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Electric-field-assisted moderator for generation of intense low-energy positron beams
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In this paper we reexamine an old idea of using an electric-field-assisted moderator~FAM! based on a
rare-gas solid~RGS! to form intense low-energy positron beams. Contrary to common belief, the main body of
a successful FAM should consist of a dirty~a high level of molecular impurities! RGS which will allow for a
highe1 drift velocity. On top of this layer is condensed a thin layer of a highy-purity RGS. When thee1 enters
this latter region its energy will heat up, ande1 emission into vacuum will become possible despite a positive
e1 affinity of the RGS. Simple calculations show that thee1 intensity can be increased by a factor of 100 over
what can be achieved using a RGS moderator without an applied electric field and, equally important, thee1

transverse energy is reduced to less than 0.3 eV. This leads to a gain in brightness by a factor of 1000.
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Currently, significant efforts are taking place around t
world toward the development of intense low-energy po
tron beams. Almost entirely, the main push concentrates
the production of strongerb1 sources and the application o
high-current and high-energy~100’s of MeV! e2 linear ac-
celerators~LINAC’s ! to produce intense sources of hig
energy positrons. For a general reference to intensee1

beams, see Ref. 1.
Many new low-energy positron techniques need in exc

of 108e1/s in order for them to become practical. This i
cludes low-energy positron diffraction,2 two-dimensional an-
gular correlation of annihilationg rays,3 the low-energy pos-
itron microscope,4 and possibly the formation of a positro
microprobe. The development of intensee1 beams is also
important for exotic experiments such as Bose condensa5

and for Ps liquid studies.6

A low-energy positron beam can be formed by stopp
high-energyb1 particles in a rare-gas solid7 ~RGS!. For a
RGS thee1 affinity, f1 is positive and, therefore, the driv
ing force of RGS moderators is hote1 diffusion and if ane1

encounters the external surface before its kinetic energy
fallen below the vacuum level emission may occur. Bel
the threshold for positronium formation, only the weak ph
non interaction is available for furthere1 slowing down.
When a RGS moderator is combined with a 100-m Ci22Na
source, ane1 beam intensity of 1 – 53106e1/s, and with an
energy width of;2.5 eV may result.8

When a RGS is used to convertb1 particles into low-
energy positrons, it should be possible to enhance thee1

intensity by applying an electric fieldE across the RGS
Several discussions of a field-assisted moderator~FAM! ex-
ist in the literature,9 and some years ago, the first FAM wa
produced10 using solid Ar and an enhancement of the mo
erator efficiency,e1 by a factor of 3 was observed as com
pared to the zero-field value. This first production of a FA
was important in the sense that it showed that it is possibl
construct a FAM for the generation ofe1 beams. However
the achieved gain in thee1 intensity was modest. The pur
570163-1829/98/57~12!/6998~6!/$15.00
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pose of this paper is to prove that it is possible to constru
powerful FAM based on a RGS.

Below, we discuss the physics of a RGS-based FAM
noring the effect of charging of the RGS by theb1 source.
In the Appendix, however, we will address the charging
the RGS, an effect that will strongly reduce the electric fie
in the bulk of the RGS unless special precaution is taken

It is not difficult to estimatee1 for a FAM. By ignoring
finer details, we assume an exponential stopping profile
the b1 particles given by (1/ro)e2r/rodr, wherer is the
distance into the FAM expressed in mg/cm2 and ro is a
characteristic constant being about 22 mg/cm2 for 22Na.11

Let L be the thickness of the RGS,w the drift velocity andt
the e1 lifetime; then, withD representing the density of th
RGS we can expresse1 as

e15S Cb1•D

ro
D E

0

L

e2Dx/roe2~L2X!/wtdxu~]e1 /]L !50

5Cb1~DWt/ro!1/@12~DWt/ro!#50.016, ~1!

where we usedD52g/cc andwt5(106cm/s!~4310210 s!
5431024 cm. Cb1

is the fraction ofb1 particles that es-

capes the22Na source, and we have assumedCb1
50.5.

