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Positron trapping in an electrostatic well by inelastic collisions with nitrogen molecules
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Positrons from a radioactive source are slowed to electron-volt energies and accumulated and stored
in a trap which uses a magnetic Geld for radial confinement and an electrostatic well for axial
confinement. The positrons lose energy and become trapped through inelastic collisions with nitrogen
molecules introduced into the trap for this purpose. The trap has three stages with progressively lower

nitrogen pressure. It is found that the trapping in each stage is due primarily to electronic excitation of
the nitrogen molecules, with the energy loss being approximately 9 eV per collision. Positronium forma-

tion is believed to be the dominant loss mechanism during the trapping process. Trapping efficiencies of
greater than 25% have been achieved. Using a 150-mCi ' Na source, a maximum stored number of
—1 X 10' positrons have been stored with a lifetime of 40 s, limited by the annihilation on the nitrogen

gas at a pressure of 2X 10 Torr. The positrons cool to room temperature in a few seconds via rotation-
al and momentum transfer collisions with the nitrogen.

PACS number(s): 34.90.+q, 34.50.Gb, 52.55.Mg, 52.20.Hv

I. INTRODUCTION

Positrons are the most common form of antimatter on
the earth, but until recently they have only been studied
as single particles after creation in the radioactive decay
of certain isotopes or in pair production from high-
energy electrons or photons. Their interactions with or-
dinary matter have been studied only as single positrons
with atoms, molecules, or bulk matter.

Recent progress in the development of methods for
trapping and storing positrons [1—5] has allowed the ac-
cumulation of sufficient low-temperature positrons that
they form a pure positron plasma. This is, we believe, the
first collective state of antimatter achieved in a laborato-
ry.

The accumulation of large numbers of low-energy posi-
trons allows the possibility of studying such unique sys-
tems as electron-positron plasmas [6]. In addition, the
availability of a pulsed, intense source of positrons allows
the possibility of a pulsed positronium beam for fusion
plasma research [7—9]. The availability of large numbers
of cold positrons also allows the study of positron-
molecule and positron-atom interactions below the
threshold for positronium formation, including the study
of molecules which exist as solids or liquids at room tem-
perature and atmospheric pressure, but which are gases
at the pressures inside the trap [2, 10—13].

In this paper, we describe the trapping and accumula-
tion of positrons in a cylindrical trap in which
confinement is provided by a potential well, and radial
confinement by a magnetic field. In order for positrons to
become trapped within the potential well, they must lose
kinetic energy. Possible energy-loss mechanisms include
inelastic collisions with atoms or molecules, radiation
(such as bremsstrahlung or cyclotron radiation), and in-
teractions with image currents in the trap walls. For the
trapping scheme discussed in this paper, the energy-loss
mechanism is the inelastic collision of positrons with a

molecular species (specifically, nitrogen).
Positrons may lose energy to nitrogen molecules in

several ways: ionization, electronic excitation, dissocia-
tion, vibrational excitation, rotational excitation, and
momentum transfer. These processes occur at different
rates depending on the energy of the collision, and all but
the momentum-transfer mechanism have a threshold. In
addition to these processes, positronium formation or
direct annihilation may occur, leading to the loss of posi-
trons from the system.

In the work described here, it is shown that the dom-
inant mechanism for energy loss is the electronic excita-
tion of nitrogen molecules. In the optimum case, this re-
sults in an average energy loss of approximately 9 eV per
collision. This energy loss competes with positronium
formation, which causes the loss of positrons from the
system. It turns out that trapping is negligible for posi-
trons with less than 8 eV. Above 11 eV, positronium for-
mation is as efficient in causing the loss of positrons as
electronic excitation is in trapping them. Thus, a "trap-
ping gap" exists within which efficient trapping of posi-
trons can occur.

This paper is organized as follows. Section II gives a
detailed description of the apparatus used for studying
the interactions of interest, and for trapping positrons.
Section III describes the evolution of the energy distribu-
tion of the positrons as they pass through the nitrogen
gas, experiencing collisions and losing energy. Section IV
describes the trapping of positrons in an electrostatic well
as a function of positron energy. Section V describes the
use of a multistage electrostatic trap, with regions of pro-
gressively lower nitrogen pressure, for efficient trapping,
accumulation, and long-term storage of positrons. This
trap has been used in experiments to study the interac-
tion of thermal positrons with atoms and molecules.

