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Microcoulomb-class electron beams from laser-plasma accelerators (LPAs) driven by kilojoule-class
laser systems can enable high-flux electron radiography and copious secondary particle production.
However, electron beam spatial properties such as transverse beam nonuniformity and large spatial scale
at application sites can limit their utility. In this work, we demonstrate spatial conditioning of
microcoulomb-class electron beams using electromagnetic solenoids as focusing optics. By applying
∼10 T solenoidal fields, we focused the electron beam onto a detection plane and measured a fluence
enhancement factor of 6 over unconditioned electron beams. The chromatic focusing of the solenoids
improved the resolution of electron beam radiographs produced using the focused electron beam. We
also demonstrate a method using angled electromagnetic solenoids to simultaneously condition LPA
electron beam spatial and spectral properties. These features are attractive for applications because they
enable the spatial separation of a narrow-energy-spread population of the electron beam from the bulk of
the electron beam.

DOI: 10.1103/2dby-29s7

I. INTRODUCTION

Relativistic electron beams from laser-plasma acceler-
ators (LPAs) are emerging as a more compact complement
to traditional linear accelerators in the fields of femto-
second-scale probing [1,2], highly penetrative, micron-
scale radiography of high-Z materials [3,4], and the
production of secondary particles such as positrons
[5–8], x-rays [9–26], and neutrons [27–30]. Recently,
LPA platforms driven by kilojoule-class lasers have
produced microcoulomb-class electron beams [31–33].
This exciting advancement can enable brighter electron
radiography and the possibility of higher-yield conversion
to secondary particles. The co-location of these platforms
to multikilojoule high-energy-density-science (HEDS)
drivers expands the usage of these LPA electron beams
to a wider variety of experiments. However, these micro-
coulomb-class electron beams can suffer from inconsistent
shot-to-shot pointing, severe nonuniformity in their spatial

profiles, and a large spot size at application sites, which
can limit their fluence and utility.
Magnetic lenses offer a solution to condition electron

beams with large spot sizes and shot-to-shot pointing
variability. Just as refraction in glass lenses bends and
focuses light, the Lorentz force from a magnetic lens,
F⃗ ¼ dp⃗=dt ¼ dðγm0v⃗Þ=dt ¼ q ðv⃗ × B⃗Þ, can bend electron
trajectories and focus electron beams. Here, p⃗ is the
electron momentum, γ is the relativistic Lorentz factor,
m0 is the electron rest mass, v⃗ is the electron velocity,
q ¼ −e is the electron charge, and B⃗ is the magnetic field
of the lens. Typically, magnetic quadrupole arrays [34–36]
are used in radiofrequency linear accelerator facilities to
focus and steer electron beams and have been demon-
strated on LPAs [37]. However, such a focusing scheme
requires multiple magnetic optics to condition the electron
beam in two (transverse) spatial dimensions because a
single quadrupole produces a focusing force in one trans-
verse direction but a defocusing force in the other trans-
verse direction. Additionally, these devices can often have
a large footprint consisting of bulky permanent magnet
polepieces and additional infrastructure [38], which can
make them challenging to implement on HEDS drivers.
A simpler, rapidly tunable, single-element, magnetic

focusing scheme that exploits cylindrical symmetry is a
solenoid. Electrons propagating through solenoidal mag-
netic fields exhibit simple harmonic motion about the
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solenoid axis. The periodicity of this motion can be
intentionally tailored for a certain electron energy by
selecting a specific solenoid field strength to enable
point-to-point imaging from an electron source at the
object plane to a detector at an image plane. The thin-lens
focal length f of a single-turn, current-carrying solenoid is
given by Busch’s theorem [39,40],

1

f
¼ κ2

Z
B2
zdz; (1)

where κ2 ≡ e2c2=4ðE2
k þ 2EkE0Þ, Ek is the electron

kinetic energy, E0 ¼ m0c2 is the electron rest energy,
and Bz is the longitudinal magnetic field of the solenoid. In
the thin-lens approximation, electrons with an energy that
satisfies the relation 1=f ¼ 1=z0 þ 1=zi, where z0 and zi
are the object and image distances, respectively, come to
focus at the detection plane.
In this paper, we present spatiospectral conditioning

of microcoulomb-class LPA-produced electron beams
using electromagnetic solenoids. In Sec. II, we lay out a
generalized experimental platform that enabled solenoidal
electron beam conditioning. In Sec. III, we show electron
beam focusing at the detector plane and an electron beam
fluence enhancement factor of 6 over unconditioned
electron beams. We investigate the effects of solenoid
astigmatism on the observables. Using the conditioned
electron beams yielded up to a factor of 3 improvement in
electron radiography resolution over unconditioned elec-
tron beams. In Sec. IV, we describe the physical picture of
spatiospectral electron beam conditioning using electro-
magnetic solenoids at an angle with respect to the optical
axis. A modified experimental setup allowed for the
interrogation of spatiospectral conditioning for the first
time. We conclude with remarks on applying this tech-
nique for future studies.

II. GENERAL EXPERIMENTAL SETUP

Experiments were performed on the OMEGA EP laser
system at the Laboratory for Laser Energetics [41].
The laser was operated with a central wavelength of
λ0 ¼ 1054 nm and a pulse duration of 700� 100 fs. To
increase the Rayleigh range, spatially filtered apodizers
[42] converted the nominal f=2 focal geometry to an f=5
geometry. The average 1=e2 focal spot size (radius) of the
laser was 8� 1 μm. The on-target laser energy ranged
from 31 to 96 J, producing on-target peak normalized laser
vector potentials (a0 ≅ 8.6 × 10−10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I0½W=cm2�

p
λ0½μm�,

where I0 is the vacuum laser intensity) between 5.9 and
10.8� 0.2. The laser was focused 500 μm inside a Mach 5
gas jet with a 6 mm nozzle diameter as shown in Fig. 1.
The optical axis was 1.8 mm above the gas jet nozzle. Pure
helium was used on all shots, and the average plateau
plasma density across the central 4 mm according to [43]
was 4.1 × 1018 cm−3.
Downstream of the gas jet in the þz direction, an

electromagnetic solenoid intercepted the electron beam.
The solenoids consisted of four turns of 18 AWG copper
wire. The solenoids were pulsed by the Magneto-Inertial
Fusion Electrical Discharge System (MIFEDS) [44,45]
with voltages in the range of 10–15 kV, resulting in
currents of 24–36 kA and nominal magnetic flux densities
at the solenoid centers B0 of 7–12 T. The MIFEDS pulse
had a rise time of ∼1 μs and a flattop window (the time
interval where the current, and therefore the magnetic
field, is constant to within�5%) of ∼700 ns. According to
Eq. (1), electrons of a specific energy Ef were focused at a
detection plane some distance Ldet away. Electrons with
energies above Ef possessed a focal length greater than
Ldet and were less focused. Put another way, higher-energy
electrons experienced a weaker focusing force and there-
fore subtended a larger solid angle than the focused

