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A B S T R A C T  

Results from a positron accumulator that operates efficiently over a range of 
repetition rates from 100 to 1000 Hz are presented. Moderated ~-decay positrons 
from a radioactive source are accumulated in a Penning-style trap. At a rep- 
etition rate of 250 Hz an accumulation efficiency of ~ 25~ has been achieved. 
Two techniques for reducing the time spread of the positron pulses have been 
investigated. The most successful method reduces the pulse width from 120 ns 
to 20 ns. 

I N T R O D U C T I O N  

In many of the experiments that involve positrons it is advantageous to use 
a pulsed positron beam. Such a beam can provide slow, time-tagged positrons 

for measuring decay rates, for example of positronium (Ps), 1 or positrons in 

matter. 2 A source of pulsed positrons could furnish high positron densities for 

antihydrogen-formation experiments. 3 A pulsed positron beam is also invalu- 
able in experiments that employ other pulsed particle or laser beams. In an 

experiment in progress at the University of Michigan 4 a pulsed laser is required 
to measure the fine structure intervals 23S1 --~ 23Pj (:l = 0,1,2) in Ps. The 
necessity of using an intense pulsed positron beam which is synchronous with 
this laser motivated the work presented in this paper. 

A common source of pulsed positrons is bremsstrahlung pair production from 
pulsed relativistic electrons. This method produces intense microsecond-long 
positron pulses that need to be further time-compressed to be useful for many 

experiments. ~'s The cost of constructing and operating these pulsed positron 
sources is quite high. 

A more economical beam of pulsed positrons can be provided by accumu- 
lating positrons from a radioactive source. Several mechanisms for trapping 
moderated positrons have been investigated. An rf cavity tuned to the positron 
cyclotron resonance frequency has been used to provide accumulation by in- 

creasing the transverse energy spread of the positrons. 6 A harmonic bunching 
technique subsequently decreases the time spread of the positron pulses. The 
minimum repetition rate for efficient accumulation in this apparatus is greater 
than t kHz, which is high for most of the experiments mentioned above. Another 
technique to accumulate positrons is based upon the use of inelastic collisions 

with neutral gas molecules 7 to cool the positrons. This design requires exten- 
sive differential pumping and the optimum repetition rate is much lower than 
100 Hz. The design for an accumulator which operates efficiently at moderate 
repetition rates (100-1000 Hz) has been tested at the University of Michigan. 
The work presented here marks a significant improvement over the preliminary 
results reported previously. 8 
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A C C U M U L A T I O N  

The design of the accumulator is based on a cylindrical open-endcap Penning 

trap. 1~ The electrostatic lensing elements and the applied electric potentials are 
shown schematically in fig. 1. Beta-decay positrons from a 3-ram diameter, 15- 
mCi n N a  source (S) are moderated using a tungsten-vane moderator (M) in a 

Venetian-blind geometry. 9 The trap is divided into 13 cylindrical sections (T1- 
T n )  which are ,-, 5.1 cm in diameter and ~ 5.5 cm long. The gate (G) is a high- 
transmission grid placed at the opposite end of the trap. Radial confinement is 
provided by a solenoidal magnetic field of 90 G and the effects of the Earth's 
magnetic field are cancelled using a pair of Helmholtz coils. 

Slow positrons are emitted into the 
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Fig. 1. The electrostatic lensing ele- 
ments of the accumulator are schematically 
shown in (a). The electric potential applied 
to the radioactive source, moderator, sec- 
tions of the trap, and the gate are denoted 
by VS, VM, VT i, and VG respectively. 
These potentials are shown directly below 
in (b). The arrows indicate voltages which 
are changing in time. The time dependence 
of V M and VG are explicitly shown in (c). 
VS is always ,-~ 3 V higher than VM. 

trap with a moderation efficiency of ap- 
proximately 2 x 10 -4. The kinetic energy 
of these positrons in the trap is given by 

= EK 

where e is the positron charge, r _~ 
-2.8 eV is the work function of the tung- 
sten moderator, and VM and VTI are de- 
fined in fig. 1. 