II. EXPERIMENTAL APPARATUS

The experimental apparatus used in this work consists
of a radioactive source of positrons, a single-crystal
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tungsten transmission moderator, and a multistage posi-
tron trap, with associated magnetic-field coils and vacu-
um systems.

For most of the experiments described here, the source
of positrons was a 45-mCi Na radioactive source
(r, zz=2. 6 yr). This isotope emits positrons in 90% of
the disintegrations with a continuous distribution of ener-
gies up to 545 keV. The positrons impinge upon a 1-pm
single-crystal tungsten foil, where a certain fraction of
them are stopped and thermalize. They then diffuse in
the foil and some of the positrons reach the surface and
are ejected nearly perpendicularly to the surface with an
energy of about 2 eV. Efficiencies of up to 10 have
been reported for this process [14—16]. For the experi-
ments reported here, we estimate our moderator
efficiency to be (3+1)X10 based on a total efficiency
(ratio of the number of positrons entering the trap to the
number of positrons formed in the source) of 5.4X 10
The uncertainty in moderator efficiency (ratio of
moderated positrons in forward direction to positrons
striking moderator) is due to uncertainty in the effective
solid angle of the moderator and effects of scattering and
self-absorption in the source. The moderator can be
biased to produce monoenergetic positrons of any desired
energy, and is generally operated at approximately 40 V,
resulting in 42-eV positrons. The kinetic energy of the
positrons is due almost entirely to the velocity of the pos-
itrons perpendicular to the moderator. The velocity dis-
tribution parallel to the moderator surface is Gaussian,
with a width corresponding to an effective temperature
between 0.4 and 0.6 eV. The magnetic field at the source
and moderator is about 100 G. The positrons are mag-
netically guided from the moderator to the trapping re-
gion.

The trap is formed by a set of eight cylindrically sym-
metric electrodes (numbered 0 through 7) of varying
length and radius [Fig. 1(a)]. These electrodes form re-
gions of decreasing electric potential, and they are con-
structed to allow three-stage differential pumping of the
system [Fig. 1(b)]. Pumping is provided by three S-in.
cryopumps: one is located at each end of the trap, and
one is located in the middle of the trap which pumps
through slots cut in the large diameter section of elec-
trode 3. Nitrogen gas is introduced through a small hole
in the middle of electrode 1. This pumping arrangement
leads to three distinct regions of gas pressure. The high-
pressure region (stage I) is formed by electrode 1 and has
a typical pressure of 10 Torr. The middle region (stage
II) is formed by electrodes 2 and 3, and has a typical pres-
sure of 10 Torr. The final region (stage III) forms the
trapping region where the positrons are accumulated,
and is typical1y operated at 2X10 Torr. The electrode
geometry of the final stage is based on the highly success-
ful experiments to confine pure-electron plasmas [17]. It
differs from the typical operation of a Penning trap in
that the trapping region extends well beyond the central
region where the potential is approximately hyperbolic,
but extends to near the ends of the electrode where the
potential increases quickly. In addition, the self-field of
the positrons causes the expansion of the positron cloud
along the magnetic axis away from the center where

III

10 torr
~

10 torr

I

Puuuuuzviuzuuwuuuuiiiu~

L

76 5 4
3

pyyy/xzzgxzzzz/////zzx/1/XX/XXXX/1/zxzQl

I

I

(a)

(b)
35~

CO

+ 25c0
CO

15C
O
0

CL

I

I

|cr
))B

I I

I
10 torr

! Piiiiiizziiiiillii
I

II e

i
2 1 0

P/ÃEÃZPEXXXXXgZ

I

I

I

~ . L~ e

I
200

I
150

I
100

z (cm)

I
50

FIG. 1. (a) Electrode structure of the positron trap. Gas is

injected in the center of electrode 1 (at the location of the ar-
row), and is pumped out through the ends and through the
center of electrode 3, which has slots cut in it for that purpose.
(b) Schematic representation of the trapping scheme, showing
three stages of progressively lower electric potential and pres-
sure. Positrons enter from the right and are ultimately trapped
in the shaded portion of region III.

confinement occurs in the typical Penning geometry.
A magnetic field is applied along the axis of the trap

using two solenoids. The first solenoid applies a field to
electrodes 0, 1, and 2, and is capable of producing a field
of up to 3000 G. The second solenoid applies a field to
electrodes 3 through 7 and is capable of up to 1500 G.
Typically, we operate at approximately 700 G.

