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The efficiency of tungsten meshes and thin foils for moderation of fast positrons from 22Na has

been investigated in transmission geometry and a fair agreement has been found with previous

experimental results where directly comparable. For foils, the dependence on material thickness is

found to be similar to the prediction of the Vehanen-M€akinen diffusion model; however, the mag-

nitude is 5–10 times lower. A broad consensus is observed between experiment and the results of a

three-dimensional model developed in this work. For a given thickness, meshes are found to be

generally better than foils by around a factor of 10 with a maximum efficiency (�10�3) comparable

to that achieved with thin single crystal foils, in accord with previous measurements and the results

of the present model. VC 2015 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4930033]

I. INTRODUCTION

Moderators are a crucial component for the production of

quasi-monoenergetic positron beams, reducing the energy of

bþ particles emitted from radioactive decay (or pair produc-

tion) down to a few electron volts (e.g., Schultz and Lynn

1988, Coleman et al. 2000). Whilst the highest moderation

efficiencies (almost 1%) are given by rare gas solids (RGS)

(Mills and Gullikson 1986, Gullikson and Mills 1986, Greaves

and Surko 1996), the requirements for their operation are not

trivial, the cryogenic conditions being particularly cumber-

some in an electrostatic beam (e.g., Massoumi et al. 1991).

The most commonly used alternatives are W meshes or foils.

Although historically around two orders of magnitude less effi-

cient than RGS, W moderators are simpler to handle and

remain stable for an extended period of time. However, signifi-

cantly higher efficiencies (�m � 10�3) have more recently

been obtained from stacks of meshes which had been electro-

polished (Saito et al. 2002) or etched (Weng et al. 2004). The

latter authors found the efficiency to depend on the annealing

pre-treatments, the duration of the etching and the number of

the folding layers. Stimulated by these observations, and in the

course of the development of a new electrostatic beamline at

UCL (K€over et al. 2014), we have investigated the variation of

�m for W foils (both single- and poly-crystals) and meshes with

material thickness and annealing pre-treatments. A model has

also been developed to allow for three-dimensional (3D) diffu-

sion of the thermalized positrons and its results are compared

with present and other available measurements.

II. EXPERIMENTAL METHOD

The experimental investigations have been performed

using an electrostatic beam (K€over et al. 2014, Williams et al.
2010, and K€over et al. 2010). Briefly, fast bþ particles (Nbþ )

from 22Na impinge onto the moderator under investigation.

The re-emitted slow positrons are then accelerated to 2 keV

and focused to a spot size of radius 1 mm on a remoderator

where brightness-enhancement (Mills 1980) is performed in a

transmission geometry by using a 500 angstrom thick W foil

(Jacobsen et al. 1990). The remoderated positrons (Nþ) are

then accelerated to the required energy, transported through

zoom lenses, and deflected through 90� by a cylindrical mirror

analyser to separate them from fast particles and c-rays ema-

nating from the source region. A position sensitive detector

(PSD) monitors the positrons at the end of the flight path.

Secondary electrons released at the remoderator are detected

using a channel electron multiplier (mounted off the beam

axis), triggering the start of a timing sequence which is termi-

nated by the positron arrival at the PSD.

In order to compare the experimental moderator effi-

ciency with theoretical predictions, as full account as possi-

ble must be made of the various factors (such as geometry,

source efficiency, etc.) which may affect the measured mod-

eration efficiency. As described in detail by K€over et al.
(2014), a coincidence method can be applied to calculate the

number of moderated positrons ðNPÞ. The method employs

the measured number of remoderated positrons at the end of

the beam line (Nþ), that of secondary electrons emitted from

the remoderator (N�) and the number of coincidences

between detected secondary electrons and positrons (Nc).

These can be expressed as

Nþ ¼ eþNP; (1a)

N� ¼ e�NP; (1b)

Nc ¼ eceþe�NP; (1c)

where eþ is the combined efficiency for positron remodera-

tion, transport, and detection; e� is for emission, transport,

0021-8979/2015/118(10)/105302/5 VC Author(s) 2015118, 105302-1
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and detection of the secondary electrons, and ec is that for

the coincidence electronics (�1 in this work). In this way,

NP ¼ ðNþN�=NcÞ may be determined, and hence, the corre-

sponding moderation efficiency

�m ¼ NP=Nbþ ; (2)

where Nbþ corresponds to the number of bþ particles hitting

the moderator and corresponding to the source activity (in

Bq) multiplied by the positron emission branching ratio

(90%), an approximate source efficiency of 24% (as per

Table I) and fractional solid angle of 40%. During the course

of this work, two different sources were used with activities

of 6 mCi (Dupont/New England Nuclear, original activity

138.2 mCi) and 18 mCi (iThemba Labs, original activity

50 mCi).

