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ABSTRACT
Using accurate ab initio calculations of the interaction forces, we employ a quantum mechanical description of the collisional state-changing
processes that occur in a cold ion trap with He as a buffer gas. We generate the corresponding inelastic rates for rotational transitions involving
three simple molecular anions OH−(1Σ), MgH−(1Σ), and C2H−(1Σ) colliding with the helium atoms of the trap. We show that the rotational
constants of these molecular anions are such that within the low-temperature regimes of a cold ion trap (up to about 50 K), a different
proportion of molecular states are significantly populated when loading helium as a buffer gas in the trap. By varying the trap operating
conditions, population equilibrium at the relevant range of temperatures is reached within different time scales. In the modeling of the pho-
todetachment experiments, we analyze the effects of varying the chosen values for photodetachment rates as well as the laser photon fluxes.
Additionally, the changing of the collision dynamics under different buffer gas densities is examined and the best operating conditions,
for the different anions, for yielding higher populations of specific rotational states within the ion traps are extracted. The present model-
ing thus illustrates possible preparation of the trap conditions for carrying out more efficiently state-selected experiments with the trapped
anions.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5123218., s

I. INTRODUCTION

Cooling and controlling molecular ions has been an important
topic for many years, owing to the importance of cold molecules
for many applications such as precision spectroscopy and metrol-
ogy,1–3 quantum-state controlled chemistry,4,5 or laboratory asto-
physics.6–8 Available techniques for the preparation of molecular
ions in specific quantum states of vibrational or rotational motion
and in selected hyperfine states are photoionization of suitable pre-
cursors9 or buffer gas cooling.10 Optical pumping11,12 or deple-
tion of excited states13 have also been demonstrated. Most of these
techniques rely on a sufficiently large spacing between different
quantum states, for example, spacings substantially larger than the
relevant thermal energies. However, for heavier diatomics or for
polyatomic molecular ions, this becomes increasingly difficult to
provide.

A widely used approach to internally cool molecular ions is
based on using cryogenic ion traps, where ion samples are trapped
and cooled down to a few kelvin with the use of buffer gas that fills
the trap.10,14 Helium is commonly used for this purpose to ther-
malize internal degrees of freedom to a temperature near the buffer
gas temperature. In radiofrequency ion traps, the de-excitation of
rotational quantum states has been demonstrated for several sys-
tems.13,15 The lowest temperature achievable for helium buffer gas
is about 4 K, which leads to molecular ions with rotational tem-
peratures near this limit. In the present study, we shall provide a
computational model of the kinetics of photodetachment of several
negative ions from selected initial states, simulating trap conditions
with temperatures between 4 K and 30 K.

In experiments, preparation of trapped molecular anions in a
selected set of rovibrational states usually starts by loading inter-
nally hot ions, with state distributions determined by the production
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process, into the ion trap. Excited rovibrational levels then cool
by interaction with the buffer gas or by direct radiative emis-
sion. Time scales depend on the inelastic scattering rate coeffi-
cients and the dipole moments of radiative transitions.16 For most
small anions, vibrational excitation is completely quenched, while
the population of the rotational states is controlled by the buffer
gas temperature and the collisional state-changing rates. During
the rotational quenching collisions, the anions’ excitation energy
is redistributed as kinetic energy between both collisional part-
ners. Most molecular anions studied in traps are heavier than the
helium atoms of the buffer gas so that the latter carry most of the
kinetic energy released after the state-changing collisions. Elastic
collisions with the buffer gas atoms reduce the translational veloc-
ities of the trapped anions to a temperature near that of the He
atoms.

The photodetachment processes of interest here will be inter-
preted as causing transitions between the molecular anion, M−,
in its ground electronic state and the neutral molecule, M, also
in its ground electronic state. Near threshold, both the neutral

FIG. 1. Computed rotational levels for the lower levels of OH−(1Σ), MgH−(1Σ),
and C2H−(1Σ) covering a range of about 120 cm−1. The Brot values are taken
from the references quoted in the main text.

molecule produced and the initial anion are considered in their
vibrational ground state but in different rotational states depend-
ing on the photon energy.17 In the case of a linear molecule, one can
write

M−(J′) + hν→M(J′′) + Ekin. (1)
The final rotational state of the neutral follows definite transition
selection rules which depend on J′ and also on the initial and final
electronic states of the partners.13 By ensuring that the laser fre-
quency neutralizes only molecular anions that are above a certain
rotational level in the ion trap, one can perform state-selective pho-
todetachment experiments that produce specific final states of the
anions left in the trap13,18 and allow for preparation of the abso-
lute internal ground state of a specifically selected molecular anion’s
rotational state.

The aim of the present work is to analyze in detail the quan-
tum formulation of experimental processes where specific molecular
anions will be initially produced in their lower rotational states by
collisions with He buffer gas and then allowed to equilibrate their

FIG. 2. Computed rotational level populations as a function of trap temperature.
The three panels contain data for the OH−(1Σ) anion, for the MgH−(1Σ) molecular
anion, and for the C2H−(1Σ) anion.
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rotational temperatures with the gas temperature in the trap. They
will then be exposed to laser light of a specific frequency that will
only depopulate some preselected rotational states of anions. The
population losses in the trap will depend on the structure of the
anion under consideration, the physical nature of their interaction
with the He buffer gas, and the interplay between the collisional den-
sity of the uploaded gas and the photon flux of the neutralizing laser.
These two dynamical paths will therefore be the main agents in the
interplay of ion losses and collisional repopulation.