Positrons enter the trap by passing over a potential
barrier created by a voltage applied to electrode 0 [Fig.
1(b)]. The pressure is set so that, on average, the positron
experiences one inelastic collision in traversing stage I [A
in Fig. 1(b)]. The positron is then trapped within the
electrode structure. It then experiences, in less than 1

ms, another collision (8) which traps it within regions II
and III and finally, in a few tens of milliseconds, it experi-
ences another collision (C) to trap it within region III.
The positrons then cool to room temperature in a few
seconds and are trapped in region III.

The trapped positrons are detected by lowering the
voltage on the gate electrodes (typically electrodes 6 and
7), allowing the positrons to stream outwards along
magnetic-field lines to be deposited on thin annihilation
plates. A NaI(T1) scintillator coupled to a photomulti-
plier tube is used to detect the radiation produced by the
annihilation of the positrons in the plates. The annihila-
tion plates are arranged in four concentric rings centered
on the axis of the magnetic field. The plates may be
biased independently to attract or repel positrons, allow-
ing radial measurement of the positron density profile. In
addition, charge-sensitive amplifiers have been used to
measure the charge deposited on each of the rings direct-
ly.
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III. SINGLE-PASS DISTRIBUTIGN

Positrons must become trapped within the electrode
structure in a single pass through the system so that they
do not reflect from the potential barrier formed by the
gate electrode and return to the moderator where they
would most likely annihilate. This first stage trapping
sets an upper limit on the eSciency of trapping, and thus
the physics of single-pass energy loss is extremely impor-
tant.

The interaction of positrons with nitrogen in a single
pass was studied by setting the potential of the first stage
to 22 V, and using electrode 3 as an energy analyzing
gate. The positrons are then detected by counting their
annihilation rate on a plate at the far end of the trap as a
function of this analyzing voltage. Only positrons with a
parallel energy suScient to overcome the retarding po-
tential of this analyzer pass through the system. The oth-
ers are either reflected or trapped in the first stage. For
these measurements, the magnetic field was approxirnate-
ly 750 6 in the first stage, and was approximately 430 G
in the region of the analyzing electrode. This 1ower Beld
near the analyzing electrode insured that magnetic mir-
roring did not lead to confinement in the first stage.

Figure 2 shows the derivative of the annihilation count
rate with respect to analyzing potential as a function of
analyzing potential for a number of different gas pres-
sures in the first stage, which yields the parallel energy
distribution after one pass. The broad distribution for
the lowest gas pressure is due to the perpendicular energy
of the positrons introduced at the moderator. This per-
pendicular energy increases as the positrons travel from
the moderator region (B= 100 G) to the analyzer region
(B=430 G), due to the conservation of the magnetic mo-
ment p —=E~/B.

As the pressure in the Brst stage is increased, the initia1

energy peak near 42 eV decreases, as a peak near 28 eV
increases. This 28-eV peak then decreases as a peak near
24 eV increases. Since the energy distribution changes in
this manner, rather than as a continuous decrease in en-

ergy, it appears that the energy loss occurs in we11-defined

steps. The location of the peaks can be explained as fol-
lows. The first peak, at the injected beam energy of 42
eV, is due to positrons which pass through the first stage
without experiencing a single collision. If we assume that
the positrons lose approximately 9 eV per collision, the
resulting positron energy will be 33 eV. Since the poten-
tial of the first stage is 22 V, the positron has 11 eV of ki-
netic energy. If we further assume that the collisions pro-
duce an isotropic velocity distribution, then on average,
two-thirds of this will be in the perpendicular (to the
magnetic field) direction, and one-third in the parallel
direction. However, in leaving the first stage and enter-
ing the analyzer region, the magnetic field decreases from
750 to 430 G. Thus, to conserve the magnetic moment,
the perpendicular energy decreases to about 38% of the
total kinetic energy in the first stage. Therefore, 62% of
the kinetic energy that the positron has in the first stage
is in the parallel component when the positron is in the
analyzer region. This gives a total parallel energy of 28.8
eV, which agrees with the location of the second peak. A
second collision, in which the positron again loses 9 eV,
will leave the positron with 24 eV, of which 2 eV is kinet-
ic energy in the first stage. An analysis along the lines of
the above predicts a peak at 23.2 eV, also in good agree-
ment with the observed third peak.

