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Abstract

This dissertation reports on the development of the 60 kG cryogenic
positron trap at Lawrence Livermore National Laboratory, and
compares the trap’s confinement properties with other nonneutral

plasma devices. The device is designed for the accumulation of up to

2x10° positrons from a linear-accelerator source. This positron

plasma could then be used in Bhabha scattering experiments. Initial
efforts at time-of-flight accumulation of positrons from the
accelerator show rapid (~100 ms) deconfinement, inconsistent with
the long electron lifetimes. Several possible deconfinement
mechanisms have been explored, including annihilation on residual
gas, injection heating, rf noise from the accelerator, magnet field
curvature, and stray fieids. Detailed studies of electron confinement
demonstrate that the empirical scaling law used to design the trap
cannot be extrapolated into the parameter regime of this device.
Several possible methods for overcoming these limitations are

presented.
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1 Introduction

1.1 Motivation

The development of a high-density positron plasma at Lawrence
Livermore National Laboratory (LLNL) was originally driven by the
need for a positron gas target for nuclear physics experiments.
Heavy-ion collision experiments by the EPOS (Electron-POsitron:
Spectrometer) collaboration at GSI Darmstadt discovered unexpected
peaks in the energy spectra of emitted positrons [1,2]. Further
studies demonstrated that these monoenergetic positrons were
associated with the apparent back-to-back emission of electrons at
the same energy [3,4,5]. The narrowness of the peaks and their

presence in collisions with varying nuclei (U+Th and U+Ta) suggested

the formation of unknown neutral objects, with lifetimes of 10719-

10~° s and masses of 1.5-2 MeV/c?, that decayed into the observed

electron-positron pairs.




One way to explore this possibility was to search for the reverse
process by forming the unknown object in positron-electron
collisions. Experiments were performed looking for resonances in the
elastic positron-electron (Bhabha) scattering spectrum utilizing
positron beams incident on thin foil targets [6,7]. The momentum of
the bound electrons resulted in a large spread in the center-of-mass
collision energy, which limited the sensitivity of these

measurements. Experiments using thicker targets to increase the
event rate and recoil-shadow techniques to limit the measured phase
space [8] gave results that were .highly sensitive to the model of the
interaction between the hypothetical neutral object and the thick

target and beam dump material.

In order to achieve greater sensitivity with a thin target, an
experiment was designed using a cold, magnetically confined gas

target of positrons [9,10] and an intense (~10 pA), variable energy

electron beam from a 3 MeV Pelletron accelerator. Positrons are
accumulated in a magnetic trap from a linear accelerator (linac)
source. A schematic of the proposed experiment is shown in Fig. 1.1.

In order to achieve reasonable counting rates in the scattering




Linac e+ Penning-Malmberg Trap
source Nal
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Pelletron Detectors

Figure 1.1 Schematic of Bhabha scattering experiment. Positrons (e+) are
accumulated in the trap. The electron (e-) beam scatters in the e+ target.
Scattered particles are separated by a transverse permanent magnet in the
fringe field of the solenoid.

experiment, a total of approximately 2x10° positrons at a density of

1010 e*/cm> must be confined for =300 s. Such confinement

properties had been achieved previously with electrons in a

cryogenic nonneutral Penning-Malmberg trap [11].

1.2 Design of Bhabha Scattering Experiment [12]

The Bhabha scattering experiment must be able to detect a 1%
resonant enhancement of the scattering cross section with an energy

width =1 keV. In order to see a 1% signal at a 30 confidence level,

Poisson statistics requires




A/N /N >0.003,
or N>10° detected events at each collision energy. A rate of 1 s!

requires 2 days per energy point, allowing the experiment to be
‘performed on a one year timescale. The positron plasma density and
length, the incident electron beam intensity, and the detector
efficiency have to be large enough to provide this rate. This
constraint has to be balanced with the confinement properties of the
positron plasma and the heating that results from the beam-plasma

interaction.

1.2.1 Positron Heating

The positron temperature should be <100 K in order to minimize the

center-of-mass energy spread of the collision. Transformed to the

center-of-mass frame (y=1.85), 100 K is equivalent to the 200 eV

peak-to-peak (29 eV rms) lab-frame spread of the 3 MeV electron
beam. The equilibrium temperature is determined by balancing
positron heating, due primarily to electron energy loss, with cooling

by cyclotron radiation.




A test particle travelling through matter loses energy at the rate,

dE .
‘E— Zn'nbj' AE(b) b db,

min

where n is the particle density, b is the impact parameter, and AFE is

the amount of energy lost in a single collision [13]. For impact

parameters less than the Debye shielding length,

kT T 172 n -1/2
Ao 47me2“74'3”m(1eV) (10‘°cm'3)

the two-body collision with a screened potential can be used. For

b>A_, energy transfer to collective modes of the plasma becomes

D,
significant. Taking these effects into account, the total energy loss of

a relativistic electron (f=v/c, y‘=(1-ﬁ2)'1/2) passing through the
positron plasma is approximately,

i wnliz)

min

where rp is the plasma radius, cop2=47me2/m is the plasma frequency,

and the minimum impact parameter is,



Given a current of electrons Ie- through a plasma of length L, the

heating per positron will be,

2

E LI, (100 I,

ff—:% - -0.21eV s ‘[ “mJ .
e P T luA

P

This heating will be balanced by the cyclotron cooling of the

positrons in the magnetic field, which occurs on a timescale of

T 8e’Q

Imc’ 10kG Y
== 4 7|

This leads to an equilibrium temperature,

2
2( 100 I,
i, =7 L 081 eV[lOkG] [ ”m] [ ‘ ]

P

A possible source of additional heating is the beam-plasma
instability. In this process, beam electrons interact with a
longitudinal wave in the positron plasma. If the phase velocity of the
wave is near the velocity of the electrons, the wave can gain energy

from the beam. This results in a bunching of the beam, which in turn
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enhances the energy transfer. Wave growth saturates nonlinearly by

heating the plasma particles.

The dispersion relation for electrostatic waves in a cold,

unmagnetized plasma and a relativistic beam is [14],

2

2
w ()
s(k,w)=o=1-w'; - 2

'};(w"Ck 'ﬁb)z .

The subscripts p and b refer to the plasma and beam, respectively.
All quantities are measured in the lab frame. In the beam term, two
factors of y come from the relativistic Doppler shift of the wave in the
beam frame, and one factor results from Lorentz contraction in the

calculation of the density in @, This equation also applies in a

magnetized system when all motion is in the direction of the field.
When the system is not neutralized, there is also a frequency shift
due to rotation of the particles in the electric field, but this shift is

very small in the parameter regime of this experiment.

. 3 .
For the Bhabha experiment, 0«0, and ¥ »1, so the beam term in the
p



dispersion relation is very small unless o = @, and w/k =c. For a

-3

plasma density of 10'% cm™3, the wavelength of the unstable mode is

at least 30 cm. The instability has at most one wavelength of growth
before the beam particles exit the plasma, and should have a

negligible effect on the system.

1.2.2 Scattering Rate
In competition with the temperature concerns is the need for a high

data rate. The event rate is given by,

R=1.87s“(6) s ’:fL ol
1bJ1 1A J\3x10" e/ em® | °°

where o is the collision cross section and g+, is the efficiency in

detecting both scattered particles. The cross section for Bhabha
scattering at 2.3 MeV is =50 mb. The detector geometry takes
advantage of the fact that scattered particles remain pinned to
magnetic field lines, resulting in a high detection efficiency of

approximately 0.8, giving a combined detection efficiency of

€ + - =0.64. Therefore, assuming n + =1010 cm'3 and L=30 cm, the
e € e




incident electron current will have to be =10 pA to achieve count

rates close to 1 s!.

Given this incident current, the radius of the plasma must be

=500 pm in order to maintain a positron temperature of 100 K. This

means that at least 2x10° electrons must be accumulated in order to

achieve the desired density of 1010 e*/cm3.

1.2.3 Accumulation Rate

The next concern in the design of the experiment is the rate at which
positrons can be accumulated in the trap. The actual data rate in the
experiment will be reduced from the value calculated in the previous

sections by the duty factor of the positron trap.

A schematic of the basic accumulation scheme is shown in Fig. 1.2.
Positron pulses from the linac are initially captured by time-of-flight
(TOF). Between pulses, captured particles cool their axial energy by
collisions, which transfer the energy into the transverse directions,

where it is damped by cyclotron radiation. The positron-positron
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Figure 1.2 Positron accumulation schematic. Beam pulse

is captured time-of-flight, then cools into the potential
well.

collision frequency is,

oo ]

10°cm™ J{ 1eV

where the Coulomb parameter 1nA=1n(/’LD/bmin)=15-20.

For t«vc'l, accumulation follows the simple TOF formula,

At
AN=N R ydt =~ RN,

where N is the number of positrons in a pulse, Rinj is the injection

rate, At is the time width of the injection gate, and ¢, is the round-

b

trip flight time in the trap. This assumes that the positrons disperse
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evenly through the trap in the time between pulses, and are not lost

radially from the trap. The solution of this equation,

N()=N tf[l ( A t)]
= - —eX - inj L4
° At P W

asymptotically approaches the capture of (t/At) pulses.

-1 . . .
For t>v ', one must account for the increase in t ’ and v as particles
[4

cool and the density increases, and the fact that particles cooled into
the well are no longer lost when the injection gate opens. Additional
improvement can be made when the well depth is ramped down

siowly during injection instead‘ of dropping the early positrons off a

steep potential “cliff.”

Figure 1.3 shows a numerical calculation of trap accumulation for the
expected experimental parameters. Accumulation slows as it
approaches the TOF limit. Efficient accumulation resumes when the

trapped particles cool and the density is high enough that vc>Ri”j.

Injected particles then scatter into the potential well and are trapped
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Figure 1.3 Calculated positron accumulation, showing density (—) and total
number (--) of trapped positrons. B=6T, L=30 cm, No=1e5, r=0.05 cm. Trap

potential ramped to -100 V over 1.2 s.

before the next pulse is injected.

1.3 Nonneutral Plasma Confinement

The calculations in the previous section assume that trapped
particles will not escape radially from the trap on the timescale of
the accumulation. If =20 s are required to fill the trap, then the

positron plasma should remain near the optimum density for >200 s
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Source Phosphor

(

Figure 1.4 Cross-section schematic of a Penning-
Malmberg trap.

1

in order to achieve a real 1 s° data rate in the Bhabha scattering

experiment. The confinement characteristics of nonneutral plasmas
in Penning-Malmberg traps are thus crucial to the success of the

experiment.

Nonneutral plasmas, because they contain only a single charge
species, can be confined for long periods of time (typically 102-10% s)

with static electric and magnetic fields [15]. A schematic cross-
section of a basic nonneutral plasma trap is shown in Fig. 1.4. The
trap is composed of a series of cylindrical electrodes providing an
electrostatic well. The axial magnetic field provides confinement in
the radial direction by limiting particle motion to small cyclotron

orbits. The cyclotron radius of a positron or electron is



14

v, 10kG Y T \'?
p=-ﬁ=2.4um B 1oV .

The basic dynamics of an infinitely long plasma column can be
determined by assuming a uniform charge density out to a given
radius, where the density drops off in a Debye length. This charge
distribution has been shown to bé a thermal equilibrium for both
infinite and finite length plasmas [16,17]. It also produces a steady-

state solution to Vlasov’s equations (d/dt —»0) [18]. The motion that
dominates the dynamics of these systems is bounce-averaged ExB

drift, in which the particles behave like continuous lines of charge,

" moving perpendicular to both fields with a velocity,

_ _ExB
Vd—C Bz

This is a valid treatment as long as the velocity of the cyclotron

motion v, the axial “bounce” velocity v, , and the drift velocity

satisfy the relationship v »v, »v .

The plasma itself generates a radial electric field,
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where A is the density per unit length and r is the radius inside the

charge column. In an axial magnetic field, v_is in the angular

d

direction and is proportional to the radius. This causes the entire

column to rotate with a uniform frequency,

The above treatment does not address the question of stability of the
plasma equilibrium. A simple, heuristic argument for stable
confinement can be made from conservation of angular momentum

[19]. The canonical angular momentum of the system is given by,

P0=Z [m vari-(el ©)A e(rj)r].] ,

where A o) is the vector potential. If we assume a uniform axial

magnetic field, A ,(r)=Br/ 2, where B is sufficiently large that the

field term dominates the angular momentum, then

P,~(-eB/ 2c)¥r?.
Jj
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Conservation of angular momentum in the electrostatic interactions
between particle§ then provides a constraint on the radial positions
of the particles, and only a small fraction can reach the electrode wall

at a radius much larger than the initial plasma radius. The limit on

particle loss is AN/ N< (a/ R)z, where N is the total number of

particles, a is the initial plasma radius, and R is the wall radius. By
this argument, deconfinement of the plasma must be caused by
processes which do not conserve the angular momentum of the
system. Possible mechanisms include collisions with neutral atoms,
asymmetric field errors, and finite wall resistance. In the Bhabha
experiment, interaction between the positron plasma and the

electron beam could also increase transport.

This argument ignores the kinetic angular momentum of the trapped
particles, and also ignores the diamagnetic field produced by the
motions of the particles. Similarly, the Vlasov equation treatment
mentioned above is not strictly self-consistent because it also ignores
the diamagnetic field. This is valid as long as the particles are
nonrelativistic, but in principle the electric field of the plasma could

do work on escaping particles such that they achieve high velocity. A
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more thorough confinement analysis has been performed which
includes the terms due to fast particles [20] and calculates a slightly
modified constraint expression; however, the modifications are
insignificant for current laboratory plasma parameters. Most
importantly, deconfinement processes are still limited to those which

transfer angular momentum to the particle and field system.

A detailed discussion of several possible deconfinement mechanisms
can be found in Appendix A. The dominant working model, when the
trap was designed, was single particle bounce-resonance, in which

the particle bounce frequency in the trap @, is a harmonic of the
bulk plasma rotation @ , causing particles to interact resonantly with

field errors [21]. This phenomenon has been studied extensively in

the context of magnetic mirror traps [22].

Experiments performed at UC San Diego (UCSD) find that trap

confinement time scales as rm=0.32 (B/L)2, where T is the time for

the central density to reach half of its initial value [23]. This

represents an improvement of a factor of 20 over previous
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experiments, but with the same quadratic scaling [24]. The increase
is attributed to improvements in alignment and uniformity of the

fields. The bounce resonance model then suggests a density

dependencé of n2 though the B/L scaling is determined from

experiments with a nearly constant density of =1.2x107 cm™.

Observations in similar traps qualitatively support the inverse
density scaling, with an exponent for the density in the range of -1 to

-2 [25,26], though no systematic study has been performed.

1.4 Present Work

This dissertation reports on the development of a positron trap at
LLNL, and a comparison of the trap’s electron confinement properties
with similar devices in use at the University of California, San Diego
(UCSD). Using electrons from a source similar to those used in the
other devices, it exhibits comparable confinement times. Time-of-
flight accumulation of positrons from the accelerator-based positron
source shows rapid deconfinement of the positrons, inconsistent with

the long electron lifetimes. Several possible deconfinement
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mechanisms have been explored, including annihilation on
background gases, injection heating, rf noise from the accelerator,

magnet curvature, and stray fields.