FIG. 3. Energy maps associated with the three PESs employed in the present work
involving the rigid-rotor interactions of MgH−(1Σ) (top panel), OH−(1Σ) (middle
panel), and C2H−(1Σ) (bottom panel) with a He atom. Distances are in Å, and
interaction energy is in cm−1. The maps presented here are adapted from Ref. 22
(top panel), Ref. 19 (middle panel), and Ref. 21 (bottom panel). See main text for
further details.

The paper is organized as follows. Section II will briefly summa-
rize the nature of the interaction forces between the selected anions
and the He buffer gas atoms and discuss the internal rotational
structures of the anions. In Sec. III, we will describe the collisional
equilibration of the ions with the helium gas at the trap temperature
and solve the ensuing kinetics equations. In Sec. IV, we will exam-
ine the rates of spontaneous emission of photons in the ion trap but
show this to be a negligible consideration. In Sec. V, we present cal-
culations for the different thermalization time scales for each anion
in the traps. In Sec. VI, we will show the effect of switching on the
neutralizing laser on the anions’ population losses from specific rota-
tional states of the anion in question. Finally, we offer conclusions in
Sec. VII.

II. ROTATIONAL STRUCTURES AND INTERACTION
POTENTIALS

In this section, we shall describe in some detail the structural
properties of the simple anionic molecules we will analyze. More

FIG. 4. Computed radial coefficients of the expansion in Eq. (2) for the three molec-
ular anions interacting with He. Only the first four most important radial functions
are given in each case.
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specifically, we shall show how the densities of rotational states per
unit energy change drastically from OH−(1Σ+) to MgH−(1Σ+) and
to C2H−(1Σ+) and how such changes are also linked to differences
between their potential energy surfaces (PESs) describing their inter-
action with He, the buffer gas of choice in the cold traps where the
photodetachment experiments are carried out.

The rotational constants, B0, for each of these molecules have
been presented before: 18.570 cm−1 for OH− in Ref. 19, 4.897 cm−1

for MgH− in Ref. 20, and 1.389 cm−1 for C2H− in Ref. 21.
Figure 1 shows a comparison between the energy spac-

ings of the lower rotational levels for the three molecules under
consideration.

It is interesting to note how markedly the densities of the rota-
tional states vary within the energy range of about 100 cm−1 from
one molecule to the next: OH− essentially has two rotational lev-
els in the range, which become five for MgH− and about eight for
C2H−. This means that their preparation in a cold ion trap will
provide us with different significant populations of their rotational
states as a function of the trap temperature. For a direct compari-
son between these systems, we present in Fig. 2 the relative Boltz-
mann populations over a range of 0–50 K for OH−, MgH−, and
C2H−.

The results of the equilibrium population shown in that fig-
ure clearly indicate that one should expect the OH− anion to be
present, after thermalization, in chiefly its j = 0 and j = 1 rotational
states. On the other hand, rotational states up to about j = 4 are
populated for MgH− at around 30 K, while from Fig. 2 it can be
seen that in the case of C2H− molecules will significantly be pop-
ulated up to j = 6 or 7 states at 30 K. Thus, we can expect that
the trapping of these anions in cold ion traps will allow them to
be present with very different populations of their lower rotational
states.

As discussed in the Introduction, rotational/vibrational cool-
ing of the trapped anions is carried out by loading helium as a

buffer gas at different densities. Thus, after thermalization to the
ν = 0 vibrational states of the molecular ions, further collisional
cooling to their internal rotational states will be achieved over a
finite time scale by collisional interactions with He atoms. The
interaction forces for the molecular anions with He atoms have
been obtained from accurate ab initio calculations and analyzed
in previous publications: OH−(1Σ) has been presented in our ear-
lier work in Ref. 19 and further employed in the calculations of
Ref. 13. The corresponding ab initio potential energy surface for
MgH−(1Σ) interacting with He has also been computed by us ear-
lier, and its features, quality of treatment, and other details have
already been presented in Ref. 22. Finally, the rigid-rotor (RR)
potential describing the interaction of C2H−(1Σ) anions with He
has been calculated to a high level of accuracy by Dumouchel et al.
in Ref. 21, and we shall not repeat here the details of that calcu-
lation.

A pictorial comparison between these three PESs is shown in
Fig. 3 where we show the interaction energy in units of cm−1 for
all three molecules as a function of the Jacobi coordinates (r, θ)
expressed as Cartesian variables (r cos θ, r sin θ). The molecules are
fixed at their respective equilibrium bond lengths as described in the
relevant references given above.

The data presented in Fig. 3 give some further insight into the
differences between the three PESs of this study. The excess negative
charge present in all three molecules makes their interaction with the
closed-shell He atom rather repulsive from all directions, with only
a fairly limited cone of approach where attractive interactions are
present. For the case of C2H−(1Σ), for instance, the weakly attractive
well appears off-axis and in the direction of the C–H bond, while
for MgH−(1Σ) the well is placed along the molecular axis, on the
side of the Mg atom as already discussed in some detail in Ref. 22.
The OH−(1Σ) target also shows an off-axis approach as the one con-
taining the attractive well, directed toward the middle of the O–H
bond.