One can plot the area under each peak as a function of
pressure in the first stage, and one obtains Fig. 3. For the
first peak (no collisions), the area falls exponentially with
increasing pressure. The second peak (one collision) first
increases with pressure, and then decreases exponentially.
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FIG. 2. Differential single-pass count rate for positrons pass-
ing through the trap showing the parallel energy distribution.
The curves are offset vertically for clarity. The potential on the
first stage was 22 V and positrons were injected with energy of
42 eV.
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FIG. 3. Number of positrons in the three peaks identified in

Fig. 2 as a function of the product of the pressure (P) and the
path length (L) for the first state: (0) no collisions, (A) one
collision, () two collisions, and (0 ) the total number of posi-
trons in all of the peaks. The solid lines represent the fit [Eq.
(2)] using the parameters given in Table I.
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The third peak (two collisions) increases slowly, followed

by an exponential decrease. One may note that the
transfer from the first peak to the second is not 100%
efficient. This can be interpreted as being due to the for-
mation of positronium by collisions with nitrogen. The
positronium formation threshold in nitrogen is 8.8 eV,
well below the 20-eV kinetic energy which the positrons
have upon entering the first stage.

We have developed a model to explain the time behav-
ior of the three peaks. We assume that the full-energy
positrons can (1) form positronium and be lost, (2) experi-
ence a collision with an energy loss which results in a ki-
netic energy in the second peak, or (3) experience a col-
lision with an energy loss which results in a kinetic ener-

gy in the third peak. We further assume that there is loss
from the second and third peaks (i.e., from diffusion to
the walls), as well as collisions in which positrons with
energies in the second peak lose energy, resulting in ener-

gies in the third peak. These assumptions result in a set
of coupled differential equations similar to those describ-
ing radioactive decay:

dN1
N](A]2+A]3+Ap )

dX

dN2
N]~]2 N2(~23+~ou]2) ~

dX

dN3
N1~13+N2~23 N3~aut3 &

dX

where y is the pressure-pathlength product, Ã,„ is the
number of positrons in peak m, A. „ is the rate for mov-

ing directly from peak m to peak n, and k„„t„ is the loss
rate from peak n. The solution to these equations is

N, (y) =N, (0)exp( —
A, ]y ),

~12
N2(y)=N, (0) [exp( —A]y) —exp( —A~)],

2 1

Ar 13
N3(y) =N, (0) [exp( —

A, ]y) —exp( —
A,,„,3g) ]

out3 1

+N, (0)
2 1

1 1 1 1
exp( —k,„,3y) — exp( —

A,~)+ exp( —
A, ]y)

out3 2 out3 1 out3 2 out3 1

where A, 1=A,12+A.»+kp and A,2=123+kpgt2 As shown
in Fig. 3, this model provides an adequate description of
the data using the parameters listed in Table I. The pres-
sure in the first stage is known only approximately.
Therefore, while the relative importance of the various
processes can be derived accurately, the absolute value of
the cross sections may be in error by as much as a factor
of 3, which is the approximate uncertainty in the pressure
of the first stage due to the difficulty in measuring the
pressure in the 1.5-cm-diam, 50-cm-long tube without
significantly disturbing the gas flow.

Of particular importance is the ratio of the
rates for energy loss to the total loss from the
first peak. For the above model, this factor is
(k]2+k]3)/(k]2+X]3+kp ) =0.34. This places an upper
limit of 34% on the trapping of positrons in the first
stage. Trapping can be improved by injecting positrons
with lower energy. However, due to the perpendicular
component of the energy of the positrons as they are pro-
duced in the moderator, the total energy must be in-
creased to allow the positrons to enter over the potential
of electrode 0 [18].

