, as can be seen in figure 4, the 
dissociation energy as derived from neutral and ion results are in good agreement, from which 
we measure a total peak dissociation energy release of 0.4 eV for the (0,1) channel. The peak 
centred at ~2.0 eV in the proton spectrum, and absent in the neutral spectrum, is clearly due to 
Coulomb explosion, channel (1,1), giving a total peak ionization energy release of ^4.0 eV.

In comparing figures 1 and 4, for the interaction of H% neutral molecules and HJ molecular 
ions respectively, with similar laser pulses, a significant difference is immediately apparent. 
The two proton peaks A (one photon) and B (two photon) centred close to 0 eV and at 0.5 eV 
respectively for H2 (figure 1 ) have been replaced by a single dissociation peak centred at 0.2 eV 
for HJ (figure 4). Although this peak is quite broad in energy, the position of the peak suggests 
that the one photon process is dominant in the present measurements, with the possibility of 
some contribution from the two photon process. This is the exact reverse of the observation 
in neutral H2 targets at similar intensities. It is also worth noting that the neutral spectrum in 
figure 4 provides the first opportunity to observe a three photon peak, predicted to occur at 
a fragment energy of 1.3 eV. This is due to the absorption of three photons, but avoiding the 
re-emission of one photon as happens in peak B. In high pulse intensity experiments such a 
peak would always be hidden below the Coulomb explosion peak in a proton spectrum, but 
if present would be evident in a neutral spectrum. In the present study there does appear to 
be a distinct shoulder on the high energy tail of the (0,1) H atom spectrum which could be 
indicative of a three photon process.

To further investigate the question of multiphoton processes the product yield as a function 
of laser pulse intensity was studied. In figure 5, currently measured fragment yields for protons 
and H atoms resulting from the dissociation of HJ, and protons resulting from the ionization 
of HJ are shown. Again, measurements of both dissociation products are in good agreement, 
with the dissociation channel (0,1) unsaturated even at the highest intensity. The (0,1) and 
(1,1) channels have also been studied by Gibson et al (1997) with both channels displaying an 
intensity dependence of slope n =  3, indicative of initial three photon absorption. However 
in the present work we observe for the (0,1) channel a slope close to unity, confirming the 
dominance of a one photon process. It is thus quite clear that any contribution from three 
photon absorption (leading to either a two or three net photon process) to the (0,1) peak in 
figure 4 is very small. It must be emphasized that while previous work at low intensities has 
shown a domination of a one photon process (Zavriyev et al 1990), this has never previously 
been seen at higher intensities in association with Coulomb explosion. In addition, in the 
current work the (1,1) channel also displays the same n =  1 dependence. The fact that in 
both the present work and in that of Gibson et al (1997) the ionization channel follows the 
same photon absorption dependence as the dissociation channel, provides confirmation that 
the Coulomb explosion reaction does follow initial dissociation.

The absence of a strong signal from a three photon absorption process in both the energy 
spectra and the intensity dependence of fragmentation channels of the H2 ion indicates that 
the observed three photon spectra from H2 are strongly correlated with processes in the neutral
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F igure 5. Fragment yield  as a function o f  laser intensity. □ , H yield  from the dissociation channel 
(0 ,1 );  À, yield  from the dissociation channel (0 ,1 );  # ,  yield  from the dissociative ionization  
channel (1 ,1 ) .

molecule. Such precursor processes in the neutral Hi molecule could be due to the ‘first 
ionized’ electron wavepacket, produced in the leading edge of the pulse but trapped in the 
oscillating laser field repeatedly returning close to the ionic core over a number of optical 
cycles. This phenomenon has been shown to account for such diverse processes as high 
harmonic generation (Corkum 1993), dissociative recombination (Talebpour e t  a l  1996) and 
non-sequential ionization (Corkum 1993, Becker and Faisal 1999). In addition, bond softening 
may be occurring in the neutral molecule itself, increasing the intemuclear separation prior 
to ionization, resulting in the ion being formed predominantly in vibrational states u < 5 
due to the modified Franck-Condon overlap. Hence for 790 nm laser pulses, dissociation of the 
Ĥ  ion via bond softening could not energetically proceed through one photon absorption, and 
would thus be dominated by a three photon process. Bond softening of the precursor neutral 
is implicit in the argument of Frasinski et a l  (1999), supporting their assertion of formation of 
H2 ions in a limited number of vibrational levels (u =  3, 4) leading to bond hardening.