A high positive potential is applied 
to the gate during accumulation. Slow 
positrons axe reflected from this poten- 
tial back toward the moderator. The time 
required for positrons to travel from the 
moderator to the gate and back is called 
the trap period and is a function of EK. 
During the accumulation period (see fig. 
lc) VS and VM are continuously rising 
at a rate denoted by Rinc. If these po- 
tentials increase by more than Ir --- 
2.8 v during one trap period, the re- 
turning positrons will not be energetic 
enough to reach the moderator. Thus, 
these positrons become axially trapped 
between the moderator and the gate. 

However, it is possible to accumu- 
late positrons efficiently (10 - 45%) even 
when VM increases by < 100 mV during 
a trap period rather than 2.8 V. Several 
possible explanations for this were inves- 
tigated. Processes such as neutral gas 
scattering, positive ion scattering, and 
electron cooling were ruled out. The ob- 
served high accumulation efficiency is the 
result of magnetron motion as discussed 
below. 
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M A G N E T R O N  M O T I O N  

In order to accumulate efficiently, it is necessary to prevent the positrons 
returning toward the moderator from striking the vanes. If moderated positrons 
strike the tungsten vanes, they may be remoderated and reenter the trap. How- 

ever, even with a remoderation efficiency of ,,~ 20~ 11 less than  1~  of these 
positrons will survive after three trap periods. Magnetron motion aids accu- 
mulation byprevent ing  positrons from hitt ing the moderator vanes. Positrons 
undergo an E • B dr i f t - - the  magnetron motion--while reflecting from the elec- 
tric potential of the gate. The drift velocity is given by 

E •  
~ d -  B2 (2) 

The details of the magnetron motion depend upon the ult imate proximity 
of positrons to the gate compared to its grid-wire spacing. If the field near the 
gate is strong enough that  positrons only approach to within a few times the 
grid-wire spacing, then the gate's grid structure is of no consequence. Hence, 
the positrons remain within a region in which the electric field has only axial 
and radial components and, as a result, the drift velocity has only an azimuthal 
component. The projection of the resultant azimuthal displacement on a plane 
perpendicular to the magnetic field is a section of a circle centered on the cylin- 
drical symmetry axis of the electric field lines. In this case positrons which are 
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Fig. 2. A schematic illustrating the 
effect of magnetron motion is shown in 
(a). The cyclotron orbit of a positron is 
shown both before and after magnetron 
motion occurs. The returning positron 
does not strike the vane from which it 
was emitted and is therefore reflected back 
into the trap by V s . The relevant electric 
potentials and the corresponding positron 
energy are directly below in (b). 

farther away from this symmetry  axis are 
displaced more than  those near the center 
because they sample a larger radial electric 
field. 

On the other hand, if the field near the 
gate is weak enough for positrons to ap- 
proach to within a grid-wire spacing, then 
the positrons will sample a region of the 
electric field that  is strongly influenced by 
the grid structure. In this case, though II~I 
is relatively small, the positrons sample an 
electric field which has components in all 
directions. Therefore, magnetron motion 
occurs in both the azimuthal and radial di- 
rections. This displacement does not de- 
pend upon the gross cylindrical symmetry 
of the field and hence may strongly effect 
positrons irregardless of their distance from 
the symmetry axis. 

In either case the displacement caused 
by the magnetron motion can aid accumu- 
lation. Due to the magnetron motion posi- 
trons returning to the vicinity of the mod- 
erator may fail to strike a vane. Such posi- 
trons are reflected by VS and reenter the 
trap (see fig. 2). Thus, the increase in Vs 
and VM required for accumulation ([r 
may be applied over many trap periods. 
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A N A L Y S I S  A N D  R E S U L T S  

A channel electron multiplier array (CEMA) assembly is placed a fa r  the 
gate. This assembly includes a phosphor screen to observe the beam profile. A 
5 cm x 5 cm plastic scintillator is placed outside the vacuum chamber to detect V 
rays from the annihilation of positrons on the channel plate. In order to calibrate 
these detectors and optimize the positron optics, the accumulator was operated 
in a continuous mode in which VG was held below VM. Coincidences between 
the signals from the CEMA and the v-ray detector can be used to calculate the 
slow positron beam rate (B) as well as the efficiencies of the CEMA (~/~) and 
the v-ray detector (r/.r) as follows: 

B - RE R~ Rcoine Rcoine 
Roo no , , a (4)  

In the above equations RB,R~, and Rcoinc denote the background-corrected 
CEMA, 7 and coincidence rates respectively. 