To test the hypothesis that the moderation efficiency

could be increased by using meshes with thinner diameter

wires, an etching procedure was devised similar to the one

used by Weng et al. (2004). The mesh (Swallow Metals:

99.99% purity; wire diameter, d¼ 25 lm; transmission coef-

ficient, t¼ 81%) was cut into 15 mm diameter circular disks

and placed into a sodium hypochlorite solution; d was

reduced to �19 lm (t� 86% transmission) in approximately

20 min at 75 �C. The reduction in d was calculated by meas-

uring the mass (m), before (b) and after (a) etching using

mb

ma
¼ d2

b

d2
a

(3)

and t calculated from

t ¼ L� dð Þ2

L2
; (4)

where L is the wire separation in the mesh stated by the man-

ufacturers. Figure 1 illustrates the variation in mesh trans-

mission with the duration of etching and temperature of the

solution. As moderators, meshes are usually stacked together

to enhance interception of the bþ particles emitted by the ra-

dioactive source (e.g., Zafar et al. 1996). Weng et al. (2004)

expressed the probability of extracting a slow positron from

such an arrangement as

P / ð1� tÞNtN�1; (5)

where N is the number of meshes in the stack. Using Eq. (5),

the optimum number of meshes for a given t can be esti-

mated, Nopt(t)¼ 3(0.7), 5(0.81), and 7(0.86). As detailed in

Sec. III, em was measured for several stacks of etched and

unetched meshes, and for W foils of varying thickness and

crystallinity. Both mesh and foil moderators were annealed

following the procedure described in Zafar et al. (1988)

During the measurements, a stack of 7 etched meshes (which

showed a good stability between tests) was placed in one of

the slots in the moderator holder and used as a reference.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The present determinations of the efficiencies for single-

and poly-crystal foils as well as etched and unetched meshes

are displayed in Figures 2 and 3, respectively.

In Figure 2, the 1.0 lm and 1.8 lm foils were single

crystals of orientation (100) (grown at Aarhus University as

described in Zafar et al. 1988); the 12 lm and 25 lm foils

were polycrystalline. A dependence on material thickness

similar to that theoretically predicted by Vehanen and

M€akinen (1985) may be discerned. However, the magnitude

of the experimental results is generally a factor of (5–10)

lower. A reasonable consistency may be observed with pre-

vious measurements. However, the most direct comparison

is with those of Gramsch et al. (1987) and of Zafar et al.
(1988), since these authors carried out measurements using

low-activity open sources (thus obviating the need to correct

for self-absorption and window attenuation) and applied sim-

ilar corrections to ours where applicable. In these works as

well as ours, the annealed moderators were exposed to air.

As in the work of Lynn et al. (1985), Gramsch et al. (1987)

annealed the moderators in situ but further noted that no deg-

radation in efficiency was seen when the film was exposed to

air for a few hours. The efficiencies obtained by Lynn et al.

TABLE I. Relevant parameters for the sources used in this work. Their ini-

tial activities are shown in brackets.

DuPont/ NEN

(138.2 mCi)

IThemba

(52.7 mCi)

Thickness of Ti window (lm) 13 5

Transmission coefficient, T 0.31 0.64

Backing material Ti Ta

Backscattering coefficient, B 0.31 0.49

Forward fraction, F¼ 0.5(1þB) 0.65 0.75

Active diameter (mm) 3 3.7

Self absorptiona (A) 0.5 0.5

Estimated source efficiency (T�F�A) 0.1 0.24

Measured source efficiency 0.34a (0.09, 0.31)b

aThis measurement (Massoumi et al. 1988) refers to a New England Nuclear

(NEN) source of 100 mCi initial activity. The same authors found self-

absorption to be negligible for a NEN source of 10 mCi initial activity.
bThese measurements (Reurings et al. 2006) refer to IThemba sources of ini-

tial activities 50 mCi and 30 mCi, respectively.