FIG. 5. Computed rotationally inelastic
collisional rates at low temperatures for
OH−. See main text for further details.
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Another useful presentation of the anisotropic features of
the present PESs is obtained by expanding the rigid-rotor, two-
dimensional (2D) potentials in a series of Legendre polynomials,

V(req∣R, θ) =
λmax

∑

λ
Vλ(req∣R)Pλ(cos θ). (2)

The radial shapes of the lower terms of the sum in Eq. (2) are shown
in the three panels of Fig. 4, where the interaction energy is in units
of cm−1 and distances are in angstrom. All three molecules are kept
at their equilibrium geometries.

It is interesting to note that the three systems exhibit different
anisotropic features of their expansion coefficients. The top panel

in Fig. 4 for the MgH− case indicates that the λ = 1 coefficient
has the strongest attractive well, thereby suggesting that the direct
dynamical coupling between rotational levels with a Δj = ±1 differ-
ence will be the strongest in this system. This also occurs for the
OH− anion, as shown in the middle panel of Fig. 4, although in this
case the attractive well of the Vλ(req|R) coefficients is closer to the
molecule and weaker than that of the MgH− case. One therefore
expects once again that inelastic rotational state-changing collisions
will be favored for processes with Δj = ±1 as a selection rule.

The case of the triatomic anion C2H− shown in the bottom
panel of Fig. 4 indicates an overall much stronger angular anisotropy
for this system. The V2 and V3 coefficients are strongly attractive,
while the V0 and V1 terms behave in the opposite way. Therefore

FIG. 6. Computed state-changing colli-
sional rates for MgH− in ion traps with He
as a buffer gas. The upper panel shows
de-excitation (“cooling”) rates, while the
lower panel reports the excitation (“heat-
ing”) rates over the same range of tem-
peratures. See main text for comments.

J. Chem. Phys. 151, 144304 (2019); doi: 10.1063/1.5123218 151, 144304-5

© Author(s) 2019

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

(and as shown below), we expect different Δj values to participate
efficiently in coupling rotational levels during inelastic collisions
with the He buffer gas. Such aspects will be briefly discussed in
Sec. III for all three molecular targets.

III. STATE-CHANGING QUANTUM DYNAMICS
Solving the problem of rotational quenching dynamics cor-

responds to solving the time-independent Schrödinger equation
(TISE) for the nuclei that move on the potential energy surfaces dis-
cussed in Sec. II, defined by Eq. (2) and enforcing on their motion
the usual asymptotic scattering boundary conditions.23

Our numerical strategy to solve the TISE is the coupled channel
(CC) approach as implemented in our in-house developed scattering
code, ASPIN.24 Details of the method have been given before25,26 and
discussed recently in detail for the case of the para-H+

2 –He system27

and so will not be reported here.
It is worth noting that for the present systems, all angu-

lar momentum couplings are fully accounted for by our CC

FIG. 7. Computed rotational excitation rates for the C2H− anion for temperatures
up to 50 K in the trap. The upper panel shows transitions involving the lowest three
levels, while the lower panel shows excitation rates from higher rotational levels.

TABLE I. Computed state-changing collisional rates for MgH− at T = 15 K.

i j kij(cm3 s−1)

0 1 1.27× 10−10

0 2 9.80× 10−12

1 0 1.08× 10−10

1 2 2.68× 10−10

2 0 3.28× 10−11

2 1 1.05× 10−10

2 3 5.67× 10−12

3 2 6.78× 10−11

3 4 1.32× 10−12

4 3 4.40× 10−11

description of the nuclear dynamics and hence the calculation of the
rotational quenching process given by our computational model can
be considered as basically exact, within the accuracy of the employed
PES.

The molecular basis set consists of about 30 rotational functions
for each of the target ions that have been used in the asymptotic
channel expansions. A detailed discussion of an earlier calculation
for the C2H−–He system has been given to which we refer the reader
for more information.21

The σJji→jf (E) partial integral cross sections have been care-
fully checked for convergence with the basis set size and propagator
parameters and are converged to within 1%. In particular, we have
propagated the solution from R = 1.0 Å to at least R = 50.0 Å with
500 steps of the LogDer propagator.16 The convergence of the sums
of the partial cross sections to obtain the corresponding state-to-
state integral cross sections was also controlled by extending the total
angular momentum J value up to at least Jmax = 80.

As we want to describe the rotational quenching process, we are
principally interested in the (de-)excitation transition cross sections
between different rotational states within the same vibrational level:
(ν0, j = ji) → (ν0, j = jf ) with ν0 indicating the vibrational ground
state of the target anion. For the sake of notational clarity, in the
following formulas, we assume implicitly that the system is always
in its vibrational ground state, ν0.

Once the integral cross sections are known, the rotationally
inelastic rate constants kj→j′ (T) can be evaluated as the convolution
of the computed inelastic cross sections over a Boltzmann distri-
bution of the relative collision energies. In the equation below, all
quantities are given in atomic units,

TABLE II. Computed state-changing collisional rates for OH− at T = 15 K.

i j kij(cm3 s−1)

0 1 4.75× 10−12

1 0 5.68× 10−11

1 2 1.00× 10−12

2 0 2.20× 10−12
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kj→j′(T) = (
8

πμk3
BT3 )

1/2

∫

∞

0
Eσj→j′(E)e−E/kBTdE. (3)

We report in Fig. 5 examples of the behavior of the rotational
excitation rates for the OH− target over a range of temperatures up
to 25 K. It is clear from the data that the OH− rates involve chiefly
the first two excited rotational states.