The signal from the CEMA cannot be used to detect pulsed positrons be- 
cause of noise induced by the high-voltage gate pulse. The pulsed positrons 
are therefore only detected using the v-ray detector. A time spectrum of the 
positron pulse is obtained by collecting coincidences between the gate pulse and 
v-detector signal. It is important to note that the use of a v-ray detector guar- 
antees that the observed signal is unambiguously due to positrons. 

The accumulation efficiency is defined as 

Number of pulsed positrons per second 
~r = Slow positron beam rate 

(3)  

This efficiency strongly depends on the effectiveness of the magnetron motion 
in initially trapping the positrons. The magnetron motion, in turn, has a com- 
plicated dependence on VM, VT~3 and the voltage applied to the gate during 
accumulation (V~aX). The accumulation efficiency can be improved by increas- 
ing the difference between V~ ax and VT~3 since this increases the radial electric 
field that causes the magnetron motion. The difference between VM and VTt3 
determines the speed of positrons near the gate and hence the period of time 
during which magnetron motion occurs (see eq. 1). On the other hand, the 
difference between V~ ax and VM determines the ultimate proximity of positrons 
to the gate which in turn determines the nature of the magnetron motion. Fur- 
thermore, VM is not held constant during the accumulation period and, as a 
result, the trapping efficiency is a function of time. It is the combined effect of 
this time-dependent trapping probability and the ability of the rising moderator 
voltage to accumulate the positrons after several trap periods that determines 
the total accumulation efficiency. 

The accumulation efficiency is plotted versus V~ ax - V~ in and VT~3 - V~ in 
for three different values Rine in fig. 3. For the sets of data plotted in fig. 
3a, both Rinc and VT13 are held constant while V~ ax is varied. Therefore it 
is V~ ax that determines the nature of the magnetron motion. When V~ ax ,-~ 
VM the effect of the gate's grid structure on the electric field is the dominant 
factor determining the trapping efficiency. The smaller the difference between 
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Fig. 3. The accumulation efficiency at a repetition rate of 250 Hz was measured 
for three different rates of moderator voltage increase. Trap sections T1 - T12 are 
held at 0 V and V~ in = 0 V. The data points are connected with straight lines 
to be distinguished from one another. Dotted lines are used for the moderator 
voltage increasing at a rate of Ri,c = 37.5 V/ms, solid lines for the optimum rate 
of Ri,c = 60 V/ms and dashed lines for Ri,c = 90 V/ms. The effect of V~ = on 
the accumulation efficiency is shown in (a) where VT:, = -280 V. The effect of 
VT,, for vm=G = 3.5 kV is shown in (b). 

V ~  ~ and VM, the closer positrons come to the gate.  These posi t rons sample  an 
electric field which has greater  azimuthal  and radial components  and therefore 
higher t rapping effciencies are possible. Consequently for the cases in which 
posi trons are allowed to approach the gate to within a grid-wire spacing the 
accumulat ion effciency is opt imized for V~  ax .-~ V ~  = (see fig. 3a). As V~  ~x is 
raised above V ~  ~x, posi trons do not approach the gate as closely and, thus, 
the effect of the magne t ron  motion is reduced and the accumulat ion efficiency 
decreases sharply. However, when the voltage on the gate is raised even further ,  
the overall radial component  of the electric field becomes large enough to cause 
a substant ia l  az imuthal  drift velocity (see eq. 2) and the t rapping  efficiency 
increases. The da ta  in fig. 3b are taken with the same rates of modera to r  voltage 
increase as in fig. 3a, bu t  in this case V~  = is held constant  while VTI~ is varied. 
Increasing IVT131 increases the radial electric field component  tha t  causes the 
magne t ron  motion.  However, this also increases the speed of posi trons reflecting 
f rom the gate potent ia l  and thus decreases the amount  of t ime posi trons undergo 
magne t ron  motion.  These two factors affect the t rapping  efficiency in opposi te  
directions and lead to the broad m a x i m a  seen in fig. 3b. The o p t i m u m  values 
for Rinc and VTI~ can be experimental ly  determined for different repet i t ion rates 
as demons t ra ted  in fig. 3 for 250 Hz. 