With this value ofe1 an e1 beam intensity of 53107e1/s
should be possible using about 100 m Ci of22Na to supply
the b1 particles. The value ofw5106 cm/s corresponds to
the saturation drift velocitywsat of excess electrons~wsat for
the e1 is not known! in high-purity RGS’s.12

One way to increasee1 over the value given in Eq.~1! is
to increasewsat. To see how this is possible, let us make
analytical approach to the problem. By assuming a cons
mean free pathl, we can write the rate of change of thee1

energy as

de

dt
52

dev
l

1
e2lE2

mv
, ~2!
6998 © 1998 The American Physical Society
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wherede is the average energy loss per collision,v is the
actual velocity of thee1 (v@w), andE is the applied elec-
tric field. On the right-hand side of Eq.~2!, v/l is the scat-
tering rate, whereas the second term equalsewE. If we as-
sumede/dt50 we obtain the averagee1 energy as

^e&5
1

2

e2l2E2

de
. ~3!

The positron mobilitym is given as

m5
el

mv
. ~4!

By solving Eq.~3! for v and substituting that expression in
Eq. ~4!, and by usingw5mE, we obtain

w5wsat5S de

m D 1/2

. ~5!

It is observed thatw does not depend onE and, therefore, we
equate this value ofw to wsat. Equation~2! is not valid for
small E, as we have ignored elastic and superelastic co
sions and furthermore assumedde to be constant. At largeE
these effects become unimportant, and Eq.~2! represents a
reasonable approximation. The significance of Eq.~5! is that
wsat is linked directly tode.

Equation~5! suggests thatwsatcan be increased by addin
an amount of molecular impurities to a RGS wherebyde
increases. An effect like this was demonstrated for exc
electrons in Ref. 13. By adding a few percent of molecu
like H2, N2, CH4, C2H6, and C3H8 to liquid Ar, Kr, and Xe,
they were able to increasewsat by a factor between 2 and
depending on the added molecules and the particular rare
liquid.

Let us now discuss how to construct a FAM based o
RGS. To ensure a high value ofwsat for the positrons, the
main body of the moderator should consist of a solid mixt
of rare-gas atoms and suitable molecules~a few percent!. We
designate this part of the moderator RGSM. The thicknes
the RGSM should equal 40mm if we assume
wsat553106 cm/s. On top of the RGSM is condensed a th
layer of a high-purity RGS, and an electric field is appli
across the entire package. Figure 1 shows a sketch of
principle of how such a FAM works~refer to the Appendix
for charging effects!. For a practical purpose, all theb1

particles that are absorbed in this FAM are stopped in
RGSM region. If an electric field is not applied, then the hi
concentration of molecular impurities in the RGSM wou
lead to complete thermalization of thee1’s. However, as we
wish to apply a sufficiently strong electric field such thatwsat
can be achieved the averagee1 energy will probably be
;0.5 eV. It is possible that the concentration of molecu
impurities in the RGSM should be higher than a few perc
whereby thee1 energy distribution becomes closer to that
a thermalizede1. In the work of Ref. 13, no maximum o
wsat was found as a function of the concentration of mole
lar impurities in the rare-gas liquids. It may even be possi
that the RGSM should consist entirely of a molecular so
providing f1 for this solid is less than that of the RGS to
layer. If the RGSM consists of a molecular solid th
wsat.107 cm/s may be possible. As thee1’s drift into the
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high-purity RGS top layer, thee1 energy distribution will
heat up and thee1’s will scatter off the RGS-vacuum inter
face until either annihilation takes place or thee1’s acquire
an energy parallel to the surface normal greater thanf1

whereby emission into vacuum may occur.
For a practical realization of the FAM construction of Fi

1, two critical parameters have to be discussed. First, wha
a suitable molecular impurity that should be added to
RGSM part of the FAM. Second, we must make some e
mate of the electric field strength needed such that thee1

can escape into vacuum from the high-purity RGS top lay
For the molecules to be added to the RGSM part of

moderator, it is very important that these are not able to re
with thee1 to form a bound state. From gas-phase studies
e1 interactions with molecules,14 it is well known thate1

becomes trapped on many heavier hydrocarbons, whereae1

does not seem to attach to simpler molecules like H2, N2,
O2, CO, CO2, and CH4. We emphasize that it is not obviou
that the gas-phase results apply when these molecules a
a solution of a RGS. The choice of suitable molecules to a
to the RGSM must result from experiments.

