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Design and operation of a two-stage positron accumulator
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A compact positron accumulator based upon a simple two-stage buffer gas cooling scheme is
described. Its operation to produce 10–20 ns wide bursts containing around 105 positrons with
cycling times in the 100 ms to 1 s range is discussed. Departures of the behavior of the accumulator
from that expected of such an instrument are presented. The utility of these effects in diagnosing
accumulator performance is described. © 2006 American Institute of Physics.
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I. INTRODUCTION

The production and manipulation of laboratory-based
low energy positron beams is now routine, and there have
been widespread applications, particularly in atomic and
condensed matter physics �see, e.g., Refs. 1–3 for reviews�.
Over the years many of these applications have utilized time-
tagged beams, in which the time of flight of individual pos-
itrons has been monitored and used in energy analysis and/or
to provide angular discrimination in scattering experiments.
Devices capable of providing narrow time-width pulses con-
taining a few positrons have also been developed and
applied.4,5 More recently, the potential to exploit positron
plasmas accumulated in vacuum has begun to be realized.
There have been notable achievements in atomic scattering
and annihilation6–8 and in facilitating the creation of cold
antihydrogen.9–11 This emerging and many-faceted area of
science has recently been reviewed.12 A review of a number
of positron accumulation schemes in the context of antihy-
drogen physics is also available.13

This article describes a compact positron accumulator. It
is based upon the buffer gas cooling method, pioneered by
Surko and co-workers,14,15 in which molecular nitrogen gas
is used to capture and cool positrons from a low energy
beam. The accumulator is a variety of the well-known
Penning-Malmberg trap16 in which axial confinement is pro-
vided by the electrical potential formed by applying voltages
to an array of cylindrical electrodes, while radial confine-
ment is assured by the presence of a uniform axial magnetic
field.

The most established operational buffer gas-cooled pos-
itron accumulators are three-stage devices. In these, the first,
high pressure �around 10−3 mbar� stage is used to capture a
fraction of the incident positrons via an inelastic collision
with the gas molecule. Further such collisions on the micro-
second to millisecond time scale transfer the positrons to the
second and, finally, the third stage, wherein they are accu-
mulated and thermalized �typically to the gas temperature,
300 K�. Each of the consecutive stages has progressively in-
creasing electrode diameters, such that the gas pressure low-
ers from stage to stage. �Note that the gas is admitted to the

electrodes at the center of the first stage.� Typical pressures
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in the third stage are around 10−6 mbar, resulting in positron
annihilation lifetimes of around 100 s. The number of
trapped positrons saturates when the accumulation rate and
the annihilation rate are equal. The former depends upon the
trapping efficiency and the incident positron flux. Using solid
neon moderators to produce the slow positron beam,17–19 108

trapped positrons can be achieved routinely.19,20 More posi-
trons can be accumulated in higher vacuum. This can be
achieved by a further �fourth� storage stage to which the
positrons can be transferred and then stacked. Such a scheme
is being implemented by the UCSD group21 and has been
achieved by the ATHENA antihydrogen collaboration, whose
current record22 for positron numbers stands at around 109.

It has, however, been pointed out that transfer to a high
vacuum stage with storage times of the order 103 s can be
achieved by utilizing a two-stage trap, with a concomitant
simplification �and cost reduction� of the apparatus.23 Fur-
ther, such an advance would produce a standalone two-stage
trap for applications, for instance, in which more modest
positron fluxes were required. In parallel with this initiative
�see Ref. 24� we have been developing a two-stage trap,
which we describe herein, for operation as a pulsed source of
positrons and positronium atoms, in the 1–100 Hz range,
with a timing resolution of the order 10–20 ns. In particular,
we wish to interface the output of this device to that of a
10 Hz, 10 ns wide pulsed laser system designed for spectro-
scopic investigations of positronium.

In this article we will describe the design, construction,
and operation of our two-stage trap. This will be mainly
covered in the following two sections, the second of which
will contain detailed results of our investigations into the
performance of the accumulator.

