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Temperature Dependence of Positron Annihilation Rates in Noble Gases
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The dependence of positron annihilation rates on temperature has been measured for the nob
These measurements were carried out using a new technique which, for the first time, makes the
energy range betweenkBT ­ 0.025 and 1 eV accessible to experiments. Positrons in a Penning tra
heated to about 1 eV, and then cool to room temperature by collisions while maintaining a Maxw
velocity distribution. The positron annihilation rate is measured during the cooling. Experimenta
are in good agreement with theoretical calculations. [S0031-9007(96)01323-3]

PACS numbers: 36.10.Dr, 25.30.Hm, 71.60.+z, 78.70.Bj
is
je
[1

a
tr
in
he

v
in

ive

th
e

b
in
itr
it
ll
0

ve
t

il
ic
rg
th
in
n

s
i

fu
io
ro
c

de
.
b
a

en
a

re.
an
by

te

tor-
er-
ns.
sti-
on
of
e a
en-
ra-

oble

or-

les,
in
e

he
ar-
.

ge
p,
zed

[8].
ge
a

rth
ere
The interaction of positrons with ordinary matter
of fundamental importance and has been the sub
of numerous experimental and theoretical studies
Furthermore, an understanding of such interactions
important for diverse technological applications such
the characterization of surfaces and solids using posi
beams [2,3] and the development of models of the slow
down and annihilation of galactic positrons, which is t
most intenseg-ray line of astronomical origin [4].

Traditionally positron annihilation cross sections ha
been measured using high-density gases or liquids,
which positrons are injected directly from a radioact
source [5]. Positron annihilation events are detected
delayed coincidence between a promptg ray (emitted
by the radioactive nucleus at the same time as
positron) and the 511 keVg ray produced when th
positron annihilates. Positron annihilation rates can
measured at different positron temperatures by vary
the test gas temperature and measuring the pos
decay rate after they have thermally equilibrated w
the test gas. In practice this limits the experimenta
accessible temperature range to between 77 and 50
(kBT ­ 0.007 0.043 eV). At early times in the lifetime
spectrum variations in the annihilation rate are obser
and interpreted as being due to the dependence of
annihilation cross section on positron energy. Wh
such data are in qualitative agreement with theoret
predictions of annihilation rates as a function of ene
[5], they do not permit a quantitative analysis since
positron energy cannot be measured during the slow
down phase. Hence the interpretation of the experime
data is difficult and has to rely on theoretical models.

Positron beams have been used extensively to mea
positron scattering cross sections [5]. Their application
annihilation rate measurements has not been success
demonstrated, however, since annihilation cross sect
are many orders of magnitude smaller than scattering c
sections. This fact, in conjunction with the short intera
tion time of beam positrons with the target, has preclu
the use of beams from annihilation rate measurements

For these reasons energies above 0.04 eV have not
explored experimentally until now, although theoretic
0031-9007y96y77(14)y2929(4)$10.00
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calculations of positron annihilation rates have be
available for many years. They generally predict
drop in the annihilation rate with increasing temperatu
For example, the polarized orbital model of McEachr
et al. predicts that the annihilation rate for Xe drops
a factor of 5 if the positron temperatureTe1 increases
from 0.025 to 0.5 eV. In contrast, the annihilation ra
for He is predicted to change by onlyø10% over the
same temperature range.

The development of techniques for accumulating, s
ing, and manipulating positrons in Penning traps has p
mitted a new approach to positron-matter interactio
We have already applied this technique to the inve
gation of a number of topics relating to the interacti
of positrons with large molecules [6] and the physics
electron-positron plasmas [7]. In this paper we describ
new technique using trapped positrons to study the dep
dence of positron annihilation rates on positron tempe
ture. We present and discuss data obtained for the n
gases in the temperature range of 0.025–0.6 eV.

Positron annihilation rates,G, are conventionally ex-
pressed by the dimensionless parameterZeff relative to the
Dirac rate for annihilation of positrons on a gas of unc
related electrons asG ­ pr2

0 cnZeff, wherer0 is the clas-
sical electron radius,c is the speed of light, andn is the
number density of the sample gas. For simple molecu
Zeff is of the same order as the number of electrons
the molecule,Z, and is crudely interpreted as being th
number of electrons in the molecule participating in t
interaction. For more complex molecules, e.g., hydroc
bons,Zeff exceedsZ by many orders of magnitude [6]
The simple interpretation ofZeff no longer applies in this
case, but the notation is still retained.

The experiment was performed in the multista
positron trap shown in Fig. 1. Operation of the tra
described in detail elsewhere [7], can be summari
briefly as follows. Positrons from a 50 mCi22Na source
are moderated to a few eV by a solid neon moderator
They are then magnetically guided into the four-sta
trap, where they lose energy by inelastic collisions with
nitrogen buffer gas. Positrons accumulate in the fou
stage of the trap and cool to room temperature th
© 1996 The American Physical Society 2929
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FIG. 1. Schematic diagram of the positron trap.

within ø3 s. We can collect up to108 positrons and
store them for more than 1 h at a vacuum base pres
of ,4 3 10210 torr, after the buffer gas is switched o
Typical test gas pressures vary between1026 torr for Xe
to about5 3 1025 torr for He.