FIG. 1. The increase of the transmission coefficient, t (for meshes with wire

diameter 25 lm) as a function of the etching time: (•) at room temperature

and (�, D, and �) at 75 �C.

105302-2 Williams et al. J. Appl. Phys. 118, 105302 (2015)
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(1985), Brusa et al. (1992), and Weng et al. (2004) for the

unetched foil are, within the scatter of the data, not inconsis-

tent but, as all other previous experimental determinations,

they should be considered underestimates since not all the

efficiencies discussed in Section II may have been accounted

for in these works.

In comparison with theory (Vehanen and M€akinen

1985), Lynn et al. ascribed the observed discrepancy of their

measurements to the low specific activity of their 22Na

source whilst Brusa et al. to surface conditions. The results

of Reurings et al. (2006) are around 10 times lower than the

other experimental data, the authors mentioning the anneal-

ing method as a possible issue.

In combination, we note that the results for the polycrys-

tal foils (hollow circles in Figure 2) extrapolate at d¼ 0 to an

efficiency lower than the single crystals by approximately a

factor of 2.

As shown in Figure 3, for a given moderator thickness,

meshes generally yield efficiencies higher than foils by

around a factor of 10, with maximum efficiencies of approxi-

mately 10�3 comparable to (if not higher than) those

achieved with thin single crystal foils, although the planar

geometry of the latter makes them better suited for high-

brightness applications (e.g., K€over et al. 2014). In our work,

using the 6 mCi source, 7 etched meshes (t¼ 0.86, d¼ 19

lm) were placed in the moderator holder at the same time as

4 unetched meshes (t¼ 0.81, d¼ 25 lm). An increase of

approximately 25% in the efficiency was observed for the

former; however, this is comparable to the increase (23%) in

the stack transmission and to fluctuations between samples.

Thus, we have no evidence that the moderator efficiency

increases with decreasing wire diameters. Also, using the

18 mCi source, a stack of 7 etched W meshes (t¼ 0.86,

d¼ 19 lm) were found to have an efficiency similar to that

measured for a stack of 3 unetched W meshes (t¼ 0.70,

d¼ 20 lm, as supplied from Swallow Metals) of similar

overall transmission (�34%), implying that the efficiency

does not depend intrinsically on etching.

IV. DIFFUSION MODEL, RESULTS, AND DISCUSSION

The efficiency JðdÞ of transmission moderators of thick-

ness d has been evaluated by Vehanen and M€akinen (1985)

by considering a one-dimensional (1D) diffusion equation,

obtaining results which, as shown in Figure 2, are a factor

(5–10) times larger than experimental data. In order to inves-

tigate the reason for this discrepancy, we have at first

FIG. 2. Moderation efficiency as a function of thickness of W foil transmission moderators: (solid symbols) W (100), (hollow symbols) polycrystalline; (line

symbols) theories. The inset zooms in the small d values. Also shown (at d¼ 0) are experimental and theoretical results for backscattering moderators.

FIG. 3. Moderation efficiency of W meshes as a function of wire thickness.

Symbols: (up/down triangles) etched/unetched meshes. Also shown are the

results of the 3D model discussed at the end of Section IV.

105302-3 Williams et al. J. Appl. Phys. 118, 105302 (2015)
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considered a simplified 1D model for the diffusion process

which assumes a simple exponential decay of the form

F xð Þ ¼ e
� 1

Lþx
, with Lþ being the diffusion length. In so doing

the transmission efficiency is given by

J dð Þ ¼ Y0

ðd

0

P zð Þe�
1

Lþ d�zð Þ
dz ¼ Y0e

� 1
Lþd
ðd

0

aþe
� aþ� 1

Lþð Þzdz:

(6)

We have used the same implantation profile (Brandt and

Paulin 1977, Mourino et al. 1979) as in Vehanen and M€akinen

(1985), PðzÞ ¼
Ð d

0
aþe�aþzdz, where aþ is the mass absorption

coefficient, defined through aþ=q ¼ 2:8Z0:15= �E
1:19ðcm2

g
Þ with

E being the mean energy of the incoming bþ particle. We

have also used the same values for W as used by Vehanen and

M€akinen (1985), Lþ ¼ 1350 Å and aþ ¼ 910:53 cm�1. The

branching ratio ðY0¼ 0.33) gives the probability that the posi-

tron, having diffused to the exit surface, will be emitted as a

slow positron (Vehanen et al. 1983).