II. DESIGN AND APPARATUS DETAILS

The global design parameters of the instrument were
governed by its physics applications. The burst of positrons
was to be used to create a timed source of positronium atoms
following their interaction with a target formed from a suit-
able material surface. Our aim was to produce a flux of up to
105 positronium atoms in a sharp burst �10–20 ns wide� ev-

ery 100 ms. This would allow interaction of the positronium

© 2006 American Institute of Physics2-1

ASCE license or copyright; see http://rsi.aip.org/rsi/copyright.jsp

http://dx.doi.org/10.1063/1.2206561
http://dx.doi.org/10.1063/1.2206561


063302-2 Clarke et al. Rev. Sci. Instrum. 77, 063302 �2006�
atoms with photons from laser beams which cross the region
directly in front of the positron target. Furthermore, the
timed positron pulse is to be transported into a high magnetic
field �5 T� in an effort to study the production of Rydberg
magnetized positronium, as recently observed.25 The modest
timing and storage time requirements meant that a two-stage
trap could be utilized without further pulse compression.12,23

The desired positronium yield mandated the use of a solid
neon moderator, with a strong radioactive source.

Detailed drawings of the apparatus showing the main
components of the entire instrument and the electrodes of the
accumulator are given in Figs. 1 and 2. Our source end con-
figuration is based upon that developed for the ATHENA
antihydrogen experiment.20,26 Positrons are derived from a

FIG. 1. Cutaway diagram of the positron beam line showing the positions of
the source, positron accumulator, and various magnetic steering fields. From
left to right in the diagram the vacuum crosses are numbered C1, C2, and
C3. The six-way crosses C2 and C3 are pumped by a magnetically levitated
turbomolecular MTP and cryopump CP, which are jointly backed, by an
11 m3/h scroll pump. The four-way cross C1 is pumped using a turbomo-
lecular pump TP backed by a second 11 m3/h scroll pump. Key: CH, cold
head; NS, 22Na source; LS, lead shielding; PA, positron accumulator; CC,
cold cathode pressure gauge; RGA, residual gas analyzer; FMC, flat mag-
netic coils; TS1, transport solenoid; TS2, trap solenoid; MC, magnetic coil.

FIG. 2. Cutaway diagram of the positron accumulator consisting of 15 small
electrodes of internal diameter of 16 mm and five large electrodes of internal
diameter of 41 mm, insulated from each other by three 2 mm diameter
sapphire balls �see insert�. The mounting plates were precision machined to
fit snugly inside the 66 mm internal diameter vacuum tube. Key: GI, gas
inlet; GF, gas flow; SB, sapphire balls; �MP�, mounting plates; LE, large

electrodes; SE, small electrodes.
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1 GBq �27 mCi� 22Na radioactive source that, together with
a cone-shaped extension, is mounted directly on the cold
finger of a closed cycle helium refrigerator. The base tem-
perature of the cold head is around 7 K. The deposition of
neon onto the source and cone, typically at a chamber pres-
sure of 5�10−4 mbar, is done at this temperature. During
deposition, which typically lasts around 60 min, the slow
positron counts are monitored continuously. The beam is
guided away from the source region using axial magnetic
fields provided by a series of coils, and a 500 G transport
solenoid �TS1 in Fig. 1�, and annihilates on a vacuum valve
about 1.5 m downstream. The resulting gamma-ray flux is
monitored using a CsI-photodiode detector assembly.
After optimization, beam strengths of around �3–4�
�106 positrons/s can be obtained, with an �3 eV full width
at half maximum �FWHM� energy resolution. Further details
of some of our experimentation with solid neon moderators
can be found elsewhere.24 The beam diameter was measured
by lowering a metal plate progressively through the beam
and measuring the ensuing annihilation radiation. The differ-
ential of these measurements gave the beam profile, which
could be fitted by a Gaussian with a diameter of around
12 mm full width.

