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Abstract

This presentation reported on the technology choices and
progress manufacturing and testing the injector and accel-
erator of the 250 MeV ultra-compact Compton Scatter-
ing gamma-ray Source under development at LLNL for
homeland security applications. This paper summarizes the
status of various facets of current accelerator activities at
LLNL.

INTRODUCTION

Extremely bright, narrow bandwidth gamma-ray sources
are expanding the application of accelerator technology
and light sources in new directions. Mono-energetic
gamma-rays enable new features in nuclear applications by
tapping into the very narrow unique nuclear resonances of
various isotopes [1]. Advancements in nuclear material de-
tection, fuel rod assay, and waste management only begin
to hint at the possibilities made possible by this transfor-
mational technology.

The nascent field of nuclear photonics is enabled by
the recent maturation of new technologies, including high-
gradient X-band electron acceleration, robust fiber laser
systems, and hyper-dispersion CPA [2]. Recent work has
been performed at LLNL to demonstrate isotope-specific
detection of shielded materials via NRF using a tun-
able, quasi-monochromatic Compton scattering gamma-
ray source operating between 0.2 MeV and 0.9 MeV
photon energy. This technique is called Fluorescence
Imaging in the Nuclear Domain with Energetic Radia-
tion (or FINDER). This work has, among other things,
demonstrated the detection of “Li shielded by Pb, uti-
lizing gamma-rays generated by a linac-driven, laser-
based Compton scattering gamma-ray source developed at
LLNL [3, 4, 5]. Within this context, a new facility is cur-
rently under construction at LLNL, with the goal of gener-
ating tunable gamma-rays in the 0.5-2.5 MeV photon en-
ergy range, at a repetition rate of 120 Hz, and with a peak
brightness in the 102° photons/(s x mm?x mrad?x 0.1%
bw) range.

This paper will briefly summarize the status of current
activities at LLNL. Other relevant work is presented inde-
pendently in these proceedings, and is summarized sepa-
rately, including: multibunch laser development [6], multi-
bunch modeling activities [7], magnet measurement and
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qualification [8], and gamma-ray modeling [9].

Compton Scattering
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Figure 1: Compton interaction geometry.

This section is a brief summary of the main properties
of Compton scattering. The incident electron and photon
4-momenta are given by u, = (v,u) and k, = (k,u);
the scattered photon 4-wavenumber is ¢, = (¢,q), and
the electron 4-velocity after the interaction satisfies energy-
momentum conservation: v, = u, + X' (nk, — ¢,), where
X' is the reduced Compton wavelength and n is the har-
monic (multi-photon) number. From these parameters, the
incident and scattered light-cone variables can be com-
puted, along with the Compton formula:
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Here, € is the angle between the electron initial velocity and
the mean electron beam axis; ¢ is the angle of incidence
of the laser photon(s); —A, A" corresponds to radiation
pressure; finally, the result is given for on-axis radiation
(0 = 0). The relativistic Doppler upshift, radiation pres-
sure, and recoil are the main contributions to the scattered
photon energy. This equation also shows that the frequency
is very sensitive to both the electron beam and laser pulse
phase spaces. Additional information can be derived from
the Klein-Nishina differential scattering cross-section, 3D
effects, and nonlinearities.

STATUS

The X-band linear accelerator design for the next genera-
tion gamma-ray source at LLNL has been named VELOCI-
RAPTOR and is described in detail in [10]. This 250 MeV
linac is comprised of a 5.59 cell X-band RF gun [11], and
6 T53 accelerator sections operating at 70 MV/m gradient.
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Using an intrinsic emittance of 0.9 pm per mm of laser spot
size on the cathode, a 250 pC bunch achieves a normalized
rms emittance of 0.35 mm mrad with an energy spread of
0.2%. A quadrupole magnet triplet forms a final focus for
the Compton laser interaction region, and a chicane prior
to the final focus is used to block on-axis Bremsstrahlung
radiation. A final set of dipole bends is used to separate the
electron beam from the gamma-ray beam. We have chosen
to reuse the target bay of the decommissioned NOVA in-
ertial confinement fusion laser, as it already has sufficient
shielding. Preparation for construction requires demoli-
tion of the massive existing infrastructure that supported
the target chamber and its associated optics and diagnos-
tics. Work is underway and making significant progress
in demolishing and decontaminating the area for beneficial
occupancy as seen in Fig. 3.

