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Laser wakefield accelerators generate ultrashort electron bunches with the capability to produce γ-rays. Here, we
produce focused LWFA electron beams using three quadrupole magnets. Electron beams are then focused into a 3 mm
lead converter to generate intense, focused bremsstrahlung γ beams. Experimental results demonstrate the generation
and propagation of focused γ beams to a best focus spot size of 2.3 ± 0.1 mm × 2.7 ± 0.2 mm using a copper stack
calorimeter. Monte Carlo simulations conducted using GEANT4 are in good agreement with experimental results and
enable detailed examination of γ-ray generation. Simulations indicate that the focused γ beams contained 2.6 × 109

photons in the range of 100 keV to 33 MeV with average energy of 6.4 MeV. A γ-ray intensity of 7 × 1010 W/cm2 was
estimated from simulations. The generation of focused bremsstrahlung γ-ray sources can have important applications
in medical imaging applications and laboratory astrophysics experiments.

Laser wakefield acceleration (LWFA) is a compact ap-
proach for accelerating electrons in the electric fields pro-
duced by the interaction of an intense laser pulse with under-
dense plasma1. The most efficient “bubble” regime of LWFA
is achieved when the laser pulse duration, tp, is less than
the plasma period (tp < 2πc/ωp)1,2, where ωp is plasma fre-
quency and occurs for normalized laser vector potential, a0�
1. LWFA was proposed by Tajima and Dawson in their sem-
inal paper in 19791. Since then, experimental demonstrations
of the energetic electron beams3–6 have advanced to the gen-
eration of 8 GeV electrons7 from a centimeter-scale plasma.
LWFA electron beams have ultrashort, few-femtosecond (fs)
duration8,9 with superior peak current (1–10 kA)9,10, narrow
energy spreads of few %10, and minuscule transverse source
sizes (µm)11–14. These features make them suitable for next-
generation compact, ultrafast X-ray and γ-ray sources14–23.

The interaction of energetic LWFA electrons with a high
atomic number (Z) target can be used to generate high-
flux γ-rays15,20,23–26.γ-rays represent the highest energy pho-
tons in the electromagnetic spectrum, here considered as
photons with a minimum energy of 10 keV. Bright γ-rays
with multi-MeV energies enable greater penetration into
dense materials and are desirable for numerous applications
such as laboratory astrophysics27, photon–photon colliders28,
radiotherapy29, and photonuclear studies30. LWFA generated
γ-sources are compact31,32, enabling miniaturized accelera-
tor setups fitting in a standard-sized laboratory. However,
for many of these applications, a reduction in electron beam
size is desired33. In particular, the γ-ray beams with reduced
beam size can be generated by focusing of the driving elec-
tron beam and can play a crucial role in the detection of
radioactive waste34 and radiography of dense materials35,36.
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Quadrupole magnets have previously been implemented for
electron beam focusing, resulting in reduced beam divergence
and minimized pointing fluctuations37–40. Quadrupole mag-
nets are comprised of four magnets along with magnetization
vectors41,42. In this configuration, the dipoles at the system
core are negated and the field magnitude is directly propor-
tional to radial distance. Hence, electrons near the center of
the quadrupole magnet will experience a weaker force. Fur-
thermore, an electron traveling through a quadrupole magnet
will defocus in one plane and focus on another.

In this Letter, we present the generation of γ beams with
reduced beam profiles using focused LWFA electron beams.
Firstly, E ' 200 MeV LWFA electron beams were focused
using quadrupole magnets, resulting in improved beam point-
ing and stability. Electron beams were then focused into a
lead (Pb) converter target for γ-ray generation. A copper (Cu)
stack calorimeter enabled visualization of the spatial propaga-
tion of γ-ray beams, demonstrating the production of a γ beam
of 2.3 ± 0.1 mm × 2.7 ± 0.2 mm at best focus. Monte Carlo
simulations using the GEANT4 code were in good agreement
with experimental results in terms of beam propagation and
focusing. GEANT4 simulations indicate that γ beams with an
average photon energy of 6.4 MeV and Nph ' 2.6 × 109 pho-
tons with energy ranging from 100 keV to 33 MeV were
generated. The simulated γ beam had a focused intensity of
7 × 1010 W/cm2 with beam size of 2.4 mm × 2.4 mm and
this was nearly 4× higher than intensity obtained using a col-
limated input electron beam scenario.