In order to keep the solenoid to be used in the accumu-
lation region as compact as possible, the largest electrodes
that could be used had to fit inside a tube limited by flange
sizes to an internal diameter of 66 mm. �The trap solenoid,
TS2 in Fig. 1, was wound onto a water-cooled former of
140 mm diameter and comprised three layers of around 170
turns each. When powered at 31 V and 44 A it produced a
magnetic field on axis of around 400 G.� The two-stage elec-
trode structure of the trap is shown in Fig. 2 and illustrated
schematically in Fig. 3�a�. The first stage is comprised of 15
gold-plated electrodes of internal diameter of 16 mm and
length of 24 mm. They are biased electrically with respect to
the solid neon moderator voltage and have a small potential
difference across them �as shown in Fig. 3�b�� of around
2 V. �This increased the number of trapped positrons by ap-
proximately 25% over the best achieved with equipotential
electrodes in stage 1.� The nitrogen buffer gas is piped into
the accumulator through a small hole �marked GI in Fig. 2�
bored in the eighth electrode of this stage. The second stage
consists of five electrodes, also gold plated, of internal diam-
eter of 41 mm and length of 49 mm. Thus, the entire trap is
around 650 mm in length and is pumped on one end by an
APD8 cryopump �800 l s−1 pumping speed for N2�, and on
the other by a Leybold 340M magnetically levitated turbo-
molecular pump �400 l s−1 pumping speed for N2�. The two
sections of the trap are held together by rods attached to
three mounting plates, one at either end and one between the
two stages. The trap is assembled electrode by electrode,
using 2 mm diameter sapphire balls as interelectrode spac-
ers. Each electrode can be biased independently.

The electrical potential �on axis� in the accumulation re-
gion is shown in Fig. 3�b�. The potential well and reflecting
wall were effected in stage 2 of the trap. The gas pressure in
stage one was set to be around 10−3 mbar, falling �from cal-
culation� to below 10−4 mbar in stage 2. The gas pressure

was measured in the vacuum chamber at the exit of the sec-
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ond stage of the accumulator using a cold cathode gauge and
also on the gas input line using a capacitance manometer.
The latter was used for pressure stabilization effected via a
LABVIEW™ program and a piezoelectric leak valve. The
measured chamber pressures were varied in the range of 5
�10−7 to 3.5�10−5 mbar dependent upon the experiment
being undertaken. The base pressure was around 10−9 mbar.

The positrons could be accumulated for the desired pe-
riod and then ejected onto an annihilation target by lowering
the reflecting wall to ground. The sharp burst of gamma rays
emitted as a result of the pulsed ejection was integrated by a
CsI-photodiode detector located in close proximity to the
target. This detector was read out via an oscilloscope. To
relate the signal from this detector to the absolute number of
stored positrons required a calibration to be undertaken. The
pulsed output of the detector was normalized following the
procedure developed by ATHENA using calibrated gamma-
ray sources26 for reference. Following this we estimate that
the absolute positron numbers are accurate to ±10%. The dc
beam �i.e., without the accumulator in operation� was moni-
tored using the CsI detector, and also a calibrated HPGe
detector. In this instance the CsI was calibrated against an
in-beam channeltron detector using standard coincidence
techniques. Using this combination of normalizations, pa-
rameters relating to the efficiency of the accumulator could
be derived �see Sec. III�.

A channeltron detector was used to derive the timing
characteristics of the pulsed output of the accumulator. In
this case the accumulator output �reflecting� electrode volt-
age was driven by a fast amplifier with a 35 ns fall time from
100 V to ground. This meant that the voltage across the

FIG. 3. �a� Schematic illustration of the electrode structure of the accumu-
lator. �b� The electrical potential along the axis of the trap.
space charge of the accumulated positron cloud was lowered
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to allow escape in a 0.4 ns time window. In this case, before
ejection, the potential well was squeezed for 1 ms by raising
the bias applied to all electrodes except the penultimate elec-
trode in stage 2 by 60 V. The latter was raised by 50 V.