FIG 1. Experimental layout. The laser beam (blue) was focused onto a supersonic gas plume (orange). The electron beam (red) was
intercepted by a solenoid (brown) with the solenoid axis (teal arrow) nominally pointing in theþz direction, parallel to the optical axis.
A photo of an as-deployed solenoid is included for reference. Given the solenoid field strength and distance between the gas jet nozzle
exit and detection plane, the solenoid preferentially focused electrons of a certain energy (red dashed lines). Typical trajectory
envelopes of higher- and lower-energy electrons are plotted in solid and dotted lines, respectively. The resulting spatial and spectral
conditioning due to the solenoid was observed on image plates (yellow) in a downstream electron spectrometer (dashed black box).
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energies at the detection plane. Electrons with energies
below Ef came to a focus before Ldet and tended to diverge
at the detection plane. Due to this energy dependence,
variability in the native electron beam spectrum can impact
the electron beam spot size at the detection plane on
each shot.
The accelerated electrons co-propagated with the laser

toward an electron spectrometer that measured two key
electron beam observables: spatial profile and spectrum.
The front of the electron spectrometer held 50-μm-thick
aluminum foil to block laser light in front of image plates
(IPs) that intercepted the electron beams. These “front” IPs
provided information on the transverse electron beam
spatial profile, pointing, and total charge. Electrons that
passed through the electron spectrometer aperture propa-
gated through a gap formed by two permanent magnets.
The trajectories of these electrons were bent by this dipolar
magnetic field, and the electrons were recorded by a
“spectrum” IP. The details of the solenoids and the electron
spectrometers in each of our two experimental setups are
discussed in Secs. III B and IV B.

III. FOCUSING RELATIVISTIC ELECTRON
BEAMS USING MIFEDS SOLENOIDS

A. Initial Boris pusher predictions

Simulations using a Boris pusher algorithm [46] guided
the experimental design and offered predictions of the
electron beam experimental observables. For details on our
Boris pusher simulations, which neglect space charge,
see Appendix A. The spatial profile of the input electron
beam was taken from a measured spatial profile without

solenoidal conditioning with an artificial, circular, fourth-
order super-Gaussian mask applied, as shown in Fig. 2(a).
The input electron beam spectrum [Fig. 2(d)] was
taken from the measured electron beam spectrum of the
same shot. The simulations assumed an input electron
beam source size radius w0 of 16 μm and a full-angle
electron beam divergence of 160 mrad. The simulated
solenoid consisted of two inner windings with radius
R ¼ 5.65 mm and two outer windings with R ¼ 6.95 mm.
The solenoid was placed 6.6 mm away from the electron
source (object distance) and 464.2 mm away from the
detection plane (image distance). These simulation param-
eters match the experimental details described in the
next section.
Simulations predict that the electron beam can be focused

to a round, 0.5-mm (FWHM) spot size at the detection plane
after the electron beam propagates through solenoids with
the nominal range of B0 produced in the experiment for
electron energies between 6.1 and 11.0 MeV [Figs. 2(b)
and 2(c)]. The color bars of these conditioned output spatial
profiles have higher maxima than the unconditioned spatial
profile owing to the electron beam fluence enhancement
near the electron beam focus at the detection plane center.
Electrons that land within a 1-mm-diameter circle centered
at the detection plane (representing the real electron
spectrometer aperture) contribute to the predicted electron
spectra shown in Figs. 2(e) and 2(f). Electrons of the
focused energy Ef are focused into the spectrometer
aperture. This results in a prominent, narrow peak, delin-
eated in dashed red, on top of the nominal electron spectrum
due to the highly chromatic focusing of the solenoid as
observed in previous experiments [37,47].

FIG 2. Boris pusher simulation predictions of the experimental observables. (a) Electron beam spatial profile without solenoidal
conditioning. (b), (c) Electron beam spatial profiles with solenoidal conditioning for B0 ¼ 7 and 12 T, respectively. In (a)–(c), electrons
propagate into the page. (d) Electron spectrum without solenoidal conditioning. (e), (f) Electron spectra with solenoidal conditioning
for B0 of 7 and 12 T, respectively. Red dashed lines indicate the primary focused energy. Additional peaks appear for lower energies
that satisfy Eq. (3).
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Additional peaks appear at lower electron energies in
Figs. 2(e) and 2(f). These peaks correspond to foci formed
by electrons of particular lower energies that oscillate
for more than one period in the solenoid field and were
refocused at the detection plane. To explain this, we briefly
describe the energy-dependent focal length of a solenoid,
with the full treatment given in Appendix B. Dropping
the thin-lens approximation and assuming a longitudinal
solenoid magnetic field of the form (Glaser’s bell-shaped
field [40,48]):

BðzÞ ¼ B0

1þ ðz=aÞ2; (2)

where B0 is the magnetic field at the solenoid center and a
is the full width at half maximum of BðzÞ (in practice, this
is approximately the solenoid radius, R), the focal length
of the solenoid is

f ¼ a csc ðnπ=ωÞ; (3)

where n ¼ 1; 2;…, ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2

p
is an energy-dependent

lens strength parameter, and k2 ¼ e2c2B2
0a

2=4ðE2
k þ

2EkE0Þ. The focused energy Ef is calculated for n ¼ 1,
which is given by

Ef ¼ E0

"
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ e2c2B2

0a
2

E2
0K

2ðnÞ

s
− 1

#
; (4)

where

K2ðnÞ≡Ω2ðnÞ − 1 (5)

and

ΩðnÞ≡ nπ

π − cot−1
�
a2þz0zi
az0−azi

�: (6)

