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Gamma-ray photons with energy >9 MeV were produced when second-harmonic-generated laser light (3 eV)
inverse-Compton-scattered from a counterpropagating relativistic (∼450 MeV) laser-wakefield-accelerated electron
beam. Two laser pulses from the same laser system were used: one to accelerate electrons and one to scatter. Since
the two pulses play very different roles in the γ-ray generation process, and thus have different requirements, a novel
laser systemwas developed. It separately and independently optimized the optical properties of the two pulses. This
approach also mitigated the deleterious effects on beam focusing that generally accompany nonlinear optics at high
peak-power levels. © 2014 Optical Society of America
OCIS codes: (340.7480) X-rays, soft x-rays, extreme ultraviolet (EUV); (320.7160) Ultrafast technology; (190.2620)

Harmonic generation and mixing.
http://dx.doi.org/10.1364/OL.39.004132

High-energy γ-ray sources have applications in a wide
variety of areas, including radiography of dense materi-
als, study of nuclear processes, as well as detection of
shielded nuclear materials. Currently, Bremsstrahlung-
generated γ-rays are the most widely used, despite the
fact that their large bandwidth results in substantial dep-
osition of unwanted radiation dosage, and consequently,
a poor signal-to-noise ratio in detection. Narrower band-
width γ-rays are generated efficiently by means of inverse
Compton scattering (ICS) [1], in which laser light is
upshifted to much higher photon energy [2] by scattering
from a relativistic electron beam. However, the practical-
ity of conventional ICS sources for applications is limited
by their large size, high cost, and fixed positions.
Unconventional, all-laser-driven ICS sources are cur-

rently under development. Instead of making use of
electron accelerators based on conventional RF cavities,
these new ICS sources are driven by laser wakefield
acceleration (LWFA) [3,4]. This difference has numerous
advantages. For instance, all-laser-driven ICS sources are
far more compact and produce much shorter pulse dura-
tions (femtosecond). Pulses of γ-rays, electrons, and laser
light are also well synchronized with each other, by virtue
of being driven by the same laser system. Several all-laser-
driven approaches have been demonstrated experimen-
tally [5–7]. Our approach succeeded in producing γ-ray
beams possessing MeV energy, high peak brightness,
and high flux (comparable to conventional ICS) [7]. More
recently, we produced quasi-monochromatic and tunable
γ-ray beams using this same approach [8].
Achieving higher photon energies (>5 MeV) remains

the final hurdle in order for these light sources to become
comparable to conventional alternatives, and relevant to
nuclear research and applications. The γ-ray energy (E)
resulting from the ICS is given by E � 4γ2EL, where γ is
the Lorentz factor of the relativistic electron beam and
EL is the energy of the laser photons. Thus, in order
to increase E, one must increase γ and/or EL.
The former approach—increasing the electron energy

—can be accomplished through use of higher laser

power and longer acceleration length. However, among
several other drawbacks to this approach, the γ-ray beam
stability can be expected to decrease, due to the nonlin-
ear beam propagation effects. It is also more difficult to
mitigate the electron background, which degrades the
signal-to-noise ratio in γ-ray detection measurements,
upon which the success of most photonuclear applica-
tions depends.

The latter approach—increasing the photon energy of
the scattering light—can be accomplished through use of
the nonlinear optics technique of high-order harmonic
generation. If the scattering laser used is doubled in opti-
cal frequency, by means of second-harmonic generation
(SHG), then the energy of the γ-ray photons will also be
doubled (for fixed laser fundamental frequency and elec-
tron energy). SHG is well established for lasers with long
pulse duration and low peak power. However, all-laser-
driven ICS involves short pulses and high peak power.
Furthermore, although the two required laser pulses
are amplified in the same laser system, they play very
different roles in the γ-ray generation process, and thus
have different requirements on their pulse characteristics.

To overcome these challenges associated with increas-
ing EL, we developed a novel laser system comprising
separate and independent pulse compressors. This
allowed the temporal characteristics of the two laser
pulses tobeoptimized independently for the requirements
of their different roles. Another advantage of this design is
that it avoided the deleterious nonlinear effects encoun-
tered in previous experiments [7,8], due to placing the
laser beam splitter before, rather than after the compres-
sors,where peakpower is low, rather thanwhere it is high.
These factors resulted in bothoptimal LWFAperformance
and efficient SHG conversion to focusable 400 nm light,
thus yielding high γ-ray energy (>9 MeV). To the best
of our knowledge, this is the first all-laser-driven ICS
source to produce γ-rays with energy sufficient to be
relevant to nuclear research and applications.