Figure 2: CAD rendering of the Nuclear Photonics Facility
at LLNL.

Figure 3: Target bay demolition in preparation for con-
struction.

Until the full facility is built in the target bay, the test sta-
tion will be established in the shielded caves of LLNL’s S-
band accelerator facility in Building 194 (B194) [12]. Early
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establishment of the test station will enable operational ex-
perience, and allow multi-bunch experiments to begin in
advance of the full target bay facility being available for
occupancy. The parameters for the test station are shown in
Table 1. The test station layout is shown in Fig. 4. The test
station will consist of a control room with equipment racks,
a high power solid-state modulator and XL-4 klystron, RF
distribution, the Mark 1 RF gun and a single T53 traveling
wave accelerator section with beamline transport magnets
and diagnostics. The system is discussed in more detail in
other work including: the beam dynamics [13], laser sys-
tems [14], and RF distribution [15]. A similar system is be-
ing built at SLAC for testing X-band RF guns, as discussed
in [16]. At LLNL, the test station components are being as-
sembled and components such as the modulator are being
tested prior to integration and full system commissioning.
A discussion of the status of various major components of
the test station follows.

Table 1: Test Station Parameters

Charge 250 pC
Bunch Duration 2 ps
Bunch Rise/Fall <250 fs
Normalized Emittance <1 mm mrad
Gun Energy 7 MeV
Cathode Field 200 MV/m
Coupling 5 1.7
Section Gradient ~70 MV/m
Final Energy 30-50 MeV
Modulator

The high voltage pulse required by the klystron is pro-
vided by a state-of-the-art, solid-state high voltage modu-
lator. The solid-state modulator (K2-3X) built by Scandi-
Nova was chosen for its pulse-to-pulse stability and solid-
state modular design. This modulator has been installed
with its support hardware and chiller in B194 as seen in
Fig. 5, and has been pulsed into a low average power high
voltage load as typified by Fig. 6.

Klystron

The high power RF source is a X-band klystron (XL-
4), which was developed by SLAC in the mid 90s for the
high power testing of the X-band structures. The XL-4
is a solenoid focused klystron which requires a 0.5 Tesla
solenoid. Commissioning and final testing of the LLNL
XL-4 klystron are complete, and the tube has been deliv-
ered to LLNL. Installation of the klystron into the modula-
tor will be completed soon. The final klystron parameters
are detailed in Table 2. The tube meets all required specifi-
cations.

RF Components

The RF distribution transports high power RF to both the
RF gun, which requires ~20 MW, and the T53 accelerator
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Figure 4: CAD rendering of the X-band test station.

Figure 5: ScandiNova solid-state modulator installed at
LLNL.

section, which will receive the remainder. The RF distribu-
tion takes advantage of two 3dB couplers mounted back-to-
back with phase shifters between them. This arrangement
allows power to be distributed to either the RF gun, or the
T53 accelerator structure [15]. An additional phase shifter
allows the relative phase of the RF to be adjusted. All com-
ponents have been fabricated and await installation, with
the exception of final WR90 transport lengths that have yet
to be determined based on the final location of components
relative to one another.

Photoinjector

The RF gun is based on an earlier high gradient 7 MeV,
5.5-cell X-band RF gun. PARMELA simulations revealed
that a longer first half- cell, as simulated with SUPERFISH
resulted in a lower final emittance for the setup planned at
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Figure 6: Typical 1 ps 100 kV high voltage trace of mod-
ulator pulsing into low power resistive load. Yellow is a
current transformer on the low voltage side of the trans-
former secondary that has saturated, Red is an accurate cur-
rent transformer that has been installed on the high voltage
end of the secondary, and Blue is an uncalibrated capacitive
voltage divider.

LLNL. As a result a full redesign of the RF gun has been
performed, using a longer first half-cell, lengthened from
a 0.49 cell to a 0.59 cell. This new RF gun also boasts an
improved mode separation of >20 MHz, which decreases
mode beating of the electric field on the cathode. The new
RF gun also employs a racetrack coupler to reduce the RF
quadrupole field experienced by the electron beam, and el-
liptically contoured irises to decrease the maximum surface
electric field. The RF gun properties required to complete
final tuning are: field balanced across all cells, mode fre-
quency of 11.424 GHz, and a coupling 8 of ~1.7. The
RF gun has been fabricated, with final tuning showing very
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Figure 7: XL-4 klystron completed at SLAC and dressed
for shipping.