TABLE I. Parameters used for the fits to the data shown in Fig. 3. The major uncertainty is the gas
pressure in the first stage of the trap, which is not known better than a factor of 3. However, the rela-
tive importance of the various effects should not be affected. The corrected cross section is determined
by assuming the factor of 2.7 error in the first-stage pressure postulated in Sec. V C.

Parameter

~Ps

~12
Ar l 3

A,23

~out2

~out3

Value
(Torr cm)

43.0
18.0
4.0
4.8
1.6
3.6

1.22 X 10
5.09 X 10
1.13X 10
1.36X 10

~corrected

4.52 X 10
1.89X 10
4.19X 10-"
5.04 X 10

Interpretation of parameter

Ps formation at 20 eV
Electronic excitation at 20 eV
Ionization at 20 eV
Electronic excitation at 11 eV
Loss rate at 11 eV
Loss rate at 2 eV
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IV. SINGLE-STAGE TRAPPING

In order to determine which mechanisms are responsi-
ble for the most efficient loss of energy, the trap was
operated in a single-stage mode. This was achieved by in-
troducing the trapping gas directly into stage III and set-
ting the voltages so that only one trapping region existed.
This allowed the study of energy loss as a function of pos-
itron energy.

The positrons were produced at 42 eV and guided into
the trapping region over a 40-V potential barrier pro-
duced by the potential on electrode 3. Thus we measure
the cross section for processes which lead to 2-eV or
greater energy loss. The nitrogen pressure in the trap-
ping region was 1.0X10 Torr. The potential of the
trapping region was varied in order to vary the positron
kinetic energy in this region [Fig. 1(b)]. The potential
also varied as a function of position, so the positron ener-

gy plotted is the maximum kinetic energy in the trapping
region. Positrons were added for 1 s and the contents
were then dumped onto an annihilation plate to deter-
mine the relative number of trapped positrons by the
amount of annihilation radiation produced.

The results (Fig. 4) show an eSciency as function of en-

ergy which is similar to the measured cross section for
electronic excitation of N2 by electrons [19]. However,
unlike the electron case, the trapping rate drops abruptly
at 18.5 and 29 eV. The shape of this curve may be inter-
preted in light of the analysis in the preceding section.
The process of electronic excitation of nitrogen has a
threshold around 7 eV, but the presence of vibrational
modes of the electronically excited state causes a large in-
crease in the number of states available as one increases
in energy above threshold. The process of positronium
formation, with a threshold of 8.8 eV in nitrogen, starts
to become significant around 11 eV. This competition be-
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FIG. 4. Cross section for the electronic excitation of nitrogen
by electrons (solid line) from Cartwright et al. [19],for compar-
ison with the single-stage trapping efficiency (~). The data il-
lustrate the threshold for trapping at 8 eV, and show that trap-
ping processes involving positrons of less than 8 eV are almost
three orders of magnitude less efficient than those in the energy
range from 10 to 20 eV. The units for trapping efficiency are ar-
bitrary.

tween electronic excitation and positronium formation
results in a maximum in the trapping efficiency. At 18.5
eV, positrons which are trapped by an electronic excita-
tion (approximate energy loss, 9 eV) still have enough en-

ergy to form positronium and become lost. The trapped
positrons with energies between 18.5 and 29 eV are those
which experienced two electronic excitation collisions be-
fore having the chance to form positronium. The drop at
29 eV is due to positrons having enough energy to under-

go two electronic excitation collisions (approximate ener-

gy loss, 18 eV) and then being lost to positronium forma-
tion. In order for a positron of greater than 29 eV to be-
come trapped, it must undergo three electronic excitation
collisions without forming positronium —an unlikely oc-
currence.

The low number of positrons trapped at energies be-
tween 1 and 7 eV demonstrates that the processes leading
to energy losses below 7 eV (e.g., vibrational and rota-
tional excitation and momentum transfer) have small
probability of causing sufficient energy loss to trap the
positrons (in this case, 2 eV).

The energy range between the positronium formation
threshold and the ionization energy of an atom or mole-
cule is referred to as the Ore gap [20]. It is in this range
of energies that the most efficient formation of positroni-
um takes place in dense gases. In a similar manner, the
most efficient trapping occurs between the energy of the
first electronically excited state and the onset of posi-
tronium formation. Thus, we suggest the term "trapping
gap" for this energy region.