A greater range of temperatures and of inelastic processes are
shown for the MgH− anion in the two panels of Fig. 6 in order
to further assess this different behavior with respect to OH−. One
can clearly see from these calculations that both excitation (“heat-
ing”) and de-excitation (“cooling”) state-changing collisional rates
are fairly large and are comparable in size over a larger range of

TABLE III. Computed rotationally inelastic collisional rates between the lower levels
of C2H− expected to be populated in the trap at 15 K (see discussion of Fig. 2).

i j kij(cm3 s−1)

0 1 1.41× 10−10

0 2 1.58× 10−10

0 3 5.10× 10−12

0 4 7.90× 10−12

1 0 6.06× 10−11

1 2 8.26× 10−11

1 3 6.64× 10−11

1 4 1.07× 10−12

1 5 1.63× 10−12

2 0 7.52× 10−11

2 0 7.52× 10−11

2 1 7.81× 10−11

2 3 3.86× 10−11

2 4 3.28× 10−11

3 0 4.24× 10−12

3 1 1.58× 10−10

3 2 7.23× 10−11

3 4 1.87× 10−11

3 5 1.74× 10−11

4 0 1.62× 10−11

4 1 4.83× 10−12

4 2 1.75× 10−10

4 3 4.43× 10−11

4 5 1.09× 10−11

4 6 9.68× 10−12

5 1 2.68× 10−11

5 2 6.18× 10−12

5 3 1.70× 10−10

5 4 3.63× 10−11

5 6 7.43× 10−12

6 1 2.16× 10−12

6 2 3.08× 10−11

6 3 8.23× 10−12

6 4 1.59× 10−10

6 5 3.37× 10−11

rotational states than is the case for OH−, where essentially only
the first two levels are involved in the collisional state-changing
processes.

The same calculations involving rotational levels up to j = 6
are reported for the C2H− target in the panels of Fig. 7. The calcu-
lations involve excitation rates and clearly indicate the importance
of the Δj = 2 transitions in relation to the Δj = 1 processes which
dominate the state-changing collisional rates for the other two sys-
tems. We further see that many more rates are now comparable in
size and therefore expected to play a significant role in collisional
repopulation processes in the ion traps.

To report more specifically the numerical values of the relevant
rates, we show in Table I the inelastic collisional rates for MgH− and
in Table II for OH− at a selected typical trap temperature of 15 K.
Both excitation and de-excitation processes are reported.

The same results for the state-changing collisional rates for
C2H− are given in Table III also for 15 K. Again, it can be seen
how many more levels are involved with rates of comparable sizes
and with a more significant level population as discussed for the
bottom panel of Fig. 2 in comparison with the other panels of that
figure.

IV. INTERACTION WITH BLACK-BODY RADIATION
Another important process for characterizing the internal state

distribution of the anions in the trap is their interaction with the
surrounding radiative field, also known as black-body radiation. A
molecule interacts with such a field by absorbing and emitting pho-
tons. The transition rates from an excited state k can be written as a
sum of stimulated and spontaneous emission rates as28

κemk→i = κ
sti
k→i + κspok→i = Ak→i(1 + ηγ(ν,T)), (4)

where Ak→i is the Einstein coefficient for spontaneous emission and
ηγ(ν,T) = (e(hν/kBT) − 1)−1 is the Bose-Einstein photon occupation
number.

The Einstein coefficient for dipole transitions is given as

Ak→i =
2
3

ω3
k→iSk→i

ϵ0c3h(2jk + 1)
, (5)

where ωi→k ≈ 2B0(ji + 1) is the transition’s angular frequency and
Sk→i is the line strength, a quantity clearly linked to the Einstein
coefficients via the multiplicity factors pertaining to the present
processes. For pure rotational transitions, Eq. (5) simplifies to

Ak→i =
2
3
ω3
k→i

ϵ0c3h
μ2

0
jk

(2jk + 1)
, (6)

where μ0 is the internuclear electric dipole moment of the molecule.
In order to verify the relative importance of the spontaneous

emission process viz-á-vis the collisional state-changing rates dis-
cussed above, we have calculated Ak→i using Eq. (6) for all three
molecular anions considered.

In Table IV, we compare the Einstein coefficients with cor-
responding computed collisional rates from Tables I–III. For this
comparison, we selected a typical trap temperature of 15 K and a
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TABLE IV. Computed Einstein spontaneous emission coefficients for C2H−, MgH−, and OH− [Eq. (6)] compared to
collisional rates at T = 15 K. All quantities in units of s−1. See main text for further details. C2H− μ0 = 3.09 D,29

MgH− μ0 = 1.864 D,20 OH− μ0 ≈ 1.0 D.30 ηHe = 5 × 1010 cm−3.

Transition C2H− C2H− MgH− MgH− OH− OH−

j→ j′ Aj→j′ ηHe × kj→j′ Aj→j′ ηHe × kj→j′ Aj→j′ ηHe × kj→j′

1→ 0 2.14× 10−5 3.03 3.41× 10−4 5.40 5.46 × 10−3 2.84
2→ 1 2.05× 10−4 3.90 3.28× 10−4 5.25 . . . . . .

3→ 2 7.43× 10−4 3.62 1.18× 10−2 3.39 . . . . . .

4→ 3 1.83× 10−3 2.21 2.91× 10−2 2.20 . . . . . .

5→ 4 3.65× 10−3 1.82 . . . . . . . . . . . .