Control of the entire system was achieved using spe-
cially developed LABVIEW™ programs. This included control
of all of the electrode voltages, and changes to them for
trap-and-dump cycles which did not require fast timing, the
gas pressure system, and various triggers for the detectors.

III. OPERATION AND RESULTS

The accumulator was used to trap positrons with the on-
axis potential shown in Fig. 3�b�. The physical basis for the
operation of the device was summarized in Sec. I and more
details can be found elsewhere.15 Once the desired accumu-
lation time had been reached the positron beam was pre-
vented from entering the trap, and the confining well was
squeezed, whence the confining potential was lowered and
the positron bunch was ejected and directed along the beam
line to an annihilation target. The resulting gamma-ray signal
was used to derive information on the number of positrons
trapped, their lifetime, and the time width of the positron
pulse. This so-called “trap-and-dump” cycle could be varied
at will, depending upon the application, though in practice
the minimum accumulation time we used was 20 ms.

Figure 4 shows examples of accumulation curves taken
at pressures �see Sec. II� of 6�10−6 and 2�10−5 mbar. In
these cases the positrons were accumulated for varying times
and the number of positrons trapped, Ne�t�, recorded. The
accumulation curves take the form

Ne�t� = A�1 − e−t/�� , �1�

where � is the lifetime of the positrons in the second stage of
the accumulator and A=R�, where R is the positron accumu-
lation rate. The latter is the product of the beam intensity Io

and the trapping efficiency �per positron� �. At short times
the gradient of Ne�t� allows R to be extracted. With a beam
intensity of 3.4�106e+ s−1 �see below� R is around 29%. It

FIG. 4. Accumulation curves at pressures of 6�10−6 �squares� and 2
�10−5 �crosses� mbar. The lines are fits to Eq. �1�.
is clear from �1� that saturation occurs when
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Ne��� = A . �2�

Fits of �1� to the accumulation curves are shown in Fig. 4,
from which values for A and � can be extracted. Accumula-
tion experiments were repeated at several different pressures.
The results for positron lifetimes at the various measured
pressures P �which are dominated by that of the N2 buffer
gas� are shown in Fig. 5. At the low pressures used in these
experiments the positron annihilation rate is strictly propor-
tional to gas density �and hence P�, such that a straight line
should be obtained by plotting 1/� vs P �Fig. 5�. �The cause
of the deviation from the fitted line at the higher pressures is
not known.� In principle there could be more than one con-
tribution to the positron annihilation rate; for example, anni-
hilation on the nitrogen buffer gas might also be accompa-
nied by annihilation on the rest of the gas in the vacuum
chamber. Despite the fact that the base pressure in the
vacuum chamber is around 10−9 mbar, the latter is poten-
tially serious, even for very small quantities of certain hydro-
carbons �see, e.g., Ref. 27�. If this were the case the positron
lifetime could be found from

1/� = BP + C , �3�

where B is a constant at fixed temperature and is related to
the Zeff of N2, the effective number of electrons in the mol-
ecule available to the positron for annihilation.27,28 It also
includes the ratio of the measured pressure to that pertaining
in the second stage of the trap where the positrons are accu-
mulated. C is the constant due to the residual background
gas. Thus, it will be immediately apparent, upon inspection
of the zero P intercept of a 1/� vs P plot, whether there is
any influence from annihilation on the residual background
gas. It is clear from Fig. 5 that this is negligible for our
accumulator.

Further information on the performance of the accumu-
lator can be gleaned by inspecting the pressure dependence
of Ne���. Ideally, this quantity should behave, from above,

FIG. 5. Plot of the inverse of the measured positron lifetime �1/�� vs the gas
pressure. The plotted line is the result of a weighted least squares fit.
according to

Downloaded 09 Nov 2008 to 137.44.193.12. Redistribution subject to 
Ne��� = A = Io�� = fIo�1 − e−DP�/BP , �4�

when C=0. Here f is a branching ratio determined by the
ratio of the cross section for the electronic excitation of the
molecule in a positron-N2 collision �which promotes trap-
ping� to that for other processes �positronium formation be-
ing dominant� which remove positrons from the beam. The
constant D is related to the total scattering cross section for
positron-N2 collisions. At high pressures this function be-
haves as 1/ P, while it tends to a constant value �fIoD /B� as
P→0. Figure 6 shows the behavior of Ne��� vs P for our
accumulator. While the 1/ P form is found at high P, the
expected trend at low pressures is not observed. Indeed, a
good fit to a linear form in P can be obtained in this region.