To estimate the electric-field strength needed to ens
that e1 emission into vacuum can occur from the RGS t
layer, we use the results of Gullikson and Mills,7 who mea-
sured the values off1 , de, and l for e1 interaction with
solid Ar to bef151.7 eV, de56 meV, andl520 nm. For
solid Xe the corresponding numbers aref151.6 eV and
de53 meV, whereas the value ofl was not given for this
solid, so we have assumed it to be equal to that for Ar.
Table I we give the fractionR of e1’s which enter the RGS
top layer that is emitted into vacuum as a function
electric-field strength. The values ofR were calculated as
suming isotropic scattering, an initiale1 energy of 20 K and
ane1 lifetime of 0.4 ns. Quantum reflection of thee1 wave

FIG. 1. Sketch of the principle of how a field assisted modera
for generation of intensee1 beams can be realized. The lower pa
of the figure illustrates the potential energy of thee1’s in the mod-
erator as well as their average kinetic energy.
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function at the RGS-vacuum interface is not included
these calculations, as this effect is not the limiting factor

In addition to the values ofR for the ‘‘measured’’ values
of f1 , de, andl for solid Ar and Xe, we have included
sequence of calculations in which we loweredf1 to 1 eV. If
the e1 affinity is mainly determined by thee1 polarization
of the RGS thenf1 should be less than 1 eV.

Although the e1 energy distribution in the high-purity
RGS may never come into equilibrium with theE, it is rea-
sonable to expectR to be a simple function of the following
scaling parameterE2/(def1) for a fixed value ofl @see Eq.
~3!#. That this is indeed the case is shown in Fig. 2. A go
but slightly too low, estimate of the required electric-fie
strength is obtained by equatinĝe&5f1 leading to E
5(2def1)1/2/(el). On the right-handy axis is shown the
predictede1 intensity (e1R)N1 whereN1 is theb1 activ-
ity of a 100-m Ci 22Na source.

An inspection of Table I shows that for the exampl
treated,E should be in the range 5–10 kV/mm to obta
maximume1 intensity. If E is applied in the way shown in
Fig. 1, the actual potential of the cold head should be tw
that implied by the distance 1 to the ground grid due to
dielectric constant of the RGS. If the grid can be position
right at the FAM surface, then the dielectric constant of
RGS is not an issue, and the electric field in the moderato
simply given by the applied voltage divided by the thickne
of the FAM.

The values ofR given in Table I and Fig. 2 are sligh

TABLE I. Calculated values ofR as a function of electric-field
strengthE for various combinations off1 andde. The uncertain-
ties of R are less than 5%.

RGS E ~kV/mm! f1 ~eV! de ~meV! R

Ar 1 10 1.7 6 0.96
Ar 2 9 1.7 6 0.93
Ar 3 8 1.7 6 0.9
Ar 4 7 1.7 6 0.77
Ar 5 6.5 1.7 6 0.58
Ar 6 6 1.7 6 0.31
Xe 1 10 1.6 3 0.98
Xe 2 9 1.6 3 0.94
Xe 3 8 1.6 3 0.96
Xe 4 7 1.6 3 0.95
Xe 5 6 1.6 3 0.89
Xe 6 5 1.6 3 0.68
Xe 7 4.8 1.6 3 0.64
Xe 8 4.5 1.6 3 0.49
Xe 9 4.3 1.6 3 0.36
Xe 10 4 1.6 3 0.18
Xe 11 10 1 3 0.98
Xe 12 8 1 3 0.98
Xe 13 6 1 3 0.97
Xe 14 5 1 3 0.91
Xe 15 4 1 3 0.75
Xe 16 3.7 1 3 0.61
Xe 17 3.5 1 3 0.49
Xe 18 3.2 1 3 0.23
Xe 19 3 1 3 0.11
,

e
e
d
e
is
s

overestimates as thee1 energy was allowed to increase b
yond the first encounter with the RGS vacuum interfa
This was done to enableR to be displayed as function of th
scaling parameterE2/(f1de). However, the maximum en
ergy thee1 can gain fromE in the RGS top layer of thick-
nessl 8 is eEl8. To estimatel 8, we write the averagee1

energy as

^e&5eEl82ncde, ~6!

wherenc is the average number of positron collisions duri
its drift through the RGS top layer. Usingnc
52(e) l 8/(l2eE), we can write

l 85
f1

E25
def1

E

@mm#, ~7!

where we have used̂e&5f1 . The units ofE, f1 , andde
are kV/mm, eV, and meV.

Figure 3 shows calculated values ofR and thee1 inten-
sity versusl 8 for various field strengths for the paramete
f151 eV, de53 meV, andl520 nm. For these parameter
Eq. ~7! reads

l 85
1

E2
15

E

@mm#, ~8!

showing that this way of estimatingl 8 puts us on the right
track.