In the present study the population of the vibrational levels in the HJ Is <jg state, resulting 
from production in a discharge type ion source, is believed to be close to the classical Franck- 
Condon distribution. However, even though levels i> < 5 are thus expected to be heavily 
populated, there is no indication of significant dissociation occurring from these levels. Hence 
it would appear that the probability of three photon absorption is much less than for one 
photon absorption, even at pulse intensities where Coulomb explosion occurs. This again 
implies that those levels u < 5 are preferentially populated in experiments starting from the 
neutral molecule in order to reverse this propensity. In the inset of figure 4 we have plotted the 
(0,1) dissociation peaks on an expanded energy scale, and fitted a Franck-Condon vibrational 
distribution for the one photon process, arbitrarily normalizing to the experimental data at 
V — 9. It is apparent that the higher vibrational levels are present in the primary beam, and 
perhaps not surprisingly appear to fully dissociate. The degree of dissociation falls away for 
vibrational levels u < 8.
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Figure 6. H atom yield  as a function o f  angle, 6 ,  with respect to the direction o f  polarization: 
{a)  ‘m om entum ’ map show ing the energy and angular distribution o f  the H atoms; {b)  O, present 
m easurem ents; , c o s‘ 4 function fitted to the data.

In addition, by rotating the laser polarization from 0°, where the polarization axis is 
parallel to the incident ion beam, through 360° in steps of 4°, we have measured the intensity 
of product H atoms as a function of angle, 9, with respect to the direction of polarization 
(see figure 6). This indicates a cos"^ distribution, in marked contrast to the cos"^ distribution 
{n =  7) observed for experiments with a primary H] neutral molecule (Thompson el a l  1997). 
The higher the value of n the greater the degree of alignment of the molecular axis with respect 
to the laser polarization direction, and it has been shown to correspond to a reorientation of 
the molecular axis in the intense field. In the present case the value of n =  2 suggests that no 
reorientation of the molecular ion occurs in the dissociation process, the cos î9 distribution 
merely mirroring the fall in \E\^  (where E  is the laser electric field vector) in the direction of 
the detector. It is likely that the ions in the present study dissociate at an early stage on the 
rising edge of the laser pulse through the one photon process, allowing insufficient time for 
reorientation with the E  vector to take place. In experiments using H] as the primary species, 
the molecular ion dissociates predominantly via a three photon absorption process at these 
high laser intensities. It would thus appear that the neutral molecule itself aligns in the laser 
field prior to or during the initial ionization. This results in an oriented ion which is able 
to absorb three photons with high efficiency due to the alignment of the dipole moment with 
the field. The lack of alignment in the present study could explain the apparently low yield of
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Figure 7. Signal from the dissociative ionization channel (1,1 ) of as a function of intemuclear 
separation. Present measurements ( • )  are compared with predictions of Zuo and Bandrauk (1995) 
(------) and the H] measurements of Gibson et al (1997) (A).

dissociation products arising from initial three photon absorption. There is thus compelling 
evidence that alignment is present in the neutral molecule, consistent with an emerging picture 
of the laser-induced dynamics of neutral molecular species playing a significant role in the 
subsequent ion dynamics (Larsen et a l  1999, Bryan et a l  20CX)). It is again indicative of the 
active role played by the neutral precursor in the laser field.

Finally, the Coulomb explosion energy spectrum of figure 4 has been transformed to 
display the ionization rate of the (1,1) channel as a function of intemuclear separation R. 
Figure 7 shows that the rate is in reasonable agreement with the theoretical prediction of Zuo 
and Bandrauk ( 1995), and with a previous experiment in neutral H2 (Gibson et a l  1997) where 
meticulous care was taken to operate below the saturation intensity for the ionization of H? 
and HJ. The ionization is shown to occur predominantly around a critical distance of ~ 7  au 
in good accord with the theoretical predictions (Seideman e t  a l  1995, Posthumus et a l  1995, 
Zuo and Bandrauk 1995). There is no evidence to support a second critical distance at 10 au as 
postulated by Zuo and Bandrauk (1995), although the statistical uncertainty in the experimental 
data at this point is such that further confirmation is desirable.