The experiment was conducted using the 100-TW
Diocles laser system that operates on the principle of
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chirped-pulse amplification [9]. The experimental setup
to generate high-energy γ-rays is shown in Fig. 1. The am-
plified 5 J beam from the laser system was divided into
two using an 80% reflecting (20% transmitting) optical
beam splitter. The reflected and transmitted beams are
then transported into two pulse compressors. The re-
flected pulse with 80% of the total energy is compressed
to 35 fs and is used to drive the LWFA electron beams.
The transmitted beam, with 20% of the total energy, is
also compressed and then upconverted to 400 nm by
SHG in a nonlinear crystal (KDP, type-I phase matching).
The total fundamental pulse energy in the transmitted

(scattering) beam was approximately 450 mJ, with a
Fourier transform-limited (FTL) pulse duration of 35 fs.
The conversion efficiency from 800 to 400 nm was mea-
sured at high power in vacuum for different chirps of the
fundamental beam incident on the crystal. As shown in
Fig. 2(a), conversion efficiency decreased for both pos-
itive and negative chirps on the incident pulse. It was
highest for zero chirp, which is expected given the inten-
sity dependence of the process. However, the focusabil-
ity of the 400 nm light is crucial in the process of γ-ray
generation by ICS as the latter depends on optimal spatial
overlap between the electron beam and the focused scat-
tering pulse, as well as the energy contained in the focus.
Therefore, a trade-off exists between the conversion
efficiency and the focusability of the 400 nm beam.
Focusability is also susceptible to degradation from
the nonlinear effects arising from the transmission of the
800 nm light through the KDP crystal.
Under our experimental conditions, the maximum

B-integral was calculated to be 0.7 when the 70 mm-
diameter fundamental beam, with 450 mJ at 35 fs, was
transmitted through the 0.8-mm-thick KDP crystal.
Measurements indicated that the B-integral did not affect
the focal spot of the 800 nm beam, as shown in Fig. 2(b).
However, severe distortion of the focal spot of the
400 nm beam was observed for zero chirp condition.
The result, shown in Fig. 2(c), has enclosed energy in

the 1∕e2 diameter less than 10% of the incident energy
and most of it is distributed outside the central focal
spot. From this observation, it can be concluded that
degradation of the focal spot arises primarily from the
second-order nonlinear harmonic conversion process.
However, other effects also contribute to this degrada-
tion, including the third-order nonlinear processes in
the crystal, such as self-phase modulation (SPM). This
arises from the fact that amplitude distortion is squared
and the spatial phase aberrations are doubled for 400 nm
as compared with 800 nm.

We performed a set of measurements to determine the
focusability of the 400 nm beam as a function of chirp, to
determine the optimal operating conditions for the ICS
experiment. These studies indicated that, with a chirp
of�3000 fs2, the focal spot is 15 μm (FWHM), containing
30% of the energy in the 1∕e2 diameter, as shown in
Fig. 2(d). This spot size is close to optimal, based on prior
studies conducted with 800 nm light. At this operating
point, obtained by changing the grating-pair separation
in the compressor, the pulse duration is 300 fs; 54 mJ
of 400 nm light is produced by the SHG process. The
use of lower power stretched pulses also reduces the risk
of optical damage arising from SPM-induced inhomoge-
neity in the scattering beam line, and enables the use of
high energy in the 400 nm beam to obtain the highest flux
of γ-ray photons.The electron beams were generated via
ionization injection [10,11] and subsequent LWFA in the
gas-jet target. After compression to 35 fs duration [12],
the drive laser pulses, with 2 J energy, were focused
by a 1 m off-axis parabola to a 20-μm (FWHM) focal spot,
with 40% energy enclosed in the FWHM contour. The
focus was located on the rising edge of a 4-mm-long
supersonic gas target (99% helium and 1% nitrogen) at
a height of 1 mm above the nozzle. The electron plasma
density, measured with a Mach–Zehnder interferometer,
was 5 × 1018 cm−3. The electron beam spectra were then

Fig. 1. Experimental setup for generation of 9 MeV γ-ray
beams by all-optical ICS. BS, beam splitter; M1–M4, high-
reflective 45° mirrors for 800 nm; M5, 45° dichroic mirror, high
reflects 400 nm and transmits 800 nm; D-OAP, parabolic focus-
ing mirror for the drive beam; S-OAP, parabolic focusing mirror
for the scattering beam; KDP, SHG crystal; Compressor-I,
compressor for the drive laser beam; Compressor-II, compres-
sor for the scattering laser beam.