Experiments with pulsed electrons demonstrate that there are
several complications to pulsed injection. Fast switching of potentials
can lead to substantial heating of the injected particles. Even a few
electron volts of heating enhances the positron annihilation rate on
background gases by several orders of magnitude. In addition, the
confinement for small numbers of particles, such as in the early
stages of accumulation, is much lower than predicted by the
empirical lifetime scalings of high-density plasmas. Short electrodes,
with axial dimensions comparable to radial extent, are required for
improved confinement. The electrode structure has been redesigned

to allow positron accumulation in several small electrodes.

A more quantitative study has been made of the confinement scaling
properties of the trap with electrons. The results are largely
inconsistent with the accepted scalings. Qualitatively, confinement

does improve with shorter length and higher magnetic field, but the
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predicted quadratic dependence is not seen. In complete contrast to
previous experiments, the confinement in this device improves with
increased density. This singular inconsistency is enough to account
for the difficulty in holding the first few, relatively diffuse pulses of

positrons.

The effort for this thesis has revolved around development of the
trap instrumentation and understanding the electron and positron
confinement properties in the new parameter regime of this device.
Chapter 2 gives a detailed description of the experimental apparatus,
and a summary of its basic operation for electron and positron
trapping. Chapter 3 reviews the efforts to accumulate positrons and
discusses the unique issues associated with positron confinement and
pulsed injection. Systematic confinement studies with electrons are
presented in Chapter 4. Chapter 5 provides a summary of the results
and a discussion of possible future improvements to the trap for
future nonneutral plasma studies and positron accumulation. The
various candidates for plasma deconfinement and the confinement
characteristics of other electron and positron traps are discussed in

Appendix A. Positron interactions with residual gas are discussed in
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Appendix B, with particular emphasis on the energy dependence of
positronium formation. Appendix C presents numerical ray-tracing

calculations of single-particle transport due to field errors.
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2 Experimental Apparatus

2.1 Overview of the LLNL Nonneutral Plasma Trap

The apparatus developed at LLNL is designed for the accumulation of
high density positron and electron plasmas. An intense pulsed
positron beam is provided by an electron linac. A continuous or
pulsed beam of electrons is produced with a thermionic cathode.
Particles are captured using a Penning-Malmberg trap in a large-

volume, high-field superconducting solenoid.
2.2 Positron Source

The positron trap makes use of the LLNL High-Intensity Positron
Source [27]. The system is capable of producing over 10° moderated

positrons in 20 ns pulses at a repetition rate of up to 1440 Hz.
Positrons can be transported at energies of 10-7000 eV. The positron
production is driven by a 100 MeV electron linear accelerator (linac).

Positrons are transported from the production area to the trap
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Figure 2.1 Diagram of the LLNL Positron Facility.

apparatus along a magnetic guide field. Figure 2.1. shows a plan view
of the positron production and transport system. Also shown is the
3 MeV electrostatic accelerator intended for use in the Bhabha

scattering experiment.

The accelerator-based system has significant potential advantages
over the radioactive source based systems currently in use
elsewhere. The primary advantage is the higher beam intensity. In

the short-pulse mode used for trapping, the accelerator produces
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over 10° moderated positrons per second. A radioactive source based

system would have to use a dangerously large 6.8 Ci source to

generate moderated positrons at a comparable rate, assuming an

excellent moderator efficiency of 4x1073.

The second advantage is the pulsed nature of the accelerator
generated beam. Radioactive sources are inherently continuous,
requiring complex and inefficient systems to accumulate the
positrons. A short pulse of positrons can be captured with nearly

100% efficiency by time-of-flight (TOF) trapping.

2.2.1 Accelerator

The linac is a radio frequency electron accelerator. Electrons from a
cathode are bunched and then accelerated through five rf cavities,
receiving approximately 20 MeV in each stage. The electron gun can
supply pulses 20 ns to 2.8 us in length. In short pulse mode, the
repetition rate can be as high as 1440 Hz, while in long pulse mode
the rate is limited to 360 Hz. Peak electron current can reach over 5

A for short pulses, and 1 A for longer pulses. The long pulse mode



25
can provide larger average positron production rates due to its larger
duty cycle, but the short pulse mode was used in these experiments

to facilitate TOF trapping.

2.2.2 Positron Converter and Moderator

The converter and moderator assembly is referred to collectively as
the “positron front end.” A schematic is shown in Figure 2.2. The
electron beam exits the accelerator beamline into the air through two

50 pm thick aluminum windows and strikes the positron converter

target. The aluminum windows are water cooled around their
circumference, and the space between the windows is pressurized to
69 kPa (10 psi) to enhance convective cooling. The positron converter
is 1 cm thick tungsten surrounded by water cooled copper. The

100 MeV electfons decelerate rapidly in the tungsten, generating an
intense beam of bremstrahlung gamma rays. The high energy
photons convert to positron-electron pairs in the high nuclear fields
of the tungsten. These new particles in turn decelerate and radiate,
creating more pairs. The result is a cascade of positrons, electrons,

and photons through the converter.
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Figure 2.2 Positron front end. Accelerator beam produces a bremstrahlung
cascade in the tungsten converter. Positrons are moderated in tungsten
vanes, and accelerate to +V in the beam line.

The beam then enters the positron transport vacuum system through

a 25 um stainless steel window. The particles pass through a set of
25 um horizontal tungsten moderator vanes. Some of the positrons

enter the tungsten and thermalize. Tungsten is used as a moderator
because it has a negative surface work function for positrons.

Thermal positrons diffusing to the surface of a vane are ejected with
the work function energy of approximately 3 eV. The energy spread

is nominally thermal, though inelastic scattering from surface
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electrons, phonons, and impurities increases the spread to 1-2 eV
[28]. Because the foils are oriented horizontally, elastic scattering and
microscopic surface roughness can also increase energy spread by
widening the emission cone. In the accelerator environment, the
dominant source of beam energy spreading is the linac electron
beam. The intense electron pulse causes a fast oscillation of the bias

voltage that can be as high as 25 V at peak electron current of 5 A.

2.2.3 Transport beamline

The front end is electrically isolated from the rest of the positron
transport system. A bias of 10-7000 V is applied to accelerate the
positrons into the beamline. Beam confinement and steering is
provided by magnetic guide fields. Solenoids produce an axial field of
approximately 100 G. Small coils arranged in Helmholtz pairs

oriented perpendicular to the beamline generate steering fields.

The positron front end is situated inside three magnet coils. From
there, positrons enter a curved section configured as a continuous
toroid with approximately 4 m major radius that directs the beam

out of the production area. Long steering coils compensate for beam
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drift caused by the curvature. The straight section passing through
the wall from the production area into the experimental area is
divided into two independent solenoid and steering coil sections. In
the experimental area, a series of 20 pancake coils guide the beam
around a second curve with radius of 2.2 m and into the trap magnet.
An insertable microchannel plate (MCP) and phosphor assembly for
viewing the positron beam are placed in the straight section before
entry into the high fields of the trap. See Section 2.5.1 for a detailed

description of MCP operation.

Optimum transport for this experiment requires a smooth magnetic
field so that the positrons will adiabatically follow magnetic field
lines. The calculated optimum field profile along the transport axis is
shown in Fig. 2.3. The smooth field configuration does not always
produce the most intense incident positron beam, but does appear to
maximize transmission into the trap. This suggests that non-adiabatic
changes in the magnetic field can convert some of the longitudinal
energy of the positrons into transverse emergy. When the particles
pass from the transport field into the large trap field, excess

transverse energy can result in magnetic mirroring.
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Figure 2.3 Calculated axial magnetic field in positron transport beamline. Z
is measured along beam path. Origin is at the wall of the experimental area.

Particles travelling adiabatically in an increasing magnetic field can
be reflected if the pitch angle of their motion is too high. The
requirement for adiabaticity is that spatial field variations are small

over one cyclotron orbit,

v-VB
QB

“

where Q is the cyclotron frequency. The magnetic moment associated

with a particle’s cyclotron motion,
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where W is the transverse energy, is approximately conserved for

adiabatic motion. To avoid reflection, W <W at the final magnetic

field strength. This gives a limit on the initial transverse energy,

For Bi=200 G and B f=30 kG, the maximum transverse energy is then

only

W™ =6.7x10"'W,
requiring a pitch angle less than 4.7°. For B f=60 kG, the acceptance

angle shrinks to 3.3°.

Due to the mirroring effect, high-energy transmission through the
magnet at 30 kG is typically 40-50%, occasionally reaching 60%. At
transport energies <200 V, careful tuning has achieved transmission
over 80%. This suggests that nonadiabatic transitions in the beamline

may be causing energy spreading in the high-energy beams. The
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sharp field transition seen at z=0 in Fig. 2.3 is a likely candidate, and
transmission is found to be highly sensitive to the field in that

region.

The longitlidinal energy profile of the positron beam is rheasured by
placing a screen barrier in front of the MCP. The MCP then measures
the total charge transmitted over the barrier. Figure 2.4 shows the
integrated energy distribution for a 4.9 keV beam. For the data in
Fig. 2.5, the 50 V beam is analyzed using the screen and an electrode
inside the 30 kG trap region. The lack of “spin-up” as the beam
enters the high field is consistent with the high transmission at low
energy. The transmitted distribution for higher-energy beams could
not be measured because the trap electrodes were not designed for

high voltage.

2.2.4 Remoderator

When the short timing characteristics of the positron pulse must be
preserved in transport, the beam is operated at .an energy of

5-7 keV. Fast switching of electrodes at such high voltages would be

difficult, so a 1000 A tungsten remoderator foil is inserted into the
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Figure 2.4 Integrated energy distribution of 4.9 keV positron beam. For fast
pulses, the height is proportional to Ne+ transmitted over the barrier.
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Figure 2.5 Integrated energy distribution for 50 eV beam. Pulse area
measured from the MCP before the magnet (0) and the annihilation signal in
a Nal crystal after the magnet (+).
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beam path at the front end of the trap. The positrons thermalize in
the foil and enter the trap with only a few eV. There is no detectable
increase in the time width of the pulse in this process, and the large
transverse positron energy caused by entering the high magnetic
field is reduced to a thermal spread; however, most of the positron

intensity is lost to annihilation in the foil.

Remoderator efficiency is typically only 4-5%. This could perhaps be
improved by a factor of 2-4 with in-situ annealing of the foil. Part of
the inefficiency is also caused by foil nonuniformity, allowing some
high-energy positrons to pass through the thin areas with minimal
energy loss. A large longitudinal energy spread in the beam, due to
spin-up in the magnetic field, can also reduce efficiency because the

thickness of the foil is optimized for 5-7 keV transport. As a result of
the mirroring and foil inefficiency, only 1-2x10* moderated positrons
are typically injected into the trap with each pulse, more than a

factor of 5 below design parameters. This had a clear impact on

accumulation, as will be shown in Chapter 3.
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2.3 Electron source

In most nonneutral plasma devices, electrons are supplied by a spiral
filament immediately adjacent to the first trap electrode. The spiral
is designed so that the potential drop across the radius of the cathode
closely matches the potential profile of the ideal uniform density
plasma [29]:

@D =V,+V, IR].

V, is the bias voltage, Vf is the voltage drop across the filament, and

R f is the radius of the spiral. In early testing of the trap performance,

a spiral filament designed for high density experiments was used
[30]. This filament consisted of 50 um diameter tungsten wire,
stitched through holes in a 250 pum thick ceramic plate. The thinner

wire creates a larger voltage drop, generating a higher density
plasma. The ceramic plate provides support for the thin wire and

allows precision construction of the spiral.

In the long term, the standard filament placement was not feasible

for the LLNL systém, since the filament had to be easily removable
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for positron injection, and the positron remoderation foil was placed
at the front of the trap. For testing purposes, the spiral was initially
placed in an immobile fixture in the fringe field. The stitched spiral
lead to problems with reproducibility, because the temperature of
individual stitches was highly sensitive to the amount of thermal
contact with the ceramic. This irregularity is noted in Ref. 30, but
was minimized by long warm-up times. In the LLNL trap, transport
through the large field gradient apparently enhanced problems due
to spatial inhomogeneities, leading to unstable injection. In this
configuration, the potential-matching filament is not clearly
advantageous even with a uniform temperature. Field variation
across the radius of the spiral may cause a radial dependence in the
injection efficiency, complicating the re‘lationship between V(r) at the

filament and the space charge potential in the trap.

The electron beam in the current system is provided by an
indirectly-heated boron cathode, designed for the NEC 3 MeV
Pelletron. The cathode is placed in a close approximation to a
standard Pierce gun electrode configuration [31], as shown in Fig. 2.6.

The angle of the electrodes compensates for the repulsive space
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Figure 2.6 Pierce geometry electron gun.

charge potential of the beam so that the resulting field lines, and
therefore the beam, are straight. It is unclear whether this design is
actually necessary when the magnetic field already provides a strong
focusing, and the extraction voltége, typically =10 V, is not high
enough to gemerate a space-charge limited beam. The third electrode
provides a i)arrier potential for energy analysis of the beam, or
additional field shaping and acceleration. The whole assembly is
situated on a rotatable mount for easy removal during‘ positron

injection.

Beam energy is varied by adjusting the bias on the cathode, and a
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Figure 2.7 Electron spin-up. Integrated longitudinal energy distribution in
the low (+) and high (x) magnetic field regions.

short pulse of electrons (<1 ps) is produced by pulsing the cathode

bias. The longitudinal energy distribution of the beam can be
measured in the fringe field using the third electrode, and in the high
field with a trap electrode as the barrier. The effect of spin-up as the

electrons enter the high field can clearly be seen in Figure 2.7.

2.4 Penning-Malmberg Trap

In order to achieve long confinement times, the electrodes and

solenoid magnet in the LLNL trap were manufactured to very high
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Figure 2.8 Cross section view of cylindrical trap electrodes, including short

electrode from remoderator foil assembly. Six pairs of 2 cm and 4 cm electrodes
are not shown. Ovals indicate sectored electrodes.

tolerances in order to minimize field errors. Most of the construction
is of. copper, aluminum, and other non-ferrous materials to limit
stray magnetic fields. Low permeability stainless steel was used

- when low thermal conductivity was needed, and arranged

symmetrically when possible.

2.4.1 Electrodes

The cylindrical electrodes aré composed of oxygen-free high-
conductivity (OFHC) copper, plated with gold on the interior surfaces
to prevent the formation of dielectric oxides. A side cross-section of
the electrode configuration is shown in Fig. 2.8. Electrodes have
lengths of 2, 4, and 6 cm. Alumina spacers provide insulation
between electrodes. The inner and outer diameters of the cylinders

are concentric to within 10 um and vary by less than 2.5 pm between

electrodes. When assembled at room temperature, the internal trap

surface is aligned to within 10 pm over a 76 cm length. Some of the 4
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Figure 2.9

conductivity. The electrodes and mounting biock are all placed in a

cradle system, as shown in Fig 2.9, for placement inside the magnet
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bore. Cam-locking clamps are used to fix the cradle secureiy in place.
Electrical connection to the electrodes is provided by small Kapton-
insulatedkcoaxial cables of silver-plated coi)per. The 30-gauge

(250 pm diameter) central conductor minimizes thermal conductance

for efficient cryogenic operation.

2.4.2 Magnet

- The trap is situated in the bore of a superconducting electromagnet.
The magnet is composed of one central coil ahd two end coils, and is
capable of generating a field over 60 kG in a large volume. The field
profile has been measured using a nuclear magnetic resonance (NMR)
probe capable of measuring milligauss fields. The field strength,
shown in Figs. 2.10 and 2.11, varies by less than 0.1% axially over
‘the length of the trap, and ~20 ppm peak-to-peak azimuthally at the
electrode radius. The slight axial asymmetry is consistent with the
displacement of the center coil by 0.13 mm. The axial variation can
be accounted for by a 1 mm horizontal offset of one end of the
magnet, forming the solenoid into a section of a torus with a major

radius of approximately 1 km.
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Figure 2.12 Drawing of magnet apparatus showing cryogen dewars, vacuum
chamber, and approximate placement of trap electrodes.