The  accumulat ion efficiency could potential ly be improved by increasing the 
pressure of the system. Inelastic collisions with neutral  gas molecules can lead 

to  accumulat ion by cooling the positrons.  T Elastic scat tering f rom positive ions 
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or neutral molecules can also help accumulation if the scattering angle is suffi- 
ciently large. Such large-angle scatterings transfer part of the axial momentum 
of positrons into cyclotron motion. Positrons become trapped when their axial 
momentum is insufficient to reach the moderator. However, increasing the pres- 
sure also increases the probability of forming Ps. It was found experimentally 
that an increase in pressure leads to a decrease in the accumulation efficiency 
which indicates that Ps formation has a larger effect than the gain mechanisms 
described above. 

The positron accumulator described in this paper was optimized to match a 
pulsed laser with a maximum repetition rate of 250 Hz. The highest accumula- 
tion efficiency achieved at 250 Hz is ,,~ 25%. The parameters which yielded this 
efficiency and the resultant positron pulse time spectrum are shown in fig. 4. 

The accumulator has also been tested at other repetition rates and reason- 
able accumulation efficiencies were achieved even though all parameters were 
not optimized. An accumulation efficiency of ,-~ 45% was obtained at 670 Hz. 
This result and tests done at 1000 Hz indicate that achieving an accumulation 

efficiency of ,,, 50% at 1000 Hz is quite (a)  +37kv 
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Fig. 4. The electric potential of 
the lensing elements leading to the high- 
est accumulation efficiency at 250 Hz is 
schematically shown in (a). ']?he positron 
pulse time spectrum is shown in (b). The 
pressure is ,~ 2 • 10 -s torr. The moder- 
ator voltage is raised from 0 V to 240 V 
during the 4-ms period. The accumu- 
lation efficiency is ,-~ 23% resulting in 
"-~ 8 e+/pulse per mCi of radioactivity. 

feasible. The best efficiency achieved at 
100 Hz is ,-, 10%. The accumulation effi- 
ciency is generally lower at low repetition 
rates because positrons have a finite life- 
time in the trap. Positronium formation is 
the most important factor limiting the effi- 
ciency for long accumulation periods. 

The initial sharp peak in the time spec- 
trum (see fig. 4b) is due to positrons local- 
ized in the small potential well next to the 
gate (see fig. 4a). The well is generated 
by applying a higher voltage to T1 through 
TlU than to T13. This potential config- 
uration increases the trap period (see eq. 
1) without changing the trapping efficiency 
(which depends on VT,3 as illustrated by 
fig. 3). The result is a higher accumula- 
tion efficiency because positrons return fewer 
times to the moderator and therefore are 
less likely to strike a vane and be lost. 

The other peaks in the time spectrum 
are not due to an effect inherent in the ac- 
cumulation process. Noise induced on the 
trap sections by the high-voltage gate pulse 
modulates the positron beam leading to the 
peaks observed in figs. 4 , 5, and 6. This 
noise has since been greatly reduced and 
the peaks mentioned above have smoothed 
out. These peaks have since been elim- 
inated by piacing a ground braid around 
the gate pulse line and diminishing ground 
loops. 
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During accumulation the moderator voltage is raised by 240 V and therefore 
the energy spread of the pulsed positrons is ,-, 240 eV (see eq. 1). This energy 
spread is small enough that a remoderation efficiency as high as 20% can be 

achieved 11 if thermal positrons are required. However, for the present applica- 
tion remoderation will not be necessary. The formation probability for n=2 Ps 
decreases with increasing positron energy but is reasonably constant from 10 to 

150 eV. 12 Therefore, the energy spread is not a concern in the fine structure 
measurement cited above. 