The experiment consists of repeated cycles of posi
filling, heating, and annihilation. The fill cycle las
for 25 s. The positron beam is then switched off, a
the trapped positrons cool down to room temperat
Following this, the buffer gas is switched off and af
a pump-out delay of 10 s the pressure has dropped
around 1027 to about1029 torr. Subsequently the te
gas is admitted into the trap region, allowing 8 s
the test gas pressure to stabilize. The positrons are
heated by applying a pulse of broadband RF noise
one of the confining electrodes (Df ø 20 MHz), which
heats the positrons to 0.6–0.8 eV. We typically use
pulses of approximately 10 ms duration with a peak
peak amplitude of about 50 mV. Attempts to increa
the RF amplitude or duration above those levels do
lead to a corresponding increase in positron ener
but rather begins to expel positrons from the trap. T
expulsion mechanism is not understood at present,
it is the main factor that limits the maximum achievab
temperature. In the case of the noble gases, the posi
cool by elastic collisions with the test gas and rea
room temperature after typically 5–10 s. Concurrent w
the cooling, the positrons annihilate on the test g
Their annihilation rate is measured by a NaI(Tl) detec
counting the annihilationg rays (cf. Fig. 1). To correc
for drifts in the positron filling rate, we measure t
number of positrons remaining after the measurem
cycle by dumping them onto an annihilation plate a
adjusting the fill time accordingly for the next cycle. W
acquire data in this manner for about 2–3 h, accumula
a total of approximately5 3 105 counts. The backgroun
count rate is measured separately and is less than 10
the signal level for the data presented here.

Before and after each run we measure the posi
temperature,Te1 std, as a function of elapsed time sin
the end of the heating pulse. This is accomplished
2930
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reducing the depth of the confining well to zero an
analyzing the number of positrons escaping the trap
a function of well depth. The effect of the changin
space charge during the positron dump on the veloc
distribution of positrons escaping the well has be
discussed in detail elsewhere [9]. This effect can
neglected if only the first few percent of the dumpe
positrons are used to calculate the temperature [cf. in
to Fig. 2(a)].

The possibility exists that a strong temperature dep
dence of the positron annihilation rate could potentia
lead to a non-Maxwellian positron energy distributio
through preferential depletion of positrons with energ
for which Zeff of the test gas happens to be high. T
estimate the impact of this effect on the positron velo
ity distribution, one should compare the thermal equ
bration time within the positron cloud to the variatio
in the positron annihilation time over the investigate

FIG. 2. (a) Positron cooling on xenon following a 5 ms pul
of RF noise. Inset: Energy distribution of positrons att ­ 1 s.
The data shown here represent only the first escaping posit
for which space charge effects are negligible. (b) Annihilati
rate during the same time interval. Dashed line: exponen
decay witht ­ 54 s.
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temperature range. The collisional positron equilibrati
time is given byteq ­ 1.5 3 1010 T

3y2
e1 yne1 [10], where

the positron temperature,Te1 is specified in eV and the
positron density,ne1 , in m23. At Te1 ­ 0.5 eV and a typi-
cal positron density in the trap ofne1 ­ 5 3 1011 m23,
we haveteq ­ 11 ms. This should be compared to th
largest variation in positron annihilation time, which o
curs for Xe and is 250 s atTe1 ­ 0.3 eV versus 50 s at
Te1 ­ 0.025 eV. Thus the equilibration time is more tha
3 orders of magnitude shorter than both the annihilat
time and the cooling time. Therefore the positron velo
ity distribution is not perceptibly influenced by the energ
dependence of the annihilation cross section and rem
Maxwellian throughout the entire cooling phase.

A full measurement ofTe1std comprises a number o
individual dumps at different times during the coolin
The solid line in Fig. 2(a) is a fit to the experiment
data, which is used to find the positron temperature
any arbitrary time after the heating pulse. Note that
shape of the full cooling curve is not a simple exponent
decay, which presumably reflects variations in the ela
scattering cross section with positron energy.

