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We investigate electrostatic traps as a novel source of positron beams for accelerator physics
applications. Penning-Malmberg (PM) traps are commonly employed in low-energy antimatter experi-
ments. Positrons contained in the trap are cooled to room temperature or below. We calculate the thermal
emittance of the positrons in the trap and show that it is comparable to or better than the performance of
state-of-the-art photocathode guns. We propose a compact positron source comprised of a PM trap,
electrostatic compressor, and rf accelerator that can be built and operated at a fraction of the cost and size of
traditional target-based positron sources, albeit at a reduced repetition rate and with intrinsic angular
momentum. We model the acceleration of a positron bunch up to an energy of 17.6 MeV with a final
thermal emittance of 0.60 μm rad and bunch length of 190 μm. This system may be useful for accelerator
physics studies, such as investigations of flat-beam sources for linear colliders and positron plasma
wakefield acceleration.
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I. INTRODUCTION

Positron beams are traditionally produced by sending
high-energy electron beams into a high-Z target, capturing
positrons from the resulting electromagnetic shower, and
cooling the positrons in a damping ring before reaccelera-
tion [1]. This process requires significant experimental
infrastructure and hardware. As a result, there are relatively
few laboratories producing positron beams for accelerator
physics experiments [2]. Research into advanced positron
sources has been recognized as an area of need for future
accelerator research and development [3].
One research area impacted by the lack of positron

beam sources is plasma wakefield acceleration (PWFA).
PWFA is a promising technique for accelerating charged
particles at high gradients. Preserving the quality of
positron beams while accelerating them in plasma is an
unsolved challenge [4–9]. The question of how best to
accelerate a positron beam in plasma can only be resolved
by committing significant experimental and computational
resources to the task. New types of positron sources will

expand access to positron beams which can be used for
these experiments.
We propose a novel, compact, electrostatic positron

source for accelerator physics research. Previous research
has explored electron beams from ultracold plasmas [10,11]
andmagneto-optical traps [12,13]. Our concept is the first to
examine this possibility for positron beams. The positron
source is based on the electrostatic Penning-Malmberg
trap, commonly employed in low-energy antimatter experi-
ments [14]. These traps have the advantage of providing
cold, low-emittance beams, with the caveat that the repeti-
tion rate of these devices is low and the beams have intrinsic
angular momentum. The trap is combined with a short linac
to compress and accelerate the beam such that the final
energy and bunch length is suitable for injection in a plasma
wake.While positron PWFA experiments are themotivation
for this concept, the compact positron source would be of
great interest to any facility that desires positron beams for
physics studies.

II. OVERVIEW OF THE ELECTROSTATIC
POSITRON BEAM SOURCE

In this section, we provide a description of the electro-
static beam source and explain how the properties of the
electrostatic trap impact beam parameters, such as bunch
length and emittance. The review of electrostatic traps by
Danielson et al. provides a detailed overview of these
systems [14].

*rafimah@stanford.edu
†sgess@slac.stanford.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 26, 123402 (2023)

2469-9888=23=26(12)=123402(7) 123402-1 Published by the American Physical Society

https://orcid.org/0000-0003-3610-7275
https://orcid.org/0000-0002-9713-1116
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.26.123402&domain=pdf&date_stamp=2023-12-12
https://doi.org/10.1103/PhysRevAccelBeams.26.123402
https://doi.org/10.1103/PhysRevAccelBeams.26.123402
https://doi.org/10.1103/PhysRevAccelBeams.26.123402
https://doi.org/10.1103/PhysRevAccelBeams.26.123402
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


A. Positron sources

Positrons for electrostatic traps are typically produced by
β-decay emitters such as 22Na. The emitters are sold as
small encapsulated sources that can be attached to a
vacuum beamline. The primary limitation of the encapsu-
lated source is that they contain a limited amount of
radioactive material for safe handling and produce at most
109 positrons per second [15].
An alternative method for generating positrons for the

compact source employs a small, 9 MeV electron accel-
erator and impacts the beam on a high-Z target [16]. This
creates low-energy positrons from an electromagnetic
shower, but the initial beam energy is low enough as to
not activate the target material which reduces shielding
requirements. This approach is being pursued by the GBAR
experiment at CERN with a goal of 1010 positrons per
second from the target [16].
For both the encapsulated radioactive source and the

compact accelerator-based source, the positrons have a
large kinetic energy relative to the depth of the electrostatic
trap and a large energy spread. In order to trap the
positrons, the beam must first be sent through a moderator
that slows the positrons. A commonly employed moderator
is solid neon with an efficiency of 10−2 [17]. Therefore, the
flux of slow positrons into the trap is about 107 positrons
per second for an encapsulated radioactive source and 108

positrons per second for the accelerator-based source.

