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COMPTON SCATTERING AND ITS APPLICATIONS: THE PLEIADES
FEMTOSECOND X-RAY SOURCE AT LLNL'

F.V. HARTEMANN, W.J. BROWN, S.G.ANDERSON, C.P.J. BARTY, SM.BETTS, R.
BOOTH, J.K.CRANE, R.R.CROSS, D.N. FITTINGHOFF, D.J.GIBSON, J. KUBA, B.
RUPP, AM.TREMAINE, aAND P.T.SPRINGER

Lawrence Livermore National Laboratory
7000 East Avenue,
Livermore, CA 94550, USA
E-mail: hartemannl@lInl.gov

Remarkable developments in critical technologies including terawatt-class lasers using
chirped-pulse amplification, high brightness photoinjectors, high-gradient accelerators,
and superconducting linacs make it possible to design and operate compact, tunable,
subpicosecond Compton scattering x-ray sources with a wide variety of applications. In
such novel radiation sources, the collision between a femtosecond laser pulse and a low
emittance relativistic electron bunch in a small (um®) interaction volume produces
Doppler-upshifted scattered photons with unique characteristics: the energy is tunable in
the 5-500 keV range, the angular divergence of the beam is small (mrad), and the pulses
are ultrashort (10 fs — 10 ps). Two main paths are currently being followed in
laboratories worldwide: high peak brightness, using ultrahigh intensity femtosecond
lasers at modest repetition rates, and high average brightness, using superconducting
linac and high average power laser technology at MHz repetition rates.

Targeted applications range from x-ray protein crystallography and high contrast medical
imaging to femtosecond pump-probe and diffraction experiments. More exotic uses of
such sources include the y—y collider, NIF backlighting, nonlinear Compton scattering,
and high-field QED. Theoretical considerations and experimental results will be
discussed within this context.

1. Introduction

Remarkable advances in ultrashort pulse laser technology based on chirped-
pulse amplification,'* and the recent development of high-brightness, relativistic
electron sources’” allow for the design of novel, compact, monochromatic,
tunable, femtosecond x-ray sources using Compton scattering.**' Such new light
sources are expected to have a major impact in a number of important fields of
research, including the study of fast structural dynamics,”* advanced
biomedical imaging,26 and x-ray protein crystallogrelphy;27’28 however, the
quality of both the electron and laser beams is of paramount importance in

* This work was performed under the auspices of the U.S. Department of Energy by the
University of California, Lawrence Livermore National Laboratory under contract No.
W-7405-Eng-48.



achieving the peak and average x-ray spectral brightness required for such
applications.

In this paper, we describe the first production of x-rays using Compton
scattering at Lawrence Livermore National Laboratory (LLNL). A brief
summary of our main results is given here, while a more detailed description is
provided in the remainder of the text. In January 2003, the PLEIADES
(Picosecond Laser-Electron Inter-Action for the Dynamical Evaluation of
Structures) facility produced first light at 70 keV. This important milestone
offers a new opportunity to develop laser-driven, compact, tunable x-ray sources
for critical applications such as NIF diagnostics and time-resolved material
studies. Initial x-rays were captured with a cooled CCD using a Cesium lodide
scintillator; the peak photon energy was approximately 70 keV, and the observed
angular distribution was found to agree very well with three-dimensional codes.
The electron beam was focused to 80 um rms, at 54 MeV, with 250 pC of
charge, a relative energy spread of 0.2%, and a normalized emittance of 10
mm.mrad. Optimization of the x-ray dose is currently underway, with the goal of
reaching 10° photons per shot and a peak brightness approaching 10*°
photons/mm?*/mrad*/s/0.1%bandwidth, which would represent a world-record
brightness at this x-ray energy and pulse duration.

The aforementioned technical breakthroughs in the fields of solid-state
lasers and high-brightness electron accelerators provide a unique opportunity to
develop an entirely new class of advanced x-ray sources, with characteristics
approaching those of third-generation light sources, ** in a much more compact
and inexpensive package. This, in turn, offers the possibility of an important
spin-off of ultra-short pulse laser technology into the field of molecular biology,
which is currently growing at an exponential rate: following the completion of
the Human Genome Project, *° the systematic study of protein structure and
function *'** is expected to dominate biophysics in the first half of the 21%
Century. In addition, a new paradigm for rational drug design has now emerged,
using both recombinant DNA technology ** and x-ray protein crystallography.
New classes of drugs, ** as recently exemplified by the development of HIV
protease inhibitors, >>*® successfully reduced the viral load of AIDS patients
below the detection threshold of enzyme-linked immuno-sorbent assays. >’

In protein crystallography, recombinant DNA technology is used to produce
large quantities of a given protein by splicing the corresponding coding DNA
sequence into the genetic material of a bacterium. The transfected bacteria are
cultivated and upon induction overexpress large quantities of the selected
protein, which is then isolated, purified, and crystallized. Diffraction data are
routinely collected at LN, temperature, and the experimental phase



measurements necessary for the reconstruction of the electron density are
primarily determined by the multi-wavelength anomalous diffraction (MAD)
method. ***** Finally, a molecular model of the structure is built into the
reconstructed three-dimensional electron density map.

The key characteristics of an x-ray source useful for protein crystallography
are its small size, low angular divergence, good transverse coherence, and high
average spectral brightness. In turn, these requirements determine the necessary
electron and laser beam quality, as will be discussed extensively in this paper.