From Eq. (3), multiple foci can occur once ω ≥ 2, which
is approximately satisfied when Ek < ecB0a=2

ffiffiffi
3

p ≡ Emf,
which is equivalent to

Emf ½MeV� ¼ 0.0866 B0½T�R½mm�: (7)

Electrons with energies below Emf can form multiple
foci between the solenoid and the detection plane, and
electrons with energies that satisfy Eqs. (3)–(6) for integers
n > 2 will form a focus at the detection plane. For
the solenoid field strengths in this experiment,
Emf ≈ 3–5 MeV. We find excellent agreement between
the focused energies for B0 ¼ 7 and 12 T predicted by the
analytical theory (Ef ¼ 6.2 and 10.9 MeV, respectively)
and by the Boris pusher simulations (Ef ¼ 6.1 and
11.0 MeV, respectively).

B. Experimental setup—solenoids and
Electron-Positron-Proton Spectrometer

To investigate solenoidal focusing of the LPA-produced
electron beams, we used solenoids with four windings
arranged as two inner windings with radius R ¼ 5.65 mm
and two outer windings with R ¼ 6.95 mm. The solenoids
were centered on the laser axis 6.6 mm downstream from
the gas jet nozzle exit.
The Electron-Positron-Proton Spectrometer (EPPS)

[49] was used to record electron beam spatial profiles
and spectra. The front of the EPPS was placed 476.3 mm
away from the laser focus (464.2 mm away from the
solenoids). The dimensions of the EPPS front IPs were
76.2mm × 76.2 mm. The front IP stack held two IPs. The
first IP (the one closest to the LPA) filtered out electrons
with kinetic energies below 0.4 MeV and was generally
used for rapid, qualitative assessment of the electron beam
spatial profile after each shot. The second IP recorded the
electron beam spatial profiles reported in this manuscript.
On some shots, contact radiography test objects and a third
IP were added behind the second IP in the front IP stack.
These front IPs were scanned with a resolution of 50 μm.
The EPPS shielding fully encloses the diagnostic to reduce
noise. The front shielding of the EPPS dipole magnets
consisted of 1.27 cm of Al-6061, 5.08 cm of a 94%-lead
and 6%-antimony alloy, and 1.27 cm of 1008 steel, and the
spectrometer aperture was 1-mm in diameter. Fujifilm
BAS-MS IPs were used for all EPPS front IPs and
spectrum IPs.

C. Experimental results—electron beam focusing

The conditioned electron beams observed using solenoi-
dal focusing represent a significant improvement in the
spatial profile quality and fluence while maintaining high
charge throughput as seen by comparing Figs. 3(a)–3(c) to
Fig. 3(d). Unconditioned electron beams produced on the
OMEGA EP LPA platform possess total charge ranging
from 300 to 700 nC using identical laser-plasma param-
eters [31] as the present study, and we observe comparable
total charge on the front IPs in the conditioned electron
beams as summarized in Table I. The FWHM electron
beam spot size at the detector was steadily reduced to a
minimum value of 18 mm as the solenoid field strength,
and thus the solenoid focusing power, was increased
[Fig. 3(e)]. This led to an electron beam fluence enhance-
ment factor of 6 at the detector plane, where the maximum
electron fluence in shot B (∼2.4 × 109 electrons=mm2,
with solenoid) is 6 times greater than that in shot 0
(∼0.4 × 109 electrons=mm2, without solenoid). We also
observed that the electron beam centroid was not at the
center of the detector plane on every shot, and we attribute
this to pointing variations in the native electron beam by
up to 45 mrad with respect to the optical axis [50]. The
electron beam spatial profiles that employed solenoidal
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focusing exhibited a diamondlike shape. Dashed white
lines are drawn at the edges of the spatial profiles of shots
A, B, and C to indicate the diagonals, and these features
are further investigated and discussed in the next section.
Because electrons at the focused energies possess a

smaller spot size and are most sensitive to the electron
beam pointing, solenoidal focusing acts as a highly
chromatic energy filter as shown in the electron spectra
in Fig. 3(f). For shot A [Fig. 3(a)], Boris pusher simu-
lations predict peaks in the corresponding electron

spectrum at 1.7 and 6.4 MeV. We observe an order of
magnitude fewer electrons below 5.8 MeV, which is
reasonably close to the predicted focused energy of
6.4 MeV. We do not observe a clear second peak in the
spectrum at 1.7 MeV: we hypothesize that this is because
there is a substantial bremsstrahlung background in the
spectrum IPs below 4 MeV, and the predicted peak at
1.7 MeV may have been lost in the background subtrac-
tion. The amount of charge at the focused energy can be
calculated using the measured spectrum only when the

FIG 3. Measurements of electron beam spatial profiles and spectra. (a)–(c) Electron beam spatial profiles from the EPPS front IP with
solenoidal conditioning for B0 ¼ 6.9; 9.7, and 11.7 T, respectively. (d) Electron beam spatial profile from the EPPS front IP without
solenoidal conditioning. For (a)–(d), electrons propagate into the page. The total charge incident on the front IPs, Q, is calculated
following the methodology in Ref [31]. (e) Azimuthally averaged FWHMs of the electron beam spot size from (a)–(d). The error bars
span the minimum and maximum values for the FWHMs of each spatial profile. Note that σr cannot be adequately assessed for shot 0
because the electron beam overfills the IP and exhibits severe nonuniformity, so the front IP width is listed for comparison.
Superimposed on (d) is a teal circle denoting the EPPS aperture. Electrons propagating through the aperture contribute to (f) electron
spectra corresponding to the four shots in (a)–(d). The vertical dashed lines indicate the focused electron energy Ef predicted by Boris
pusher simulations. The raw spectra of shots A, B, and C were each multiplied by a factor of 1.7, 0.6, and 0.3, respectively, to produce
the curves shown in this figure; in this manner, all four spectra have the same value at 30 MeV for visual clarity.

