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An Electron-Positron Beam-Plasma Experiment
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Advances in positron trapping techniques have made it possible to perform the first electron-positron
plasma experiments in a laboratory. An electron-positron beam-plasma system is studied by transmitting
a low-energy electron beam through positron plasmas stored in cylindrical and quadrupole Penning
traps. In the cylindrical trap, positron heating consistent with a two-stream instability is observed. In
the quadrupole trap, a transit-time instability is excited, leading to a large amplitude oscillation of the
positron plasma and ejection of positrons from the well.

PACS numbers: 52.25.Wz, 52.35.Fp, 52.35.Qz, 52.40.Mj

Electron-positron plasmas have been studied extensively The experiment was performed in the cylindrical and
using analytical models [1,2] and numerical simulationsquadrupole traps shown in Figs. 1(a) and 1(b), respec-
[3], motivated by their relevance to astrophysical plastively. Positrons from a?’Na radioactive source are
mas such as pulsar magnetospheres. However, up unglowed to a few electron volts by a solid neon modera-
now, no laboratory studies have been carried out, becauser and loaded into the trap by inelastic collisions with
techniques for accumulating large numbers of positrongsitrogen buffer gas molecules [4,5]. After the positrons
and combining them with electrons were not available, alhave been loaded and cooled to room temperature, the
though various schemes for performing such experimentisuffer gas feed is switched off, and the pressure falls to
have been discussed in the literature [4—7]. the base pressure of the devige € 5 X 10719 torr) in

The recent development of high-efficiency techniquesabout 30 s. The positron lifetime &t x 107'° torr is
for accumulating pure positron plasmas in Penning trapabout half an hour. Axial confinement is provided by ap-
[4,5] now makes laboratory experiments on electronplying a negative potential to the central electrode and
positron plasmas possible. Other methods of creatingrounding the end electrodes. Radial confinement is pro-
pure positron plasmas are currently being pursued by sewided by a magnetic field of 1260 G. Under these con-
eral groups [7]. This Letter describes the first realiza-ditions, the axial bounce frequency of the center-of-mass
tion of such an experiment in the form of a beam-plasmanotion of the plasma in the quadrupole trap is 4.4 MHz.
system, created by transmitting an electron beam throughhe bounce frequency in the cylindrical trap depends on
positron plasmas stored in two different Penning trap gethe amplitude of the oscillation.
ometries. In a cylindrical trap, we observe strong positron An electron beam is transmitted through the positron
heating, consistent with the excitation of a two-stream inplasma. Afterthe beam has been gated on for an adjustable
stability. In a quadrupole trap, the system behaves like
a transit-time oscillator, and the center-of-mass oscillation

t
of the plasma is excited to very large amplitudes, leading (a) clechiade electrode end
to ejection of positrons from the trap. - & - electrode
The transmission of beams through plasmas in Penning T

traps is also a topic of current interest. For example,

electron beams are now being investigated as a diagnostic
for plasmas in Penning traps [8]. In another experiment, ]
a spherically convergent electron beam in a Penning trap \ T ] -ov=

electron

is being investigated to model an advanced concept for collector = %?gétr;og beom
controlled fusion [9]. Other uses of beams in traps include plate ‘

the excitation of higher order modes using modulated ot o 2o
beams. Such modes are of interest as remote diagnostics b)

[10,11]. In such applications, it is important to understand ’/°°p”|2§§°r \= @ endoaps T
the nature of the beam-plasma interactions that can occur. /

The long-term goal is the study of electron-positron . 24°m
plasmas under conditions where the two populations are o F;,?gggsg electron
stationary relative to each other. Such an experiment electrode m% beam
might be accomplished in a magnetic mirror or in a Torov =

Paul trap. As a first step, we have investigated the

beam-plasma system, because it does not require theG. 1. Schematic diagram of the Penning traps: (a) cylindri-
simultaneous confinement of both species. cal trap and (b) approximate quadrupole trap.
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time interval, the positrons are dumped onto a collector beam energy (eV)

plate. The positrons are detected using a charge-sensitive 03 o5 1 2 s 4
preamplifier or by measuring the annihilatigrnrays. By @)

measuring the number of positrons collected as a function . s 15

of the depth of the potential well during the dump cycle, e 0.2 = 10

the positron temperature is obtained [12]. Data obtained @ o * ° Y

by scanning a movable beam stop are Abel inverted to g 0.0

obtain the radial profile of the electron beam and the axially 2 01r o 0 50 100
integrated radial profile of the plasma. Oscillations excited ~ § o time (us)
in the plasma by the beam are detected using the signal < 00 . . *°. .