Figure 2(b) shows theg-ray count rate obtained during
the cooling phase in Xe. This rate is proportional
the annihilation rate,ÙNstd, whereNstd is the number of
positrons in the trap at timet. At later times, after the
positrons have already cooled down to room temperat
the count rate shows an exponential decay, consis
with a constant value forZeff and a positron lifetime of
54 s. Earlier, however, when the positron temperature
still high, the annihilation rate is markedly lower. W
interpret this as an effect of the temperature depende
of Zeff. A comparison of Figs. 2(a) and 2(b) shows th
the time when the positron temperature has reached ro
temperature coincides with the time when theg-ray signal
starts to follow a purely exponential decay. The fact th
these two features coincide is a strong indication that
observed variations in the positron annihilation rate a
indeed caused by changes in the positron temperature
addition, good alignment confirms that the experimen
conditions have remained stable during data acquisitio

As noted above, we have observed that when a c
tain threshold temperature is reached during RF heat
positrons are expelled from the confining well and an
hilate on the walls. This continues even for a short tim
after the heating pulse has been switched off. The h
annihilation rates observed for the first few data poin
in Fig. 2(b) are due to this effect, and all results pr
sented in this paper have been truncated at this thres
temperature.

We obtain relative values ofZeffstd from the raw data
by normalizing the count rate at each time to the num
of positrons present in the trap at that time,

Zeffstd ~
ÙNstd

N0 2
R

ÙNstd dt
, (1)
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where the constant of integration,N0, represents the
number of positrons in the trap at timet ­ 0. It is
chosen so as to yield a constant value forZeffstd after
the temperature has leveled off at room temperature.
obtain the temperature dependence ofZeff by plotting
Zeffstd versusTe1std. To facilitate interpretation, the dat
shown in Fig. 3 have been accumulated into convenien
spaced temperature bins.

In Fig. 3 we present our results for the noble gas
together with the theoretical predictions of McEachr
et al. [11]. To facilitate comparison, the theory curve
have been convolved with a Maxwellian distribution fun
tion and normalized to their values at room temperatu
We observe a clear trend in the relative variation ofZeff:
whereasZeff for Xe drops by a factor of 5 over the in
vestigated range of temperatures, the corresponding va
tions for the other noble gases continue to decrease w
their atomic number;Zeff for He and Ne varies only by
about 10% over the same range. Within the scatter
our data, He and Ne exhibit the same temperature
pendence ofZeff. The agreement between theory a
experiment is remarkably good over the entire tempe
ture range. Small deviations are noticeable for Kr a
Ar above about 0.15 eV, where the experimental data
consistently higher than the theoretical predictions. R
cently Van Reethet al. [12] have published new calcu
lations for He, which, however, cannot be distinguish
from the theory of McEachran at the present level of a
curacy of the experiment.

FIG. 3. Positron annihilation rates on the noble gases, norm
ized to unity at room temperature:s He, d Ne, j Ar, m Kr,
} Xe; theory calculations by McEacranet al. are denoted by
solid lines for Ne, Ar, Kr, and Xe, and by the dashed line f
He.
2931
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Lee et al. [13] have measuredZeff for Ar by varying
the temperature of the high-density test gas. Th
results, again normalized to unity at room temperatu
are in excellent agreement with our measurements
the temperature range over which the two experime
overlap (cf. Fig. 4). Wrightet al. [14] have found strong
evidence of clustering effects in Xe by studying th
temperature dependence of the annihilation rate. For
reason, their measured temperature dependence ca
easily be compared with our results. Test gas densi
for the measurements reported here are of the orde
1017 m23, thus making clustering effects negligible.

It is interesting to note that, although the theo
of McEachran et al. compares well with the relative
temperature dependence ofZeff, there exists a discrepanc
between the predicted and measured values ofZeff at
room temperature. The temperature averaged va
calculated by McEachranet al. are 3.85, 7.0, 28, 58, and
217 for He, Ne, Ar, Kr, and Xe, respectively. Mos
noticeably for the heavier noble gases, the experime
values are significantly higher than these theoretical on
For Xe the experimental data forZeff fall in the range
between 300 and 400 [14–16], and for Kr they l
between 65 and 90 [6,14,17].

We see two avenues to extend the scope of th
experiments. The cooling curves for the noble gases
not exponential, indicating that the cooling rate is ener
dependent [cf. inset to Fig. 2(a)]. We expect to be able
use these time dependent measurements of the pos
velocity distribution in the trap to extract informatio

FIG. 4. Annihilation data for Ar, normalized to unity at room
temperature. d this experiment,s Lee et al. [13], theory
denoted by solid line.
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about the corresponding scattering cross sections a
function of energy. A second, natural extension of t
experiment is to performZeffsTe1 d measurements on larg
organic molecules which have been shown to exh
anomalously high values ofZeff [6].

In summary, we have developed a new technique
measuring the energy dependence of positron annih
tion rates in an important range of energies that was
previously accessible to experiment. Applying this tec
nique to the noble gases, we find excellent agreem
with the predictions of McEachranet al. and Van Reeth
et al. regarding the relative variation ofZeff with positron
temperature. We expect to be able to extend this te
nique to a variety of other substances including hydroc
bon molecules. These experiments are likely to provide
important benchmark for theoretical calculations ventur
beyond the noble gases and simple diatomic molecules
culated previously.
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