Possible reasons have been explored for this behavior, as
we now note. We observe that �4� for the ideal accumulator
contains a hidden assumption. The form of �4� is governed
by two contributions: the rate of capture into the first stage
multiplied by the lifetime of the positrons in the second
stage. The implicit assumption is that positrons are trans-
ferred from stage 1 to stage 2 two with unit efficiency. If,
instead, we postulate that there is a pressure-independent loss
at this junction parametrized by a further constant F, then an
extra branching ratio factor must be introduced. This has the
generic form EP / �EP+F�, where E is a constant and the
term EP represents the probability of capture into stage 2.
This has the effect of modifying �4� to become

Ne��� = fIoE�1 − e−DP�/B�EP + F� . �5�

This expression retains the 1/ P dependence at high P, but at
low P when F�EP and DP�1, we find Ne���� P, as ob-
served. A similar form could also be recovered if C�0 and
�3� was used for the positron lifetime, rather than BP. How-
ever, this can be ruled out by inspection of Fig. 5.

The presence of a pressure-independent loss between the
two stages of the accumulator may arise due to the effects of
a mechanical misalignment of the electrodes of the trap
and/or a field misalignment. Both of these could cause trans-

FIG. 6. Measured saturation intensity Ne��� at various gas pressures. The
data are fit to Eq. �5�. The curve shows the behavior expected from an ideal
accumulator �Eq. �4��. Inset: a comparison of the ideal and the real behavior
of the accumulator for 100 ms operation.
port of the particles to the wall, particularly as they typically
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have to traverse the narrow bore electrodes of stage 1 several
times before capture into stage 2 occurs. Such trap imperfec-
tions are also known to cause plasma instabilities and par-
ticle loss on longer time scales.29–31 To date we have been
unable to locate the source of the misalignment in the sys-
tem; however, the methodology is sound and represents a
useful trap diagnostic.

From the fitted parameters derived from Figs. 5 and 6
�fIo, B, D, and F /E� we have been able to plot the curve �Eq.
�4�� for the ideal accumulator. This is also shown in Fig. 6.
Although an ideal accumulator has the potential to store
nearly an order of magnitude more positrons than our current
maximum of 6�105, for our purposes the deficit is much
smaller. The 10 Hz repetition rate demands accumulation at
the high pressure end of our range. The inset in Fig. 6 shows
the real and ideal curves for 0.1 s accumulation time calcu-
lated using the fitted parameters mentioned above. Note that
we are able to isolate fIo from this analysis to be around
1.5�106. From Sec. II we note that Io=3.4�106, such that
f =0.44±0.04. �The uncertainty is dominated by that on the
absolute positron number scale.� Such a value for f is not
unreasonable given the resonancelike behavior in the near-
threshold electronic excitation cross sections for positrons8

on N2.
The timing characteristics of the accumulator output are

also important for our application. The timing resolution was
measured, as described in Sec. II, by monitoring the output
of an in-beam channeltron detector. An example of the tim-
ing spectrum taken directly from the oscilloscope is shown in
Fig. 7 and reveals that the resolution is around 15 ns FWHM.
This is measured at a target 0.3 m downstream from the exit

FIG. 7. Timing resolution of the accumulator output as measured using the
channeltron detector.
electrode of the accumulator. This resolution is adequate for
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our purposes such that we have made no attempts to opti-
mize this output. We anticipate that improvements could be
made by using a higher voltage pulser to drive the accumu-
lator output, or as demonstrated elsewhere by using an ancil-
lary electrode to achieve timed potential bunching.12,23
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