TABLE I. Summary of experimental inputs and electron beam front IP observables presented in Fig. 3. Elaser:
laser energy on-target, a0: normalized laser vector potential, B0: magnetic flux density at the solenoid center,
σx × σy: FWHM of the major and minor axes of the electron beam spatial profile, σr: azimuthally averaged FWHM
of the electron beam spatial profile, Qtot: total charge incident on the front IP.

Shot

Experimental inputs Electron beam front IP observables

Elaser (J) a0 B0 (T) σx × σyðmm ×mmÞ σr (mm) Qtot (nC)

A 45.8 8.4 6.9 35 × 33 29 300�200
100

B 91.4 9.9 9.7 32 × 24 24 700�400
300

C 55.0 6.8 11.7 18 × 18 18 500�300
200

0 110.2 12.8 No solenoid >76× >76 � � � 700�400
200
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electron beam is well-centered on the detector; for shot A,
we measured ∼1 nC of charge at 5.8 MeV. In shot B, we
observe prominences at 3.7 and 8.3 MeV, energies very
close to those predicted by Boris pusher simulations
(3.5 MeV, dotted blue line, and 9.0 MeV, dashed blue
line). The electron spectrum of shot C shows a depression
at 10.0 MeV, suggesting that electrons of this energy were
strongly focused but missed the electron spectrometer
aperture, which is consistent with the peak being 15 mm
from the center of the detector as seen in Fig. 3(c). The
energy of this sharp null feature is in excellent agreement
with the predicted energy from both analytical theory
[10.6 MeV, Eqs. (4)–(6)] and Boris pusher simulations
(10.3 MeV, dashed green line).

D. Effects of solenoid astigmatism and electron beam
spectrum on electron beam spatial profiles

Refined Boris pusher simulations [Figs. 4(a) and 4(b)]
show that astigmatism in the solenoid is the main cause
for the increased electron beam spatial profile size and
diamondlike shape observed in the experiments when
compared to initial simulation predictions (cf. Fig. 2).
The astigmatism is due to the solenoid windings being
elliptical as opposed to perfectly circular, which can be
caused by manufacturing imperfections or the expansion
of the solenoid as it is pulsed with current. Like most lens

aberrations, astigmatism increases the electron beam
image size at the detection plane, and early electron
microscope experiments [51,52] have linked this diamond-
like shape directly to astigmatism. Two sources of the
variation in the angular orientation of the diamondlike
profiles include variation in the coil-to-coil winding
and the inherent image rotation, commonly studied in
electron microscopy [40,52,53], which depends on both
magnetic field strength and electron energy. To investigate
the effects of astigmatism on electron beam spatial
profiles, we simulated a single-turn elliptical solenoid
(B0 ¼ 11.7 T) with major and minor axes of 7.6 and
6.3 mm, respectively. The solenoid minor axis was taken
as the average radius of the inner windings (5.65 mm) and
the outer windings (6.95 mm) of the actual solenoid used
in the experiment. The input spatial profile to the new
simulations was a spatially smoothed version of Fig. 2(a).
The solenoid was placed 6.6 mm away from the electron
source (object distance) and 464.2 mm away from the
detection plane (image distance). By including astigma-
tism, the electron beam spot size at the detector grew from
a radially symmetric Gaussian with a FWHM ¼ 0.5 mm
[Fig. 4(a)] to a diamond with an azimuthally averaged
FWHM ¼ 27.5 mm [Fig. 4(b)]. The astigmatism plays a
much larger role than an increased electron source size as
seen in Figs. 4(c) and 4(d). An electron beam source size
larger than the laser spot has been observed in some
simulations for LPAs operating in a similar regime [11]
due to enhanced electron transverse oscillations within the
LPA as a result of direct laser acceleration.
Even if solenoid astigmatism is present, the size of the

electron beam spatial profiles also depends heavily on the
electron beam spectrum, as shown in Figs. 5(a)–5(f). These
simulations used the same solenoid geometry and object
and image distances as those described in the previous
paragraph, and the electron source size was 16 μm. Using
the same field strengths as shots A, B, and C but with
two different unconditioned spectra [Fig. 5(g)], we find
that the electron beam spot size at the detector plane can
span a wide range from ∼8 to ∼55 mm FWHM [Fig. 5(h)].
Because spectrum 1 [magenta, Fig. 5(g)] has more
electrons above ∼11 MeV than spectrum 2 [cyan,
Fig. 5(g)], the solenoid field strengths (6.9–11.7 T) are not
high enough to focus the bulk of the electron beam.
Therefore, the electron beam spatial profiles in
Figs. 5(a)–5(c) are larger than those in Figs. 5(d)–5(f).

E. Experimental results—electron radiography
resolution improvement

Since electron radiography resolution improves as the
electron beam energy spread decreases [54], solenoidal
focusing is predicted to improve electron radiography
resolution. To investigate this, we radiographed static test
objects consisting of discrete steps with thickness varying
from 0.56 to 3.35 mm in 0.56 mm increments and with

FIG 4. Boris pusher simulations demonstrating the effects of
solenoidal astigmatism and electron source size on the resulting
electron beam spatial profiles. (a) Nominal electron beam source
size without astigmatism in the solenoid. (b) Nominal electron
beam source size with astigmatism in the solenoid. (c) Larger
electron beam source size without astigmatism in the solenoid.
(d) Larger electron beam source size with astigmatism in the
solenoid.
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holes of diameters varying from 0.254 to 1.270 mm in
0.254 mm increments drilled throughout the steps. For a
full description of the radiography test objects and method
used to analyze the flattened radiographs shown in
Figs. 6(a) and 6(b), see [3].
The radiography resolution achieved using the condi-

tioned electron beam is up to a factor of 3 better than
that achieved using the unconditioned electron beam.
Transitions at edges (from step to step and across each
hole) appear sharper in the radiograph with solenoidal
conditioning [Fig. 6(b)] than in the radiograph without
solenoidal conditioning [Fig. 6(a)], and we see this

FIG 5. Boris pusher simulations demonstrating the effects of
spectrum on the resulting electron beam spatial profiles with
solenoid astigmatism included. (a)–(c) Electron beam spatial
profiles for B0 ¼ 6.9; 9.7, and 11.7 T, respectively, using
spectrum 1 [magenta in (g)]. (d)–(f) Electron beam spatial
profiles for B0 ¼ 6.9; 9.7, and 11.7 T, respectively, using
spectrum 2 [cyan in (g)]. (g) Two unconditioned electron spectra
from two separate shots. (h) Azimuthally averaged FWHMs of
the electron beam spot size from (a)–(f). The error bar lies within
the marker size. The data from the experiment from Fig. 4(e) are
included for comparison.