The bore is thermally isolated from the magnet coils, allowing the
temperature of the trap to be varied. Figure 2.12 shows the system
of cryogen reservoirs used to cool the magnet and the bore. The bore

can be cooled to 77 K using liquid nitrogen (LN2) or 4.2 K using liquid

helium (LHe) in the bore reservoir. The central section of the bore is
constructed of OFHC copper for maximum temperature uniformity.
Thin stainless steel tubing at either end of the bore provides thermal

insulation from the end flanges to minimize consumption of cryogens.
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Dewars surrounding the stainless steel sections can be filled with

LN2. This is useful for added cooling when operating at 77 K, and is

absolutely necessary to operate the bore at 4.2 K. Additional thermal
baffling would also be required in the bore at the lower temperature
to minimize radiative heating and reduce LHe consumption. The

present experiments are run at ambient or LN, temperature.

The magnet radial position can be adjusted using eight struts. Four
struts support the magnet at each end, and are attached to 17-16
adjustment bolts outside of the magnet dewar. Bolt position is
reproducible to within 1/12 of a turn, corresponding to 100 pum
change in magnet position. This allows precision coaxial alignment of
the magnetic field with the trap structure without the use of shim

coils.

2.5 Diagnostics

Four basic diagnostics of the trapped particles are available: a charge

collection and imaging system, gamma ray detectors, sectored
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electrodes, and a longitudinal temperature measurement.

2.5.1 Imaging System

The imaging systém consists of a microchannel plate amplifier,
phosphor screen, fiber optics, a CCD video camera, and a computer. A
schematié of the assembly is shown in Fig. 2.13. Trapped particles
are imaged destructively by lowering the potential on the
downstream end of the trap. The particles stream out of the trap
along magnetic field lines and strike the MCP. An amplified “image”
of secondary electrons is acclerated to the phosphor. The light from
the phosphor passes out of the vacuum system through fiber optics,
and then through a 1:5 reducing fiber-optic taper. The magnetic field
strength at the MCP is approximately 1/27 of that in the trap. The
plasma expands by the square root of the field ratio when it is
dumped, in this case a factor of 5.19, and the taper reduces the
image ‘back to approximately the size of the original plasma. The
taper is coupled directly to the CCD chip of the video camera. In this
lensless system, the primary source of light loss is in the use of the

taper.
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Figure 2.13 Imaging system. Charge signal is
amplified by the MCP and forms an image on the
phosphor-coated feedthru. Fiber optics reduce and
transport the image directly to the CCD chip.

2.5.1.1 Microchannel Plate: The basis of the imaging system is a
standard 40 mm diameter MCP. An MCP is an array of parallel
miniature electron multipliers made of extruded lead glass [32]. The
channels are tilted 8° so particles won’t pass straight through the

plate. For low energy charged particle detection, the efficiency of an
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MCP is essentially equal to its open area ratio. The MCP in the trap
imaging system has 10 pm diameter channels with a center-to-center
spacing of 12 um, giving a detection efficiency of ~68%. The MCP

assembly in the positron beamline before the trap uses two of these
plates arranged in a “chevron” configuration, with channels oriented

in opposite directions to maximize gain.

The gain of an MCP can be modeled by assuming the plate acts as
parallel conventional discrete-stage electron multipliers [33]. The
number of stages is independent of the applied voltage. This model
gives a power law relationship between the gain, G, and the applied

voltage, V:

V 0.5(n~1)
G= o, (-'—l-‘—,—] .

Vc is the crossover potential, where primary electrons produce unity
secondary emission, n is the effective number of stages, and o is the

effective gain of the first stage.

In practice, the gain is generally limited by ion feedback in the
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channels to approximately 10* with 1000 V across the plate. The

gain can also saturate if excessive charge is incident on the plate. In
order to ensure a linear response in pulse detection, less than 10% of
the charge stored in plate capacitance can be depleted in a single
shot. At maximum gain, this corresponds to only a few electrons

incident per channel.

The MCP is calibrated by using it first as a simple collection plate,
then as an amplifier. The ratio of the two signals as a function of
applied voltage is plotted in Fig 2.14 for three different incident

intensities. Also plotted is a fitted curve with n=22.24, ¢, =1.32,
Vc=19.35. The effect of saturation can clearly be seen at high voltage

in all cases. The curve is consistent with relative gain data using

lower density plasmas up to V=950. The gain change from 950 to
1000 V is approximately 10% lower than suggested by the curve
even at the lowest incident intensity, suggesting the onset of ion

feedback.
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Figure 2.14 Microchannel plate gain curve. Data points show measured gain
for N,-=1.3x105 () 2.9x105 () and 5.3x106 (x). Curve is G=1.41x10-28*V10.62,

2.5.1.2 Phosphor Screen and Fiber-Optics: Charge is collected
on a 40 mm diameter fiber-optic screen coated with phosphor,
aluminized to 1000 A thickness in order to shield out stray light and
provide a conducting surface for charge collection. The charge signal
is detected with a capacitor coupled into the bias power supply and a
charge-sensitive preamplifier, as shown in Fig. 2.15. The circuit
integrates the charge signal. Because the trap electrodes are switched

on a timescale comparable to the particle flight time, ~1 ps, any signal

structure reflects structure in the voltage ramp. Excitation of the

phosphor provides an image for measuring the radial profile of the
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Figure 2.15 Charge detection circuit.
Preamplifier gain is 45 mV/pC. System gain is
reduced to 38 mV/pC by stray capacitance.

particles. The screen must be biased at least -5 kV relative to the
back MCP voltage in order to give the electrons enough energy to
penetrate the aluminum coating and create an image in the

phosphor.

The fiber-optic is sealed into a 6-inch vacuum flange, and conducts
the light from the phosphor out of the vacuum system. A 5:1 fiber-
optic taper is coupled to the output with optical grease. Image
reduction allows direct coupling of the fiber-optic to the CCD camera.
Use of the taper results in a reduction of intensity by a factor of 25
and introduces a slight distortion of the image, most noticeably
around the perimeter. Since our plasmas are generally in the central
portion of the image, this distortion does not materially affect the

measurements.
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2.5.1.3 Camera and Frame Grabber: The image from the
phosphor is collected by a Fairchild R3000 CCD camera. The collection
chip of the camera is spring-mounted with a fiber-optic cover,
allowing it to be coupled directly to the taper with optical grease. The

pixels of the CCD are 30 um by 18 upm. Due to the cancellation of the

field expansion and the taper reduction, this corresponds roughly to
the spatial resolution of plasma structure inside the trap. The output
of the camera can be sent to a standard video monitor, or individual

frames can be captured by the computer.

The CCD images are captured with a VAX 2000 workstation, where
they can be stored and analyzed. Intensity information can be
converted into radial density profiles, integrated along B. Image
analysis software [34] permits background subtraction, averaging
over several images, distance measurements, line-outs and
projections, and automated location of plasma center for generating

radial profiles. A typical radial profile is presented in Sec. 4.1.2.

2.5.2 Gamma-ray Detectors

When the trapped particles are positrons, 511 keV annihilation
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'radiat,ion from the MCP is available as a diagnostic in addition to the
charge signal and image. Three different detectors are utilized to
measure this radiation: sodium iodide crystal (Nal), germanium

crystal (Ge), and plastic scintillator.

The crystal detectors measure total energy deposition, providing a
measurement of the total number of particles striking the MCP in a
single pulse. A .large Nal detector is placed only a few centimeters
away from the MCP flange for maximum collection efficiency. The
signal gain can be varied over a wide range by adjusting the bias
voltage on the photomultiplier tube (PMT), as shown in Fig. 2.16,
allowing measurement of low-density positron pulses and high-
density plasmas; however, the size of the Nal energy signal is
sensitive to geometry, due to gamma rays scattering from
surrounding material into the crystal with less than full energy.
Consistent positioning of the Nal detector during calibration and use
is therefore very important. The Ge crystal has better sensitivity
than the Nal, and is placed further away from the trap to minimize
scattering effects and provide a better absolute particle count.

Attenuation of the radiation passing through the vacuum flange and




52

100 6 ©©
0©° °°
o <

£ o ©
[ <
0] 1 (o]
S o
® <
E o
2 o

0.01 o

<
<
1074 ] | ! |
0 500 1000 1500 2000 2500
Bias Voltage

Figure 2.16 Gain curve for sodium iodide detector. Gain is normalized to
1000 V.

camera mount to both crystal detectors is calibrated using gamma-

ray standard sources.

Plastic scintillators are used for calibrated particle counting of the
positron beam. Two cylindrical pieces, 2.5 ¢m in diameter and 2.5 cm
long, are mounted on PMTs and heavily collimated to view a gate
valve before the magnet and the MCP after the magnet. In order to
prevent signal pile-up, the detectors must be placed far enough away
that on average much less than one gamma ray is detected in a single

beam pulse. Due to the high intensity of the beam, the upstream
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detector is placed 3-5 m from the gate valve. The downstream
detector is placed just under 2 m from the MCP. The statistical nature
of the particle counting limits the utility of lplastic for measuring
positron number during the relatively slow trapping procedure.

Their principle use is in calibrating the positron beam intensity.

2.5.3 Diocotron Motion
As discussed in Sec. 1.3, when the charged plasma is centered in the

cylindrical electrodes it remains stationary, rotating due to ExB drift

from its own radial space charge field. When the plasma is off-axis, a
second radial electric field is produced by the plasma’s image charge
in the conducting wall of the electrode [35]. This second field causes
the plasma to orbit the electrode axis, as shown in Figure 2.17. This
orbiting is called diocotron motion, and is analogous to the magnetron
motion in hyperbolic-electrode Penning traps. The radial electric
field for magnetron motion is provided by the trap electrodes,
whereas the field in diocotron motion comes from the trapped

charges.

For small displacements of an infinitely-long charge column, the
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Figure 2.17 Diocotron motion. Off axis displacement of charge produces
an image charge in the confining electrode. Charge orbits the axis due to
ExB drift. A signal can be detected on an isolated segment of the electrode.

angular frequency of diocotron rotation is,

N 2cel

® R’B

4

where A is the number of particles per cm, R is the electrode radius

and Bz is the longitudinal magnetic field strength. For typical

parameters, the measured frequency is
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Combined with radial information from the camera image, the

diocotron frequency provides a direct measurement of the plasma

density in the trap.

2.5.3.1 Limitations of Diocotron Diagnostic: The finite length of
the laboratory plasma requires corrections to the infinite-column
calculation, which are significant if the aspect ratio of either the
plasma or the confining electrode approaches unity. A non-zero
aspect ratio of the plasma produces shifts in the frequencies of all
plasma modes, including the diocotron mode. A large electrode aspect
ratio also changes the diocotron frequency. When the confinement
electrode length approaches its diameter, field penetration from the
barrier electrodes results in non-iero radial electric fields in the
center of the trap. The resulting motion can be characterized as
either magnetron or diocotron drift, depending on the relative

strength of the electrode and plasma fields.

Figure 2.18 shows the radial electric field as a function of radius on
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Figure 2.18 Calculated radial electric fields on trap centerline for the three
shortest trap lengths. Linear field dependence mimics a uniform-density
nonneutral plasma.

the centerlines of the three shortest electrodes used in this device,
with 100 V applied to the neighboring electrodes. Note that the
linear field increase mimics the ideal uniform-density plasma field.
As demonstrated in Appendix C, ray-tracing calculations indicate that
the bounce-averaged fields seen by a trapped particle can be
substantially larger than the central field, particularly for energetic
particles. As a result, the external fields encountered by particles at
the ends can dominate the image charge fields even in long

electrodes with no electric field in the center. In these cases, the
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diocotron frequency is ineffective as a density diagnostic.

2.5.3.2 Diocotron Measurement: Some electrodes in the trap
have isolated “sectors,” as shown by the broken lines in Fig. 2.17. As
the image charge of the plasma passes through these sectors, it
generates an oscillatory signal, which can be amplified and analyzed.
The raw signal can also be fed back to another sector as a driving
voltage. Depending on the relative phase of this driving signal, it can
be used to either grow or damp the diocotron motion. These methods
are useful with the large-radius spiral cathode. The reduction in
charge using the smaller cathode reduces the signal size below noise

level, rendering this measurement technique ineffective.

An alternative way to measure the diocotron frequency is with the
imaging system. Varying the hold time by a few tens of microseconds
causes the plasma to be dumped at a slightly different place in its
orbit. The total change in hold time required to return the image to
its original position is the diocotron period. As hold time increases to
tens of diocotron orbits, slight variations in the timing of the control

electronics result in a loss of phase between the charge dump and
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the diocotron orbit, and the image no longer appears consistently in
the same location for repeated dump cycles. Therefore, the imaging
technique is only useful for measuring the orbit frequency soon after
injection. A single impulse on a sector can also be used to push a
centered plasma off axis, as long as the pulse width is much shorter
than a diocotron period, allowing use of the imaging technique at

later times.

2.5.3.3 Magnetic Field Alignment: The imaging technique is
particularly useful during initial alignment of the magnetic field.
When the electron gun, trap electrodes, and magnetic field are all
optimally aligned, there is little or no initial diocotron motion
throughout the trap. During alignment, 6 cm electron plasmas are
captured in segments at the front, middle, and rear of the trap. The
magnet is moved with the 8 adjustment struts in order to minimize
the diocotron orbit size. With this technique, the magnetic field can
be aligned parallel to the trap electrodes to within the limit imposed
by the 1 km radius curvature of the magnet coil itself, with diocotron
orbits less than 0.1 mm diameter. Note that this alignment technique

is independent of whether the off-axis motion is driven by diocotron
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or magnetron fields.

2.5.4 Temperature Measurement

The longitudinal temperature of the trapped plasma can be
‘measured by linearly ramping down the potential on the
downstream confining electrode instead of switching it quickly to
ground [36]. Particles escape over the barrier when their kinetic
energy satisfies:

Tmvi(nV,) = —e[V,~drV,)],
where @(r,V 2 is the space charge at the particle’s radius when the
dump electrode is at potential V ;- This assumes the particle is at the

barrier and travelling in the correct direction at the time. In order to
avoid distortion due to the bounce time of the particles, the dump

potential must be ramped slowly, dV d/dt « kT/rb. In the current

system, the space charge and radial dependence can be ignored due

to the small radii and low particle densities studied.

Assuming the particles in the trap are in thermal equilibrium, the

charge signal is the integral of a Maxwellian distribution,




60

orVy =—4%J'exp [—vz(r,Vd)/ﬁv,h]zdv=erfc [vz(r,V,,)/ﬁv,,,],

where Q is the total charge dumped, and v, is the thermal velocity.

th

This function can in principle be integrated over the radial density

distribution to calculate Q(V 2 Considering only the high energy tail

of the distribution, v,V the complimentary error function can

th’
instead be expanded for large argument to simplify the integration.
Taking the logarithm of the charge and differentiating with respect

toV J gives,

dlog XV )
i'Vd 2 = k;z{1+5[n(r),vz/v,,,]},

where & is a first-order correction that depends only weakly on the

exact density distribution. In general, 6=0.05 gives a result accurate

to 5%.