B. The electrostatic trap

The positrons enter an electrostatic trap consisting of a
series of ring electrodes surrounded by a solenoid magnet.
The ring electrodes create the axial potential well that traps
the positrons longitudinally, while the solenoid provides
radial confinement. The depth of the well needs to be
greater than the space-charge potential of the positrons in
the trap, given by

Δϕ ¼ enr2p
4ε0

�
1þ 2 ln

�
rw
rp

��
; ð1Þ

for positron density n, plasma radius rp, and trap radius
rw [14].
The properties of the beam inside the electrostatic trap

are defined by the trap’s parameters. In particular, the radial
extent of the positrons in the trap and therefore the density
of the positrons in the trap are defined by the magnetic field
and the rotation rate of the positron plasma. The rotation
rate is a free parameter that can be imposed upon the
positron plasma through a “rotating wall” electrode [18]. In
this scenario, the positron plasma is a uniform cylinder of
charge extending to radius rp with the density given by

n ¼ 2ε0Bωr

e
; ð2Þ

where B is the solenoid field and ωr is the rotation rate of
the positron plasma.
Our calculations and simulations assume trap parameters

that have previously been achieved in the experiments. The
trap parameters and beam parameters used in the simulation
are shown in Table I. We note that the parameters we chose
for our simulation are conservative. For example, we
assume a solenoid field of 1 T whereas the GBAR
experiment employs a 5 T magnet [19], and a trap
temperature of 273 K whereas GBAR’s cryocooled trap
can produce positron plasmas as cold as 10 K via cyclotron
radiation cooling. The trap temperature in our simulation is
achieved using room-temperature nitrogen buffer gas for
cooling [20]. The externally imposed ωr is roughly the
same as GBAR’s at around 3 MHz. The only constraint on
ωr is that it is much less than the cyclotron frequency Ωc.
The shape of the positron plasma is well approximated as a
uniform density cylinder with radius rp and length lp [21].
Appendix A provides further details on the distribution of
the positrons in the trap.

III. ANALYTIC EXPRESSION
FOR THE TRAP EMITTANCE

The positrons in the trap form a cold, dense cylinder of
charge. Beams that are produced in the large magnetic
fields, such as those produced by photocathodes in
solenoidal fields, have internal angular momentum [22,23].
Upon extraction from the solenoidal field, the beam will
acquire an effective emittance proportional to the angular
momentum of the beam given by [24]

L ¼ eBσ2r
2mc

: ð3Þ

In our simulation, we set B ¼ 1 T and σr ¼ 0.65 mm, and
find L ≈ 124 μm rad.

TABLE I. Parameters used to define the initial plasma distri-
bution inside the trap.

Parameter Symbol Value

Trap radius rw 4 cm
Trap length lw 10 cm
Magnetic field B 1 T
eþ plasma radius rp 1.3 mm
eþ plasma length rl 5 cm
Temperature T 273 K
Number of positrons N 108

Space-charge potential Δϕ 22.4 V
Debye length λD 60.6 μm
Cyclotron frequency Ωc 175.6 GHz
Rotation frequency ωr 3.2 MHz
Transverse emittance εx;y 0.11 μm rad
Longitudinal emittance εz 158 cm eV/c
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The relationship between the thermal emittance and the
effective emittance of the beam is described in Appendix B.
For our model shown in Fig. 1, a 1 T solenoid encompasses
the entire beamline. The dynamics of the positron bunch in
the beamline are unaffected by the beam’s angular momen-
tum, which only becomes apparent at the exit of the
solenoid.
The thermal emittance of the positron beam in the trap is

determined by the plasma temperature and radius of the
plasma cylinder. Starting from the standard equation for
normalized emittance