FIG 6. Contact electron radiography using electron beams with
and without solenoidal conditioning. (a), (b) Flattened electron
radiographs of a tin test object without and with, respectively,
solenoidal conditioning. Material thickness increases from the
top left corner to the bottom right corner in each image. This tin
contact radiography object is in one quadrant of the front of the
EPPS, and the spectrometer aperture (i.e., the detector center) is
located at the top left corner in both images. Superimposed
toward the bottom of the radiographs are lines indicating (c),
(d) example lineouts and error function fits to sharp edges in the
radiographs without and with, respectively, solenoidal condition-
ing. The material thickness for all these features is 4.00 mm.
(e) Electron radiography resolution as a function of material
thickness without (blue) and with (orange) solenoidal condition-
ing. (f) Electron beam spectrum without (blue, measured) and
with (orange, simulated) solenoidal conditioning. The solenoid
field strength was B0 ¼ 10.0 T, and simulations predict focused
energies of 9.0 and 2.5 MeV.
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quantitatively in representative lineouts used in the analy-
sis [Figs. 6(c) and 6(d)]. These lineouts are error function
fits to the data of the form y ¼ aþ b erfðx−cd Þ, where d is
the radiography resolution reported in Fig. 6(e). The ratio
of the radiography resolution without solenoidal condi-
tioning to the radiography resolution with solenoidal
conditioning exhibits a maximum value of 3.14 for a
material thickness of 2.8 mm. The improvement to the
radiography resolution is due to the increase of electrons of
the focused energy on the radiography object and the
corresponding relative decrease in the electron energy
spread, as shown in Fig. 6(f). The chromaticity of
solenoidal focusing also results in more pronounced limb
brightening [55], which occurs when electrons scatter off
sharp edges, resulting in a dark doughnut shape around
each hole as opposed to a smoother transition from the
metal rim to the empty space. Similar to Snell’s law of
refraction in light optics, the angle at which the electron
scatters depends on the electron’s kinetic energy. This
chromatic phenomenon manifests less severely for a
broader electron beam spectrum because the overlapping
scattering from the various energies will tend to blur out
the overall effect. Thus, the limb brightening is more
noticeable in the radiograph using the conditioned electron
beam [Fig. 6(b)] than the unconditioned electron beam
[Fig. 6(a)], and it is accompanied by a considerable
improvement in the achievable resolution [Fig. 6(e)].

IV. SPATIOSPECTRAL CONDITIONING
OF RELATIVISTIC ELECTRON BEAMS

A. Physical picture

Angled solenoids enable simultaneous focusing of a
narrow-energy-spread population of the electron beam and
the spatial separation of this population from the bulk of
the electron beam. This “spatiospectral” conditioning can
be mapped onto a detection plane using Boris pusher
simulations as shown in Fig. 7 for various experimental
parameters. A typical electron beam spatial profile con-
ditioned by this capability is shown in Fig. 7(a), where the
electron focus feature (highest fluence) is located at
ðx; yÞ½mm� ¼ ð66;−50Þ, swept down and to the right of
the bulk electron beam. The predominant focused energy
is Ef ¼ 11.2 MeV, and the focus feature in Fig. 7(a)
has a FWHM energy spread of 1 MeV. The curves in
Figs. 7(b)–7(d) show the mapping of individual electron
energies at the detection plane for different solenoid field
strengths B0, solenoid angles θx and θy, and detection
plane distances from the origin Ldet. Single electrons were
initialized at the origin, ðx; y; zÞ ¼ ð0; 0; 0Þ (see Fig. 1),
with their velocities parallel to the þz axis. Positive
values of θx represent a solenoid angle tilted away from
the þz axis toward the þx axis, and positive values of θy
represent a solenoid angle tilted toward theþy axis, where
theþz axis is directed out of the page in Fig. 7. The curves

exhibit loops, and each intersection corresponds to an
electron energy that is focused at the detection plane
according to Eqs. (3)–(6). The correspondence between
each intersection with a focus is indicated by the vertical
dotted lines that project the intersections in Fig. 7(b) onto
the foci in Fig. 7(a), where Fig. 7(a) was modeled with the
same parameters as the curve in Fig. 7(b) for θx ¼ þ10°.

FIG 7. Boris pusher calculations of spatiospectral condition-
ing. Electrons propagate out of the page. (a) Electron beam
spatial profile. B0 ¼ 9.1 T, θx ¼ þ10°, θy ¼ 0°, Ldet ¼ 343 mm.
The input electron beam profile and spectrum are shown in
Figs. 2(a) and 2(b). The electron source size is 16 μm and there is
no astigmatism in the solenoid. Integer values of n that satisfy
Eqs. (3)–(6), corresponding to each focus, are denoted in white.
(b) Electron location as a function of electron energy for
θx ¼ þ1°;þ5°, and þ10°. Here, B0 ¼ 9.1 T, θy ¼ 0°, and
Ldet ¼ 343 mm. The curve for θx ¼ þ10° corresponds to the
spatial profile shown in (a). (c) Electron location as a function of
electron energy for θy ¼ −1°; 0°, and þ1°. Here, B0 ¼ 9.1 T,
θx ¼ þ5°, and Ldet ¼ 700 mm. Ldet was changed from 343 mm
in (b) to 700 mm in (c) to improve visualization by increasing the
separation of the three curves. (d), (e) Electron location as a
function of electron energy for B0 ¼ 5 and 20 T, respectively.
Here, θx ¼ þ5°, θy ¼ 0°, and Ldet ¼ 700 mm.
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The Boris pusher calculations in Fig. 7 demonstrate key
effects of input variables on the resulting observables.
Increasing the solenoid angle θx from þ1° to þ10° results
in the electrons intersecting the detection plane further
from ðx; yÞ ¼ ð0; 0Þ, as shown in Fig. 7(b). This informs
the necessary solenoid angle magnitude for sufficiently
separating the electron energies of interest from the bulk
when the detection plane distance is fixed. Varying θy in 1°
steps for a fixed θx reveals the relative angular tolerance
required to achieve the desired focusing and steering
[Fig. 7(c)]. The result of varying only the solenoid field
strength is captured in Figs. 7(d) and 7(e), where B0 ¼ 5
and 20 T, respectively. The path traced by the electrons at
the detection plane is identical in both Figs. 7(d) and 7(e)
for x < 90 mm, but the location where the electron
energies lie along the path is determined by the solenoid
field strength. Furthermore, as shown in Fig. 7(e), the path
traced by the electrons is extended beyond x > 90 mm and
additional loops are produced as a direct result of B0