Figure 3 also shows measurede1 intensities for a stan-
dard RGS moderator8 ~without an electric field! and for a
tungsten film.15 Our calculatede1 intensity for the RGS
moderator forE50 also shown in Fig. 3 compares favorab
to the experimental value. Figure 3 shows that the elec
field may increase thee1 intensity by almost two orders o
magnitude.

In Fig. 4 we show the brightnessB and transverse energ
e t of the emittede1’s versusl 8 for the same values of the
parameters as in Fig. 3. The values ofB are obtained asB

FIG. 2. An illultration of how the relativee1 yield depends on
the scaling parameterE2/(f1de). On the right-handy axis is
shown the predictede1 intensity using a 100-m Ci22Na source to
supply theb1 particles. The total moderator efficiency correspon
to e1R50.062R.



k

m

te
h

of
s

s
n

s per

lls,
ble.

of

ly-
r
o
ld

lt
a

on-
a

ill

eir
ss,
ld
by

age
per

of
t of

n–
ary
the

us

p

d
e

po
eld

57 7001ELECTRIC-FIELD-ASSISTED MODERATOR FOR . . .
5R/et . It is obvious that to obtain a small value ofe t , l 8
should be small such that only few inelastic collisions ta
place andE should be large to ensure a sufficiente1 energy
gain. At 10 kV/mm the brighteste1 beam results withl 8
50.14mm, yielding ane1 intensity of 1.43108e1/s with
e t50.13 eV, whereas at 4 kV/mm the corresponding nu
bers arel 850.52mm, 0.83108 e1/s, ande t50.19 eV. To
compareB to a standard RGS moderator and to a tungs
film, we assume thee1 beam diameters to be identical. Wit

FIG. 3. Relativee1 yield R vs the thickness of the RGS to
layer for various electric-field strengths. The right-handy axis
shows the predictede1 intensity. Also shown is thee1 intensities
when a standard RGS and a tungsten film moderator are use
form a low-energye1 beam. All thee1 intensities assume that th
b1 particles are supplied by a 100-m Ci22Na source.

FIG. 4. Brightness and the transverse energy of the emitted
itrons vs thickness of the RGS top layer for various electric-fi
strengths~see text!.
e

-

n

this restriction we can calculateB to beB50.06 ~tungsten!
and B50.006 ~RGS! showing that the present scheme
producing a low-energye1 beam may result in a brightnes
gain of 100–1000.

For the parametersf151.7 eV, de56 meV, andl520
nm, the brighteste1 beam produces 1.33108e1/s with e t
50.33 eV at 10 kV/mm andl 850.32mm, whereas at 6
kV/mm and l 850.7mm we obtain 0.53108e1/s and e t
50.32 eV. The maximume1 intensities are 1.83108e1/s at
10 kV/mm andl 850.6mm and 0.73108e1/s at 6 kV/mm
and l 852 mm.

Let us now discuss the value of the average energy losde
pere1 collision. Equation~5! gave us a relationship betwee
wsat andde. If we assumewsat for e1 to be equal to that for
excess electrons we can calculate the average energy los
collision in a RGS to bede50.6 meV which is a much more
reasonable value than that deduced by Gullikson and Mi7

when compared to the maximum phonon energy availa
The implication of Ref. 7’s findings is that practically alle1

scattering in RGS’s is inelastic. The much smaller value
de obtained by use of Eq.~5! allows room for elastice1

scattering in RGS’s as well. A recent determination ofde for
solid Ar gave 1.1~10.4, 20.5! meV,16 in fair agreement
with our estimate of 0.6 meV. The result of the above ana
sis may reduce the values ofE given in this paper by a facto
of 2–3. This should allow the FAM configuration of Fig. 1 t
work with a potential difference of 3–5 kV between the co
head and the ground grid (l 51 mm) which is low enough
for many types ofe1 experiments.

If the present approach to a FAM is realized, it will resu
in an e1 beam intensity 100 times higher than that of
standard RGS moderator and, equally important, with a c
siderable reduction ofe t . The total brightness gain is about
factor of 103.

By using a 100-m Ci22Na source to supply theb1 par-
ticles ane1 beam intensity greater than 108e1/s and with an
e t less that 0.2 eV may result. Such an improvement w
allow standard university laboratorye1 beams to be used in
the development and use of the many newe1 techniques
mentioned at the beginning of this paper.