ϵn ¼
1

mc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hx2ihp2

xi − hxpxi2
q

; ð4Þ

we derive an analytic expression for the transverse emit-
tance in a single plane (here we consider the x plane) of a
positron beam at rest in the electrostatic trap. The individual
positrons move on cyclotron orbits fixed to field lines
and the positron plasma rotates coherently at the rotating
wall frequency ωr ≪ Ωc. The transverse velocity of
the particles is given by the plasma temperature plus a
small r-dependent correction due to the rotation of the
plasma cylinder. The thermal velocity at T ¼ 273 K is
vth ¼ 6.4 × 104 m=s, whereas the average rotational veloc-
ity is vθ ¼ ωrσr ¼ 2.1 × 103 m=s. There is no x − px
correlation and the single-plane transverse emittance
reduces to ϵx ¼ σxσpx=mc.
With vth ≫ vθ, the momentum spread is

σpx ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
mkBT

p
; ð5Þ

and σx is derived from the uniform positron density
extending out to the edge of the plasma cylinder rp

σ2x ¼
r2p
4
: ð6Þ

Utilizing Eq. (2) and the finite plasma length Lp, we can
rewrite rp purely in terms of trap parameters

rp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qN
2πωrϵ0BLp

s
; ð7Þ

which gives

σ2x ¼
qN

8πϵ0BωrLp
: ð8Þ

Combining Eqs. (8), (5), and (4), we derive an equation for
the normalized, thermal beam emittance defined solely in
terms of trap parameters and bunch charge

ϵth ¼
1

mc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qNmkBT
8πϵ0BωrLp

s
: ð9Þ

For the parameters in our simulation, we find a single-plane
thermal emittance of 0.11 μm rad, which is comparable to
or better than the performance of state-of-the-art photo-
cathode guns.
Similarly, considerations apply to the longitudinal emit-

tance εz¼σzσpz. The bunch length σz¼ rl=
ffiffiffiffiffi
12

p ¼1.44 cm
is determined by the placement of the trap electrodes and
σpz is again determined by the plasma temperature. We
find εz ¼ 158 cm eV=c.

IV. BEAMLINE DESIGN AND SIMULATION

Figure 1 illustrates the beamline used to longitudinally
compress and accelerate the beam. The entire beamline
is encapsulated by a 1 T solenoid. The simulations of
the beamline were performed with the General Particle
Tracer (GPT) code [25]. The beam begins in the electrostatic
trap with zero longitudinal energy. The initial bunch
distribution is a uniform cylinder [14], and the longitudinal
extent of the beam is defined by the position of the trap
electrodes. The beam in the trap has a bunch length σz ¼
14.4 mm (50 mm uniform distribution). The bunch length
is long compared to millimeter-scale bunches produced by
photocathodes, and much longer than the micron-scale
bunches required for PWFA experiments. Therefore, the
beam must be longitudinally compressed as it is acceler-
ated. Figure 2 shows the evolution of the longitudinal phase
space along the beamline.
Initial compression and acceleration of the long posi-

tron bunch are accomplished with a low-field electrostatic
buncher inside the trap. A harmonic bunching potential is
applied by ring electrodes, such that they provide an
accelerating field that decreases linearly along the bunch
from the tail to the head [26]. The bunching potential is
10 cm long and the bunch initially occupies the central
portion of the potential (2.5–7.5 cm). The voltage drop

FIG. 1. Depiction of the beamline used in the simulation. The
end of the trap is denoted by A, the ends of the electrostatic
accelerator are denoted by B and C, and the ends of the 3 GHz
linac are denoted by D and E. The entire beamline is contained
within a 1 T solenoid.
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across the buncher is 2 kV. Figure 3 shows the
longitudinal field Ez as a function of position in the
accelerator.

The buncher creates a longitudinal focus 7 cm beyond
the end of the trap at a longitudinal position of 17 cm in the
simulation, immediately after position B in Fig. 3. A
pulsed, 100 kV electrostatic accelerator extends from
16.4 to 26.4 cm (positions B to C). The high voltage pulse
is provided by a nanosecond pulse generator. The accel-
erating pulse is timed with the beam such that the field is
applied when the beam is between the two accelerating
plates. The beam experiences a uniform accelerating field,
but positrons at the back of the bunch experience the field
for a longer period of time and gain energy relative to
particles at the head of the bunch. The beam exits the
electrostatic accelerator traveling roughly half the speed
of light and undergoes velocity bunching as it travels
toward the rf cavity. The second longitudinal focus is at
z ¼ 0.50 m with σz ¼ 1.3 mm (position D). At this point,
the bunch is short enough for injection into the rf cavity.
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FIG. 2. Longitudinal phase space at demarcated positions along the beamline. The initial distribution corresponds to the beam inside
the trap. Positions A through E correspond to the start and end of accelerator components described in Fig. 1.