Experiments were conducted using the HERCULES laser
facility at the University of Michigan43. HERCULES is an
800 nm Ti:Sapphire laser system with a full-width-at-half-
maximum (FWHM) pulse duration of ∼ 35 fs. The laser
had an average power of 70.5 ± 1.6 TW and was focused us-
ing an f /20 off-axis parabolic mirror to an intensity of about
1.2 × 1019 W/cm2, corresponding to a normalized vector po-
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FIG. 1. (a) Schematic of the experimental setup. The HERCULES
Ti:Sapphire laser beam (red) was focused into a single stage 5 mm
gas cell filled with helium gas to drive an LWFA. Three quadrupole
magnets (B1,B2,B3) were used to focus the resultant electron beams
(purple). Focused electron beams generated a γ beam (green)
through interaction with a Pb converter and a Cu stack calorimeter.
(b) Example electron beam imaged on a LANEX scintillating screen.
(c) Schematic of the 3 mm Pb converter and Cu stack calorimeter
consisting of 16 IP interwoven with Cu foils.

tential of a0 = 2.3. An LWFA was driven by focusing the
HERCULES beam at the entrance of single stage 5 mm gas
cell filled with helium gas at pressure ranging from 5 PSIA to
8 PSIA. This corresponds to plasma electron density ranging
from 0.6 × 1019cm−3 to 1 × 1019cm−3.

A schematic of the experimental setup is shown in Fig-
ure 1a). LWFA electron beams were characterized using a
0.8 T dipole magnetic spectrometer and a LANEX scintillat-
ing screen. Resultant electron beams had a maximum energy
of 205± 25 MeV over 14 shots with a broad energy spectrum.
An example electron beam is shown in Figure 1b). It is im-
portant to note that the dipole magnetic spectrometer had to
be moved out of the way to implement the quadrupole mag-
net focusing system, therefore the LWFA electron beam could
not be simultaneously characterized during focusing. Thus,
the quoted electron energies are estimated from separate mea-
surements.

To achieve focusing of the LWFA electron beam, three
quadrupole magnets with 6 mm apertures were used, as shown
in Figure 1a). The first quadrupole magnet (B1 = 1.2 T) was
placed 8 mm away from the center of the gas cell, denoted
z = 0. The second quadrupole magnet (B2 = 0.9 T) was sit-

uated 475 mm away from first quadrupole magnet, and the
third quadrupole magnet (B3 = 1.2 T) was placed 64 mm away
from second quadrupole magnet. B1 and the B3 focused (de-
focused) electron beam in the vertical (horizontal) axis while
B2 defocused (focused) it in the horizontal (vertical) axis. The
electron beam profile was imaged at various position along
the axis of laser propagation (z) using a scintillating LANEX
screen and a CCD camera. The adopted configuration was
found to minimise the electron beam size for∼ 200 MeV. The
position of this screen was varied to determine the point of
best focus at z = 685 mm from the back of the gas cell (i.e.,
z = 18 mm behind from the third quadrupole magnet).

A Pb bremsstrahlung converter and a Cu stack calorime-
ter, depicted in Figure 1c), was used for γ-ray generation and
investigation of beam propagation. A 3 mm Pb converter
was placed along the laser axis at 2 mm behind the third
quadrupole magnet. The Cu stack calorimeter consisted of
sixteen 1 mm thick, 25.4 mm × 25.4 mm Cu foils interwo-
ven with image plate (IP) and separated by 1.5 mm using a
cardboard frame was placed behind the Pb converter for mea-
surements of the resultant γ beam via Cu autoradiography.
The IP consisted of 100 µm layer of luminescent material of
BaFBr:Eu2+. The calorimeter stack, spanning 40 mm, en-
abled investigation of the propagation dynamics and genera-
tion of intense γ beams. Calorimetry was performed with and
without the Pb converter to account for Cu self-emission.