The experimental procedure for temperature measurement is then to
take the logarithm of the charge signal, in this case with the math

functions of a digital oscilloscope. The ratio of the electrode ramp
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Figure 2.19 Longitudinal temperature measurement. Charge signal resulting
from a slow ramp of trap barrier voltage, and logarithm of that signal.
Temperature is calculated from the ramp rate and slope of the log trace.

rate over the charge logarithm then provides a direct measure of the
longitudinal temperature. Figure 2.19 shows a typical charge signal

and the straight-line logarithm.

2.6 Control Electronics

Figure 2.20 summarizes the electronics used to control the trap. An
IBM-PC compatible desktop computer is used to set the timing [37].

This timing pattern is then downloaded to a CAMAC memory module.
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Figure 2.20 Trap control electronics. Timing pattern is loaded into CAMAC
memory module. Sequencing unit steps through pattern. TTL pulses control
trap operation.

A custom-made sequencing unit steps through the timing and drives
16 TTL channels that trigger the accelerator, CCD camera, frame
grabber, oscilloscope, and voltage supplies for the trap electrodes and
electron gun. The clock selection unit switches between clock rates

(1 Hz - 100 kHz) within the timing pattern to allow control on
multiple timescales. For long plasma lifetime measurements,
sequencing is halted and a CAMAC timer triggered, allowing hold

times ranging from 1 ms to several hours.

Control signals for the trap electrodes trigger Tektronix pulse

generators. These provide variable, linear rise and fall rates for
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shaping the voltage pulses, and can be used to drive electrodes
directly if low voltage pulses from 0 V are required. For pulse
amplitudes up to 240 V with variable high and low levels, the pulses

are sent through amplifiers designed at UCB.

2.7 Trap Operation

Particles can be injected into a Penning-Malmberg trap from either a
continuous or pulsed source. Continuous-beam injection from the
electron source is utilized in this trap to make comparisons to
electron work done with other similar traps. The positron source is
inherently pulsed, and the electron gun can be used in a pulsed mode
in order to perform off-line tests of positron injection schemes. To
avoid confusion in the fo_llowing sections, diagrams of trap potentials

are always shown assuming a positively-charged trap particle.

2.7.1 Continuous Electron Source Injection

In continuous-beam mode, the trap cycle is as shown in Fig. 2.21. An
electron cloud is formed between the cathode and the downstream

trap electrode. This cloud is then pinched off by raising the potential
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b)

c)

Figure 2.21 Potential structure during continuous beam electron
trapping. a) Injection; b) Hold; ¢) Dump. The vertical line to the left
represents the electron source.

of the upstream electrode. The trapped plasma typically contains
10°-107 electrons in a Gaussian radial profile with an initial radius of

0.1 mm.

After the formation of the plasma, the cathode is biased positive.
This turns off the beam and clears the electrons from the region
between the gun and the trap. If this last step is not followed, the
stray electrons undergo radial transpoft in the fringe magnetic field
before the next injection phase. The characteristics of the injected

plasma then vary depending on the time between injections. This can




65

..........

I_ I L L T TS e
c)

Figure 2.22 Pulsed injection, consisting of a) accumulation, b) hold,
and ¢) dump.

give a false impression of evolution of the trapped plasma with
increased hold time. In order to achieve consistent plasma
characteristics, the gun bias must be negative for a fixed period of
time prior to injection, independent of plasma hold time. The injected
plasma density and radius is then reproducible to within a few

percent.

2.7.2 Pulsed Injection
The basic trap cycle for accumulation of pulses is shown in Fig. 2.22.
Capturing short pulses of either positrons or electrons requires faster

timing than continuous beam injection. The round trip flight time of a
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5 eV particle in a 60 cm trap is only 900 ns. For this reason, 50 Q

coaxial leads are used to supply bias to the positron remoderator foil
and short electrode, allowing them to be pulsed on nanosecond
timescales. The remoderator foil itself is used as the injection barrier
in positron injection, while the short electrode is used for pulsed

electron injection.

The injection gate is triggered by the pulse signal from the
accelerator electron gun or the trap cathode in electron work. A
variable delay is introduced to allow for transit time difference

between the signal and the particles.

During the accumulation phase, the potential of the trap region can
be lowered slowly. This decreases loss by lowering the energy of
partiéles from previous pulses relative to the potential of the
injection electrode. Additional manipulations of the trapped charge
can be performed between injection pulses, such as compression into
shorter lengths. The variety of timing schemes used will be discussed

in more detail in the next chapter.
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3 Positron Experiments

Initial attempts at implementation of the TOF accumulation scheme
outlined in Sec. 1.2.3 have achieved only limited success, due to

unexpectedly short confinement times 7 < 1 s. The results are

presented in this chapter, along with discussion of deconfinement
mechanisms that are unique to positrons and to pulsed-injection TOF

trapping. Confinement times 7 >100 s have been achieved by

modification of the injection, and storage of the particles in very
short traps. While the modified techniques can contain positrons for
a relatively long time, they are too inefficient to accumulate the large

numbers of positrons needed for the Bhabha scattering experiment.

3.1 Data Collection and Analysis

The primary diagnostic for measuring the number of positrons in the
trap is the Nal scintillator, discussed in Sec. 2.5.2. Rough calibration is
performed by comparing the signal of a single positron beam pulse to

the average pulse intensity measured using the plastic scintillators.
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It is estimated that this calibration introduces a potential systematic
error in early data of up to 30% in the total positron count, resulting
primarily from uncertainty in the angular position of the plastic
detector. The gamma-ray attenuation varies by 30% with less than

an 8° change in detector position.

Accumulation data is modeled using the equation,

N@®) = Rt [1-exp(—t/1,)],
where R is the accumulation rate, and 7is the lifetime of positrons in

the trap. If accumulation follows the ideal TOF formula of Sec. 1.2.3,

N@®=N i 1 AtR
(t)_ oAt "CXP(— tf injt) )

then R=N Oij and Ta=rT0F=tf/RinjAt. The total accumulation should

approach N(e)=N ot/At’ independent of the repetition rate Rinj.

Lifetime data is taken separately by halting accumulation and
studying the decay of the positron signal as a function of hold time
after accumulation. The resulting time spectrum is fit by a simple

exponential. The intrinsic confinement time 7 of the trap should
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contribute to the accumulation lifetime as I/ra=1/ T+1/ TroF

As with most ineasurements on this device, data collection is a
destructive process and dependent upon reproducibility. Error
estimates are based on repeatéd measurements with identical
parameters, typically 10-15% for the largest signals, increasing to
over 50% for small signals resulting from partial energy deposition
by scattered gamma rays. These variations appear to be consistent
with the statistics of radiation detection, rather than changes in the
trap performance. A full error analysis requires convolution of the
Poisson distribution for photon counting with the distribution of
partial-energy signals. The latter distribution is highly sensitive to

placement of the Nal, and a detailed study has not been performed.

3.2 Basic TOF Accumulation and Confinement

The potential structure used for basic TOF trapping is shown in

Fig 3.1. The linac is operated at Rinj=120 or 480 s and the trap field

is B=30 kG, giving a radiative cooling time of 0.44 s. With the trap at




70

120 V——

Vh
Vi

0__ \

- 64 cm -

Figure 3.1 Potential structure for basic positron accumulation.

room temperature and open to the positron beam line, the ion gauge

reading near the pump (See Fig. 2.12.) is p=5><10'9 Torr.

Accumulation for Vh=90, V1=10 V is shown in Fig. 3.2. The smooth

curve is a least-squares fit to the model, with R=(1.7i0.1)><106 etls

and 1a=49i3 ms. Accumulation approaches N=8.3x10* positrons for
times t»7 . The accumulation rate agrees well with the model

prediction of R=1.4x10%e*/s, but the time constant is much shorter

than the prediction of 7., =190 ms. As discussed in the previous

(8]

section, this suggests an intrinsic loss mechanism with a

characteristic time,

T=1/7,~ 1/ Tpp=66+ 7 ms.

The lifetime measurement, shown in Fig. 3.3, indicates 7=60%5 ms, in
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Figure 3.2 Positron accumulation. B=3 T, L=64 cm, T=300 K, Rjy=120 Hz.

Remoderator foil pulsing 90/10 V for 30 ns. Smooth curve is least-squares fit
to TOF model, R=1.7x106, 7,=49 ms.
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Figure 3.3 Confinement of 10 positrons pulses, accumulated with same
parameters as Fig. 3.2. Solid line is a fit to an exponential, t=60 ms.
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in good agreement with the predicted value of 66x7 ms.

The results of additional accumulation and lifetime measurements,

varying V,,V  R. , and trap temperature 7, are summarized in Table
h l inj

3.1. Although the statistical errors in the measurements are large,
several trends can be seen in the data. The value of R is consistent to
within 10% for fixed parameters, and increases by a factor of =3.5

when Rin}. is increased by a factor of 4. This consistency lends support

to the validity of the accumulation model.

Ripj T Vi Vi N R 1, T
(Hz) (K) (V) (V) (10*e*)  (106e+/s)  (ms) (ms)
120 300 90 _ 10 8.3+1.0 1.7+0.1 4943 6015
80 0 9.1+1.2 1.610.1 55+4 5445
120 40 7.5¢1.4 1.7£0.2 44413 4344

480 300 120 40 2612 5.610.2 4642
20 10 3743 5.6+0.2 5043 7917
12 2 37+4 6.1+0.3 6113 7313
77 12 2 200140 5.910.5 3371440 554437

Table 3.1 Summary of initial positron accumulation and confinement. Values
for N, R, and t, are from least-squares fits to the TOF accumulation model. t is

from an exponential fit to confinement data.
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One clear influence on accumulation and confinement is V,, the depth
of the potential well. This is expected to alter T, by changing the

flight time tf With Vl=0, the close agreement between T, and 7 is

consistent with positron energy <3 eV. The slow positron motion
significantly reduces TOF losses, leaving the intrinsic loss mechanism

as the dominant effect. Increasing V, to 40 V decreases accumulation
time T, as expected, but decreases confinement time 7 by the same

amount, indicating an energy dependence in the confinement and

continued low TOF losses.

Both effects can be attributed to positron interactions with residual
gas. As discussed in Appendix B, positrons with energy >10 eV have a
greatly increased cross section for positronium (Ps) formation. The

neutral Ps immediately éscapes the trap. The collision time,

» i 7 o, SR R
-1 s €

T = . =17 ’
%= (M) s(10'9Torr) [3001()[10"“«:::12} [IOcV)

2

is 67 ms for p=5x10'9 Torr and c‘Ps=5x10'16 cm”, in excellent

agreement with the measured loss rates. In addition, higher-energy
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positron_s have a greater cross section for collisional cooling.
Significant scattering into the 40 V potential well could reduce or
eliminate TOF losses.‘ Capture by cooling is a feature of the trap
design, but the design mechanism of radiative cooling would occur on

a timescale 10 times longer than what is observed.

Support for the hypothesis of capture into the well is found in the

effect of increasing Rinj. Although R increases roughly as expected,
the corresponding decrease in 7_is not seen. This is consistent with

minimal TOF losses. The significance of interactions with residual gas
is demonstrated by the large improvement in both accumulation and

confinement at 7=77 K. On these timescales, the primary impact of

cooling the bore is a decrease in the gas pressure from 5x107° to

1x10°° Torr. Since the pressure measurement is made far away from
the cold bore, the actual change in pressure in the trap region is
probably significantly greater. The resulting accumulation of =2x10°

positrons in 64 cm is the highest total achieved to date. Additional
experiments have focused on studying and improving the

confinement.
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Another unexpected trend in the accumulation data is the

importance of the upper-level injection voltage, Vh. Reducing v,

results in a significant improvement in the confinement. As will be
discussed in Sec. 3.4, this can be attributed to heating of the

positrons by fast switching of the injection voltage. Larger V, results

in greater heating, and the increased energy enhances positronium

formation.

3.3 Effect of Residual Gas Pressure

The importance of positronium formation has been studied by

leaking H2 and He gas into the trap region, and varying the positron

energy in the trap. Positrons accumulate from an unremoderated
10 eV beam in a 54 cm trap. The trap potential is held at +5 or -15 V.
The 5 eV trapped positrons are below the energy threshold for Ps

formation on H2, while 25 eV positrons are well above the threshold,

and should show enhanced loss. As can be seen in Fig. 3.4, the high-
energy positrons experience a rapid loss on a 10 ms timescale, and

then decay at the same rate as the low energy positrons. The initial
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Figure 3.4 Positron lifetimes at 5 eV (¢) and 25 eV (¢ ). Curves are fits to an
exponential (=656 ms) and double exponential (t1=13 ms, 12=662 ms),
respectively.

decay rate suggests a Ps formation cross section as high as

5x1071 cm?, dropping below 2x10717 cm? at lower energy.

The rapid transition to the low-energy loss rate indicates that
positrons are also cooling on the background gas. This behavior is
consistent with the threshold model and the accumulation data. The
25 eV positrons are also above the energy thresholds for electronic

excitation of H,, resulting in the enhanced cooling. A more detailed
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discussion of positronium formation on gases is included in

Appendix B.

Figure 3.5 dispIays positron lifetime versus total pressure of the test

gases. The values shown are corrected for the ion gauge response to

different gas species, assuming that the base pressure is

predominantly H,. The difference in the dependence on the pressure

of the noble gas He is suggestive, but a more extensive study would

be necessary to draw hard conclusions. The plotted curve is a fit to a
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power-law, T oc P%, 0=0.50+0.07, using only the H2 data. The fact that

this is not a simple inverse relationship is unusual, suggesting that
particle loss is not simply dependent on the collision rate with
residual gas. It is interesting to note that one electron experiment, at
UCB, has exhibited a similar square-root dependence on pressure

over a much broader range, though no explanation is proposed [38].
3.4 Positron Heating

The basic accumulation data clearly demonstrates that positron

accumulation and confinement are dependent on both Vh and Vl,

which points out a significant fault in tﬁe ideal TOF model. The model
assumes that the injection barrier is spatially and temporally sharp.
Ideally, poéitrons that leave the remoderator foil have exactly the
energy of the foil at the time of emission, and later reflections from
the foil barrier are elastic. In practice, the foil potential extends into
the trap and influences particle motion for at least one electrode

diameter, 2 c¢m in this device. A 10 eV positron travels less than
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2 cm in 10 ns. When the foil barrier is lowered for only 20-30 ns, a
substantial portion of the injected positron pulse remains close
enough to the barrier to get accelerated when the barrier switches to

Vh. Similarly, accumulated positrons that come close to escaping

when the trap is open gain energy when the trap closes. The

increased energy decreases TOF efficiency by reducing tf, and

decreases confinement by heating positrons above the Ps formation
threshold. Positrons can even be accelerated above the barrier

potentials through repeated interactions with the foil.

The complementary interaction, in which particles are decelerated
when the foil potential is lowered, also occurs. Faster particles have
less interaction time with the barrier, so statistically the net effect
will always be heating, even without considering the enhanced loss

rates of high-energy positrons.

The significance of the heating has been demonstrated with pulsed
electrons. A 30 ns pulse is applied to the bias of the electron gun to

simulate the positron beam. The remoderator foil is moved slightly
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Figure 3.6 Single-pulse electron heating. Integrated longitudinal energy
distribution of pulse with foil grounded (¢) and Vy=-20 V (x). Lines simply
connect the data points. Errors bars are about the size of the symbols.

off-axis, so the electrons pass through the supporting high-
transmission mesh, but can still be captured by biasing the foil.
Voltage is applied to a 6 cm electrode downstream to analyze the
longitudinal energy distribution of the pulses. Fig. 3.6 compares the
distribution of the unmodified pulse to that produced with the foil

pulsing,V,=-20 V, V=0, and At=50 ns. The timing delay between the

gun and foil pulses is set for maximum transmission with the trap
grounded, in accordance with the procedure used in positron

injection.