increasing. The key takeaway from Figs. 7(d) and 7(e) is
that for a fixed solenoid angle and detection plane distance,
one can tune the focused electron energy Ef by simply
tuning the solenoid field strength (in practice, via the
solenoid pulser voltage or current). The x–y location of the
electron focus feature remains in the same location (i.e., at
the intersection of the loop nearest ðx; yÞ ¼ ð0; 0Þ), and
this can be advantageous to experiments that not only want
to separate a narrow-energy-spread portion of the electron
beam from the bulk but also tune the central electron
energy at that focus.

B. Experimental setup—solenoids and Osaka
University Electron Spectrometer

To explore spatiospectral conditioning of the LPA-
produced electron beams, we used solenoids with four
windings arranged in a single row with inner radius
R ¼ 6.65 mm. The centroid of the solenoid winding
closest to the gas jet nozzle was placed at ðx; y; zÞ½mm� ¼
ð1.0;−0.6; 5.9Þ (here, the origin is at the gas jet exit along
the optical axis) with the solenoid angle ðθx; θyÞ ¼
ðþ5°; 0°Þ. This location and angle of the solenoid produced
an electron beam focus þ10° off the optical axis. Solenoid
field strengths B0 ∼ 10 T are predicted to focus electrons
with energies Ef ∼ 10 MeV.
The Osaka University electron spectrometer (OU-ESM)

[56], which consists of 5 spectrometer channels angled at
−10°;−5°; 0°;þ5°, and þ10° with respect to the optical
axis, offered the capability to measure spatial profiles and
spectra of electron beams steered by the angled solenoids.
The front of the OU-ESM was placed 343.0 mm away
from the laser focus (329.7 mm away from the solenoids).
The dimensions of the OU-ESM front IPs were
140mm × 20 mm. The front IP stack held two IPs. The
first IP (the one closest to the LPA) filtered out electrons
with kinetic energies below 0.3 MeV and was generally

used for rapid, qualitative assessment of the electron beam
spatial profile after each shot. The second IP recorded the
electron beam spatial profiles, which are reported in this
manuscript. These front IPs were scanned with a resolution
of 50 μm. The OU-ESM shielding fully encloses the
diagnostic to reduce noise. The front shielding of the
OU-ESM dipole magnets consisted of 2.00 cm of tungsten,
and the spectrometer aperture was 3 mm in diameter.
Fujifilm BAS-SR IPs were used for all OU-ESM front IPs
and spectrum IPs.

C. Simulation predictions and experimental results

Spatial profile and spectrum measurements of spatio-
spectrally conditioned electron beams validate the use of
angled solenoids to steer focused energies to a desired
location at a detection plane. We found that in order to
reproduce the experimental results, the Boris pusher
simulations needed to account for three additional factors:
deviations in the solenoid angle within its range of
positioning uncertainty (�1° in both θx and θy), electron
beam pointing, and more severe astigmatism. We found
that the electron focus feature predicted by initial Boris
pusher simulations in Fig. 8(a) was broadened when
astigmatism was included in the solenoids and when the
electron source size was increased from 16 to 40 μm, as
shown in Fig. 8(b), which is consistent with our findings in
Sec. III C. However, angled solenoids are also particularly
sensitive to electron beam pointing in contrast to on-axis,
0° solenoids (cf. Sec. III), which exploit cylindrical
symmetry to focus electron beams. We performed 20
simulations scanning the uncertainty of solenoid angle,
astigmatism, and electron beam pointing with respect to
the optical axis, which is known to be up to 45 mrad for
unconditioned electron beams. The electron beam spatial
profile from our simulations [Fig. 8(c)] that best matched
the electron beam spatial profiles from our experimental
data [Figs. 8(d) and 8(e)] used a solenoid angle
ðθx; θyÞ ¼ ðþ6°;þ1°Þ, solenoid major and minor axes of
6.95 and 9.95 mm, respectively, and an electron beam
pointing of 45 mrad off the optical axis (at an angle of
þ50° in the xy-plane).
The measured spectra for two shots of different solenoid

field strengths show a peak indicating focused electron
energies in close agreement with the simulation predic-
tions, as shown in Fig. 8(f). For the case B0 ¼ 9.1 T (blue),
Boris pusher simulations predict a focused energy
Ef ¼ 11.2 MeV, which reproduces the measured focused
energy. The measured spectrum is considerably broader
than the predicted spectrum. Although we show that
astigmatism at the level observed in Fig. 3 can account
for some broadening of the spectrum [Fig. 8(f) dashed and
solid blue lines, corresponding to the spatial profiles in
Figs. 8(a) and 8(b), respectively], additional factors may
contribute to the broader spectra we measure, such as
repulsive space charge effects. For the simulated case
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B0 ¼ 10.4 T, solenoid angle ðθx; θyÞ ¼ ðþ6°;þ1°Þ, and
electron beam pointing of 45 mrad (at an angle of þ50° in
the xy-plane), we find agreement in the predominantly
focused energy (14.8 MeV) of the predicted spectrum and
the measured spectrum.