Eq. (3) can be integrated analytically to give

J dð Þ ¼ Y0

aþ

1
Lþ
� aþ

e�aþd � e
� 1

Lþd
� �

: (7)

The results of this equation are the same to within

(0.01–0.001)% as those of Vehanen and M€akinen (1985).

We can see in Equation (7) that, since 1/Lþ � aþ,

JðdÞ � Y0aþLþ½e�aþd�, i.e., the efficiency is approximately

linear with respect to the diffusion length. Hence, in order

that the results of the 1D models be consistent with the ex-

perimental values, the value of Lþ used in Equation (7)

would need to be decreased by a factor (5–10), which seems

unlikely, even though the value of Lþ will be affected by

defects and impurities in the samples.

Both approaches, (i.e., that of Vehanen and M€akinen

(1985) and that given by Equation (7)) are fully one-

dimensional in the sense that, with reference to Figure 4, it is

assumed that the positrons thermalize at a distance (q) from

the surface in a direction (ẑ) along that of the incoming bþ

particle, itself normal to the surface of the foil. This is consist-

ent with the manner in which the implantation profile has

been established experimentally (Brandt and Paulin 1977,

Mourino et al. 1979). It is then considered that the thermal-

ized positrons diffuse along the same direction, so that the

overall distance over which diffusion takes place is just (d-q),
d being the thickness of the foil. It is this simplification which

we believe gives rise to the overestimate of the efficiency in

the 1D model. By allowing instead the thermalized positrons

to diffuse isotropically then, as illustrated in Figure 4, they

will follow diffusion paths of lengths d�q
cos h0

. Therefore, the

overall distance over which the moderation takes place may

now be longer than d and positrons will be reemitted overall

with a lower efficiency. In order to evaluate this new consider-

ation, we have extended the 1D model expressed by Equation

(7) to 3D.

With reference to Figure 4, the probability that an inci-

dent fast positron stops at a distance q from the entrance sur-

face (i.e., at a point B) is given by the implantation profile

(Brandt and Paulin 1977, Mourino et al. 1979)

dPB ¼ aþe�aþq: (8)

Assuming isotropic diffusion, the probability that the posi-

tron will diffuse from B into a small solid angle around the

point C on the exit surface is

dPC ¼ dPB
sin h0dh0d/0

4p
e
� 1

Lþq0
; (9)

where q0 and h0 are the length and angle as in Figure 4,

related to q by q0 ¼ d�q
cos h0.

The total probability of a positron reaching the point C

on the exit surface is Pt ¼ PBPC. Hence, given that the effi-

ciency is JðdÞ ¼ Y0Pt, we find that, after integration over the

azimuthal angle

J dð Þ ¼ aþ

2

ðd

0

e�aþq

ðp=2

0

e
� 1

Lþ
d�q

cos h0 sin h0dh0
" #

q2dq: (10)

The results computed from Equation (10) for W (using the

same parameters as in the 1D calculations) are, as shown in

Figure 2, approximately a quarter of those of Vehanen and

M€akinen (1985) and closer to the experimental values, over-

estimating the efficiency by approximately 30% for single

crystals and a factor 2 for polycrystals. Given the higher re-

sidual defect concentration expected for the latter, this dis-

crepancy may be genuine and may warrant further

investigations. We note also that the changes required in Lþ
in order to getter closer correspondence with experiment for

these latter foils are now of the order of (40–50)%.

We have extended the model to backscattering geometry

and obtained an efficiency J(backscattering)¼ 0.001, also

approximately one quarter of the 1D model prediction. There

are only two experimental data (Vehanen et al. 1983 and Lee

et al. 1996) available in this geometry and, as shown in

Figure 2, the scatter is so large that it is difficult to draw a

firm conclusion from the comparison. Further measurements

in this geometry would be useful. We also note that explic-

itly allowing for different isotopes, in the case of 58Co (used

FIG. 4. Geometrical illustration of the 3D description of the moderation

process.
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by Vehanen et al. 1983), the efficiency predicted by the 3D

model increases by 14% with respect to 22Na whilst, in the

case of 64Cu (used by Lee et al. 1996), it decreases by 15%.