6→ 5 6.40× 10−3 1.69 . . . . . . . . . . . .

buffer gas density in the trap of 5 × 1010 cm−3. The dipole moment
values are also reported in Table IV.

We clearly see from the comparison that the contribution to
anion losses in the cold traps from interaction with black-body

radiation is negligible with respect to state changing effects caused by
collisional processes under trap conditions. We can therefore safely
disregard their contribution to the repopulation dynamics in the
cold ion traps, which we shall describe in Sec. V.

FIG. 8. Computed collisional thermaliza-
tion populations of OH− molecules at
25 K (upper panels), 15 K (middle pan-
els), and 7 K (bottom panels) after 0.1
s (left columns) and 5 s (right columns).
See main text for further details.
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V. THERMALIZATION DYNAMICS
To quantitatively verify the effects of “level crowding” gen-

erated by the differences in rotational spacing between the three
molecules, as shown in Fig. 1, we have carried out calculations of
collisional thermalization of the three molecules at different trap
temperatures, ranging from 10 K to 50 K, and a selected density of
the buffer gas of 5 × 1010 cm−3, over different time intervals that
were shown to reach equilibrium between the molecular ions in the
trap and the temperature of the buffer gas. The details of the proce-
dure were already discussed in Ref. 27 and will not be repeated here.
The results are reported for OH− and MgH− in the panels of Figs. 8
and 9. In each case, initial populations were those at 50 K.

The calculations of Fig. 8 indicate that OH− is not yet ther-
malized with the buffer gas after 0.1 s, while after 5 s the anionic
molecules have reached the Boltzmann distribution at the three tem-
peratures considered. In all three cases, the dominant population
is that of the j = 0 level, this being most strikingly so at the lowest
temperature of 5 K.

If we now examine the behavior of the MgH− anions given
in the panels of Fig. 9, we see that thermalization is a more rapid
process since the populations at the highest temperature are close
to being already thermal after 0.1 s. Furthermore, the level popula-
tions clearly favor the j = 1 level except for the lowest temperature
of 5 K.

The data regarding the C2H− anion are collected in Fig. 10
where thermalization is clearly fully achieved after 1.0 s (see popula-
tions in Fig. 2). The collisional redistribution among rotational levels
now involves many more levels, especially at the highest temperature
considered.

The analysis of the populations in the thermalized traps clearly
indicates the following features:

(i) The OH− achieves thermalization more slowly because only
two levels are significant so that only their direct state chang-
ing rates can play a meaningful role.

(ii) As the level spacing decreases in going to MgH− and C2H−,
we see that a more “crowded” network of state-changing

FIG. 9. Same calculation as in Fig. 8 but
for MgH−. The lowest temperature con-
sidered is 5 K, while all other conditions
are as in Fig. 8.
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FIG. 10. Same calculations as for Figs. 8
and 9 but for C2H−. The populations
are already thermalized with the buffer
gas after 1.0 s. See main text for further
details.

rates comes into play. This causes faster thermalization, and
a larger number of indirect collisions play a role during level
collisional repopulation.

(iii) The latter features are particularly evident for the case of
C2H− and are bound to affect the redistribution process
during photodetachment experiments.

Section VI will specifically analyze such differences with respect
to state-selective electron photodetachment.

VI. DYNAMICS OF STATE-DEPENDENT
PHOTODETACHMENT

As discussed in the Introduction, we wish to analyze in some
detail the direct photodetachment processes for the title molecular
anions after they have been loaded into a cold trap and collision-
ally thermalized with He atoms as the buffer gas of the present
modeling. The plots reported in Figs. 11 and 12 indicate the selec-
tion rules controlling the photodetachment (PD) processes for the

MgH− and C2H− molecules from specific rotational levels, which
are expected to be populated in the trap. The case of the OH− anion
has been discussed before13 and will not be discussed again in this
section.

We have reported in both figures the final levels of the neutral
electronic states that are populated by the selection rule for a laser at
threshold. When a more energetic laser is used, even higher energy
final states of the neutral molecules will be populated. In both the
present cases, all the molecules involved, anions and neutrals, are
in Σ electronic states and therefore a simple dipole-driven selection
rule applies in all the considered transitions.

To further continue the modeling of the rotational populations
during the evolutionary dynamics, we solve the master equations
using the collisional thermal rates obtained before at each chosen
value of the trap temperature and of the selected He density,27

dni(t)
dt

=∑

j≠i
nj(t)Cji(T) − ni(t)∑

i≠j
Pij(T). (7)
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FIG. 11. Specific rotational levels of the initial molecular anion and final neutral
molecule which are involved in the PD process for the MgH−(1Σ) target in the ion
trap. See main text for further details.

Here, Pij(T) are the rates for the destruction of the population of
level i, while its formation rates are given by the Cji(T) coefficients.
During the collisional step, i.e., before the laser is switched on, the
coefficients are given as a function of the inelastic rate coefficients
and the He density,

Pij(T) = ηHeki→j(T), (8)

Cji(T) = ηHekj→i(T). (9)

This describes the “collision-only” time evolution process of ther-
malizing the relative population of the rotational levels to the
selected buffer gas temperature at a give density ηHe in the trap. Once
the thermalization process is reached and the PD laser is turned

FIG. 12. Same process as those shown in Fig. 11 but for the C2H−(1Σ) anion in
the trap. All final levels reached according to the PD selection rules are shown in
the figure. See main text for further details.

on, one needs to modify the master equation (7) in the following
way:

dni(t)
dt

=∑

j≠i
nj(t)Cji(T) − ni(t)