4. Conclusion

In conclusion, we present the first experimental results for the dissociation and ionization of a 
beam of molecular ions in an intense laser field. We also present the first energy spectra of 
neutral dissociation products in such strong field studies. Significant differences with proton 
energy spectra obtained from neutral H? molecules under similar laser conditions suggest 
that the neutral parent plays an important precursor role in the laser-induced fragmentation 
dynamics of H]. We postulate that this effect may be due to electron correlation and/or bond 
softening of the primary neutral molecule, and strongly encourage theorists to explore the 
possibilities. Furthermore we present evidence that the HJ molecular ion does not undergo
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reorientation prior to one photon dissociation, and suggest this is indicative that in previous
studies reorientation of the neutral H2 molecule was significant.

Much of the understanding of fragmentation processes in intense laser fields has been 
due to the interpretation of new experimental measurements rather than a priori predictions. 
Experimental advances, such as the use of ion beams and detection of neutral products, will 
further challenge the theoretical unfolding of the dissociation dynamics of both ionic and
neutral species. It is thus anticipated that the use of ion beams will play a major role in the
continued elucidation of this new and complex area of physics.
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A bstract

We have o b se rv ed  th e  v a r ia t io n  in  io n  s ig n a l a s  a  fu n c tio n  o f  in ten sity  w ith in  a 
fo c u sed  la s e r  sp o t. U sing  a n  a p e r tu re  d e te c to r , th e  io n  s ig n als  from  n arrow  
b a n d s  o f  th e  la s e r  focus have b e e n  ob se rv ed . By m o v ing  th e  la se r  focus a long  
th e  d ire c tio n  o f  p ro p a g a tio n , re g io n s o f  d iffe ren t in ten sitie s  arc  ex p o se d  to 
th e  de te c to r. T h is  h a s  a llo w e d  d e ta ile d  m e a s iu e m e n ts  to  b e  m a d e  o f  ion  
s ig n a ls  a s  a fu n c tio n  o f  la se r  intensity.

1. Introduction

In the interaction of a focused laser beam o f wavelength A 
with a gas target, the atoms and molecules are exposed 
to a range of intensities (/(r.r)) which can vary by several 
orders o f magnitude. The observed ion signal o f any particu
lar species, is only an average over a range of intensities 
when the full focused spot is exposed to the detector. Using 
a soft focus lens i.e. large /-num ber, a relatively large focus 
o f several mm in the z direction can be produced. This allows 
spatial resolution o f the intensity distribution by scanning a 
slit o f width Ar (0.5 mm) along the z-direction, this is illus
trated in Fig. 1.

2. Laser beam characteristics

The focused laser beam intensity /r,:) is Gaussian in r (r i .  to 
laser beam direction) and Lorentzian along z (the laser beam 
direction) [1] and is given by

Aoj) = lo - 2 r

2 \̂ o/ J /or =  ±

* c -m a il: ali.cl-zcin(<ÿucLac.uk. 
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The volume that generates a given ion is that volume 
bounded by the saturation intensity o f that ion minus the 
volume bounded by the saturation intensity o f  the next 
higher charge state. The computed volumes for Xe"̂  to Xe'^ 
are given in Fig. 3 both as a function of z  and

Intensity selective scanning (ISS) using a sub-millimeter 
slit o f width Az reduces the whole exposed volume to a vol
ume slice o f thickness Az [1,2]

(t)] (3)