FIG. 3. Top: longitudinal field experienced by the positron
bunch along the beamline. Bottom: transverse force F⊥ ¼
eðEr − cBϕÞ experienced by a particle at a radius of σr=2
from the central axis. The trap extends from z ¼ 0 cm to
z ¼ 10 cm (position A), the electrostatic accelerator extends
from z ¼ 16.4 cm (position (B) to z ¼ 26.4 cm (position C),
and the 3 GHz linac extends from z ¼ 50 cm (position (D) to
z ¼ 1.547 cm (position E). The magnetic field Bz ¼ 1 T is
constant along the length of the beamline. The large spike in
the transverse field at the entrance to the 3 GHz linac leads to
emittance growth, as depicted in Fig. 4.

FIG. 4. Bunch length and single-plane thermal emittance
[Eq. (4)] along the beamline. The trap extends from z ¼ 0 cm
to z ¼ 10 cm (position A), the electrostatic accelerator extends
from z ¼ 16.4 cm (position (B) to z ¼ 26.4 cm (position C),
and the 3 GHz linac extends from z ¼ 50 cm (position (D) to
z ¼ 1.547 cm (position E). The jump in the emittance occurs at
the start of the 3 GHz linac.
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The entrance to the s-band accelerator structure is
located at z ¼ 0.50 (position D). The capture phase
of the s-band structure is set to both accelerate and
longitudinally compress the beam to the final bunch length
σz ¼ 190 μm and energy of 17.6 MeV. Figure 4 shows
the bunch length and emittance along the accelerator.
There is an abrupt increase in the emittance from 0.11
to 0.60 μm rad at the start of the s-band cavity due
to defocusing rf fields. Further studies will examine
the possibility of tailoring the solenoidal magnet field
to suppress emittance growth at this location. Table II
shows the output beam parameters. These parameters
are comparable to those achieved by the AWAKE
electron accelerator [27] for injection in a proton beam-
driven plasma wakefield. In particular, the bunch length
is suitable for injection into plasmas with densities in the
n ¼ 1014–1015 cm−3 regime.

V. CONCLUSIONS AND FUTURE WORK

The electrostatic trap and beamline described here is
capable of producing useful positron beams in a compact
footprint. Such a device will enable access to positron
beams for accelerator physics studies at universities and
national laboratories that currently lack infrastructure for
positron beam generation. Although the repetition rate of
this positron source is too low for high energy physics
applications, it is sufficient for studies at PWFA facilities,
including the AWAKE facility that produces an experi-
mental shot once every 30 s [28].
Further studies will be undertaken to explore tailored

solenoidal magnetic fields that suppress emittance growth
at the start of the rf cavity. We also plan to study the
remoderation of the positron beam to remove intrinsic
angular momentum at the cost of reduced bunch
charge [29]. The brighter positron beams produced by
the remoderation may prove useful as a complement to
ultrafast electron diffraction (UED) experiments [30],
where the positive beam charge can be used to reduce
systematics when used in tandem with electron beams.
UED experiments and PWFA studies with positrons require
subpicosecond bunch lengths, which are delivered by our
proposed beamline. The ultimate application of this tech-
nology would be a positron source for a damping ring-free
collider [31]. This would require multiplexing of the
compact positron source. Multiplexing of positron sources

has been previously considered to meet the demands of the
Next Linear Collider concept [32]. However, given the
repetition rate of existing compact positron sources, this
would require thousands of sources operating simultane-
ously, so research in this direction should focus on
increasing the repetition rate of a single source.
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APPENDIX A: BEAM DISTRIBUTION INSIDE
THE PENNING-MALMBERG TRAP