⎛

⎝
∑

i≠j
Pij(T) + KPD

i
⎞

⎠

, (10)

where KPD
i is the additional destruction rate of the selected level

i caused by the PD laser. The set of rates KPD
i are critical in the

experiment and for the numerical simulation because they drive the
destruction of both the population of one specific rotational level i
and of the molecular ions in that specific state. The absolute exper-
imental values of the state-to-state PD cross sections at threshold
are presently unknown for the MgH− and C2H− target molecular
anions. Since the actual rates also depend on the laser photon flux
and the overlap between the laser beam and the ion cloud, we shall
introduce in the present calculations a global parameter α according
to the relation

KPD
i = α(ν)σ

PD
i (ν), (11)

where σPDi (ν) are the (still unknown) PD cross sections for a specific
rotational state of an ion (see our earlier work31). The modifications
of the parameter α shall therefore allow us to model the changing
efficiency of the PD losses of anions due to the changing intensity
of the laser and to obtain the best fit between the future experimen-
tal results and the present simulation. In the following, therefore,
we shall directly scale the KPD

i values employed to simulate the PD
processes. Because of the present lack of experimental data, for sim-
plicity, we shall initially consider the parametrized KPD

i as being
independent of the rotational level i and therefore to be given as KPD

for all the rotational states of the anion. The possible influence of
using the computed state-dependent Hoenl-London factors will be
discussed in future work.

After the selected time duration of the “laser on” step, we can
further analyze the population losses that can tell us, after a time
t during which the laser is applied, what fraction of the ions are
lost, following the previous thermalization step, due to the addi-
tional laser action on the trap’s anion populations of the different
rotational levels.

To better clarify the different roles of the various trap parame-
ters, the measurement conditions can be separated into two regimes,
namely, a photodetachment dominated (PD-dominated) regime and
a collision-dominated regime. In the collision-dominated regime,
the photodetachment rate is smaller than the inelastic collision rate
with helium with the trapped anion. Here, the redistribution of the
rotational levels due to inelastic collisions is faster than the ion loss
rates induced by the PD laser. Thus, the population ratio stays nearly
constant.

Whenever the photodetachment rate is comparable or larger
than the inelastic collision rates (PD-dominated regime), the rela-
tive rotational populations are no longer in equilibrium. The first
excited rotational level is thus depleted in such a way that the
ion-loss rate reaches a plateau depending on the inelastic col-
lisions of that particular anion with the helium atoms in the
trap.

A numerical test of the different regimes is presented in Fig. 13
for the case of the OH−–He system, which was analyzed by us in
earlier work13,19 and for which the different regimes were considered
experimentally within a simple two level kinetics.13
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FIG. 13. Computational tests for collision-dominated and PD-dominated regimes
for OH− in a cold trap at 20 K. Two different densities for the He buffer gas are
considered. See main text for details.

The panels of Fig. 13 analyze, in the upper two panels, two dif-
ferent choices for the values of the parametrically chosen KPD rates.
Here, they are taken to correspond to fairly fast PD rates, albeit still
smaller than the computed collisional rates obtained in this work.
We therefore see there that the collisions with the buffer gas domi-
nate the kinetics. The result is that the populations of the two most
populated levels are kept nearly constant and no selective ion losses
are observed. On the other hand, by reducing the buffer gas pres-
sure, we show in the lower two panels the arrangement for which the
PD rates become larger than the repopulation rates caused by inelas-
tic collisions. Thus, we clearly see that the excited molecular anions
which repopulate the j = 1 level are being emptied much faster by
the PD process and rapidly leave the trap. We have used in these
calculations comparatively fast PD rates to generate marked differ-
ences in the system within a shortened time interval. The experi-
ments of Ref. 13 employed KPD values between 1.0 s−1 and 10.0 s−1.
We shall test similar values in our computational models discussed
below.

A similar analysis is carried out for the MgH−–He system in
Fig. 14, where we also show that there are at least two relevant state-
changing rates involved and turn out, at 20 K, to be larger than those
for the two main levels that are active in the case of the OH− system
of Fig. 13.

The different dynamical regimes are clearly separated in the
results of Fig. 14 although we see here that the presence of more
levels being populated in the MgH− anion case complicates the rel-
ative populations and shows that the collision-dominated regime
allows the identification of at least three different rotational states
that remain with a constant ratio over time. By the same token,
we see that the PD-dominated regime causes a selective popula-
tion loss between the j = 2 and j = 1 levels, thus allowing in
principle to increase the relative abundance of molecules in one
level with respect to the other, thereby markedly altering the col-
lisional repopulation conditions shown by the upper panels. We
shall further discuss this specific feature of anions with closer

FIG. 14. Same computation as those of Fig. 13 but for the MgH−–He system. The
PD-dominated regime is shown by the lower panels, while the collision-dominated
regime is shown in the upper panels. See main text for details.

energy spacings than in the case of OH− in the results presented
below.

An interesting comparison of collisional repopulation in the
absence of laser action (KPD = 0) and for two different trap tempera-
tures is given by Figs. 15 and 16, where all three anions are shown at
the same time. The “rotational crowding” of the involved levels, as
already discussed in Fig. 1, increases from left (OH−) to right (C2H−)
along the molecular series.