Using the present 3D model, we have further investi-

gated the moderation process for meshes by integrating the

contributions from thickness (0 to d) to find the transmission

efficiency for a mesh of diameter d. This is shown in Figure

3 where it may be seen to be significantly smaller than

experiment. Including the backscattering contribution, i.e.,

taking the overall moderation efficiency for the meshes as

the sum of the integrated transmission and backscattering

(multiplied by 0.65 to account for the approximate area pre-

sented by the mesh to the incoming bþ particles), fair accord

with experiment is found.

V. CONCLUSIONS

The efficiency of tungsten meshes and thin foils for

moderation of fast positrons from 22Na has been investigated

in transmission geometry and reasonable agreement has been

found with previous experimental results. Whilst the theoret-

ical predictions of a one-dimensional model generally over-

estimate experiment by up to an order of magnitude, closer

correspondence is found between theory and measurements

for both foils and meshes across a variety of experiments by

extending the diffusion model to three dimensions.

ACKNOWLEDGMENTS

Thanks are due to J. Dumper and R. Jawad for excellent

technical assistance and EPRSC for financial support (EP/

E053521/1 and providing a studentship to S.E.F.). A.K.

thanks to the kind hospitality in UCL during his stay and the

support of the Hungarian Scientific Research Foundation

(OTKA Grant No. K104409).

Anwand, W., J. M. Johnson, M. Butterling, A. Wagner, W. Skorupa, and G.

Brauer, “Flash lamp annealing of tungsten surfaces marks a new way to

optimized slow positron yields,” J. Phys.: Conf. Ser. 443, 012072 (2013).

Brandt, W. and R. Paulin, “Positron implantation-profile effects in solids,”

Phys. Rev. B 15, 2511 (1977).

Brusa, R. S., M. D. Naia, E. Galvanetto, P. Scardi, and A. Zecca, “Tungsten

singlecrystal and polycrystalline foils used as first transmission moder-

ator,” Mater. Sci. Forum 105, 1849 (1992).

Coleman, P. G. et al., Positron Beams and their Applications (World

Scientific, Singapore, 2000), 116.

Gullikson, E. M. and A. P. Mills, “Positron dynamics in rare-gas solids,”

Phys. Rev. Lett. 57(3), 376 (1986).

Gramsch, E., J. Throwe, and K. G. Lynn, “Development of transmission

positron moderators,” Appl. Phys. Lett. 51(22), 1862 (1987).

Greaves, R. G. and C. M. Surko, “Solid neon moderator for positron-

trapping experiments,” Can. J. Phys. 74(7–8), 445 (1996).

Jacobsen, F. M., M. Charlton, J. Chevallier, B. I. Deutch, G. Laricchia, and

M. R. Poulsen, “The effect of laser annealing of thin W(100) films on posi-

tron transmission reemission properties,” J. Appl. Phys. 67, 575 (1990).

K€ov�er, �A., D. J. Murtagh, A. I. Williams, and G. Laricchia, “Differential

ionization studies by positron impact,” J. Phys.: Conf. Ser. 199, 012020

(2010).

K€ov�er, �A., D. J. Murtagh, A. I. Williams, S. E. Fayer, and G. Laricchia,

“Electrostatic brightness enhanced positron beam,” Meas. Sci. Technol.

25, 075013 (2014).

Lee, K. H., Y. Itoh, I. Kanazawa, N. Ohshima, T. Nakajou, and Y. Ito,

“Practical usage of a W moderator for slow positron beam production,”

Phys. Status Solidi A 157, 93 (1996).

Lynn, K. G., B. Nielsen, and J. H. Quateman, “Development and use of a thin-

film transmission positron moderator,” Appl. Phys. Lett. 47, 239 (1985).

Massoumi, G. R., P. J. Schultz, W. N. Lennard, and J. Ociepa, “Positron

emission yields for encapsulated 22Na sources,” Nucl. Instrum. Methods

Phys. Res. B 30, 592 (1988).

Massoumi, G. R., N. Hozhabri, W. N. Lennard, P. J. Schultz, S. F. Baert,

H. H. Jorch, and A. H. Weiss, “Rare gas moderated electrostatic positron

beam,” Rev. Sci. Instrum. 62, 1460 (1991).

Mills, A. P., “Brightness enhancement of slow positron beams,” Appl. Phys.