pickup electrode attached to one of the conical end cap
electrodes as shown in Fig. 1(b). 0.8
Plasmas containing up t®?® positrons can be obtained

by accumulating positrons for several minutes. For the éo” 0.6
experiments described here, the plasmas contained about <
2 X 107 positrons. The positron plasma parameters were & 94
obtained by measuring the axially integrated density g 0.2 k=0.2cm'
profiles and using a Poisson-Boltzmann equilibrium code 5
[13] to calculate the spatial distribution of the positrons in 0.0 . '
the trap 02 04 06 08 10 12 14
: ; 8 -1

Typical positron plasma parameters are total number beam velocity (10%.cm s7)

of positronsN,, = 2.0 X 107, positron temperaturé, =  FIG. 2. Beam-plasma interaction in the cylindrical

0.025 eV, and plasma radiug, = 1.5 cm. In the cylin- trap: () I?OSit[?n _heating rates forv, = 1.2 X 107,
drical trap, the plasma length, = 20 cm, which gives [ ~ 3 X 10° cm™ (inset: time-resolved positron heating
. Lo 5 _3 ollowing switch-on of the electron beam), and (b) calculated

a central posnron plasma density = 3 X 10° cm™~, an growth rates withn, = 3 X 10° cm™3, m, = 3 X 105 cm 2.
aspect ratiax = L,/2r, of 7, and a Debye length, =
2 mm. In the quadrupole trafd,, = 4 cm, which gives
n,=1x10°cm™>, a =13,andAp = 1 mm. Thus, infinite plasma case, the Doppler-shifted, slow Langmuir
in both traps we havep, < L,, A\p < rp,, andNp > 1, mode of the beam couples to the Langmuir mode of
whereNp is the number of positrons in a Debye sphere. the plasma, and the usual two-stream dispersion relation

The electron beam has a diameter of about 0.7 cm at thier electron-ion plasmas is applicable [2]. This gives a
location of the positron plasma. The energy spradd,  maximum growth rate ofw,/2, which is substantially
of the electron bean(1 eV full width at half maximum) higher than that of the electron-ion case, for which the
is measured using a retarding-potential analyzer. Thenaximum growth rate i(Sme/m,-)mw,,,whereme andm;
energy of the beam is about 10 eV before it enters thare the electron and ion masses, respectively. The finite
trap, where it slows down to a few electron volts. Thegeometry of our experiment modifies the result, since the
electron beam energy within the positron plasma, whichrelevant modes are now the Trivelpiece-Gould modes of
typically was a few electron volts, is determined by boththe beam and plasma. This leads to somewhat smaller
the cathode bias and the depth of the well, modifiedgrowth rates than the infinite plasma dispersion relation
by the positron space charge of several electron voltgpredicts.
The plasma potential is estimated by reducing the beam We interpret the heating as arising from the growth of
energy to the point where some of the electrons areinstable modes of the plasma which transfer energy to
reflected by the positron-confining well. The measuredhe particles. If the system obeys quasilinear theory, we
plasma potential agrees with the value calculated from thexpect the heating to scale with the growth of noise in the
Poisson-Boltzmann code to within 0.3—0.4 eV. system, similar to the observations of Davidstral. [14]

Figure 2 shows a typical set of data illustrating thein their numerical study of the two-stream instability in
interaction of a low-energy electron beam with a positrorthe electron-ion beam-plasma system.
plasma in the cylindrical trap. The inset to Fig. 2(a) For comparison with theory, we have investigated the
shows the positron plasma temperature after the beam wagstem numerically using a drift-kinetic eigenvalue code,
gated on for various times and illustrates a strong heatingmploying matrix shooting in a plasma column of infinite
effect. From the exponential part of these curves, wextent [15]. The model treats the system as two coaxial
obtain the heating rate as a function of beam velocityplasmas drifting relative to each other. The different
under conditions where the beam density is kept constamadii for the two species are included in the model, but
by adjusting the beam current. Figure 2(a) illustrates th¢he radial profiles are assumed to be flat. Figure 2(b)
range of beam velocities over which the interaction occurscompares the experimentally measured heating rates for a