C O M P R E S S I O N  A N D  B U N C H I N G  

The typical width of the positron pulses (see fig. 4b) is ,-~ 120 ns (FWHM) 
which is too large for many applications. Two techniques of time compress- 
ing these pulses were investigated. One of these techniques relies on decreasing 
the physical volume in which the positrons are trapped after accumulation has 
been completed. This is done by raising the voltage of the trap sections sequen- 
tially starting with VT~ (fig. 5). The resulting potential gradient compresses the 
positrons into an ever smaller volume next to the gate before it is lowered. 

During this process positrons within the section which is rising in potential 
may gain a considerable amount of energy. This not only increases the energy 
spread of the positrons (which is undesirable for many experiments) but it can 
also result in detrapping. An effort was made to minimize this energy gain 
by raising the potentials of the sections slowly and by raising the voltage of 
one section at a time. Even when the trap sections were raised with a 10- 
90% rise time of 100 ns and an 80 ns delay between consecutive sections, the 
accumulated positrons were able to gain enough energy to leave the trap before 
the gate was lowered. Some of these positrons were even observed to have gained 
enough energy to exit the trap over the 3.7 kV barrier of the gate. As a result, 
this method of time compression continuously decreases the total number of 
positrons in the trap. The best results are therefore obtained if the gate potential 
is lowered before the compression process has been completed. 

The most successful time compression technique is similar to the method 
of harmonic bunching. 5'6 At the end of the accumulation period a linearly- 
sloped electric potential is suddenly applied to the trap (fig. 6). This produces a 
constant axial electric field pointing toward the gate. Positrons which are closer 
to the moderator are accelerated by the resultant force for a longer period of 
time and hence leave the trap with a greater speed. The accelerated positrons 
therefore reach their intended target in less time which can reduce the positron 
pulse time spread. The farther away from the gate the target is, the smaller the 
required slope to achieve a given pulse width. Bunching the positron pulse in 
fig. 4 with a linear slope of 6.6 V/cm and a rise time of 30 ns (10 - 90%) results 
in a pulse with a ,,~ 20 ns FWHM as shown in fig. 6. 

Using the linear buncher to time compress the pulse also increases the energy 
spread of the positrons. The energy spread of the bunched positrons was mea- 
sured by varying the amplitude of the pulse on the gate. Plotting the number 
of accumulated positrons which were allowed to exit the trap vs. the minimum 
voltage on the gate results in an S-shaped curve. The 10-90% rise of this curve 
is a measure of the axial momentum of the accumulated positrons. For the pulse 
in fig. 6 the energy spread was measured to be ~ 400 eV. 
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Fig. 5. The electric potential appIied to 

the lensing elements during compression are 
schematically shown in (a). The time compres- 
sion achieved on the positron pulse in fig. 4b 
by raising the sections 300 V in a 10-90% rise 
time of 100 ns is shown in (b). Consecutive 
trap sections were raised with an 80-ns delay 
and the gate was lowered when 9 of the sec- 
tions were raised. 
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Fig. 6. The electric potentials applied to 

the lensing elements before and after bunch- 
ing are schematically shown in (a). The time- 
compression achieved on the positron pulse in 
fig. 4b with a potential slope of 6.6 V/cm over 
the 71-cm trap is shown in (b). The electric 
potential on the gate was lowered 70 ns after 
the sloped potential was applied. 

Many of the experiments that would benefit from having a pulsed positron 
beam must be done in a region which is free of magnetic fields. In the present 
system extraction of the pulsed positrons from the magnetic field is complicated 
by their relatively large energy spread. The details of extraction depend on 
the particular system used and consequently will not be discussed here. It is 
worth mentioning, however, that the bunched positrons shown in fig. 6b have 
been extracted to a region where the magnetic field is --~ 1-2 G. An extraction 
efficiency of ,'~ 60% has been achieved and the time spread of the pulse was 
increased by only ,~ 15%. 
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