81
The unmodified electron pulse has a peak energy slightly less than
2 eV, and is completely blocked by a 3 V barrier.With the foil
pulsing, the peak of the distribution is not significantly changed, but
a substantial high-energy tail is produced. Nearly 10% of the

transmitted pulse is accelerated above 6 eV in a single pass.

Other potential sources of heating have also been investigated. The
linac generates considerable rf noise, and the power supplies that
maintain the trap potentials are also noise sources. To limit the effect
of the accelerator, the trap electronics control the trigger pulse to the
linac electron gun. After accumulation, linac injection is turned off,
eliminating the large voltage pulse resulting from electron impact on
the positron front end. This does not have a significant impact on
confinement. In addition, electron confinement does not change when
the linac is in operation, suggesting that electronic noise from the

linac power system is not a significant problem.

Noise from the trap voltage supplies can be filtered with passive RC
and inductive circuits, as well as active band-pass filters. None has a

significant impact on positron confinement. As will be discussed in
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Sec. 4.1.4, the addition of a filter on the dump electrode in electron
experiments is found to reduce the final electron temperature by
=100 K. Such low-power heating should have little effect on positron
confinement, but it would be a significant concern in the low-
temperature Bhabha scattering experiment. Noise from the linac
could also become an issue at that level, and could be a substantial

problem for any low-energy positron work.

Manipulation of the trapped positrons can also cause heating,
particularly in the case where the long positron cloud is compressed

into a shorter trap section. The compression increases the

temperature by the factorT /T o (L /L 2 [39]. This effect is analogous
P y ; ;

to injection heating, but the trapped particles sample the increasing
voltage in the compression region many times. The enhanced
positronium formation and the timing delays that must be included
to allow heated positrons to cool after compression are major

limitations in these experiments.



83

3.5 Low-Energy Injection into a Short Trap

One way to improve positron confinement is to accumulate into a
shorter segment. According to the empirical L? scaling, a 2 cm

electrode should improve confinement by a factor of 1000 over the
64 cm trap, assuming intéractions with residual gas are not a
significant factor in the cooled trap. Accumulation in 15 such
segments, with lifetimes better than 500 s, would satisfy the design

criteria for the Bhabha scattering interaction length.

Injection into a short trap is achieved by first accumulating in a
longer segment, then compressing the positrons into the short
segment. The potentials used in this cycle are shown in Fig. 3.7.

The rather unusual structure is driven by limitations of the original
trap assembly as well as heating concerns. The only useful 2 cm
electrode is near the middle of the trap, and a defective electrode

12 cm into the trap limits the useful compression region. The need to

minimze positron heating also limits the speed of voltage switching.
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Figure 3.7 Trapping cycle for accumulation into a 2 cm electrode: a)
accumulate 10 pulses; b) pinch; c¢) compress; d) accumulate.

Maintaining the 15 V barrier in the short trap at a constant voltage
leads to more efficient accumulation that switching the barreir
voltage, even though positrons must then scatter and cool in order to

accumulate in the short section.

The accumulation of positrons in the 2 cm segment is shown in

Fig. 3.8 for accelerator injection rates of 60, 120 and 240 Hz. In each
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Figure 3.8 Positron accumulation in a 2 cm segment. (0) 60 Hz; (¢) 120 Hz; (+)
240 Hz; (x) 240 Hz, with 0.1 s cooling delay after compression.

case, 10 pulses are accumulated prior to compression. The 120 Hz

accumulation rate of 8,100 e’/s, is not quite twice as fast as the

60 Hz rate of 5,400 e*/s. Increasing the repetition rate to 240 Hz

decreased the efficiency back to the 60 Hz rate. This is likely due to
the shorter accumulation time of only 42 ms, much shorter than the
cooling rate of 440 ms. Introducing a delay of 100 ms during the

compression phase to allow the positrons to cool into the 2 cm well

improves the accumulation to over 9,000 e*/s. While the

accumulation is inefficient, it is linear in time, indicating R »7 .
inf a
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Figure 3.9 Confinement of positrons in a 2 cm electrode. Solid line is a fit to
an exponential, t1=179+16 s.

The slow loss rate is confirmed by lifetime measurements, shown in

Fig. 3.9. The lifetime 1=179%16 s is still below the target of 300 s, but

would be sufficient for eventual Bhabha scattering experiments. The
dramatic improvement demonstrates that the losses in longer
electrodes at low temperature are due to trap effects rather than Ps
formation. Imaging of the small number of positrons with the MCP is
difficult, but the highest accumulation shows a central gaussian

distribution with r ~0.8 mm, and a long tail extending out to 3 mm.

The highest density achieved is estimated to be n=2x10"7 cm™3.
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b)

c)

Figure 3.10 Trapping cycle for passive accumulation into a
2 cm electrode: a) accumulate; b) hold; c¢) dump. Slope is
created with a resistor chain.

3.6 New Trapping Schemes

A number of attempts have been made to cool positrons into short
segments without the heating associated with compression. A resistor
chain can be used to generate a sloped potential, as shown in

Fig. 3.10. The well is ramped down over several seconds during the
accumulation phase. Ideally, positrons are captured in the long

region, then gradually cool into the deepest portion of the well. This
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scheme has not achieved significant accumulation. Without a neutral
gas to facilitate cooling, the timescale for scattering into the well
appears to be too long; however, the performance is sensitive to the
details of the trap voltage, ramp rate, and shape of the slope. It is
possible that a useful solution for accumulating a high density of
particles could be developed from this technique. For the Bhabha
experiment, one short electrode does not provide enough interaction

length.

In order to maximize the use of short trap segments, the trap has
been reconstructed using 2 cm segments for accumulation,
alternating with 4 cm barrier electrodes. The goal is to accumulate a
series of short, long-lived links of positrons, using a crenelated
potential, as shown in Fig. 3.11. Given the poor lifetime in long
segments, this is the only configuration for accumulating a large
number of positrons at high density with this trap. The long length is
available for TOF capture of the beam, and the use of multiple
segments should reduce the heating associated with length
compression. The trapping cycle is similar to Fig. 3.7, with the

electrodes immediately after the remoderator foil used to slowly
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Figure 3.11 Crenelated potential structure for long-lifetime
positron accumulation.

pinch off the positron cloud with a 50 V barrier during manipulation

of the internal trap potentials.

Two schemes for accumulating into the short wells have been
attempted, with limited success. First, the potential of the 2 cm wells
is ramped down slowly through several accumulate-and-hold cycles.
There is little or no accumulation into the wells in this case, though
once again the full combinations of ramp rate and well depth have
not been explored systematically. In the second system, the 4 cm
electrodes are raised during the cooling period, cutting the positron
cloud into short segments. The barriers are then returned to the 1 V

level for the next accumulation phase.

Accumulation . and lifetimes are difficult to measure in this system,

due to problems in emptying the trap when the positrons are cold.
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When the potential of the 2 cm electrodes is raised to eject the
positrons, the crenelated structure is inverted, with 4 cm wells and
2 cm barriers. Voltage differences of tens of millivolts between
barrier segments can reflect and trap the cold positrons. Connecting
the 2 cm wells with a resistor chain plioduces wells of varying depth,
and the time delays in dumping the wells spread the charge signal

out over several microseconds.

Qualitatively, the best accumulation and confinement occurs with

V=10 V, without spatial or temporal ramping, and the timing as

follows: 1) accumulate 20 pulses, full length; 2) segment the trap by
raising 4 cm electrodes to 40 V for 400 ms; 3) drop 4 cm potential

and hold for 100 ms before accumulating again. This allows the
accumulation of approximately 108 positrons in 20-30 s, with

lifetimes similar to that.of the single 2 cm electrode. The linac is

operated at Rinj=120 Hz, and no study has been made with higher

injection rates. Improvement is likely to be marginal, since the
timing is dominated by delays for radiative and collisional cooling of

the positrons. Faster switching of the 4 cm potentials dramatically
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reduces accumulation in the 2 cm wells.

3.7 Positron summary

The basic physics issues associated with positron TOF accurﬁulation
and confinement are fairly well established. The problem of loss by
enhanced Ps formation is unique to positrons, and was not
considered in the original Bhabha experiment design. Cryogenic
cooling of the trap and careful consideration of the injection timing
can in principle minimize this loss mechanism. The real challenge to
accumulation is the unexpectedly poor confinement properties of the
trap even in the absence of Ps losses. This can be partially overcome
by taking advantage of the good confinement in short traps, but the
heating associated with compression can once again cause Ps losses.
More important for the Bhabha scattering experiment, the time
delays associated with trap manipulation lead to an unacceptable
decrease in the accumulation efficiency. The cause of the poor trap
performance has been explored using electrons, and will be discussed

in Chapt. 4.
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4 Electron Confinement

The good confinement of positrons in a 2 cm electrode clearly
demonstrates that positron confinement is not limited by interactions
with residual gas. The poor confinement in longer electrodes is a
consequence of more general trap properties. A systematic study of
the scaling laws of this trap has been performed for comparison to
similar traps, which are discussed in Chapter 1 and Appendix A. The
confinement scalings with length, magnetic field, and density are
found to differ substantially from the predicted behavior. In
addition, there is a clear lifetime dependence on the radius of the
plasma. Previous devices on which systematic confinement studies
were done had only a factor of two difference between plasma and

electrode radius, making it difficult to study a large range of radii.

Table 4.1 lists the parameter range of the electron plasmas studied in
this device. For simplicity, “plasma” will be used to refer to the
trapped electrons even though the term is not always strictly

accurate. In many cases /IDer, particularly for small B, when
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Min. Max. Typ. Units
Mag. Field B 500 6x104 3x104 G
Cyclotron 9 12 11 -
Freq. Q 9%x10 1x10 5x10 rad s-!
Density n 106 109 108 cm-3
Plasma Freq. o, 6x107 2x109 4x108 rad s-!
Temperature T 2x10-2 5 8x10-2 eV
Thermal 6 7 R
velocity Vin 6x10 9%x10 107 cm s!
Debye Length Ap 3x10-3 1.7 2x10-2 cm
Cycl - - -
A p  6x10°6 1x10-2  2x10-5 cm
Collision Freq. Vee 5 7x106 104 s-1
Electrode
Length L, 2 52 6,18 cm
Plasma Radius I 10-2 10-1 1.5x10-2 cm

Table 4.1 Summary of trap parameters.

cyclotron cooling is negligible. In all but the shortest electrodes, ).D<L,

resulting in an unusual one-dimensional shielding.
4.1 Data Collection and Analysis

4.1.1 Trap Operation

Electrons are injected into the trap from a continuous beam, as
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described in Sec. 2.7.1. During injection, the cathode is biased —10 V.
The density of the plasma is adjusted by varying the heating power
to the cathode or by “staci(ing.” Stacking involves multiple injection
cycles, analogous to the accumulate-and-compress cycle described
for positrons in Sec. 3.5. Stacking can also result in increased radius,
limiting its use for density studies, but it is used for studies of the

effect of plasma radius on the confinement in Sec. 4.6.

The trap end electrodes are biased -35 V. The trapping region is
maintained at -1.5 V. The effective barrier potential is somewhat low
relative to the initial electron temperature of about 5 eV, which can
result in the loss of a few percent of the plasma to evaporation
immediately after injection. Larger barrier potentials result in fringe
fields in 2 cm traps that reflect the elecfrons, making injection
impossible without also increasing the gun potential. For consistency,

gun and trap potentials are the same at all lengths.

4.1.2 Length Calculations
As discussed in Sec. 2.5.1, the imaging system provides only the

radial profile of the plasma f(r) and the total charge N. The actual
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length must be calculated from the data, the known trap
configuration, and the plasma temperature. This is done numerically

by self-consistently solving Poisson’s equation,

2

0
20= nrzT @),
0z

1 3 0¢
Tarart

with the constraints,

| [n(rz)dz r dr=N,
-0 0

and

N’ } n(r,z) dz= fir).

Performing this calculation for every data point in over one hundred
lifetime studies is impractical, so instead the length is calculated by
three-dimensional interpolation over a tabulated set of solutions

L(T,N,rp). Fig. 4.1 shows a calculation of L(7,N) for a gaussian radial

profile rp=0.01 cm in a 4 cm electrode [40].

The radial profile is assumed to be a gaussian, parameterized only by

n, and T Fig. 4.2 shows an actual radial profile and the gaussian fit.
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Figure 4.1 Calculation of plasma length as a function of temperature and

electron number. L,=4 cm, r,=0.01 cm.
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The roughly 5% disagreement in central density n_between the data

and the fit is representative of the worst disparities seen in the data,

and occurs in only a few percent of the studies. The 1/e radius is in

1 ~al 2 am g £ orvan s AT n»
general still in good agreement, and the le

relatively insensitive to small variations in radial profile.

It should be noted that, although the observed radial profile does not
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Figure 4.2 Radial electron density profile. B=2 kG, L,=18 cm, N = 2x106,
t = 140 ms. Curve is a gaussian fit, n,=74.1%7, rp = 0.391+4 mm. This is
representative of the most significant deviations from a gaussian profile.

The general thermal equilibrium distribution is [41],
n{r)=neexp|(e/kT) p(r) - or”],
where o is an arbitrary constant set by the initial angular

momentum and energy of the system. In cases where the space
charge potential is small, the equilibrium distribution would be
similar to what is observed. Also, the bounce-averaged vacuum
potential from electrode fringe fields increases quadratically with
radius, producing a linearly-increasing field that mimics a uniform

density distribution. When these external fields dominate ¢@(r), they
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drive a constant-frequency equilibrium ExB rotation regardless of

the actual distribution.

4.1.3 Temperature

The measurement of axial plasma temperature is performed as
discussed in Sec. 2.5.4, but it is impractical to measure the
temperature for every lifetime case. The temperature is assumed to

follow the cyclotron cooling rate,

dT__ T (hQ 22
P W i

where

9mc®  4x10°
Tr = 2 = 2 S
822 B

is the radiation time for a single electron in free space, and

exp (y)—exp(x)
R(xy)=x [exp(y)—yl][exp(X)-l]

is the correction factor for finite wall temperature T and quantum
effects [36]. Pex is an experimentally determined heating power, e.g.

from electronic noise on the confining electrodes. This theory
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assumes the radial and axial motion is in equilibrium, and does not
take into account plasma opacity or waveguide effects. For example,
the cyclotron radiation is below the cutoff frequency for a 1 cm

radius waveguide when B<3.1 kG.

Figure 4.3 shows the early temperature evolution at B=3O kG. The
cooling matches the predicted rate quite well. The cooling at B=60 kG
is shown in Fig. 4.4. The rapid cooling time of 79 ms, instead of the
predicted 110 ms, would be expected in a 70 kG field. The magnitude
of the error is similar to UCSD measurements at 60 kG, but in the

- opposite direction. Noise and other effects would be expected to
increase the cooling time. Background gas pressure or the collision
cross section would have to be increased by 2-3 orders of magnitude
to cause such rapid cooling, and the electrons are below the energy

thresholds for most such interactions.