Table 2: XL-4 klystron parameters.

Frequency 11.424 GHz
Beam voltage 427 kV
Perveance 1.09 pA/V3/2
Max RF pulselength 1.5 ps
Saturated power 50 MW
RF drive 700 W
Gain 49 dB
Efficiency 41%
-3dB bandwidth 50 MHz
Cathode heater current 22 A
Vacuum level 10~° Torr

close agreement with the design.

The X-band test station will include a single T53 accel-
erator section to increase the beam energy to 20-30 MeV,
so that the emittance can be measured using a quad scan
technique. The T53VG3 travelling wave structure has been
extensively tested and has operated at high gradient with
low breakdown rates. The T-series structures are essen-
tially the low group velocity (downstream) portion of the
original NLC 1.8 m structures. This structure can be op-
erated with acceptable breakdown rate at gradients up to
90 MV/m. The T53 has been fabricated and is awaiting
installation on the test station.

Miscellaneous

The emittance compensation solenoid for the photoinjec-
tor, in addition to focussing quadrupoles, steering magnets,
and a dump dipole (which doubles as a spectrometer mag-
net) have been procured and measured [8], and await instal-
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Figure 8: CAD rendering of test station RF distribution.
Majority of components have been fabricated, delivered,
and await installation.

Figure 9: Cold test setup at SLAC for beadpull measure-
ment and final tuning. RF gun currently under final bake.

lation on the test station. Vacuum hardware is in the final
stages of procurement, though the bulk of hardware is in
hand. Controls for various signal digitization and commu-
nication has been partially implemented, and will continue
when more hardware is in place.

ONGOING RESEARCH

Multibunch Photoinjector

One area of active current research is to design, model,
assemble, and demonstrate a high-brightness electron-
beam source that is capable of generating electron bunches
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Figure 10: Completed T53 accelerator section.

in each accelerating bucket of the drive RF [6, 7]. This
research objective will be accomplished by building a
new multiple gigahertz-compatible photoinjector and a
gigahertz-compatible cathode illumination laser, which
will be integrated with existing radio-frequency power
and electron accelerator hardware to make beam measure-
ments.

Narrowband Gamma-rays

Another area of active current research is to optimize
LLNL’s Compton-scattering gamma-ray source technology
for a potential 100,000-fold bandwidth reduction [9]. This
bandwidth reduction will enable direct nuclear resonance
fluorescence isotope-specific detection, assay, and imag-
ing of special nuclear materials and other materials of in-
terest. This research involves detailed computer models
of gamma-ray production, tracking, and interaction with
gamma-ray optics, along with optimization algorithms, as
well as experimental characterization of gamma-ray optics.

Detector Technologies

Conventional detectors, such as high-purity Germa-
nium, are ill-equipped to handle very high gamma-ray
flux. Detector research at LLNL is investigating techniques
compatible with the gamma-ray sources under develop-
ment [17].

CONCLUSION

The major components for the X-band test station have
been designed, fabricated, and await installation. The XL-
4 klystron has been delivered, and will shortly be dressed
and installed in the ScandiNova modulator. High power
testing of the klystron into RF loads will follow, including
adjustment of the modulator for the klystron load as neces-
sary. Assembly of RF transport, test station supports, and
accelerator components will follow.

Commissioning will focus on processing the RF gun
to full operating power, which corresponds to 200 MV/m
peak electric field on the cathode surface. Single bunch
benchmarking of the Mark 1 design will provide confi-
dence that this first structure operates as designed, and will
serve as a solid starting point for subsequent changes, such
as a removable photocathode, and the use of various cath-
ode materials for enhanced quantum efficiency. Charge
scaling experiments will follow, partly to confirm predic-
tions, as well as to identify important causes of emittance
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growth, and their scaling with charge. Multi-bunch oper-
ation will conclude testing of the Mark 1 RF gun, and al-
low verification of code predictions, direct measurement
of bunch-to-bunch effects, and initial implementation com-
pensation mechanisms. Modeling will continue and focus
on supporting the commissioning and experimental pro-
gram, as well as seeking to improve all facets of linac pro-
duced Compton gamma-rays [7, 9].
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