The GEANT4 (GEometry ANd Tracking) simulation
toolkit44 was used to examine the propagation dynamics of
an energetic electron beam traveling through a Pb converter
and a Cu stack calorimeter. An electron beam containing
Ne = 108 electrons with an energy of 200 MeV propagating
in vacuum and entering a 3 mm Pb block and 40 mm Cu +
IP stack was simulated, matching the experimental geome-
try in Figure 1c). Photons of energies above 100 keV were
recorded. Information pertaining to energy of simulated pho-
tons, deposited energies and number of simulated photons
were collected by multi-functional detectors placed inside the
geometry of the Cu stack for comparison with experimental
results on the IP. Analysis of energy transfer to secondaries
and energy deposition was conducted to understand the over-
all energy contribution from each materials (Pb, Cu and IP).
The energy contribution of the IP was found to be negligible
(EIP contribution/EPb+Cu stack contribution = 0.003).

The properties of LWFA electron beams with and without
the quadrupole magnet system are shown in Figure 2. Using
the quadrupole magnet system, the electron beam was focused
to 1.4 ± 0.4 × 1.1 ± 0.3 mm (FWHM in x × FWHM in y)
at z = 685 mm from the back of the gas cell (Figure 2a)).
Without the magnet system, the beam size at z = 533 mm was
3.2 ± 0.4 × 2.7 ± 0.5 mm (x-axis × y-axis), after which the
beam would continue to diverge38.

The stability of the electron beam was characterized by
the variation in the location of the center of the electron
beam. Electron beam stability improved from an average of
2.8 ± 1.4 mrad, (3.0 ± 0.6 mrad FWHM in x and 2.5 ± 0.5
mrad FWHM in y) without quadrupole magnets to 0.8 ± 0.3
mrad (1.0± 0.3 mrad FWHM in x and 0.8± 0.3 mrad FWHM
in y) using the quadrupole magnets (Figure 2b)).
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FIG. 2. Comparison of (a) electron beam transverse profile (lines denote mean and shaded regions denote standard deviation over 10 shots, (b)
shot-to-shot pointing stability and (c) background subtracted electron counts (arb. u.), with and without the triplet quadrupole magnet system.

FIG. 3. (a) Raw Cu autoradiography data from each IP, demonstrating γ-ray generation. (b) Comparison of experimental data and GEANT4
simulation of the γ beam profile as a function of penetration depth.

Using the quadrupole system, a reduction of counts on the
scintillating LANEX screen, representing the beam charge,
was observed (Figure 2c)). This is attributed to the loss of
high-divergence low-energy electrons at the 6 mm magnet
aperture45–47 and low-energy electrons do not get focused
well by the quadrupole magnets40. The mean number of
counts in the electron beam over ten shots was measured to be
(3.8 ± 1.9) ×105 with quadrupole magnets and (11.7 ± 5.7)
×105 without.

Raw IP measurements from the Cu stack calorimeter are
shown in Figure 3a) at sixteen locations along the propaga-
tion axis, where ‘1’, corresponds to the first IP, located di-
rectly behind the 3 mm Pb converter, and ‘16’ denotes the last
IP, 40 mm behind the converter. The γ beam was approxi-
mated as an ellipse with area = πxy, where x and y are the
beam FWHM in each dimension. The area of the γ beam
as function of penetration depth from both experiments and
simulations is shown in Figure 3b). GEANT4 simulations ac-
count for beam area of γ-ray photons with energy exceeding
100 keV and variations in the beam area along the focusing
geometry. Here, the focusing geometry determines the spatial
distribution of the γ-ray photons along the focal volume of the
Cu/IP stack. Input electron energy transferred to secondaries

which are not γ-ray photons constitute 15% of total input en-
ergy, as verified with NIST48 and GEANT4. Thus, excellent
agreement between simulations and experimental results up to
penetration depths of 25 mm (Figure 3b)) i.e., at z = 692 mm
from the back of the gas cell, indicate that the intense spots
recorded on the IPs can reasonably be considered as captur-
ing the spatial propagation of γ-rays. Variations in beam area
beyond penetration depths of 25 mm may be attributed to sec-
ondary radiation showers and greater uncertainty in estimating
beam area experimentally.