One possible explanation is resonant cooling. According to O’Neil [42],
a collection of electrons radiating in a cavity can experience
enhanced cooling if the cyclotron frequency is resonant with a cavity

mode. The enhancement is maximized when the spread in cyclotron



100

T (eV)

0.1 I ] L | ]
0 0.2 0.4 0.6 0.8 1 1.2

Hold Time (s)

Figure 4.3 Cyclotron cooling at B=30 kG. Curve is the predicted cooling rate,
1=0.43. The cathode is biased to -40 V.
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Figure 4.4 Cyclotrdn cooling in 60 kG field. Solid curve is an exponential fit
to the section t<0.4 s, and gives a radiation time t,=79+2 ms. Dashed curve is the

prediction with heating power P.x=0.1 eV/s. Cathode is biased to -10 V.
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frequency AQ is comparable in magnitude to the linewidth of the

resonance I and the damping rate in the plasma Y, at which point

the enhancement approaches the Q of the resonance, which can be

large. The longitudinal field variation in this device results in

AQ<1073Q. A gold or copper cavity has r=10"Q, so the AQ =TI criterion

is satisfied for all B. The enhancement is far from maximized,

because vp (2)= f(.Q)a)p2 is several orders of magnitude larger than the

other parameters, even at B=60 kG. The function f(Q) is the

normalized distribution of cyclotron frequencies in the plasma,

weighted by the relative field strength. The relationship AQ=I« v,

could explain why we see a slight enhancement only at the highest
field strength. This assumes that a resonance exists, and the present
assembly is more appropriately described as a waveguide, with a

continunum of normal modes, rather than a resonant cavity.

The low-temperature measurements shown are made with a resistor
placed in series with the dump power supply. In combination with

the cable capacitance this acts as a low-pass filter. With the resistor
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removed, as is necessary for rapid voltage switching, the
temperature levels off near 0.03 eV instead of 0.02 eV, an increase

in Pex of nearly a factor of 2. This suggests that a second resistor in

series with the injection supply should eliminate much of the
remaining noise if colder temperatures are required. Relays could be

used to short out the filters during voltage switching.

4.1.4 Density Measurement

The peak density is determined from the radial profile and total
charge signal from the MCP, in combination with the calculated
length. Because of the dependence of length on the temperature,
there is the potential for systematic errors based on the assumed

value of P and the actual initial energy. The error is at most a few .

percent in the longer electrodes because the cooling contraction

AL/L 0«1, and this is a small error in the calculation of AL. In short

electrodes (L o<8 cm) the errors may be over 10%.

As discussed in Sec. 2.5.3, the frequency of the diocotron mode is a

commonly-used calibration of the total density. Two significant
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problems arise in the use of this technique when the plasma radius is
small. First, the perturbation expansion used by Prasad and O’Neil
[43] to correct for finite-length effects breaks down. The first-order

correction,

r r
o =1{ (0 -a") 2.

becomes large relative to the zero-order term when

as is the case in our device.

The second and more significant weakness in the classic diocotron
calculation is that it ignores the effect of the end potentials. The
barriers are assumed to be sharp and infinite, determining only the
length of the plasma. In practice, there are substantial radial electric
fields present in the fringe-field region near the barrier electrodes.

Because docN/L, these external fields will dominate the field caused
by even a high-density off-axis plasma if r, and therefore N, is

small. In this case, the orbiting motion is more properly attributed to
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Figure 4.5 Measured “diocotron” frequency vs. electrode length. The total
charge (¢) increases linearly, but v, () varies like L-1, as expected for
magnetron drift (+). Measured n=3.5x107 cm-3, rp=0.1 mm, implies v4=1.68 Hz.

magnetron drift, rather than a diocotron mode.

Fig. 4.5 compares the measured “diocotron” frequency to the

expected magnetron drift for a range of L. The drift rate is

calculated for a particle with W”=3.75 eV (5 eV, 30° pitch angle),

using the single-particle ray tracing calculations discussed in

Appendix C. The small discrepancies can be attributed to the

difference between the actual and assumed values of W“. Lower
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energy particles penetrate less deeply into the fringe fields,

experiencing a lower bounce-averaged E. Note that the measured
orbit frequencies would correspond to n=3x10° cm™ when rp=0.l cm,

the largest electron radius studied and the target radius of the

positron plasma. Calibration of the charge collection in this case

indicates n=3.5x107 cm™. Clearly, the diocotron motion cannot be

used as a density diagnostic for these plasmas.

4.1.5 Lifetime Calculation
The standard parameter for characterizing the confinement of
nonneutral plasmas is the “mobility” time: the time required for the

central density to fall to one-half of its initial value, T, [44]. This

allows a general comparison of confinement across a wide range of
parameters when the details of the evolution can vary significantly.
In the following studies, the data is first analyzed by this technique

for direct comparison to previous work.

In addition, a method has been developed to characterize the

instantaneous evolution of the plasma. Assuming thermal
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Figure 4.6 Comparison of plasma evolution in 2 cm electrodes. The evolution
is qualitatively similar, but the half-life T, changes from 5 s (+) to 940 s ().

equilibrium, a plasma of given temperature, density, and radius
should have a characteristic evolution independent of its prior
history. Fig. 4.6 compares the evolution of two plasmas confined in
different 2 cm electrodes. The initial density in the two cases varies

by less than a factor of 2 while 7 changes drastically, from 5 s for

the high density case to 940 s at lower density. Even ignoring the

first data point as a nonequilibrium state, T =290 s vs. 1300 s. The

density ratio at 0.5 s is 1.25, while the lifetime ratio is 4.5.

Qualitatively, the two evolutions are clearly similar, and once the
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densities are matched further evolution is identical.

The addition of cyclotron cooling also adds a significant time-
dependent factor to the plasma evolution. Both the temperature and
the length of the plasma change as it cools. In the shortest electrodes
at low density, the length ca.n change by a factor of 4 in the first
second of the confinement period. It is therefore reasonable to use an

alternative to the time-independent parameter 7 .

In this study, the time-dependent evolution is characterized by the

instantaneous exponential lifetime,

—afdY
T=-n|7r| -

If the decay rate is proportional to the density, then the evolution

will be an exponential and 7, will be constant during the evolution,
with a value 'rl.='rm/ln(2). If, as predicted by the UCSD experiments,
the lifetime improves as density declines, then T, should increase as a

function of time, and the evolution curve plotted on a semi-

logarithmic scale will be concave upward. Fig. 4.7 shows examples of
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both of these cases, as well as a situation in which the confinement

apparently degrades with time.

The challenge in this analysis is the accurate calculation of the
instantaneous slope. Fitting the entire curve is difficult given the
variety of shapes found in different parameter regimes. Forward
differencing of the raw data results in considerable scatter. Instead,
the data is smoothed by fitting short segments to an exponential. One
advantage of this technique is that the fit provides a direct value and

error estimate for 7. Fig. 4.8 shows 7, as calculated using 3 and 5

points for the plasma evolution of Fig. 4.7a. The three-point

technique shows greater scatter, but the five-point technique misses
rapid changes. In general, the five-point lifetime was found sufficient
to capture the dynamics of the evolution, except in those cases where

the number of data points was <10.
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Figure 4.8 Instantaneous lifetime calculation. An exponential is fit to every
a) 3 or b) 5 points. Five-point fit appears to capture the dynamics with less
scatter.
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4.2 Half-Life Analysis

4.2.1 Length

The predicted length dependence according to the empirical scaling is

TmocL_z. Fig. 4.9 shows T asa function of length at B=3 T,

-0.6410.03

n=1x10% cm™. A fit to a power law gives rmocL . By inspection,

there is little apparent dependence on length above 8 cm, while

below that point the dependence becomes very strong. Adjusting the
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weighting in the fit to emphasize the short lengths gives meL-5.811.3-

As in previous studies, there is considerable reproducible scatter in
the lifetimes in different short electrodes. This can be accounted for
by variations in the alignment. It has been shown [35] that alignment

differences as small as 10" radians can have a significant impact on

the evolution. For a 6 cm electrode, this corresponds to a

displacement of one end by only 6 pm, well within the mechanical

tolerance of the trap design.

Even with this scatter, the differences between the current data and
the expected values are marked. Based on the scaling laws used to
design this device, the lifetime would be expected to change by more
than a factor of 4 between the 24 cm and 52 cm electrodes, and no

significant change is seen.

4.2.2 Magnetic Field
As with length, the magnetic field dependence of the confinement

was found to be less significant than predicted. Fig. 4.10 shows the
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Figure 4.10 Evolution of electron density for B = 2-50 kG. At short times, the
low-field plasmas evolve much more rapidly, but the long-time evolution is
remarkably similar at all fields.

density evolution as a function of time for B=2-50 kG, L,=18 cm, and
0=108 cm™. Fig. 4.11 shows the corresponding T Vs B. The strong

dependence for B<2 kG is in rough agreement with the prediction, but
at higher fields the improvement is much less than expected. If one

measures 7 beginning at ¢=0.1 s, there is no field dependence at all.

This latter comparison is a bit misleading, since differences in early

evolution lead to a different “initial” density; however, the
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Figure 4.11 Magnetic field dependence of 1., as measured from t=1 ms (¢)
and t=0.1 s (A). Ly=18 cm. ng~ 6x108, decreasing to about 1x108 below 5 kG.

instantaneous lifetime data discussed below does clearly
demonstrate that plasmas with widely varying lengths and magnetic

fields all evolve to states with very similar lifetimes.

4.2.3 Density

The most striking disagreement between the present study and
previous work is in the confinement dependence on density. For the
parameter range of this device, the denmsity scaling differs
qualitatively from the expected behavior. Instead of changing

inversely with the density, in most cases the lifetime improves as the
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density increases. Figs. 4.12 and 4.13 show the effect of density on 7
at B=30 kG in 6, 18 and 24 cm electrodes. At low densities, T

increases rapidly, then levels off and decreases at high density. The

difference in 7 in the two long electrodes at higher density,

suggesting a reactivation of the length dependence, vappears to be an
artifact of the variations in the shape of the evolution. No length
dependence is observed in the long electrodes. At B=540 G,
comparable to the field strength in UCSD work, the inverse-density

relationship is seen (Fig. 4.14), although it slower than the predicted

1-2
T o<l/n ~.
m

4.2.4 Radius
The study of radial dependence is possible in this device because of

the large range of radii available. In most nonneutral devices, R/rpz2,
while in this case R/rp=10—100, giving a much greater dynamic

range.
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Figure 4.13 Density dependence of the half-life in 18 cm(¢ ) and 24 cm($)
electrodes. B= 30 kG, rp= 0.1+0.01 mm.
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Fig. 4.15 shows the improved confinement with increased initial

radius, L0=18 cm, B=30 kG. The strong radial dependence rmo<:rp1'7ﬂ)'2

is inconsistent with bounce resonance theory. The rotation frequency
is nominally dependent only on the central density. The gaussian
profile of these plasmas does introduce shear in the rotational
motion, but this does not explain the observations. Larger radius
plasmas have a broader range of rotational frequencies, and thus a
higher probability that some portion of the charge distribution is

resonant with a field error. Larger plasmas should experience
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enhanced transport, while the opposite effect is observed.

4.2.5 Comparison to (B/L)2 and Bounce-Resonance Theory

Fig. 4.16a summarizes all the half-lifetimes measured on this device,

plotting T Vs L/B, and comparing to the confinement scaling

exptrapolated from the UCSD devices V' and EV. Given the large
differences in density and temperature between this device and the
previous studies, the disparities are not surprising. Data from the

UCSD high-field cryogenic device CV, shown in Fig. 4.16b, shows
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similar scatter [45]. Fig. 4.17a shows T VS. wp/a)b, the critical

parameter in the bounce-resonance theory. (See Sec. 1.3 and
Appendix A.) Fig. 4.17b shows the comparable data for CV. The

bounce frequency w, is somewhat difficult to characterize for large B,

b

because of the time-dependence of the temperature, and this could
in principle account for some of the disparity. In CV, plasma
temperature is held constant by controlled oscillation of the confining
voltages. The CV data are in better agreement with the bounce-

resonance scalings.

Analysis of LLNL data using the instantaneous lifetime 7., shown in

Fig. 4.18, provides no better agreement with the predictions, even
though it accounts for changes in temperature. The scatter is

enormous, indicating that the compound parameters ®, and @ are

b

not meaningful for characterizing the confinement of this device. The
next section will demonstrate that there are some clear systematic
trends hidden in the apparent scatter of Fig. 4.18 that may explain

the difference between the LLNL and CV data in Fig. 4.17.




a) 104 T T T T T T TT R TT T T L e
(o]
10° OO zo
o 800
P (@]
& o
e 10° 08@0 %0 4 ®
- °o "B S
102
10-4 ool L] Ll Loy sl L1 ov gty
10"  10°® 102 10" 10° 10
mr/(ob
b) 104 T T T T T
O
10? o 20
o 800
— (@]
&N
T 10°F 08,° %
. o "8 S
1072
10-4 ot vl 11 el Ll Ll T A AT
10  10®% 102 10" 10° 10
o /o
r b

121

Figure 4.18 Comparison to UCSD bounce-resonance scaling, for LLNL (a) and
UCSD CV (b) data. (b reproduced from Ref. 45, Fig. 3.6, with permission of the

author.)
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4.3 Dynamic Evolution Analysis

The use of the instantaneous lifetime 7, allows study of the dynamics

of the plasma evolution. As discussed previously, the plasma

evolution can be characterized by the relationship Tiocna. The three

regimes represent a<0, a=0, and o>0. In a given evolution, these

represent 7 improving with time, constant, and degrading with time,

respectively. The transition from one regime to another is
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demonstrated clearly in Fig. 4.19, showing T,Vs. n for all the data sets
in L =6 c¢m, B=30 kG. In this and the following figures, a single

plasma evolution is traced moving from right to left, in the direction
of decreasing n. Error bars are shown only if they are significantly

larger than the plét character.

This plot provides significant insight into the importance of density
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in the high-field data. All electrodes L > 2 cm.display a similar
transition from an a>0 regime to a=0 when n 0z108 cm’>. This is a

significant initial density range because ).D/rpzl, where plasma

shielding of external fields becomes an issue. Since r , ADccn'I/2 for
p .

constant N, the shielding ratio remains constant throughout the

plasma evolution, as does T,

Fig. 4.20 shows the lifetime improvement in an 18 cm electrode as

the radius is increased at constant density. The increase in r

improves the relative effectiveness of the shielding. Initially, when

density is high and the radius is small, the radial dependence is in
good agreement with the = r? dependence seen in the half-life data.

At later times, (lower density, larger radius) the shape of the curve
remains qualitatively similar, but the dependence steepens. This is
perhaps due to a slight “dispersion” in the lifetimes. The lifetimes of
the smallest plasmas decrease significantly, while the lifetimes of the

larger, better-shielded plasmas remain roughly constant or even
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improve. Given the large error bars in the lifetime fit at short times,

it is difficult to draw solid conclusions.

The extremely high-density evolution seen in Fig. 4.19 is one of the
few cases in this study where the captured electrons form a true

three-dimensional plasma. It is also the case that falls closest to the
V’ lifetime curve, both qualitatively and quantitatively. The plasma
is at a much higher density than the V’ plasmas, but because of the

smaller r, the two systems have equivalent values of AD/rpsO.l.