The positron beam distribution is defined by the para-
meters listed in Table I. Once the external trap parameters
are defined (e.g., B-field, trap length, and rotation fre-
quency), the only free parameter is the number of positrons
in the trap N. The source of the positron beam, whether that
be a radioisotope or a linac-based source, does not affect the
distribution of positrons in the trap. This is because the
positrons must pass through a solid neon moderator that
reduces the kinetic energy of the positrons below the trap
voltage threshold [26]. The trap voltage threshold is set by
Eq. (1). The only source-dependent effects on the positron
beam parameters are the total positron rate (eþ=s) and the
polarization of the positrons.
A multistage buffer gas trap is used to reduce the

temperature of the positrons in the trap through interactions
with room-temperature nitrogen gas [20]. The phase space
distribution of the finite temperature plasma at equilibrium
inside the trap is given by [14]

fðr; z; v⃗Þ ¼ nðr; zÞ
ð2πkBT=mÞ3=2 exp

�
−
mðv⃗þ ωrrθ̂Þ2

2kBT

�
; ðA1Þ

withωr the rotation frequency of the plasma. The density of
the plasma is given by

nðr; zÞ ¼ n0 exp

�
−
qϕeffðr; zÞ

kBT

�
; ðA2Þ

TABLE II. Beam parameters at the end of the simulation.

Beam parameter Value

Beam energy 17.6 MeV
Beam charge 15.43 pC
Bunch length (rms) 190 μm
Energy spread (rms) 0.76%
Transverse emittance 0.60 μm rad
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with ϕeff given by

qϕeff ¼
1

2
mωrðΩc−ωrÞr2þqϕscðr;zÞþqϕextðr;zÞ ðA3Þ

for cyclotron frequency Ωc. ϕextðr; zÞ is the potential of the
trap electrodes, and ϕscðr; zÞ is the space-charge potential
of the single-species plasma. When the trap is empty, the
axial electrodes establish a longitudinal trapping field, but
as a consequence of Laplace’s equation ∇2ϕext ¼ 0, the
field is saddle shaped, i.e., defocusing in r at the center.
Further, the space-charge force of the single-species plasma
is also repulsive in r. However, the r̂-directed self-field of
the plasma induces an E⃗ × B⃗ drift rotation in the solenoidal
field of the trap. Radial confinement occurs because of
v⃗ × B⃗ Lorentz force of the plasma in the trap, which
counters the repulsive space-charge force. The r2 depend-
ence of the first term in Eq. (A3) is the same as if the
rotation through a magnetic field was replaced with a
uniform cylinder of negative charge with density n0 [33].
The positrons in the trap assume a uniform cylindrical
distribution with density decaying exponentially to zero
over a Debye length [21,34].
While the positron beam is well approximated by a

uniform cylinder distribution in an idealized scenario,
nonuniformities may emerge due to instabilities in the
plasma. Diocotron waves with azimuthal mode number
m ¼ 1 are the most common source of instabilities, as
higher mode numbers are strongly damped [35]. The
diocotron mode has negative energy, so energy dissipation
can lead to growth. Different methods for controlling
unwanted diocotron mode growth have been developed,
including feedback damping techniques [36].

APPENDIX B: ANGULAR MOMENTUM AND
EFFECTIVE EMITTANCE

The positron beam is cooled in a strongmagnetic field and
individual positrons undergo cyclotron orbits along the
solenoidal field lines. If the beam is extracted nonadiabati-
cally from the solenoidal field, the positrons will receive
an azimuthal kick and their velocity vθ will increase. The
magnitude of this effect is described by the angular momen-
tumof thebeamL. In this appendix,weprovide a description
of L and its relationship to the thermal emittance εth.
Following the formalism in Ref. [24], we define the

transverse beam Σ matrix as

Σ ¼
� hXX̃i hXỸi
hYX̃i hYỸi

�
; ðB1Þ

with

hXX̃i ¼
� hx2i hxpxi
hxpxi hp2

xi

�
; ðB2Þ

and

hXỸi ¼
� hxyi hxpyi
hypxi hpxpyi

�
: ðB3Þ

The transverse emittance ε4D describes all four dimensions
of the transverse phase space and is given by

ε4D ¼ detðΣÞ ¼ ε2eff − L2; ðB4Þ

where εeff is the effective emittance in one plane and
angular momentum L ¼ 1

2mc hxpy − ypxi.
The thermal emittance is related to the full transverse

emittance by εth ¼ ffiffiffiffiffiffiffi
ε4D

p
, and the effective single-plane

emittance is

εeff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2th þ L2

q
: ðB5Þ

The effective single-plane emittance will be dominated by
angular momentum when L ≫ εth. Intuitively, this means
that although the volume of the beam in phase space εth is
small, there are no projections of the beam phase space
into the x‐y plane such that εx ¼ εth and εy ¼ εth.
However, it is possible to manipulate the beam to
minimize either εx or εy and produce a flat beam [24].
The flat-beam transformation can be most easily under-
stood using the concept of eigenemittances described
in [37,38]. Such beams may be useful for tests of linear
collider transport systems that employ flat beams from
damping rings.