From calorimetry measurements, it was found that the γ

beam came to focus at a penetration depth of 20 mm (z =
687 mm from the back of the gas cell), closely matching
the location of best focus of the LWFA electron beam (z =
685 mm). At best focus, the γ beam size was 2.3 ± 0.1 mm
× 2.7 ± 0.2 mm (19.3 ± 2.5 mm2 area) in experiments, as
compared to 2.4 mm × 2.4 mm (18 mm2 area) from simula-
tions. More than four-fold increase in beam area was observed
after a penetration depth of 25 mm in both simulations and ex-
periments, indicating significant beam scattering. The experi-
mentally observed trends in γ beam propagation and focusing
were in excellent agreement with GEANT4 simulations.

From GEANT4 simulations, a total of photons Nph =



4

FIG. 4. (a) Spectrum of γ-rays simulated in GEANT4 for both the Pb+Cu/IP stack and Pb converter respectively, as well as the unfolded
spectrum, where the gray shaded area represents the uncertainty of unfolding. (b) Comparison of simulated γ beam profile obtained using
collimated and focusing input electron beams.

2.6× 109 in the range of 100 keV to 33 MeV, with an average
energy of 6.4 MeV, were generated along the 40 mm interac-
tion length, with a pulse duration of 0.5 ps. The electron-to-
photon conversion efficiency15,49 (CE) was Nph/Ne = 26. The
spectrum of the resultant γ-rays from GEANT4 simulations
(Figure 4a)) was obtained by50:

dNγ

dE
= Rl

((
1−b+

1
rE

)
e−rE +

(
b− E0

E
− 1

rE

)
e−rE0

)
(1)

where dNγ/dE is the number of bremsstrahlung photons at
a photon energy E>100 keV recorded from GEANT4, l is
thickness of Cu foils in the 40 mm stack calorimeter, E0 is the
electron energy of E0 ' 200 MeV, b≈ 0.83 is a dimensionless
constant, r is a fitting parameter with dimension of MeV−1,
used for estimating γ-ray spectrum, where r ≈ 1.2 MeV−1

for 100 keV < E < 2 MeV, and r ≈ 0.25 MeV−1 for E >
2 MeV and R is a group of constants constituting the atomic
density, na, and atomic number, Z, of Pb and Cu, as well
as fitting parameters, such that R = CnaZ2r−1, where C ≈
1.1×10−18 cm2.

The 3 mm Pb converter was found to produce 62% of total
photons above 100 keV, with the remaining 38% originating
from the subsequent Cu stacks. The electron-to-photon con-
version efficiency in the Pb converter alone was 15, producing
bremsstrahlung photons averaging 4 MeV in the range of 100
keV to 18 MeV. At best focus, the intensity of the focused
γ beam in the Pb + Cu stack was nearly 7 times higher than
achieved in Pb alone. At this location, the gamma beam area
was 8 mm2 from the Pb converter alone, versus 18 mm2 in
the Pb + Cu stack; the Cu stack increased the beam size and
number of photons by enabling more scattering events. It is
important to note that the focusing geometry was preserved
in this comparison, therefore the location of best focus of the
electron and associated gamma beam was not within the Pb
converter, but rather at z = 687 mm from the back of the gas
cell, behind the 3 mm Pb converter. The simulated spectrum
of the bremsstrahlung source produced from the Pb converter
is also given in Figure 4a).

The γ-ray spectrum from experimental measurements was

reconstructed by using an unfolding algorithm51:

Edep, j =
n

∑
i=1

P(Edep, j,Ein,i)× f (Ein,i) (2)

where Edep, j represents energy deposition per layer of the
stack calorimeter, P(Edep, j,Ein,i) is a response matrix that
connects the incident energy spectrum to the energy deposited
on the detector, and f (Ein,i) is the binned energy spectrum.
The response matrix was obtained from GEANT4 simulations
for photons ranging from 100 keV to 200 MeV using 650 en-
ergy bins; for unfolding up to 50 MeV, 100 keV energy bins
were used, subsequently 1 MeV bins were used for beyond 50
MeV. The bremsstrahlung Findlay prior52 function was used
as the initial assumed energy spectrum f (Ein,i). The unfolding
algorithm was implemented in an iterative manner, with the
measured energy deposition from the image plate conversion
IP from PSL to MeV53 compared to energy deposition from
unfolding algorithm using least squares minimization in each
step. Finally, the spectrum due to energy deposition was cal-
culated using equation 2. The unfolded γ-ray spectrum shown
in Figure 4a) is in close agreement with the GEANT4 simu-
lated γ-ray spectrum, where the estimated number of photons
was 2.5 ± 0.2 × 109 in the range of 100 keV to 34 MeV with
average energy of 6.1 ± 0.5 MeV, whereas in the GEANT4
simulation, number of photons was 2.6 × 109 in the range of
100 keV to 33 MeV, with an average energy of 6.4 MeV.