126

T I"I_T'llrrli j—l|llll|' T I_Ilflrrr T I]lllrl'T 1] T rrr
10°
O 1
~ 10
E
o
s}
107"
10-3 5 IAI;IILL]II6 ] llll]J|l7 1 IILJ_LIIIBI lllll]IIglngll_Lll
10 10 10 10 10 10'°

Density (cm‘s)

Figure 4.21 Slowly decreasing lifetime during evolution, L¢212 cm, B=30 kG,
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More difficult to understand is the low-density evolution. Fig. 4.21

plots all the data sets for L0212, B=30 kG, and n<3x10® cm™. The slow

proportionality between density and lifetime appears largely

independent of both L and T, This is consistent with the length

independence seen for long electrodes in the half-life analysis (Fig.
4.9). Fig. 4.22 shows that, as B is decreased, the early evolution

changes dramatically. The lifétime initially increases rapidly before
stabilizing. This change occurs in the region where cyclotron cooling

ceases to be significant on the confinement timescale, and so may be
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Figure 4.22 Transition from high-field to low-field evolution, Lp=18 cm. All
series evolve to a very similar final T;.

a temperature-related phenomenon. It also falls in the regime where

the cyclotron orbit is becoming significant and initially p/rp —1. The

cyclotron radius itself is temperature dependent, so it is difficult to

decouple the various effects in this region.

The most interesting feature in both Figs. 4.21 and 4.22 is the fact

that all the plasmas evolve toward a lifetime 1.0<ri<0.1. This final

state shows no systematic dependence on T, 7, Or B. Longer

electrodes at low B evolve to the same range, so there is once again
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no dependence on L in the long plasmas. The important factor in

defining this regime may be the electron-electron collision time,

v,=3lnAs"[ z )( 4 ]—3/2.

10%cm™ J\ 1eV

3

The Coulomb logarithm InA=15-20. When n=10°% cm™, verizl, at which

point the system is effectively collisionless. The approach to 7.=0.1

then represents the move toward single-particle confinement.

The remaining mystery comes from the robust value of T, in this

limit. Single-particle transport across magnetic field lines is
nominally a simple matter, and routinely calculated for given electric
and magnetic field errors; however, all of these mechanisms are
strongly dependent on the magnetic field strength, and often on the

temperature as well (see Appendix A).

A clue to the process may be found in low-field evolution in short

electrodes, shown in Figs. 4.23 and 4.24. The rapid increase in T, is

similar to the early evolution in longer electrodes; but the
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“saturation” mechanism that halts the improvement is apparently
absent. As discussed in reference to the diocotron measurements, the
electrodes produce significant radial electric fields throughout the
short trap, while longer traps have a significant field-free drift
region. The potentials in the shortest traps approximate those in the
traditional hyperbolic-electrode Penning traps used to confine

individual particles for long periods.

The radial fields can stabilize drifts associated with field errors (see
Appendix C). The difficulty with this explanation is that even the low
bounce-averaged radial electric fields in long electrodes are large
enough, in the single-particle calculation, to stabilize significant DC
errors, €.g. 10 mV/cm stray electric fields and magnetic field
curvature of radius 10 m. Perhaps the losses are caused by noise or

other time-dependent variations.

In summary, the electron confinement appears to be characterized
by three regimes. The high-density “true plasma” regime exhibits
confinement characteristics similar to that seen in previous non-

neutral plasma devices. As 7LD—->rp, the electrons enter a narrow,
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transitional “quasi-plasma” regime, in which the confinement ceases
to improve élS density is decreased. As the density approaches the
collision-free limit, confinement degrades from the transitional peak,
and approaches a fundamental limit =0.5 s that is insensitive to most
trap parameters. The one way to overcome this limit appears to be to
confine particles in a small electrode with a Penning potential

structure.
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5 Discussion

5.1 Conclusions

The confinement limitations of Penning-Malmberg traps,
demonstrated with electrons, have clear implications for future
positron work on this device. Successful TOF positron accumulation
will require substantial manipulation to transfer positrons from a
long capture section to short storage regions. In addition, the
manipulation must be done without heating the positrons above the
positronium formation threshold. The techniques discussed in

Chapter 3 are by no means exhaustive, but should serve as a starting
point. Once a density near 10® e*/cm® is accumulated, the length

requirement may be relaxed, allowing a second stage of more

efficient accumulation by collisional cooling.

The electron confinement studies answered the questions regarding
the positron losses, but left many more questions about the

fundamental limitations of Penning-Malmberg vtraps. The bounce-
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resonance model does not effectively characterize the behavior of
this system in any of its details. Since the model does not require any
collective interaction beyond collisions, it is not clear why plasma
shielding is required to see its effects. Additional theoretical work is
necessary to understand these results and develop a stronger
connection between the deconfinement candidates discussed in

Appendix A and their experimental manifestations.

5.2 Positron Improvements

Positron accumulation could be improved by modifications to the
vacuum system, the trap control system, the positron beam, and the
remoderator foil. The vacuum in the trap is difficult to characterize,
because of the failure of ion gauges in the high magnetic field.
Nonetheless, it is clear that the vacuum is significantly degraded,
perhaps by an order of magnitude, when the trap is open to the
positron beamline. The situation is made worse by the fact that the
cold copper bore is the dominant pumping .region. Cooled baffles
mounted in the stainless-steel transition region between the copper

bore and the room-temperature region would significantly reduce



134
positronium formation. Such baffles were designed for operation of
the trap at LHe temperature to minimize radiative heating, but could

also serve as a differential pumping stage at LN2 temperatures.

Reducing positronium losses would allow the use of larger trap

potentials and faster switching.

The trap manipulations required to maneuver the positrons after
capture may require an improved control system. The present
system is only able to switch potentials between two levels, with
variable slew rates. This was a significant limitation for the
crenelated potential schemes, because the periodic wells could not be
completely eliminated when dumping cold positrons from the trap.
In addition, the optimal trap configuration may change as the density
of accumulated positrons increases. More refined, multi-level control

would solve both of these problems.

The electron temperature measurements clearly demonstrate the
need for noise filters on the power supplies for any low-temperature
experiments. Relays will be required to short out the filters during

voltage switching. This is particularly important for Bhabha
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scattering, because of the significant electron beam heating and the

necessary precision in the collision energy.

The positron beam from the linac is the brightest source available,
but in principle it could also be improved. No systematic study of the
positron production mechanism has been performed. For its original
purpose as a materials science probe, the existing beam is already
too intense and must be attenuated. Simple modifications made
during these trapping experiments have doubled the production
efficiency, and additional increa(ses of similar magnitude are almost

certainly possible.

The most significant increases in initial positron capture efficiency
may come from the remoderator. The foil could be annealed in situ
by an electron beam or insertable filament. Annealing increases the
positron diffusion length in the foil by removing crystal defects and
evaporates surface contaminants that can interfere with positron
emission. Moderation efficiency can increase by as much as a factor

of 4.
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Moving the remoderator to the downstream end of the trap may also
be useful. Reflection moderation is more efficient than the
transmission configuration now in use. Placing the moderator
between the trap and the imaging diagnostics presents its own
logistical problems, but given the large benefits associated with
quickly accumulating a large density, the possibility deserves further

study.

The most promising prospect for improving confinement is the
“rotating-wall” technique developed for ion trapping [46]. A
multiply-segmented electrode can be used to drive an azimuthal
wave in the plasma. If the frequency of the rotating wave is slightly

faster than the natural ExB rotation of the charge, the wave will

accelerate the rotation and compress the plasma. This has been used
to increase the density of an ion plasma to 10% of the Brillouin
density, the theoretical maximum density achievable in a given

magnetic field.

" Among the more esoteric possibilities for increasing accumulation is

the use of chaotic scattering [47,48]. Non-adiabatic electric field
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gradients have been found to produce dramatic coupling between the
transverse and longitudinal motion of reflected positrons, allowing
significant accumulation even in a static trap configuration. The
challenge in applying this technique is the generation of significant
field gradients on the micron spatial scale of cyclotron motion. The
phenomenon was studied in B<100 G, with high-transmission grids at

V=500 V as barriers.

In principle, the chaotic reflection point could be placed in the
kiligauss fringe field at the downstream end of the magnet, for
capture of a high-velocity beam. Static field accumulation may even
occur in the fringe region as scattered particles are mirrored by the
high magnetic field. Cyclotron cooling would eventually allow the
slowed particles to re-enter the high field region. Since this system
could obviate the need for a remoderation foil, an efficiency of only
10-20% would still represent a significant improvement over the

existing system.
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5.3 Electron Improvements

As discussed in Sec. 2.3, the electron gun design was not optimized
for low-voltage beams. The earlier stitched spiral filament was found
to give very irregular injection due to uneven heating. Improving
both of these systems to provide two independent electron sources
would be useful for future work. For proper simulation of the
positron beam, an improved small-diameter gun in the fringe field is

still ideal.

For plasma experiments, a sturdy spiral filament should be placed in
the high field at the front end of the trap. The spiral filament is more
standard for non-neutral plasma experiments, and could be used to
generate true plasmas, with Debye shielding in all dimensions. The
larger number of particles would also make plasma waves easier to
produce and detect, which is a critical diagnostic for studying wave-
driven deconfinement mechanisms. In addition, the spiral could be
“tapped” at multiple points to allow generation of plasmas with
various radii. An insertion system that allowed independent

movement of both the filament and the moderator would be ideal,




139

allowing the filament to double as a foil annealing unit.

5.4 Future Experiments

The future for the Bhabha scattering experiment is unclear. Recent
heavy-ion experiments have cast doubt on the earlier observations
of anomalous positron-electron pair production [49]. There is still
considerable controversy surrounding the subject, and additional
heavy-ion experiments are necessary to decide the issues and justify
the considerable engineering work required to produce the high-
density positron plasma target. In order to perform the Bhabha
scattering experiment, the positrons must still occupy a long
interaction length, while remaining well-confined. The complex
manipulations required during accumulation will also reduce the
overall efficiency of the experiment by increasing the trap “dead”

time.

This unique apparatus can be useful in other positron and electron
studies. The interaction of positrons with gases in a high magnetic

field is of interest in astrophysics [50]. The unusual square-root
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relationship observed between the positron lifetime and the gas
pressure (Sec. 3.3) suggests that interesting physics is occurring. The
recombination rate of gases in a high field is also a subject of
theoretical interest [51]. At low energy, three-body interactions
dominate, but in high fields the closest approach may be
substantially larger than a cyclotron radius. Trapped particles then
interact two-dimensionally as rods of charge. A beam of low-energy
electrons prdpagating through a positron cloud would pr(;vide an
excellent probe of this process. The gamma radiation resulting from
positronium formation provides a straightforward measurement of

the recombination rate.

The availability of both positrons and electrons could allow studies of
positron-electron plasmas. Such plasmas are of great theoretical

interest [52,53,54]. Much of classical plasma physics assumes that the
electron mass is negligible relative to the ion mass. When the plasma
components are of equal mass, many classical phenomena disappear,
such as Faraday rotation of light polarization and the quasilinear

three-wave decay mode. Equal-mass ion plasmas have been formed,

and show evidence of strong turbulence, in which the wave energy
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density is much higher than the particle kinetic energy [55].There
are also analogues to systems such as electron-hole plasma modeling
of semiconductors, such as germanium [56]. The confinement of
neutral plasmas of course poses its own substantial challenges.
Experiments with positrons in this area have thus far focused on
beam-plasma interactions using trapped positrons and a low-energy

electron beam [57].

Clearly, the deconfinement mechanisms in Penning-Malmberg traps
are still poorly understood. The difficulties faced in the positron
work demohstrate the dangers associated with extrapolation from
empirical “laws.” The large parameter space accessible in this
apparatus makes it a powerful system for the testing of future

confinement theories.
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Appendix A Particle Deconfinement

A.1 Transport Theories

As discussed in Sec. 1.3, the basis of the confinement theory for
nonneutral plasmas is the conservation of angular momentum.
Transport leading to deconfinement results when angular momentum
is added to the plasma. Angular momentum can be added to the
plasma through single particle interactions as well as collective

plasma response. A simple theory of deconfinement due to collisions

with neutral particles suggests a lifetime that scales as 7 o lep,

where p is the background gas pressure [58]. This process is a single
particle phenomenon, and not dependent on any collective plasma

behavior.

Static field errors can drive basic single-particle drifts. Electric field

errors with an azimuthal component drive ExB drifts in the radial

direction. Curvature of the magnetic field causes VB drifts [59],
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2,1 2
vv=iv—'le‘f;zﬁ‘i‘ﬁ(nsxno),

where R B is the radius of curvature.

Field errors can also induce single-particle transport through bounce-

resonance [22]. Particles with a bounce frequency o, and rotation

frequency o satisfying the resonance condition ka)b+lwr=0, where k is

an integer and the field has a component of the form el

, will gain
angular momentum and move outward in radius. Interactions
between particles are required only to repopulate the resonant
region of phase space. Collective processes are ignored in this theory;
the dominant effect is the transfer of angular momentum to

incoherent particle motion. This theory suggests that confinement

lifetime should scale as 7= f(a)b/wr). The exact nature of the function

f0O is not known a priori from the theory.

It has been shown that static field errors can also enhance transport

through collective processes [60, 61]. Because the plasma is rotating,
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it can support a mode that has zero frequency in the laboratory
frame. This mode can be resonantly driven by static field
asymmetries. While a zero frequency mode cannot add energy to the
plasma, it does carry angular momentum, which can be transferred
to the plasma as a whole if the mode is Landau damped. In this

theory, the transport due to a magnetic field error, AP e(t)’ should

4/3

scale as IEBr/BOI , and should increase linearly with time until the

mode saturates.

The limitation of the linear theory is that a zero frequency mode is
not guaranteed for arbitrary plasma parameters. Nonlinear
treatment of the plasma allows enhanced transport through three-
wave interactions and beat-resonant coupling [62,63,64]. In the
three-wave instability, the static field can drive two daughter waves,
subject to the resonance condition,

@, +@,,=0.
The daughter waves have zero net energy but non-zero angular
momentum. Negative energy modes, like zero energy modes, are

allowed because the plasmd is rotating. The addition of a third mode
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in the nonlinear theory allows the process to occur in a broader

range of plasma parameters than the linear theory.

- Beat-resonant coupling, or induced scattering, is similar to the three-
wave instability except that one mode is replaced by resonant
particles. Particles resonate with the beat frequency of the static
perturbation and a plasma mode. In this case, the resonance
requirement is extremely loose. The only constraint is that a mode
frequency exists in the plasma such that some of the plasma particles
are capable of Landau damping the resulting beat wave. The weak
resonance constraint suggests that beat-resonant coupling is the most
generally applicable process; however, estimates of the instability
thresholds for laboratory conditions suggest that beat-resonant
coupling requires field errors as much as an order of magnitude

larger than the three-wave decay instability [64].

Recent transport studies have attempted to apply neoclassical
transport theory to these nonneutral systems [65,66,67]. Neoclassical

transport‘ applies in situations where p«A_, which is generally the

D’

case in these devices. Classical Boltzmann theory assumes that
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particle collisions are predominantly binary scattering with an

impact paramter b in the range bml_n<b<p, where bmin=e2/kT is the

distance of closest approach. The step size for diffusion is p, leading

to a diffusion coefficient Dclasszve p2, with the electron-electron

collision rate v, as discussed in Sec. 4.3,

. n T 7
v,=3InAs [ T0fem )[ 1 cV)

9

and the Coulomb logarithm for a magnetized plasma 1nA=1n(p/bmin).

In a highly-magnetized plasma, the dominant interaction is instead a

long-range ExB drift collision [65], with impact parameter in the

range p<b<i,. Trap particles with similar velocities can interact for

long times. Calculation of the diffusion coefficient requires integrals

over the paths of interacting particles, but is of order

DEszDclassln(A'D'/p )-

A first-order neoclassical calculation, integrating along unperturbed
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orbits, has been compared to test-particle transport in a nonneutral
ion plasma [67]. The measured transport is more than an order of
magnitude greater than the classical prediction, and only a factor of
three above the neoclassical result. There are considerable
uhcertainties in the neoclassical calculation depending on

assumptions about velocity scattering rates and the orbit integrals.