3. Experimental setup

A schematic o f the apparatus is shown in Fig. 2. The laser 
pulse (Ti:S, t % 70 fs, 2 =  800 nm and 10 Hz) has a pulse 
energy o f 5 mJ. Throughout the experiment, the pulse time 
and frequency profile were monitored using a FROG  
(frequency resolved optical gating) system. The laser beam 
was focused with a 25 cm focal length lens mounted on a 
computer controlled translation stage outside the experi
mental chamber; the focus o f  the laser beam is moved in 
0.1 mm steps with respect to the aperture (0.5 mm). Xenon 
gas is introduced into the vacuum chamber, rising the press-

( 1 )

where Z o ^ n t o l / l  is the Rayleigh range, ruo =  2 /2 /D  (D  
beam diameter before the lens) is the minimum waist radius 
at 1 Je" and /^is the maximum intensity. Rewriting the above 
equation and plotting r vs z for a given I(r,z) < h  generates 
‘peanut’ shape contours bounded by the saturation intensity. 
Is, for the production o f that particular ion species i.e. , 

etc.

(2)

I

•15
-20
-25

5 3 2 0 2  3 54 t
Z value (mm)

Ag. /. A fo cu sed  la s e r  sp o t sh o w in g  th e  iso in ten sity  c o n to u rs  b o u n d e d  by the 
s a tu ra tio n  in ten sity  o f  io n  sp ec ie s  .4*, etc. w ith  a slit for ISS.
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Fig. 2. S ch em a tic  d ia g ra m  o f  th e  a p p a ra tu s  used  in th e  ISS ex p e rim e n t. X enon 
gas is in tro d u c e d  o u t  o f  th e  p ag e  from  a  0.5 m m  h y p o d e rm ic  need le. T h e  lens 
is m ov ed  w ith  re sp ec t to  th e  p in h o le  to  sca n  the ion  s ignal vo lum es.
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Fig. 4. A  ty p ica l i - s c a u  m a tr ix  o f  X e io n s  sh o w s a  fu ller a n d  d e ta ile d  p ic tu re  o f  
th e  v a r ia t io n  o f  X e io n s  w ith in  th e  fo c u sed  s p o t

4. Discussion

Previous work on ISS [2] indicated a spatial dependence in 
ion production, however the matrix presentation yields a 
more complete picture of the intensity distribution within 
the focused volume. In order to make direct comparison 
o f measured volumes to the computed volumes, each of  
the species o f Xe ions have been integrated along the 
ToF axis. This is shown in Fig. 5 as a function o f  lens pos
ition along with the corresponding calculated volumes.

Only where the probability o f ionization is saturated 
(f(/) =  1) is the signal proportional to volume and the cal-

Local on axis peak Irtensily (xiO wrcm )

Fig. i .  X e n o n  io n s  c o m p u te d  v o lu m es at /o =  2 • 10 " ' W /cm " a n d  th e  a p p e a r
a n c e  in ten s ity  fro m  A ugst e! at. [3]. D a sh e d  cu rv es  a rc  th e  hill vo lu m es 
b o u n d e d  by each  io n  a p p e a ra n c e  in ten sity  w h ile m a rk e d  so lid  cu rv es  arc 
th e  v o lu m e slices th a t g e n e ra te  each  o f  th e  io n s; (a) a s  a fu n c tio n  o f  z  
a n d  <hj z c o n v e rte d  to  local o n  ax is  p e a k  intensity.

ure from 1 x 10“  ̂to 1 x 10“  ̂torr. Xenon ions are extracted 
through the aperture by the E-field (1 10 V /cm ) between 
the two plates into a time-of-flight (ToF) mass spectrometer. 
The ions are detected by channeltron at 26 cm from the inter
action region and the signal from the ToF was fed directly 
into a Tektronix TDS 744A digital oscilloscope interfaced 
to a PC. The ToF spectrum at each translation step was 
averaged over 100 laser shots. A typical r-scan matrix o f 
Xe ions is given in Fig. 4.
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Ftg. 5. T h e  in te g ra te d  s ig n a l a lo n g  th e  T o F  ax is  fo r each  ty p e  o f  X e ion . T h e  
so lid  cu rves  a re  th e  c o m p u te d  v o lu m es w h ere  =  I, d iffrac tio n  lim it 
< 1 = 5 .-^ a n d  co re  in ten sity  /„ = ^ x l O '^  W /c n f  c a lc u la te d  w ith  85%  t ra n s 
m issio n  th ro u g h  op tics.
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culated volumes are representative o f  the observed ion signal 
volumes. If / <  /sai then P(/) <  1. The computed curves in 
Fig. 5 depend not only on the values o f but also on 
the diffraction limit, 6, o f the optics employed, ideally 
Ô — 1 but when d >  1 the effective value o f /„ is reduced 
and the 7(o,-) variation will change. In order to achieve 
the fit in Fig. 5 the values o f  I ^ i  and ô were varied. The best 
fit was obtained with ô — 2.3 and ~  1.2 x iO'"̂  W /cm ' 
for Xe"̂ .