The authors thank Karl Canter and Bent Nielsen for th
many useful comments. Also, we want to thank Alex Wei
who pointed out that the electric field in the RGS wou
vanish as a result of charging. This work was supported
the DOE under Contract No. DE-AC02-76CH00016.

APPENDIX: CHARGING EFFECT

Somewhat arbitrarily, we shall assume that on aver
300 electron–positive-ion pairs are created in the RGSM
emitted b1 particle. Using a 100-m Ci22Na source, that
amounts to the generation of 1012 electron-ion pairs/s. By
ignoring the dielectric constant of the RGSM, the number
stored positive charges on the cold head in the absen
charging of the RGSM is 531010 for the configuration
shown in Fig. 1. Furthermore, we ignore geminate electro
positive-ion recombination and assume that all second
electrons that are emitted into the vacuum are returned to
RGSM by the e1 beam potentials. For homogeneo
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electron–positive-ion recombination we can write the r
constantk as

k54pDr c , ~A1!

whereD is the diffusion coefficient of the electrons andr c is
the separation distance of a charge pair where the Coul
energy equals the characteristic kinetic energyec of the elec-
tron. By usingD/m5ec /e we can rewrite Eq.~A1! as

k5
me

e
51024 cm3/s, ~A2!

where we have assumed an electron drift velocity
107 cm/s at a field strength of 105 v/cm. In Eq.~A2!, e is the
dielectric constant. Equations~A1! and~A2! represent uppe
limits of the recombination rate constant. The average t
the secondary electrons spend in the RGSM before they
collected at the cold head equals that of the positrons~50.2
ns! so for half of the secondary electrons to recombine w
the positive ions requires a density of positive ions in
RGSM of 3.531013 cm23, corresponding to a total numbe
of positive ions in the RGSM of 1.531011, a number that is
comparable to the number of positive charges stored on
cold head in absent of charging. For this reason, we s
ignore electron–positive-ion recombination as long as
electrons are free to recombine at the cold head. In princi
an electron gun giving mA’s of electrons could be used
control the density of positive ions proving the pow
dumped on the RGSM is sufficiently low, and that the im
plantation energy is below the ionization threshold of t
moderator.

The effect of charging of the RGSM is that the elect
field in the bulk of the moderator almost vanishes. In t
upper part of Fig. 5 we show how the field changes as fu
tion of charge-up of the moderator. Starting with no char
up, the total number of positive charges in the moderato
increased in incrementals of 53108 ions distributed accord
ing to theb1 implantation profile used in Eq.~1!. The trend
shown in Fig. 5~upper part! continues until the total amoun
of positive charges is a little greater~due to the finite thick-
ness of the moderator! than the number of positive charge
on the cold head in absent of charging. At this stage
electric field reverses direction close toz50 and, therefore,
prevents electrons from being collected at the cold he
With further b1 injection, electron–positive-ion recombina
tions occur near the crossing point of the electric field~that is
the position where the electric field is zero! which move
toward the surface of the moderator. When a steady-s
condition is reached, most of the positive charges are lo
ized close to the surface~on the vacuum side! of the mod-
erator, leaving only a weak electric field in the bulk of th
moderator that even point in the wrong direction.
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One way to overcome this severe charging problem is
use a pulsede2 gun combined with periodical suddenl
drops of the moderator potential, as illustrated in Fig. 5.
suddenly decreasing the moderator voltage from 10
0.1 kV, a negative electric field is created that extends alm
to the moderator surface. If the moderator is now bombar
with electrons, then electron–positive-ion recombinatio
will occur on the right-hand side of the crossing point. T
electron bombardment is continued until the crossing po
has moved all the way to the cold head leaving the moder
almost free of positive ions, and then the 10 kV is pulsed
again and the electric field in the moderator will behave
cording to the upper part of Fig. 5.

With the values of the charging parameters given abo
the moderator voltage should be lowered to 0.1 kV for 0
ms at a repetition rate of 200 Hz and the pulsede2 should
deliver a peak current of at least 2mA. The net effect of this
procedure is that the low-energye1 intensity is reduced
about 10% as compared to the values given in the main b
of this paper. The extra energy spread of the low-energye1

beam introduced due to the variation of the electric field
the vacuum~see Fig. 5! can be compensated for by an a
propriate time-dependent beam potential somewhere in
beam line or in the moderator section.

FIG. 5. How the electric field in the moderator changes a
result of charging~upper part!. The lower part shows the electri
field after a sudden reduction of the moderator voltage from 10
0.1 kV.
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