V. MULTISTAGE TRAPPING

Single-stage traps do not provide efficient enough posi-
tron storage for our purposes, mainly because the high
pressure required to trap positrons on a single pass re-
sults in a high annihilation rate and radial transport due
to collisions. Instead, multistage methods are used to
trap positrons on various time scales into regions with
progressively lower electrostatic potential and back-
ground neutral density. In this section, we describe the
dynamics of the positron distribution in the three-stage
trap and its dependence on the nitrogen pressures and
voltages of the stages.

A. Millisecond time scales

Early-time behavior of positrons shows a fast decay
time which lasts for a few milliseconds to a few tens of
milliseconds after the positrons are introduced into the
trap. The character of this decay depends strongly on the
voltage settings on the various stages of the trap. Figure
5 shows the results of a trapping experiment in which
positrons were added to the trap for 5 ms, and then
dumped onto an annihilation plate after a varying
amount of store time, to determine the early-time behav-
ior of the positrons. Three regimes exist, depending on
the depth of the potential well of the third stage of the
trap. The first regime is demonstrated by the curve cor-
responding to a 10-V potential well in stage III. In this
case, the positrons have enough energy to form positroni-
um in stage III. Thus, the trapping efficiency is small and
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the early-time decay is quite fast, usually a few mil-
liseconds. Only positrons which experience large energy
losses before they can form positronium are trapped. We
refer to this regime as the "deep-well" regime.

The second regime of interest is demonstrated by the
curve corresponding to a 4-V potential well. The
trapped-positron signal shows a decay which is much
slower than the deep-well case, but the decrease in signal
persists for a much longer time. This decay time shows
no dependence on gas pressure, but is proportional to the
magnetic field applied to the trap (Fig. 6). While a

change in gas pressure does not affect the time scale of
the decay, higher pressure does cause the decay to level
off sooner. The observed loss of positrons is apparently
due to magnetic or electric-field errors in the trap leading
to transport of the positrons to the wall while they are
still energetic enough to be in both the second and third
stages. Thus, the higher pressure leads to quicker cap-
ture in the third stage and a faster leveling off of the de-
cay. Realignment of the magnets has been shown to be
effective in reducing this loss of positrons, but does not
eliminate it completely (Fig. 7). The presence of this slow
loss requires that the positrons become trapped quickly if
efficient accumulation is to occur. We refer to this re-
gime as the "shallow-well" regime.

The third regime of interest is the regime found to be
optimum for trapping positrons and we refer to it as the
"optimum configuration. " In this regime, the potential
difference between the second and third stages is approxi-
mately 7 V. If the positrons exist with several electron
volts of kinetic energy in the second stage of the trap,
then their kinetic energy lies within the trapping gap
while in the third stage, and efficient trapping can occur.

B. Oytimization of the tray voltages

Voltage scans of the last two stages of the trap were
performed in order to find the combination of voltages
which would lead to most eScient trapping (Fig. 8). Re-
sults show that the most efficient arrangement is such
that approximately 7 V separates consecutive stages of
the trap. At this voltage, positronium formation is not
yet occurring, but a significant fraction of the positrons
may undergo electronic excitation collisions with the ni-
trogen background gas.
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C. Energy distributions

The parallel energy distribution of the positrons has
been measured under a variety of conditions in order to
follow the positrons as they lose energy in the trap. Mea-
surements have been made as early as 50 ps after injec-
tion into the trap.

The measurements were made by s/owly lowering the
gate voltage on one end of the trap (Fig. 9}. After a 100-
ps pulse of positrons (approximately ten positrons} is in-
jected into the trap, the gate voltage is lowered at a rate
of 1 V/ps. When the potential on the axis has fallen
below the parallel energy of a positron, that positron es-
capes from the trap and is deposited on the annihilation
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plate, creating detectable annihilation radiation. A start
signal is sent to a time-to-amplitude converter at the be-
ginning of the ramp-down of the gate. When a positron
is detected, a stop signal is sent. The amplitude of the
puse colse coming from the time-to-amplitude converter is
therefore a linear function of the parallel energy of the
positron.