Beyond the limit o f the calculated volumes (e.g. z > 5 mm 
for Xe^) ions show a threshold process [3] before matching to 
the computed curves. This slow rise in ion signal can be 
attributed to field ionization in volumes in the tminelmg 
regime [3-5] (P(/) < I ). From Fig. 5 the /̂ ai values for 

occur at z =  5.2, 3.1, 2.0, 1.3 mm respectively 
which yield field intensities o f 1.2,2.9, 6.0, 12 (x  10*“* W/cm^) 
using

A o . r )  =
1 +

( i )

(4)

(7o =  4.0 X lO'  ̂W/cm^). These values are higher than those 
quoted by Augst ct at. [3] who used 1 ps pulses but are in line 
with the work o f Christov et al. [6] who demonstrated that 
for short pulses the ionization saturates at higher intensities 
than for longer pulses. This arises due to the phase lag of 
the atomic dipole with the electric field.

5. Conclusion

Using ISS method, the spatial distribution o f  the various 
atomic ions within the focused laser beam yields not only 
the functional dependence o f a signal with intensity 7 but 
also the onset o f saturation for each ion species and the value 
<5 o f the effective diffraction limit. This powerful technique 
can now be extended to the study of molecules and molecular 
ions in which intensity dependent ionization and dissociative 
ionization processes can be resolved [7,8].

Acknowledgement

T h e  fin a n c ia l su p p o r t  o f  E P S R C  ( UK.) is gra tc ftilly  ac k n o w led g e d . A . E i-Z c in , 
W  B ry an  a n d  T. G o o d w o r th  a re  gra te fu l to  E P S R C  (U K ) a n d  P. M c K e n n a  
an d  G . Jo h n s to n  are  g ra te fu l to  D E N I (N I )  fo r th e  a w ard  o f  p o s tg ra d u a te  
s tu d en tsh ip s .

References

1. H a n sc h . P  , W a lk e r . M . A . a n d  V a n  W o e rk o m . L. D  , P hys. R ev . A  54 , 
2559  (1996).

2. W a lk e r , M . A .. H a n sc h , P. a n d  V a n  W o e rk o m , L. D ., P hys. R ev . A 5 7 , 
701 (199S).

3. A u g s t, S ., S tr ic k la n d , D .,  M e y c rh o fe r , D . D ., C h in , S. L . a n d  E b e r ly , J . 
H .. P hys. R ev . L e tt. 6 3 , 2 1 2 2  (1989).

4. A u g s t , S ., M e y c rh o fe r , D . D  , S tr ic k la n d , D . a n d  C h in , S. L .. J. O p t. Soc. 
A m . B. 8 , 858  (1991).

5. T a lc b p o u r , A ., C h ie n , C -Y ., L ia n g , V. L a ro c h e lle , S. a n d  C h in , S. L ., J. 
P h y s. B: A t, M ol. O p t .  P hys. 3 0 . 1721 (1997).

6. C h r is to v , I. P. et at., P hys. R ev . L e tt. 77 , 1743 (1996).
7. S a n d e rso n . J  H . et a / . .  P h y s . R ev . A  5 9 , 2567 (1999).
8. B ry an . W  A . et al., J. P h y s. B: A t. M o l. O p t. P hys. 3 3 , 745 (2000).

P hysica  S cr iy ia  200J P hysica  S cr ip ta  T92

- 3 0 2 -