APPENDIX C: GPT SIMULATIONS

The 3 GHz linac and solenoidal fields are specified using
the standard GPT elements “trwlinbm” and “Bzsolenoid,”
respectively. These elements include fringe field effects.
We created custom elements for the electrostatic trap and
bunch compressor using “map1D_E.” Only the on-axis
fields were specified and the remaining components are
calculated from a second-order Taylor expansion of the
fields near the beam axis.
Convergence was demonstrated by adjusting the number

of macroparticles, grid resolution, and the accuracy para-
meter α. Table III shows the configuration used for the
converged GPT simulations. The accuracy parameter alters
the size of the time step to ensure that results are accurate to

TABLE III. Beam parameters at the end of the simulation.

GPT simulation parameter Value

Macroparticles 20 000
Accuracy parameter α 9
Grid resolution 92 μm
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one part in 10α. Our simulations were particularly sensitive
to α. Small values of α lead to unphysical leakage of the
particles from the trap and an accompanying emittance
growth. With α ¼ 9, this effect was suppressed.
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[19] P. Pérez, CERN Technical Report No. CERN-SPSC-2011-
029, 2011.

[20] C. M. Surko, M. Leventhal, and A. Passner, Phys. Rev.
Lett. 62, 901 (1989).

[21] S. A. Prasad and T.M. O. Neil, Phys. Fluids 22, 278
(1979).

[22] R. Brinkmann, Y. Derbenev, and K. Flöttmann, Phys. Rev.
ST Accel. Beams 4, 053501 (2001).

[23] Y.-E. Sun, P. Piot, K.-J. Kim, N. Barov, S. Lidia, J.
Santucci, R. Tikhoplav, and J. Wennerberg, Phys. Rev.
ST Accel. Beams 7, 123501 (2004).

[24] K.-J. Kim, Phys. Rev. ST Accel. Beams 6, 104002
(2003).

[25] M. J. De Loos and S. B. der Geer, in Proceedings of the 5th
European Particle Accelerator Conference, EPAC-96,
Sitges, Barcelona, Spain (IOP, Bristol, 1996), p. 1241.

[26] A. P. Mills, Appl. Phys. 22, 273 (1980).
[27] S.-Y. Kim, S. Doebert, O. Apsimon, R. Apsimon, G. Burt,

M. Dayyani, S. Gessner, I. Gorgisyan, E. Granados, S.
Mazzoni et al., Nucl. Instrum. Methods Phys. Res., Sect. A
953, 163194 (2020).

[28] E. Gschwendtner, K. Lotov, P. Muggli, M.Wing, R. Agnello,
C. C. Ahdida, M. C. A. Goncalves, Y. Andrebe, O. Apsimon,
R. Apsimon et al., Symmetry 14, 1680 (2022).

[29] A. P. Mills, Appl. Phys. Lett. 37, 667 (1980).
[30] D. Filippetto, P. Musumeci, R. Li, B. Siwick, M. Otto, M.

Centurion, and J. Nunes, Rev. Mod. Phys. 94, 045004
(2022).

[31] T. Xu, M. Kuriki, P. Piot, and J. Power, Phys. Rev. Accel.
Beams 26, 014001 (2023).

[32] H. Tang, A. Kulikov, J. Clendenin, S. Ecklund, R. Miller,
and A. Yeremian, in Proceedings of the Particle Accel-
erator Conference, Dallas, TX, 1995 (IEEE, New York,
1995), 10.1109/pac.1995.505120.

[33] J. H. Malmberg and T. M. O’Neil, Phys. Rev. Lett. 39,
1333 (1977).

[34] R. C. Davidson and N. A. Krall, Phys. Fluids 13, 1543
(1970).

[35] W. D. White, J. H. Malmberg, and C. F. Driscoll, Phys.
Rev. Lett. 49, 1822 (1982).