Fig. 2. Energy and focal spot quality of the scattering beam.
(a) SHG energy and enclosed energy in 1∕e2 diameter with dif-
ferent frequency chirps. (b) Focal spot of the FTL fundamental
beam (800 nm). (c) Focal spot of the SHG beam converted from
an FTL IR beam. (d) Focal spot of the SHG beam converted
from an IR beam with �3000 − fs2 chirp.
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measured with a magnetic spectrometer, consisting of a
5.5-in. dipole magnet (0.7 T), and a fluorescent screen
(LANEX), imaged by a 12-bit CCD camera. Due to space
constraints, only electrons above 190 MeV could be de-
tected. The electron beams had a charge of 53� 10 pC,
an angular divergence of 4� 1 mrad, and an energy spec-
trum that extended to 550 MeV. A deconvolution process
was applied to account for the divergence of the electron
beam in calculations of the energy spectrum. Figure 3(a)
(black line) shows the spectrum of the measured elec-
tron beams averaged (over 10 shots). The on-axis γ-ray
spectral intensity, IT , generated in the counterpropagat-
ing ICS geometry depends on the spectrum of the elec-
tron beam f �γ� and is given by [13]

d2IT
dωdΩ
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where ω and ω0 are scattered light (γ-rays) and laser
frequencies, respectively, Ω is solid angle, re and m
are the classical radius and mass of an electron, respec-
tively, c is the speed of light, N0 is the number of periods
of laser pulse with which the electrons interact, and a0
is the laser strength parameter (assumed to be ≪1).
Figure 3(a) (red curve) shows the calculated on-axis
γ-ray spectrum, obtained using the measured electron
spectrum. This spectrum peaks at 9 MeV and extends
up to 15 MeV.
To detect γ-ray beams, we used a CsI(Tl) scintillator,

imaged with a 14-bit EMCCD camera. The angular profile
of the beam on the scintillator is shown in Fig. 3(b). Also
shown are lineouts in the vertical and horizontal direc-
tions through the beam center that shows that the angu-
lar divergence of the beam is <10 mrad. To measure the
γ-ray energy by means of attenuation, we placed a trans-
mission filter in front of the CsI. The filter consisted of

four aluminum blocks (7 cm thick) and one lead block
(2 cm thick) arranged in a diagonal cross pattern, as
shown in Fig. 3(c). We used the uncovered parts of
the CsI to reconstruct un-attenuated γ-ray beam spatial
profiles. This allowed us to make single-shot measure-
ments of filter transmittances. We optimized the thick-
nesses of the blocks to achieve maximal change in
transmittance differences in the 2–10 MeV range.

For the γ-ray beam shown in Fig. 3(c), we measured a
transmittance of 0.61� 0.02 for the aluminum filters and
0.33� 0.05 for the lead ones. The simulated transmittan-
ces, based on the estimated γ-ray spectrum, were 0.62
and 0.34, respectively, which was in good agreement
with the measurement. The difference between the
transmittances measured (0.28� 0.05) corresponds to
a γ-ray beam energy of 8�3

−2 MeV, close to the peak
energy of the estimated γ-ray spectrum (9 MeV). Since
the transmittance difference curve is almost linear in
the 2–10 MeV range, and the expected shape of the
γ-ray spectrum is symmetrical, this measurement esti-
mates the averaged energy of the γ-rays produced.
Based on the γ-ray spectrum and the known CsI detector
response, it is inferred that 3 × 105 γ-ray photons per
shot were produced. The measured x-ray photon num-
ber is found to be approximately consistent with the pre-
diction of Eq. (1) using the measured parameters of the
scattering laser beam and the electron beam, and assum-
ing nonideal spatial overlap of the two beams (equal to
∼1∕3 of their beam diameters), which may arise from
their pointing fluctuations.

In conclusion, we have demonstrated a >9 MeV γ-ray
source by using the second harmonic of a high-power Ti:
sapphire laser. A unique double-compressor and double-
parabola interaction geometry enabled independent con-
trol of the LWFA process and allowed the optimization of
the scattering beam parameters, while preserving the op-
timal spatiotemporal characteristics of the laser pulses.

Fig. 3. Electron and γ-ray characteristics. (a) Black curve—averaged electron beam spectrum. The y error bars show standard
deviations of charge density, whereas the x error bars show energy uncertainty due to pointing fluctuations. Red curve—corre-
sponding estimated on-axis γ-ray spectral intensity (scattering laser pulse wavelength is 400 nm). (b) Measured signal on the
CsI (background-corrected) with no spatial filter; γ-ray beam divergences (FWHM) are shown on the overlaid horizontal and vertical
profiles. (c) Measured signal on the CsI (background-corrected). The overlay shows a spatial filter in front of the CsI, consisting of
four blocks of aluminum (7 cm thick) and one block of lead (2 cm thick).

4134 OPTICS LETTERS / Vol. 39, No. 14 / July 15, 2014



This method can also be extended to scattering with
higher laser intensities, allowing access to the nonlinear
regime of ICS and the high harmonics of the γ-ray
beam [14].
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(HSHQDC-13-C-B0036), and National Strategic Research
Institute (FA4600-12-D-9000). This support does not
constitute an express or implied endorsement on the part
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