A 23, 189 (1980).

Mills, A. P. and E. M. Gullikson, “Solid neon moderator for producing slow

positrons,” Appl. Phys. Lett. 49(17), 1121 (1986).

Mourino, M., H. L€obl, and R. Paulin, “Profiles and absorption coefficients of

positrons implanted in solids from radioactive sources,” Phys. Lett. A

71A, 106 (1979).

Reurings, F., A. Laakso, K. Rytsola, A. Pelli, and K. Saarinen, “Compact posi-

tron beam for measurement of transmission moderator efficiencies and posi-

tron yields of encapsulated sources,” Appl. Surf. Sci. 252, 3154 (2006).

Saito, F., Y. Nagashima, L. Wei, Y. Itoh, A. Goto, and T. Hyodo, “A high-

efficiency positron moderator using electro-polished tungsten meshes,”

Appl. Surf. Sci. 194, 13 (2002).

Schultz, P. J. and K. G. Lynn, “Interaction of positron beams with surfaces,

thin films, and interfaces,” Rev. Mod. Phys. 60, 701 (1988).

Vehanen, A. and J. M€akinen, “Thin films for slow positron generation,”

Appl. Phys. A: Solids Surf. 36(2), 97 (1985).

Vehanen, A., K. G. Lynn, P. J. Schultz, and M. Eldrup, “Improved slow-

positron yield using a single crystal tungsten moderator,” Appl. Phys. A:

Solids Surf. 32, 163 (1983).

Weng, H. M., C. C. Ling, C. D. Beling, S. Fung, C. K. Cheung, P. Y. Kwan,

and I. P. Hui, “Tungsten mesh as positron transmission moderator in a

monoenergetic positron beam,” Nucl. Instrum. Methods Phys. Res., Sect.

B 225, 397 (2004).

Williams, A. I., �A. K€ov�er, D. J. Murtagh, and G. Laricchia, “Progress towards

a positron reaction microscope,” J. Phys.: Conf. Ser. 199, 012025 (2010).

Zafar, N., G. Laricchia, M. Charlton, and A. Garner, “Positronium-argon

scattering,” Phys. Rev. Lett. 76(10), 1595 (1996).

Zafar, N., J. Chevallier, F. M. Jacobsen, M. Charlton, and G. Laricchia,

“Experimentation with thin single crystal W foils as slow positron trans-

mission mode moderators,” Appl. Phys. A: Mater. Sci. Process. 47(4), 409

(1988).

105302-5 Williams et al. J. Appl. Phys. 118, 105302 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

144.82.107.169 On: Thu, 08 Oct 2015 10:17:24

http://dx.doi.org/10.1088/1742-6596/443/1/012072
http://dx.doi.org/10.1103/PhysRevB.15.2511
http://dx.doi.org/10.4028/www.scientific.net/MSF.105-110.1849
http://dx.doi.org/10.1103/PhysRevLett.57.376
http://dx.doi.org/10.1063/1.98495
http://dx.doi.org/10.1139/p96-063
http://dx.doi.org/10.1063/1.345197
http://dx.doi.org/10.1088/0957-0233/25/7/075013
http://dx.doi.org/10.1002/pssa.2211570112
http://dx.doi.org/10.1063/1.96231
http://dx.doi.org/10.1016/0168-583X(88)90136-X
http://dx.doi.org/10.1016/0168-583X(88)90136-X
http://dx.doi.org/10.1063/1.1142467
http://dx.doi.org/10.1007/BF00899716
http://dx.doi.org/10.1007/BF00899716
http://dx.doi.org/10.1063/1.97441
http://dx.doi.org/10.1016/0375-9601(79)90890-9
http://dx.doi.org/10.1016/j.apsusc.2005.08.066
http://dx.doi.org/10.1016/S0169-4332(02)00103-4
http://dx.doi.org/10.1103/RevModPhys.60.701
http://dx.doi.org/10.1007/BF00620615
http://dx.doi.org/10.1007/BF00616613
http://dx.doi.org/10.1007/BF00616613
http://dx.doi.org/10.1016/j.nimb.2004.05.002
http://dx.doi.org/10.1016/j.nimb.2004.05.002
http://dx.doi.org/10.1103/PhysRevLett.76.1595
http://dx.doi.org/10.1007/BF00615506