V. CONCLUSION

Spatiospectral conditioning using electromagnetic sol-
enoids is an elegant solution to some of the challenges
faced by microcoulomb-class LPA electron beams at
HEDS facilities. We have experimentally shown that this
technique can focus electron beams to spot sizes down
to 18 mm FWHM at our detector plane, and we measured
an electron beam fluence enhancement factor of 6 over
unconditioned electron beams. We measured electron
radiography resolution improvement by up to a factor of
3 when using the conditioned electron beams compared
to the unconditioned electron beams, demonstrating the
benefits of solenoidal conditioning to a valuable electron
beam application. Our measurements of electron beam
spatial profiles and spectra resulting from on-axis and
angled solenoidal focusing demonstrate proof of principle
of the analytic theory and Boris pusher models, instilling
confidence in these predictions for next-generation
experiments.
This work found that the broader electron beam spatial

profiles and spectra observed when conditioning electron

beams with the solenoids compared to ideal simulations
may be partially due to solenoid astigmatism and varia-
tions in the native electron beam spectrum. However, we
found that electron beam focusability and electron beam
radiography do not suffer tremendously due to the extent
of solenoid astigmatism on our experimental platform.
Follow-on studies may be conducted to assess the effects
of space charge on the broadening of the experimental
observables, especially the spectra. Finally, additional
studies could investigate the effects of higher-order aber-
rations on the diamondlike beam profile, variations of
which have also been observed in electron beams [47] and
proton beams [57–59] focused by solenoids downstream of
laser-based accelerators.
Future studies that aim to implement spatiospectral

conditioning of LPA-produced electron beams will require
precise manufacturing and alignment of the solenoids.
Although the merits of spatiospectral conditioning were
certainly demonstrated using these hand-wound solenoids,
machine-wound solenoids with less solenoid-to-solenoid
variation in the wire path should improve shot-to-shot
reproducibility of the resulting electron beam condition-
ing. The astigmatism may be minimized by implementing
machine-based coil winding techniques, but any astigma-
tism incurred in the coil due to its expansion as it is pulsed
with current is likely unavoidable. Solenoid alignment is
another critical parameter in these experiments. Deviations
from ideal solenoid placement beyond 200 μm and

FIG 8. Boris pusher simulation predictions and experimental results of spatiospectral electron beam conditioning. For (a)–(e),
electrons propagate into the page. (a), (b) Simulated electron beam spatial profiles without and with astigmatism, respectively. The
input electron beam properties are given in Fig. 2(a) and 2(d), ðθx; θyÞ ¼ ðþ5°; 0°Þ, B0 ¼ 9.1 T, and Ldet ¼ 343 mm. In (b), the
solenoid major and minor axes are 6.65 and 7.65 mm, respectively. (c) Simulated electron beam spatial profile with more severe
astigmatism and with the electron beam pointing 45 mrad off of the optical axis. Here, the solenoid major and minor axes are 6.65 and
9.65 mm, respectively. (d), (e) Measured electron beam spatial profiles for B0 ¼ 9.1 and 10.4 T, respectively. The solenoid angle in the
experiment was ðθx; θyÞ ¼ ðþ5°; 0°Þ � ð1°; 1°Þ, and Ldet ¼ 343 mm. In (a)–(e), the OU-ESM 3-mm-diameter aperture, which is angled
at þ10° with respect to the optical axis, is superimposed in teal. Electrons propagating through the aperture contribute to (f) electron
spectra corresponding to the three simulations described in (a)–(c) (curves) and the two experimental conditions described in (d),
(e) (dots).
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deviations from the desired solenoid angle beyond 2° will
lead to the electron focus feature (Figs. 7 and 8) missing
the target location at the detection plane. Full control of the
solenoid position in 3D space and the solenoid angle in
both xz- and yz-planes is crucial.
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APPENDIX A: RELATIVISTIC BORIS PUSHER

The relativistic particle pusher used to calculate the
electron trajectories in the simulations uses the Boris
pusher algorithm [46] with relativistic corrections. Our
solver neglects electric field contributions and space
charge effects. The loop process is as follows:
(i) Begin by initializing each electron’s position r and

velocity v.
(ii) Define the first intermediate velocity v− ≡ γvprev,

where vprev is the electron velocity at the previous time step
and γ is the relativistic Lorentz factor.
(iii) Define the intermediate magnetic fields t≡ qB

γm
Δt
2

and s≡ 2t
1þt2, where q is the electron charge, B is the

magnetic field strength, and m is the electron mass.
(iv) Rotate the intermediate velocity according to the

magnetic field
(a) Solve for second intermediate velocity:

v0 ¼ v− þ v− × t
(b) Solve for third intermediate velocity:

vþ ¼ v− þ v− × s.
(v) Solve for the velocity at the next time step:

vnext ¼ vþ
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ðvþ · vþÞ=c2
p : (A1)

Update the particle position: rnext ¼ rprev þ vnextΔt,
where rprev is the electron position at the previous time
step andΔt is the time step of the simulation. The time step
of the simulation was Δt ¼ 0.5 ps, corresponding to
10 time steps per cyclotron period. A convergence
test with 100 time steps per cyclotron period verified that
Δt ¼ 0.5 ps provided sufficient resolution. The energy
binning used was 0.1 MeV in the range 1–30 and 1 MeV in
the range 31–200 MeV.
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Space charge effects become important to the dynamics
of the electron beam when the so-called laminarity
parameter, ρ, is very large [60]:

ρ ¼ Iσ2

2IAγϵ2n
; (A2)

where I is the electron beam current, σ is the electron beam
transverse rms beam size, IA ≈ 17 kA is the Alfvén
current, and ϵn ¼ βγϵ is the normalized emittance with
Lorentz factor γ and β ¼ v=c. For nominal parameters of
our electron beams in this study,
(i) I ¼ Q (total charge)/τ (electron beam pulse

duration) = 500 nC/700 fs, (ii) σ ¼ 28 μm, (iii) for an
electron energy of 5.8 MeV (given by the measured peak
electron energy of shot A in Fig. 3), β ¼ 0.9967 and
γ ¼ 12.35, and (iv) ϵn ¼ βγϵ ¼ βγσθ ¼ 0.9967 × 12.35×
28 ½μm� × 160 ½mrad� ¼ 5.57 × 10−5 ½m · rad�, where θ is
the full-angle divergence of the electron beam as it exits
the gas jet.
This yields ρ ≈ 0.44. Therefore, the dynamics of the

electron beams in our experiment are not dominated by
space charge effects. Space charge effects are reduced
further by the solenoid due to the chromatic nature of
solenoidal focusing. Since electrons of different energies
have different focal lengths and because our electron
beam spectrum has a broad distribution, the electron
beam is more spread out in the space between the
solenoid and the detector as the different energies come
in and out of focus. This longitudinal chromatism is
especially true for lower-energy electrons where space
charge forces would dominate in the absence of solenoid
focusing owing to the strong scaling with γ in the
laminarity parameter.