The propagation and intensity of a γ beam driven by a col-
limated electron beam was also simulated in GEANT4. Fig-
ure 4b) shows a comparison between γ beam profile using
(3 × 3) mm electron beam focusing to approximately (1.4
× 1.1) mm and a collimated electron beam of (3 × 3) mm.
Using a collimated input electron beam, the size of the γ

beam was found to increase linearly with propagation dis-
tance. The number of photons generated using a focused or
collimated beam was nearly same (Nph f ocused = 2.6 × 109,
Nph collimated = 2.5 × 109), however, at the location of best
focus (z = 687 mm from the back of the gas cell), the γ-ray
intensity for the focused case was nearly 4× higher than the
collimated case (I f ocused = 7 × 1010 W/cm2 in a beam area of
18 mm2 versus Icollimated = 1.8 × 1010 W/cm2 in a beam area
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of 130 mm2).
The peak brilliance of the focused γ-ray source was
∼3× 1017 photons s−1 mm−2 mrad−2 0.1% BW . This source
is comparable to brilliance of other bremsstrahlung radiation
sources (∼2 × 1017 photons s−1 mm−2 mrad−2 0.1% BW
from Giulietti et al.30 and ∼1 × 1017 photons s−1 mm−2

mrad−2 0.1% BW from Glinec et al.35 with ‘Ta’ target in both
reports) discussed in the literature17,54.

In this work, a system of three quadrupole magnets was
used to generate focused LWFA electron beams, demonstrat-
ing improved beam stability and pointing. This system was
subsequently used to focus the electron beam into a 3 mm
Pb converter and a Cu stack calorimeter for generation and
diagnosis of resultant bremsstrahlung γ-rays. The Cu stack
calorimeter enabled visualization of the spatial propagation
of γ-ray beams, demonstrating the production of γ beam of
2.3 ± 0.1 mm × 2.7 ± 0.2 mm at best focus. The location
of best focus of the γ beam was in close agreement with best
focus of the electron beam to (1.4 × 1.1) mm. Experimen-
tal trends were well reproduced in GEANT4 simulations, in
which 2.6 × 109 photons with an average energy of 6.4 MeV
in the range of 100 keV to 33 MeV were focused to an inten-
sity of 7 × 1010 W/cm2 while simulated γ-ray pulse duration
was 0.5 ps, with peak brilliance of ∼3 × 1017 photons s−1

mm−2 mrad−2 0.1% BW.
This demonstration of intense, focused γ beams produced

from an LWFA has significant potential in a variety of appli-
cations, including radiography of dense materials35,36, exper-
imental studies of extreme astrophysical environments15,27,
the detection of illegal nuclear materials55 and radioactive
tracers in medical imaging34,35 and the disposal of nuclear
waste15,55,56. Specifically, the γ-ray source of present work
may be suitable for high-resolution γ-ray radiography which
requires γ-ray photons with energies up to 10 MeV and few-
mm resolution14. These results are also relevant to laser
driven radioisotope production systems, requiring γ-rays be-
tween 15 and 25 MeV15. Additionally, the application of fo-
cused LWFA electron beams with a high-Z converter could
be employed to generate positron beams through the Bethe-
Heitler mechanism for the study of neutral electron-positron
plasma57,58 dynamics to replicate γ-ray bursts59,60 in the
laboratory54,61. The achievement of narrowband energy γ

sources using filters15 or crystal lenses62 could further opti-
mize these sources for many industry relevant applications.

While quadrupole magnets were employed here for electron
beam focusing, an active plasma lens may provide an alterna-
tive with the capability to provide a more compact arrange-
ment with tunable focusing ability63 and reduced dependence
of focal length on electron energy64. However, active plasma
lenses suffer from aberrations triggered by radially nonuni-
form focusing fields, potentially degrading beam quality and
beam focusing trajectory, and could also be subject to inter-
ference from the plasma wakefield65.
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