Because these collisions involve identical particles, they should
conserve éngular momentum, enhancing transport to thermal
equilibrium, but not producing any bulk deconfinement. The
increased diffusivity does impact the interaction of trapped particles
with both static field errors and collective waves, so further
theoretical work in this region may shed light on the deconfinement

mystery.

A.2 Electron Experiments

Most of the processes discussed in the previous section can be

induced and have been observed experimentally, but it is still
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unclear which is the dominant deconfinement mechanism when none
are intentionally driven. Studies of how electron plasma confinement
scales with various experimental parameters have been performed

at the University of California, San Diego and Berkeley.

In the San Diego devices, the electron plasina evolution follows the

neutral-particle collision theory quite well at pressures above
107 Torr [68], but the pressure scaling breaks down at lower

pressures [15], where the lifetime stops improving. The anomalous
loss does not appear to be an effect of a gas species with large
collision cross-section. Instead, the loss is attributed to one of the

field asymmetry mechanisms.

Confinement experiments with no applied perturbation find a

pressure-independent lifetime scaling of 7 o (L/B)? in the low

pressure regime [24]. Although the qualitative nature of the

transport varies in different parameter regimes, the basic scaling

holds roughly for lifetimes ranging from 3x107 to 10° seconds. As

shown in Fig. A.l, the scatter in the data is nearly an order of
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This space reserved
for UCSD
confinement plot.

Figure a.l1 UCSD confinement vs. L/B
and bounce-resonance ratio.
Reproduced from Ref. 69 with
permission of authors.

magnitude, due primarily to reproducible variability of the lifetime

in different electrodes of the same length.

The L2 length dependence can be obtained from the single particle

resonant transport theory discussed above. This treatment requires
ad hoc assumptions about the nature of static field errors, which

change for different ranges of B/L. The magnetic field dependence
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also arises from resonant transport, but B? scaling is a characteristic
of cross-field diffusion in general. Assuming the transport is due to

bounce resonance, the lifetime would scale as 7 o (cob/a)r)2=(B/nL)2 T

[36]. Additional experiments with high density plasmas in a
cryogenic device find fair agreement with the bounce-resonant
extrapolation from EV and V’ data, but no fundamental

understanding of the mechanism has been achieved [45,69].

The linear mode resonance has been observed by placing a
nonaxisymmetric perturbation with variable frequency on
confiﬁement electrodes [70]. It is easier to find the resonance using a
variable frequency perturbation than applying a static perturbation
and varying the plasma parameters. Transport is observed to

increase when normal modes of the plasma are resonantly excited.

Nonlinear enhancement of transport has also been observed, and is
attributed to beat-resonant coupling [70,71]. An applied perturbation
results in the growth of a single mode at a different frequency. The

instability occurs over a broad range of parameters, and enhances



151
the radial transport by over an order of magnitude. This last point is
significant because the excited mode is azimuthally symmetric and
cannot by itself cause radial particle transport. Thresholds and
growth rates are also consistent with the two-wave beat-resonant
theory. It is notable that this instability can be easily stabilized by
placing a resistance between a confining electrode and ground. This
enhances mode damping beyond that from wave-particle effects and

substantially reduces the radial transport.

Systematic studies of the confinement behavior have also been

performed at Berkeley [72]. Confinement in the Berkeley apparatus

- +
L 1.41£0.15 B2.19_0.03

scales as and , when no field perturbations are

applied. This is roughly consistent with the San Diego scaling, with
similar irregularities in the length data. Of particular note is the

dependence on background gas pressure. Over four decades in range,
the confinement time scales as p-o.s. This is unusual because it

suggests that the confinement is not linearly dependent on the

collision frequency. No explanation has been proposed.

When strong asymmetric electrostatic perturbations are applied in
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the Berkeley device, the confinement scaling with magnetic field

changes. The exponent of the magnetic field dependence is 0.45+0.06
for positive perturbations and 0.80+0.04 with negative applied

voltages. This is far from the expected value of 2 for diffusive

transport, and suggests that a collective process may be involved.

With an applied perturbation, no temperature dependence in the
lifetime is observed, in contrast to the San Diego findings. The

density dependence is coupled somewhat to the size and polarity of

the applied perturbation, but roughly follows 7 o n1-3%0-15 This does

not appear to be in agreement with the prediction of bounce-

resonance theory.

Overall, the confinement behavior in these devices, while fairly
systematic on individual machines, is not solidly reproducible
between devices. It is still unclear which of the proposed
deconfinement mechanisms, if any, dominates the transport in each
device. Without this understanding, it is difficult, if not impossible, to
predict with any certainty what the confinement of .a newly-

constructed device will be.
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Figure a.2 UCSD three-stage positron trap potential. Positrons
scatter from electronic level of Nj;in one pass (A). They scatter

from a vibrational level after =1 ms(B), and again after =20 ms (QC).

A.3 Positron Experiments

At UCSD, positrons are accumulated in a Penning-Malmberg trap
from a radioactive source [73]. The mechanism for accumulation is

scattering from N2. Fig. A.2 shows a schematic of the trap apparatus.

Positrons must make an inelastic collision in one pass through the
first trap region in order to be captured. Subsequent collisions cool
the positrons into deeper potential regions of the trap. Note that in
the final confinement region, L/D=1, so radial electric fields are large.

Positron confinement in this configuration is substantially shorter



154
thar} would be expected from electron studies. The anomalous
deconfinement is caused by enhanced annihilation with large organic
molecules, in particular vacuum pump oil [74]). The complex structure
of the molecules results in spatial regions where positrons can enter
a quasi-bound state, resulting in a large increase in the annihilation
cross section, and a rapid loss of positrons from the trap. The use of
cryopanels in the trap to eliminate the pump oil improves
confinement by several orders of magnitude [75]. Table A.l
summarizes and compares the three basic stages of the positron

trapping experiment.

UCSD1 UCSD II UCSD 11
Source (mCi)| 22Na (1) 22Na (88) 22Na (88)
N, ? 3.3x103 1.6x107
Pressure 5x10-6 5%x106 6x10-7/
(Torr) 7x10-10
L (cm) 2 2 5
I (cm) 2 2 2
B (G) 300 460 1400
Pumps Turbo Turbo + Turbo +
Cryo Cryo
Lifetime (s) 0.7 12 45 / 1700

Table a.2 Summary of positron trapping experiments
at U.C. San Diego.
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Attempts to capture positrons from an accelerator have also found
short lifetimes associated with poor vacuum [76,77]; however, in
those cases the confinement is consistent with known positrohium
formation cross sections. The difficulty arose because the positrons
were confined with energies greater than the =10 eV po;itronium
formation threshold. (See Appendix B.) Table A.2 summarizes the

three accelerator experiments - two at Ghent University, Gent,

Belgium, and one at the Electrotechnical Laboratory, Tsukuba, Japan.

Ghent 1 Ghent 1II ETL
N, 1.3x103 1.3x103 ?
Nominal p 8x10-7 8x10-9 >3.5x 10-8
(Torr)
Ly (m) 6 4.8 4
rp(cm) <1.5 <1.5 1
B (G) 100 100 100
Eq (Volts) 30 25 10
Measured 0.25 20 6.3
Lifetime (ms)
Calculated 0.24 26 9.5
Lifetime (ms)

Table a.3 Summary of positron trapping experiments
using an accelerator source. Calculated lifetime assumes
annihilation cross section ¢6=5x10-16 cm2.




156

Appendix B Positron Interactions with

Residual Gases

When positron energy is above the threshold E Ps for Ps formation

with residual gas electrons, the annihilation cross section increases

2

dramatically to 0>1071% cm?. A cross section of 5x107'% c¢m? results in

an annihilation time of only 100 ms for 10 eV positrons in a

10~ Torr vacuum.

Positronium has a binding energy half‘ that of hydrogen, so E,_is
6.8 eV below the ionization energy El. for a given molecule. The
energy range E PS<E<Ei is referred to as the Oré€ gap [78]. E Ps is only
5.5 eV for H20 [79], 7 eV for CO and CO2 [80], and 9 eV for H2 and N2

[81].

Positronium formation is in competition with electronic excitation

and dissociation of the molecule, which can cool positrons below E, .
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Collisional excitation results in an average positron energy loss of

about 9 eV for N2. This process has a threshold Eex=8 eV, and is more

efficient than positronium formation up to 11 eV. The energy range
in which the cooling is the dominant process is known as the
“trapping gap.” As discussed in Appendix A, this is utilized at UCSD in
the accumulation of positrons through scattering on a buffer gas [82].

The dissociation threshold for N, is relatively high, E =10 eV.

Measurements with an RGA indicate that in the present apparatus,

the dominant background gas at room temperature is H,, followed
by H2 O and CO. Cooling to 77 K greatly increases the relative
significance of H2. Since the RGA is in the room-temperature portion
of the chamber, it is assumed that H2 is even more dominant in the
trap itself. H, O is a significant scattering center at energies as low as
1 eV because of its small E & but the inelastic scattering probability
appears to diminish near E s’ leaving annihilation as the dominant

process [79]. Hydrogen is even more inconvenient, exhibiting a




158

reduction in inelastic scattering around E s’ and a large Eex=11 eV.

Positronium formation is a significant process at the energies used in
the present apparatus, and dominates the competing processes
around 10 eV. Impact ionization, another potential cooling
mechanism, begins to dominate over annihilation near 40 eV, the
energy at which scattering into the potential well appears significant

in the accumulation experiments.
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Appendix C Single-Particle Ray

Tracing

C.1 Numerical Calculations

Thg confinement studies presented in Chapter 4 demonstrate that
increasing the charge in a trap initially improves the trap’s
confinement properties. One possible explanation is that plasma
shielding protects the majority of the particles from external field
errors. Another factor that becomes significant as the charge
approaches plasma density is the space charge potential. As
discussed in Chapter 1, the electric field from the plasma itself

creates the ExB plasma rotation. The angular momentum associated

with this motion plays an important role in the basic confinement

theory.

The radial electric field seen by the trapped particles is also
increased in shorter lengths. The fact that both shorter length and

larger density lead to improved confinement suggests that the radial
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fields rather than plasma shielding may be the relevent factor.

The importance of radial fields can be seen in numerical ray-tracing
of the single-particle trajectory with applied field errors. The ray-
tracing code [83] uses an ideal solenoid magnetic field, and electric
fields calculated numerically from the actual electrode configuration
and voltages [84]. Only a single particle is in the trap at a time, so
dynamic effects from space charge, image charges, and wall
resistance are ignored. For all the cases shown here, the test particle
is launched at 0.01 cm radius, 60° pitch angle relative to the z axis,
and 5 eV kinetic energy. A field of only 1 kG is used, because the
large cyclotron frequency at larger fields forces very small time

steps and leads to long calculation times.

The position of the particle is recorded each time it reflects at one
end of the trap. Fig. C.1 shows the x and y coordinates of an electron
in an 18 cm trap as a function of time, with no applied field errors.
The fast oscillation is the cyclotron motion, and the slower orbiting
motion results from magnetron drift, due to the radial electric fields

produced in the fringe fields of the confining electrodes. The
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Figure c.1 Numerical calculation of the orbit of a single electron, Lo=18 cm,

B=1 kG. The x (dotted) and y (solid) position is recorded after each round-trip
in the trap.

magnetron frequency vmz1.43x104 indicates a bounce-averaged

radial field,

E,=2nv,Br/c=9mV/cm.
Numerical averaging of the field seen by the particle during one
bounce gives 10.1 mV/cm. Note that this corresponds to the field

that would be produced by a uniform plasma density of

1.4x107 cm™3.
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Figure c.2 Electron orbit in trap, same conditions as Fig. c.1, with a static
electric field Ex=10 mV/cm. The orbit is stable but offset in x (dots). The y
position (solid) is unaffected, although ExB is in the y direction.

C.2 Electric Field Errors

The ray-tracing is performed in three dimensions, allowing arbitrary
static errors to be applied in any component of the electric and
magnetic fields. Fig. C.2 shows the motion of an electron with an

applied field E =10 mV/cm. The magnetron motion is offset from the

center of the trap. The new orbit center occurs where E =F .
r(trap) x(error)

The ExB motion follows equipotential lines, and the applied “error”
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Figure c¢.3 Electron ExB drift in the preSence of a large field error,
Ex =1 V/cm. The drift rate matches the predicted value of 105 cm/s.

shifts the equipotential, but still results in a closed orbit path. Fig. C.3

shows the deconfinement caused by a large field Ex=1 V/cm. In this

case, the radial field cannot compensate, no closed equipotential

exists in the trap, and the particle drifts quickly to the wall. The drift

velocity of 10° cm/s matches the prediction,

—3:,—0 statvolts /cm
1000 Gs

vExB=c—g—=3 x 10‘°cm/s[

Fig. C.4 shows the large-error case, with the addition of an applied
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Figure c.4 Large electric field error Ex=1 V/cm, stabilized by applied radial
field E,=10r V/cm. This field strength is easily achieved in a nonneutral
plasma. Dotted line is x position, solid line is y position.

radial field Er=10r V/cm, such as would be found in a uniform

plasma density n=1.4x10% cm™>. Once again, the drift is canceled. This

calculation does not truly simulate a plasma, because the charge of
the plasma itself would be subject to the same drifts as the test
particle, and it is not clear a priori that the dynamics of the motion

would result in drift compensation.

Plasma confinement in the presence of large electric field errors has
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been studied at UCB [72]. The plasma is found to expand rapidly until
the outer surface reaches the last closed equipotential curve, where
the radial field produced by the plasma and electrodes exactly
compensates for the applied error. The shape of the plasma then
conforms to the equipotential, even if the curve is not perfectly
circular. Particles are lost as collisions or other transport moves them

across the separatrix to an open equipotential line.

C.3 Magnetic Field Errors

Magnetic field errors are implemented as a field curvature of given
radius. As discussed in Sec. 2.4.2, the actual trap solenoid appears to
be curved with a major radius R=1 km. Fig. C.5 shows the electron
motion for curvature in the x-z plane with R=10 m. Even the drift
resulting from a curvature two orders of magnitude greater than the

actual apparatus is completely compensated by the radial electric

fields. Since vDocW(RB)'l, higher B would also reduce the drift

substantially, particularly when radiative cooling of the kinetic

energy W is considered.
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Figure c.5 Electron orbit in a curved magnetic field of radius R=10 m. The
slight offset of x (dots) relative to y (solid) is due to the curvature offset of the
orbit endpoint. The only apparent effect of the curvature is to increase the

magnitude of the magnetron oscillation relative to Fig. c.l.

Fig. C.6 confirms that the ray-tracing code does in fact produce the

curvature drift. In this case, the trap electrodes have been replaced

by an infinite barrier at the reflection points of the previous
calculations. The particle drifts to the wall, with a velocity of

230 cm/s. This is slower than the analytic prediction,

6.6 x 10°cm®/ s’
(1000 cm ) (1.7 x 10"%s™")

2,1 2
vv=iv%%"°—)(n,xno)=

¥y=400cm/s,

but is in the correct direction and of the correct order.
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In summary, the single-particle ray-tracing demonstrates that radial
electric fields can play a significant role in the confinement of
particles in these traps. Even in long electrodes, the bounce-averaged
radial electric fields in these electrodes are significant relative the
fields from trapped charge. This suggests that the rotational
stabilization may be an important part of both the length

dependence and the density dependence of nonneutral plasma

confinement.
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