The voltage pulses on the moderator and the gate were
prove erovided by Wavetek Model 501 pulse generators with
outputs amplified by 10. The pulse generator used to ap-

1 voltage pulses to the moderator was operated in a
continuous mode, generating rectangular pulses of 0 -ps10- s
duration. The pulse generator biasing the gate operated
in triggered mode, deriving its trigger from the first pulse
generator, and operating with a delayed output, the dura-
tion of the delay being varied to change the time of the
energy distribution measurement. The duration of the in-

jected pulse and the distance of the annihilation radiation
detector were adjusted so that on average less than one
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FIG. 9. Timing diagram showing the voltages on the modera-
tor and gate electrodes and the timing of the start and stop
pulses for the determination of time-dependent positron parallel
energy distributions. The dashed signals correspond to a higher
parallel energy positron which escapes earlier in the ramp-down
of the gate voltage, leading to a lower amplitude pulse from the
time-to-pulse-height converter.
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FIG. 10. Parallel energy distributions for store times of 0.1,
0.3, 1.0, 3.0, and 10.0 ms, for pressures in the trapping region of
(a) 2.3 pTorr and (b) 0.58 pTorr. The vertical positions have
been offset for clarity.
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positron was detected per pulse, reducing the errors aris-
ing from detecting more than one positron per pulse.

Figures 10(a} and 10(b) show the results of two experi-
ments for which the pressure was varied by a factor of 4
from one to the other. For Fig. 10(a), the pressure in the
third stage of the trap was 2.3 pTorr, and in 10(b) the
pressure was 0.58 pTorr. Parallel energy distributions
are shown for times 0.1, 0.3, 1.0, 3.0, and 10.0 ms be-
tween injection of the positrons and the measurement of
the parallel energy. Clearly shown are peaks correspond-
ing to parallel energies necessary to travel through re-
gions I, II, and III. For these experiments, the potentials
of the stages were 25, 12, and 5 V. Electrode 2 (Fig. 1),
which lies between stages I and II, was operated at 18 V,
and provided a transition region between stages I and II.

The number of positrons in each stage can be followed
as a function of time. Figure 11 shows the number of
positrons in regions I, II, and III vs store time for the dis-
tributions in Fig. 10. Of interest are the ratios of the time
constants for region I and region II. In the case of Figure
11(b), these time constants are st=78. 8 p, s and r»=5. 08
ms, indicating that the pressure in region II is 64 times
that in region III. Pumping calculations lead to estimates
of about 50, which is in good agreement with the mea-
sured value. Also, for Fig. 11(a), wit= 1.07 ms, a factor of
4.75 lower than the value of ~» for the experiments in
Figs. 10(a} and 10(b), in good agreement with the factor-
of-4 change in the measured pressure. Using a positron
energy of 10 eV, a pressure of 0.58 pTorr, and v =5.08
ms, we calculate a cross section of 5. 1 X 10 ' cm for the
electronic excitation of nitrogen by positrons. This com-

pares well with the value of 6.3X10 ' cm for the elec-
tronic excitation of nitrogen by electrons [17]. It is a fac-
tor of 2.7 lower than that estimated by the single-pass
data, but is within the errors of those measurements,
given the uncertainty of the pressure in the first stage.
The pressure measurements in the third stage are more
accurate than in the first or second, having an uncertain-
ty of approximately 10%. Therefore, this factor of 2.7
should probably be applied to the cross sections described
above as measured in the first stage.

D. Cooling on nitrogen

The temperature of the positrons is measured using a
magnetic analyzer [21,22]. The positrons are dumped
onto a plate which can be biased to retard positrons of
insuScient parallel energy. By changing the magnetic
field at the annihilation plate, the perpendicular energy of
the positrons is changed, due to conservation of
)tt= —,'mvt/B and therefore, so is the parallel energy.
Thus, the change in parallel energy is directly related to
the change in perpendicular energy, which we assume to
have a Maxwellian distribution at temperature T +.
Thus, by examining the curves of detected signal vs an-
nihilation plate bias at two different magnetic-Geld
strengths at the annihilation plate, a temperature may be
determined [4].