For the energies considered here, one phenomenon tdnge of beam velocities with the growth rates calculated
potential importance is the two-stream instability. For theusing the code.
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In these calculations, the measured values of the 80 T T
beam and plasma radii and the density and temperature (@)
were used. The beam temperatdig is obtained from 40 - WWWW\
the beam energy spreadW, using the relationT; = ) e
(AW,)?/4W,, where W,, is the average beam energy. E
Typical values forT,, are in the range 0.05t0 0.1 eV. g 0
The wave numbek was treated as a fitted parameter, §
and solutions for two values df are shown in Fig. 2(b). %;L -40
The best fit to the shape of the curve is obtained with s
k ~ 0.2—0.4 cm™!, corresponding taA/2 ~ 7—15 cm. .80 : : : :
Since the plasma length was 20 cm for this data set, this (b)
wavelength would correspond to a low-order axial mode. 30 1
In view of the simplifying assumptions of the model,
the agreement between the theory and the experimentis 5 20
reasonable, since the computations reproduce the major §
features of the data. The factor of 3 difference in the g 10 T
absolute values of the growth rates is reasonable, since &
the interaction is restricted to the short distance that the 0 T
beam and plasma overlap. We conclude that the plasma
heating is consistent with that expected for a two-stream 1o 20 " p” 0 100
instability. We cannot investigate experimentally the time (us)

regime of beam velocities<0.5 X 108 cms !, because . o
9 0.5 0 ’ G. 3. Beam-plasma interaction in the quadrupole trap: (a)

at such low beam energies the beam energy spread gtcillation amplitude of the plasma during transmission of the
Wh ~ 0.5 EV |ea.dS to beam reﬂect'on, Wh'Ch, n turn, SetSelectron beam, as measured on the p|Ckup electrode (mw

up instabilities in the incident beam. detail atr = 40 us) and (b) time-resolved-ray signal.

We have also obtained data for the interaction between
the electron beam and positron plasmas stored in the
quadrupole Penning trap shown in Fig. 1(b), and weto describe this system [17]. Preliminary comparisons be-
observe some interesting differences from the behaviamween the theory and experiment show good agreement
observed in the cylindrical trap. Unlike the cylindrical for beam energies greater than about 1 eV. Theory and
trap experiment, we are able to observe the unstablexperiment diverge at lower beam energies, where the fi-
oscillation directly, using the signal pickup electrodenite beam temperature is likely to be most important. A
shown in Fig. 1(b). A typical example of the detecteddetailed comparison of theory and experiment will be pub-
signal is shown in Fig. 3(a). The transientrat- 6 us  lished elsewhere.
is caused by the image charge of the beam as it passesUnlike the quadrupole trap, we were not able to observe
through the pickup electrode. For beam energies belowhe unstable mode directly in the cylindrical trap. This
some threshold value, a strong sinusoidal oscillatiorappears to be due to qualitative differences between the
grows from the noise, with an initial exponential rise, modes in the two traps. In the cylindrical trap, the
and saturates after some overshootr at 50 us. The amplitude of excited modes is strongly dependent on
frequency of the signal is 4.4 MHz in this case, which isthe temperature of the plasma [18]. It appears that, in
close to the calculated center-of-mass frequency of théhe anharmonic potential of the cylindrical trap, there is
positron plasma. As shown in Fig. 3(b), the overshootan efficient mechanism that couples wave energy into
is accompanied by the ejection from the trap of somehermal energy. This phenomenon is not observed in
of the positrons, which were monitored by theray the quadrupole trap. For the beam-plasma interaction,
detector. In Fig. 4, we plot the measured growth ratesve interpret this as follows: In the cylindrical trap,
as a function of beam energy for two values of beanplasma modes are driven unstable by the two-stream
density. instability, but the energy is rapidly transferred to thermal

For the measured growth rates of the unstable modenergy, so a large-amplitude mode is not excited. In the
in the quadrupole well, we find that we are not able toquadrupole trap, on the other hand, there is no efficient
match the dependence on beam velocity using the eigemechanism for coupling wave energy into thermal energy,
value code described above for the two-stream instabilso the unstable mode grows to large amplitude. This is
ity, unless we assume an unrealistically large value oftonsistent with our observations on the external excitation
beam temperaturd;, ~ 0.5 eV. Inthe quadrupole well, of axial modes in cylindrical and quadrupole wells [18].
the system appears to behave like a transit-time oscillatdt is also consistent with the observation that the plasma
[16], with the LC resonant circuit being replaced by the is heated to a much higher temperature in the cylindrical
high Q oscillation of the center of mass of the positronwell (typically > 1 eV), while the heating effect is less
plasma. An analytic, cold-fluid theory is being developedmarked in the quadrupole wel- 0.2 eV).

3848



VOLUME 75, NUMBER 21 PHYSICAL REVIEW LETTERS 20 NVEMBER 1995

beam energy (V) with associated positron heating. In the quadrupole well,

05 02 05 | 2 s 4 the center-of-mass oscillation of the positrons is excited

to large amplitude, and positrons are accelerated out of

04l o | the confining potential well. These experiments open up

o o to laboratory investigation an important class of plasmas
N 0sk © o i that are of interest in astrophysics and in other contexts.
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FIG. 4. Beam-plasma interaction in the quadrupole trap.
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