APPENDIX B: ELECTRON ENERGY-
DEPENDENT FOCAL LENGTH OF A SOLENOID

The imaging properties of a solenoid can be derived
from the electron equation of motion as it propagates
through the solenoid. A full derivation is given in [52], and
key results and their implications are in italics below.
1. For a cylindrically symmetric solenoid, the radial

displacement of an electron, r, with respect to an axis
co-located with the solenoid axis, z, is given by

d2r
dz2

¼ − e2c2

4ðE2
k þ 2EkE0Þ

B2
zðzÞ rðzÞ ¼ −GðzÞrðzÞ; (B1)

where e is the electron charge, c is the vacuum speed of
light, Ek is the electron kinetic energy, E0 is the electron
rest energy, and BzðzÞ is the longitudinal component of the
magnetic field.
2. To arrive at an equation of a solenoid focal length

with potentially multiple foci for lower-energy electrons,

assume the solenoid magnetic field follows Glaser’s
bell-shaped field [48],

BðzÞ ¼ B0

1þ ðz=aÞ2; (B2)

where B0 is the magnetic field at the solenoid center and a
is the full width half maximum of BðzÞ (in practice, this is
approximately the solenoid radius).
Using reduced coordinates y ¼ r=a and x ¼ z=a and

defining

k2 ¼ e2c2B2
0a

2

4ðE2
k þ 2EkE0Þ

; (B3)

we can rewrite (B1) as

d2y
dx2

¼ − k2

ð1þ x2Þ2 yðxÞ: (B4)

3. For obviously oscillatory solutions, apply the sub-
stitution, x¼ cotϕ;0≤ϕ≤π, such that dx ¼ −dϕ= sin2 ϕ
and 1þ x2 ¼ csc2 ϕ. The geometrical interpretation of ϕ is
as follows: For electrons approaching the solenoid from
infinitely far away (z → −∞), ϕ ¼ π. At the center of the
solenoid (z ¼ 0), ϕ ¼ π=2. For electrons leaving the
solenoid infinitely far away (z → þ∞), ϕ ¼ 0. The final
electron equation of motion is

d2y
dϕ2

þ 2 cotϕ
dy
dϕ

þ k2 yðϕÞ ¼ 0; (B5)

which has solutions of the form

yðϕÞ ¼ C1

sin ðωϕÞ
sinðϕÞ þ C2

cos ðωϕÞ
sinðϕÞ ; (B6)

where C1 and C2 are coefficients determined by the
electron’s initial position and momentum and

ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2

p
(B7)

is a lens strength parameter.
4. For an electron passing through an initial point

P0ðy0;ϕ0Þ, C1 ¼ y0 sinϕ0

sin ðωϕ0Þ − C2 cos ðωϕ0Þ
sin ðωϕ0Þ . Plugging this result

back into (B6) yields

yðϕÞ ¼ sin ðωϕÞ sinϕ0

sin ðωϕ0Þ sinϕ
y0

þ C2

sinϕ

�
cos ðωϕÞ − cos ðωϕ0Þ

sin ðωϕ0Þ
sin ðωϕÞ

�
: (B8)

5. The image point P1ðy1;ϕ1Þ conjugate to the object
point P0 can be obtained by setting the bracket to zero.
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The bracket portion is zero when sin½ωðϕ1 − ϕ0Þ� ¼ 0,
which is satisfied by

ϕ1n ¼ ϕ0 − nπ
ω

; for n ¼ 1; 2;… (B9)

Thus, multiple image points (for multiple electron
energies) can occur once ω ≥ 2 (i.e., for sufficiently strong
solenoid field strengths).
Incidentally, (B8) also provides the divergence-

independent magnification, M,

y1 ¼
sin ðωϕ1Þ sinϕ0

sin ðωϕ0Þ sinϕ1

y0 ¼ My0: (B10)

6. To arrive at a focal length of the solenoid, consider the
object point z0¼acotϕ0 and image points z1n ¼ a cotϕ1n.
Substituting (B9) into the definition for the object point
and rearranging yields�
z0 − a cot

�
nπ
ω

���
z1n þ a cot

�
nπ
ω

��
¼ −a2csc2

�
nπ
ω

�
:

(B11)

This is equivalent to Newton’s lens equation of light
optics: Z0Z1 ¼ f0f1, where Z0 ¼ z0 − zðF0Þ and
Z1 ¼ z1 − zðF1Þ separate the object and image points
from the corresponding foci.
The focal lengths of the solenoid are given by

f0 ¼ −f1 ¼ a csc
�
nπ
ω

�
(B12)

and the distances of the foci from the lens center at z ¼ 0
are given by

zðF0Þ ¼ −zðF1Þ ¼ a cot
�
nπ
ω

�
: (B13)

The results of (B12) and (B13) show that the focal
lengths are not equal to the distances of the foci from the
lens center—this implies that rigorously, solenoids cannot
be treated as thin lenses, and principal planes must be
introduced for where the electron refraction takes place.
However, for the solenoids and electron beams used in this
study, we have found agreement to within �0.5 MeV in
the focused electron energy as calculated from the thin-
lens approximation, the bell-shaped-field approximation,
Boris pusher simulations, and as measured in experiments.
7. Solving (B11) for ω ultimately yields the electron

energies focused at the image plane,

Ef ¼
−4K2ðnÞE0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2K2ðnÞE0Þ2 þ 4K2ðnÞe2c2B2

0a
2

q
4K2ðnÞ ;

(B14)

where

K2ðnÞ≡Ω2ðnÞ − 1 (B15)

and

ΩðnÞ ¼ nπ

π − cot−1
�
a2þz0z1
az0−az1

�: (B16)

To use (B14)–(B16) to predict the observed focused
electron energies, set z0 as the distance between the
electron source location and the solenoid and set z1 as
the distance between the solenoid and the detection plane.
The sign convention is z0 < 0 and z1 > 0. The predomi-
nant focus feature occurs for n ¼ 1.
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