Examining Figs. 15 and 16 leads to the following considera-
tions:

(i) Lowering the temperature causes, as expected, a marked sim-
plification of which are the important populations, as we
move from OH− to C2H−. In the latter instance in fact, sev-
eral levels are significantly repopulated at 15 K, while they are
reduced to the lowest three at 5 K, the same temperature for
which the lowest two remain the most important in the case
of MgH−.

(ii) Increasing the collision numbers at the higher He densities
clearly affects in all three cases the efficiency of the repop-
ulation between levels. In the lower panels of both figures,
their populations remain constant over the whole range of
time evolution, indicating that collisional frequencies control
rapid thermalization in that regime.

Once the PD laser is switched on in the simulations, such spe-
cific effects become even more evident, as shown by the data in
Fig. 17.

The data in Fig. 17 show the PD process “switched on” after a
time delay of 5 s. This is the time interval after which the rotational
populations for all three anions have reached thermalization to the
buffer gas temperature, as discussed in Sec. V. The anion losses are
followed in our calculations for 10 s in the case of OH− and for 20 s
for the other two anions. The upper panels indicate different ηHe val-
ues at a temperature of 5 K, while the lower panels examine the same
situation for a buffer gas temperature of 15 K. The photodetach-
ment rate is taken to be at a value of 1.0 s−1, a typical value achieved
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FIG. 15. Collisional population evolution
at 15 K for two different choices of ηHe
values. The upper panels correspond to
a low He density (1010 cm−3), while the
lower panels employ a higher He density
(1013 cm−3).

in experiments.8,18 As mentioned earlier, this corresponds to a KPD

value of 1.0 s−1, applied to all levels, without explicit j-dependence
in it.

The simulations confirm the structural simplifications attained
at the lower temperatures and for the lower densities of the buffer
gas. The OH− system shows at all conditions the rapid disappear-
ance of anions in the j = 1 state, with negligible repopulation from
other levels, due to their marginal population in the trap. On the
other hand, low T and low ηHe regimes for MgH− indicate the pos-
sibility of altering the Boltzmann regimes at low T and of being able

to selectively produce dominance of the j = 0 states of the anions.
Furthermore, we see that the enlarged network of collisional repop-
ulation of rotational states for C2H− prevents any modification of
the thermal populations, other than uniform ion losses from all the
levels populated in the traps.

A more telling effect on the selective population of rotational
states for C2H− is shown by the simulation presented in the pan-
els of Fig. 18. The data in the upper panel of that figure clearly
show thermalization of the anion at 5 K after 5 s, when most of
the molecular ions are in the j = 1 and j = 2 rotational states. As

FIG. 16. Same calculations as those of
Fig. 15 but at a lower trap temperature of
5 K. See main text for further details.
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FIG. 17. Computed PD process with a
fixed KPD value of 1.0 s−1. Upper panels
at T = 5 K; lower panels at T ‘= 15 K. The
laser is switched on after a 5 s delay, by
which time all populations are thermal-
ized to the buffer gas temperature.

the laser is switched on, we see losses from these two levels with-
out any selective dominance of any of the anion’s states. Due to
the efficient collisional repopulation, the j = 1 and j = 2 levels are
depleted very fast with the j = 0 level being the slowest. On the
other hand, when the laser is selectively depleting from the j = 2
level as shown in the lower panel, we see that collisional repopu-
lation is not sufficiently fast and it is possible to obtain a dominance
of anions’ population in the trap by the j = 1 rotational state: an
example of the selective PD process coupled with collisional repop-
ulation of the levels that are not directly depleted by the PD laser
action.

To gauge the selective effects of changing the intensity of the PD
laser, we repeat in the four sets of panels in Fig. 19 the calculations

where the KPD values are changed from 0.1 s−1 to 10.0 s−1 and where
the laser frequency is “tuned” to deplete specific rotational levels of
the anion. All cases in the figure refer to C2H−. The panels in Fig. 19
represent several numerical experiments of the PD process. Their
behavior clearly indicates that, for KPD = 0.1 and 0.5 s−1, the pho-
todetachment evolutions are collision-dominated and, for selecting
the PD action only from the excited rotational states, the collisional
repopulation keeps the populations nearly constant among all the
lower levels reported in the upper two sets of panels. As the laser
power is increased, however, we see that all levels indicate repopu-
lation losses and we move into the PD-dominated regimes. It is also
interesting to note that PD selective processes from the j = 3 level
reveal how collisional repopulation produces a clear dominance of
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FIG. 18. Computed fractional populations for C2H− photodetachment processes.
Upper panel: single KPD = 1 s−1 “switched on” from all levels after 5 s. Lower
panel: KPD rate only photodetaching from the j = 2 level. See main text for further
details.

j = 1 states of the C2H− anions, a feature that should be also
amenable to experimental implementation and detection.

It is interesting to compare the efficient collisional repopula-
tions between rotational levels of the C2H− anions with the behavior
exhibited by the MgH− anion, shown in the panels of the calcula-
tions reported by Fig. 20 for 15 K. It is worth being reminded that
the strength of the laser power is kept here at KPD = 1.0 s−1. It cor-
responds to a laser intensity of medium value.8,18 For C2H−, the
populations of the j = 1 and j = 2 rotational states are the domi-
nant ones: the efficient collisional repopulation processes occurring
for this molecule essentially depopulate the upper j states, as well
as the initial j = 0 state. Considering that the density of rotational
states of MgH− populated in the trap is lower than in the case of
C2H− (see Fig. 1), we see that at 15 K both the j = 0 and j = 1 lev-
els are equally the most populated after the PD laser is switched on,
indicating a dominance of the collisional Boltzmann distributions.