The results, shown in Fig. 12, indicate that the posi-
trons cool to room temperature with a rate which is pro-
portional to nitrogen pressure, and equal to 0.55+0.05
s ')MTorr '. From Coleman [23], one would estimate
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FIG. 11. Number of positrons with energy sufficient to travel
in their bounce motion throughout (~ ) regions I, II, and III;
( A) regions II and III; and ((&) region III of the trap as a func-
tion of time for trapping-region pressures of (a) 2.3 pTorr and
(b) 0.58 pTorr. The solid line represents the total of these three.

FIG. 12. (a) Positron temperature as a function of time at
trapping region pressures of (~ ) 2.63 pTorr, (4) 5.66 pTorr,
and (~ ) 8.44 pTorr; and (b) the cooling rate vs pressure. These
data indicate that the positrons cool in nitrogen with a rate of
0.55+0.05 s ' pTorr
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approximately 0.34 s ' pTorr ' for 100-meV positrons,
if cooling is predominantly due to rotational-excitation
and momentum-transfer collisions with nitrogen. Given
the nature of Coleman's estimate, this can be considered
good agreement.

E. Filling ef5ciencies

The filling efficiency is defined as the filling rate divided
by the strength of the positron beam which passes com-
pletely through the trap in the absence of gas. Filling
rate is defined as the rate of increase of trapped positrons
for filling times much less than the annihilation time, but
much longer than the trapping time. This filling rate was
measured for several 611 gas pressures, and the result is
plotted in Fig. 13. Also plotted is the efficiency for posi-
trons to lose enough energy that their kinetic energy is
below the positronium formation threshold in the first
stage on a single pass. The multistage results exceed the
single-pass results at high pressure for two reasons. In
the single-pass experiments at high pressures, when the
analyzer potentials are more than about 10 V lower than
that of the first stage, the positrons have a chance of
forming positronium as they leave the first stage and
travel to the annihilation plates. In the normal operation
of the trap, this stage and subsequent stages are set to po-
tentials which maximize the number of trapped posi-
trons. In contrast, in the single-pass experiment, the
analyzing electrode was scanned from 0 to 50 V, and the
subsequent stages were at 0 V. In addition, in the normal
operation of the trap, positrons which bounce off the gate
potential have a second chance to become trapped as they
return through stages II and I.

I 40
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FIG. 14. Accumulation of positrons as a function of time.
These data correspond to a filling rate of 1.73 X 10' s ', a life-

time of 39.1 s, and a maximum number of 6.8 X 10 stored posi-
trons, using a 150-mCi Na source.

F. Optimum trapping results

N(t)=Re(1 —e '~'), (3)

Figure 14 shows the accumulation of positrons as a
function of time under optimum trapping conditions.
For this run, a 150-mCi Na source was used. The
stored positron number was determined by measuring the
charge collected on the annihilation plate after dumping
the positrons. The solid line is a fit to the data of the
form
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FIG. 13. EKciency for positrons to lose enough energy to be
below the positronium formation threshold on a single pass
through the trap (so1id line) and total trapping e%ciency (0) as
functions of pressure in the first stage

where N(t) is the number of trapped positrons, r is the
lifetime of positrons in the trap, and R is the rate of trap-
ping of positrons. A best fit occurs for R =1.73X10s, T 39. 1 s, and results in N= 6.8 X 10 stored posi-
trons at times t ))r [18].

VI. CONCLUSIONS

Data indicate that electronic excitation is the predom-
inant interaction of interest in the trapping of positrons
in electrostatic wells. These collisions result in an energy
loss of approximately 9 eV. Since the threshold for elec-
tronic excitation of nitrogen is close to the threshold for
positronium formation, positronium formation puts a
limit on the trapping rate possible with this method. At
11 eV, the processes of electronic excitation and posi-
tronium formation have about equal probabilities. Thus,
a window exists for which efficient trapping can occur
(i.e., the "trapping gap").
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Current efforts have led to the accumulation and

storage of approximately 1 X 10 positrons for a time lim-

ited by annihilation on the background nitrogen used for
trapping and cooling the positrons. Cooling is accom-
plished by rotational and momentum transfer collisions
with the background gas, and these reduce the tempera-
ture to within 10%%uo of room temperature in about 2 s.
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