[36] E. M. Hollmann, F. Anderegg, and C. F. Driscoll, Phys.
Plasmas 7, 2776 (2000).

[37] B. E. Carlsten, K. A. Bishofberger, L. D. Duffy, S. J.
Russell, R. D. Ryne, N. A. Yampolsky, and A. J. Dragt,
Phys. Rev. ST Accel. Beams 14, 050706 (2011).

[38] T. Xu, D. S. Doran, W. Liu, P. Piot, J. G. Power, C.
Whiteford, and E. Wisniewski, Phys. Rev. Accel. Beams
25, 044001 (2022).

COMPACT SOURCE OF POSITRON BEAMS … PHYS. REV. ACCEL. BEAMS 26, 123402 (2023)

123402-7

https://doi.org/10.1088/1748-0221/17/05/P05015
https://doi.org/10.1103/PhysRevAccelBeams.22.101301
https://arxiv.org/abs/2204.13245
https://arxiv.org/abs/2204.13245
https://arxiv.org/abs/2204.13245
https://doi.org/10.1103/PhysRevLett.90.205002
https://doi.org/10.1103/PhysRevLett.90.214801
https://doi.org/10.1103/PhysRevLett.90.214801
https://doi.org/10.1103/PhysRevLett.101.054801
https://doi.org/10.1038/nature14890
https://doi.org/10.1038/ncomms11785
https://doi.org/10.1038/s41598-017-14524-4
https://doi.org/10.1103/PhysRevLett.95.164801
https://doi.org/10.1103/PhysRevLett.95.164801
https://doi.org/10.1103/PhysRevSTAB.11.050102
https://doi.org/10.1103/PhysRevSTAB.11.050102
https://doi.org/10.1088/1748-0221/9/06/P06011
https://doi.org/10.1088/1748-0221/9/06/P06011
https://doi.org/10.1103/PhysRevAccelBeams.22.023401
https://doi.org/10.1103/RevModPhys.87.247
https://doi.org/10.1016/S0168-583X(04)00385-4
https://doi.org/10.1016/S0168-583X(04)00385-4
https://doi.org/10.1016/j.nima.2020.164657
https://doi.org/10.1016/j.nima.2020.164657
https://doi.org/10.1063/1.97441
https://doi.org/10.1063/1.97441
https://doi.org/10.1103/PhysRevLett.85.1883
https://doi.org/10.1103/PhysRevLett.85.1883
https://doi.org/10.1103/PhysRevLett.62.901
https://doi.org/10.1103/PhysRevLett.62.901
https://doi.org/10.1063/1.862578
https://doi.org/10.1063/1.862578
https://doi.org/10.1103/PhysRevSTAB.4.053501
https://doi.org/10.1103/PhysRevSTAB.4.053501
https://doi.org/10.1103/PhysRevSTAB.7.123501
https://doi.org/10.1103/PhysRevSTAB.7.123501
https://doi.org/10.1103/PhysRevSTAB.6.104002
https://doi.org/10.1103/PhysRevSTAB.6.104002
https://doi.org/10.1007/BF00899876
https://doi.org/10.1016/j.nima.2019.163194
https://doi.org/10.1016/j.nima.2019.163194
https://doi.org/10.3390/sym14081680
https://doi.org/10.1063/1.92030
https://doi.org/10.1103/RevModPhys.94.045004
https://doi.org/10.1103/RevModPhys.94.045004
https://doi.org/10.1103/PhysRevAccelBeams.26.014001
https://doi.org/10.1103/PhysRevAccelBeams.26.014001
https://doi.org/10.1109/pac.1995.505120
https://doi.org/10.1103/PhysRevLett.39.1333
https://doi.org/10.1103/PhysRevLett.39.1333
https://doi.org/10.1063/1.1693115
https://doi.org/10.1063/1.1693115
https://doi.org/10.1103/PhysRevLett.49.1822
https://doi.org/10.1103/PhysRevLett.49.1822
https://doi.org/10.1063/1.874128
https://doi.org/10.1063/1.874128
https://doi.org/10.1103/PhysRevSTAB.14.050706
https://doi.org/10.1103/PhysRevAccelBeams.25.044001
https://doi.org/10.1103/PhysRevAccelBeams.25.044001