FIG. 19. Computed PD processes for C2H− using different strengths of the KPD

photodetachment rate: KPD = 0.1 s−1 (top panels); KPD = 0.5 s−1 (second row
from top panels); KPD = 1.0 s−1 (second row from bottom panels); KPD = 10.0 s−1

(bottom panels). The trap temperature is T = 5 K, and the He density is 1011 cm−3.
See main text for further details.
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FIG. 20. Computed state-selective PD
processes for C2H− (top panels) and
MgH− anions (bottom panels). Trap tem-
perature of 15 K and ηHe of 1011 cm−3.
The laser is “switched on” after 5 s of
collisional thermalization in the trap after
buffer gas uploading.

On the other hand, once the PD laser selectively depopulates higher
rotational levels, for this anion a strong dominance of the j = 0 and
j = 1 molecular population becomes possible. It therefore seems that
also for this molecular anion the collisional repopulation of the lower
rotational levels can produce in the trap an unbalanced population of
states, which can further favor the dominance of the lower rotational
levels.

VII. PRESENT CONCLUSIONS
In this work, we have analyzed the computational modeling of

molecular photodetachment experiments involving small molecular
anions confined in cold ion traps, with helium as the buffer gas of
choice for the translational and internal cooling of molecules. We
have selected three linear molecules in their ground electronic states,
OH−(1Σ), MgH−(1Σ), and C2H−(1Σ), which are taken to be already
cooled down to their ground vibrational levels and further thermal-
ized to different rotational temperatures, the latter being reached in
the trap by the presence of He as the buffer gas. We have considered
trap temperatures from 5 to 20 K and selected buffer gas densities
from 1010 to 1013 cm−3 in order to model different collision fre-
quencies at which the trapped molecules undergo thermalization.
We have further considered a broad range of laser powers by varying
the PD rates from 0.1 up to 10.0 s−1, thus covering several possi-
ble experimental setups, as seen, for instance, in Refs. 8 and 18. To
simplify the present analysis of changing trap conditions, the mod-
eled PD rates used in all the previous numerical tests have not been
considered to be explicitly dependent on the initial rotational state
of the anion but simply as constant quantities for each level from
which the PD process is initiated. We shall analyze in later work
the possible role of explicitly introducing the Hoenl-London factors
and will show that their effects are decidedly less important than the
parameter changes we discuss in the present work. Additionally, we
have further modeled the state-selecting PD processes by making

the KPD rates as acting, within the nanoscopic dynamics, on dif-
ferent initial rotational levels of the selected anions during the trap
kinetics.

To show the effects of the changing number of rotational levels
populated in the trap, we have moved from OH−, where only the
j = 0 and j = 1 rotational states are significantly populated, to MgH−,
where at least three different rotational levels are actively populated,
and then further considered the C2H− molecular anions, for which
at least six different rotational states are actively interacting under
trap conditions.

We have taken advantage of our knowledge of interaction
forces between the He buffer gas and each of the molecular
anions (which we had obtained in our earlier work from accu-
rate ab initio quantum calculations) to first calculate the colli-
sionally inelastic, state-changing cross sections involving the popu-
lated rotational levels of each different molecule in the trap. From
such quantities, we have then obtained the corresponding state-
changing collisional rates, ki→j(T), and employed them within the
kinetic analysis of the time-dependent population changes in the
trap under different choices of trap parameters, e.g., tempera-
ture and buffer gas pressure, starting from different initial T val-
ues to model the collisional thermalization step for each of the
molecules.

After reaching rotational state thermal distribution for dif-
ferent choices of trap parameters, we have “switched on” the PD
laser action by selecting different values of the KPD rates (related
to the PD cross sections for the considered processes) and by
making the presence of the KPD rates as occurring only from
selected initial rotational levels of the molecular anions. Here, we
have only examined the selecting effects for the MgH− and C2H−

anions.
It is interesting to note at this point that recent simulation work

of such processes in traps32 analyzed the possible effects from the
additional dynamics introduced by the presence of the RF field in
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the trap. The micromotion interruptions induced by collisions of
the ions with buffer-gas particles can in principle, and possibly also
in practice, alter in a marked way the ion energy distribution and
therefore affect the stabilized rotational populations of the trapped
ion. The conditions of operation we are considering here seem to
be, according to that study, still outside the range of the bifurca-
tion effects on the ion energies, thereby reducing the importance
of such processes in our modeling. In multipole ion traps, however,
the micromotion interruptions induced by collisions of the ions with
buffer-gas particles only slightly modify the rotational temperature
at buffer gas temperatures above 20 K.33 In any event, the additional
quantum modelings of such effects while considering state-selective
PD processes are at the moment outside the scope of the present
work.

The calculations have allowed us to clearly see the consequences
on state populations when moving from PD-dominated parameters
in the trap to collision-dominated parameters for all three molecu-
lar systems. We have also been able to show that by making the PD
rates as selectively acting only on a specific range of initial rotational
levels, one can obtain anions in traps which have a marked non-
Boltzmann distribution in their lower rotational levels and could
therefore be prepared as having a detectable dominance of rotational
state populations other than that of the j = 0 state.

The present work already shows that it is possible to carry out
numerical modeling of specific outcomes from molecular PD exper-
iments by “tuning” different physical parameters that describe trap
conditions during that experiment.
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