2. Electron Beam Design

PLEIADES (Picosecond Laser Electron Inter-Action for Dynamic
Evaluation of Structures) is a next generation Compton scattering x-ray source
being developed at LLNL. Ultra-fast ps x-rays (10-200 keV) will be generated
by colliding an energetic electron beam (20-100 MeV) with a high intensity, sub-
ps, 800 nm laser pulse. Generation of sub-ps pulses of hard x-rays (30 keV) has
previously been demonstrated at the LBNL Advanced Light Source injector
linac, with x-ray beam fluxes of 10° photons per pulse. The LLNL source is
expected to achieve fluxes between 10’ — 10° photons for pulse durations of 100
fs to 5 ps using interaction geometries ranging from 90° (side-on collision) to
180° (head-on collision).

To achieve such a high x-ray flux, a very high brightness electron beam,
capable of being focused to a 10-20 um spot size at the interaction point, will be
required. The PLETADES beamline has been designed to meet these demands by
producing a 1-2 ps, 500 pC bunch with a normalized emittance of less than 5
nmm-mrad.

2.1. Experimental Layout

The PLEIADES facility consists of a Ti-Sapphire laser system capable of
producing bandwidth limited laser pulses of 50 fs with up to 1 joule of energy at
800 nm, an S-band photo-cathode RF gun, and a 100 MeV linac consisting of 4,
2.5-meter-long accelerator sections. The RF gun is driven by a picosecond, 1
mJ, UV laser that is synchronized to the interaction drive laser.

A schematic of the interaction region is shown in Figure 1. To maximize x-
ray flux while minimizing effects of timing jitter, the laser incidence angle is
currently 180 degrees with respect to the electron beam direction, though a 90
degree interaction geometry will also be possible. The focal length between the
final focus quadrupole triplet and the interaction region is 10 cm to allow for
maximum focus strength and minimum electron bunch spot size. A 30-degree



dipole magnet bends the electron bunch out of the x-ray beam path following the
interaction. An off-axis, 1.5 m focal length parabolic mirror is used to focus the
laser, which, assuming a diffraction limited spot, should reach a minimum spot
size of about 15 pm FWHM at the interaction point. Currently, a fused-silica flat
mirror is placed in the x-ray beam path to serve as the final steering optic for the
laser, though there are plans to replace this with a beryllium flat, which will be
more transparent to the x-ray beam.

Figure 1. Interaction geometry.

2.2. Electron beam production

The electron beamline has been fully modeled, from the S-band photo-
cathode RF gun to the interaction point using the Los Alamos particle dynamics
code, PARMELA, and the electro-static and electromagnetic field solvers:
POISSON and SUPERFISH. These include simulations of emittance
compensation between the RF gun and the first linac section, velocity
compression of the bunch through the first linac section, and subsequent
acceleration and optimization of beam energy spread and emittance during
transport through the subsequent accelerator sections.

The two primary factors that determine the minimum electron bunch spot
size at the interaction point are beam emittance and energy spread. In addition,
the x-ray flux will also depend on electron bunch charge. However, optimizing
emittance and energy spread places a practical limit on the amount of charge in
the bunch. After finding optimized cases for several different bunch charges, 0.5
nC was found to be a good compromise between high bunch charge and low
emittance.

The RF gun is designed to accelerate an electron bunch to an initial energy of 5
MeV, with a peak accelerating gradient of 110 MV/m. The beam is transported



to the first linac section, during which emittance compensation is performed by
focusing the beam to a waist with a solenoid placed directly after the RF gun.

Two modes of linac operation have been investigated through simulation.
The first case is when the electron beam is accelerated on crest through the
accelerator. In this case, the minimum electron bunch length is about 6 ps
FWHM. The second mode of operation employs velocity compression, in which
the beam is injected near the zero crossing of the accelerating field in order to
provide an energy chirp to the beam, resulting in compression of the accelerated
bunch. The second accelerator section is then used to accelerate the beam from
about 10 MeV to about 35 MeV. The third and fourth sections can then be used
to either remove a large portion of the energy spread induced by the velocity
compression process, or to simply accelerate the beam further, depending on the
final beam energy desired. Throughout the acceleration process, the linac
solenoids are carefully optimized to minimize emittance growth.
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Figure 2. PARMELA simulation showing electron bunch parameters (energy, energy
spread, and bunch length) versus longitudinal position in the beam line. The gun cathode
position corresponds to z =0 cm, while the interaction region is located at z= 1700 cm.

Figure 3. PARMELA simulation showing electron bunch parameters (emittance, and spot
size. versus longitudinal position in the beam line. The dotted line shows the solenoid
magnetic field strength (in kG) for the gun solenoid and the four linac solenoids.

Figures 2 and 3 show the evolution of several of the beam characteristics
during the acceleration process determined from PARMELA simulations,
including emittance, energy spread, and bunch length. Velocity compression is
used to reduce the rms bunch length from about 2.5 ps at the entrance of the
accelerator to about 0.7 ps at its exit. While it is possible to compress further,
this bunch length was chosen to minimize emittance growth resulting from the
compression process, while maximizing x-ray yield from the Compton scattering
interaction. By not compressing fully, it is also possible to remove more of the
energy spread in the bunch by accelerating off crest in subsequent accelerator



sections. This is performed by accelerating the bunch at the opposite zero
crossing (180 degree shift) of the zero crossing used in first accelerator section
to compress the beam. At the exit of the linac, the bunch energy spread has been
reduced to 0.5 % rms, while the rms normalized emittance is 3.5 Tmm-mrad. In
this particular case, the final electron beam energy is 35 MeV, though it is
possible to obtain larger beam energies (up to 100 MeV) with similar results.

Final focus simulations were performed using PARMELA and Trace-3D.
The electrons are transported 3 meters from the accelerator exit and focused with
a quadrupole triplet. The triplet is about 50 cm long, and the focal length is
about 10 cm. The maximum field gradient in the quadrupole magnets is 15 T/m.
The rms convergence angle of the focus is about 3 mrad. In the simulation, the
beam is initially defocused in y, leading to a larger size in this dimension going
into the second quadrupole. This results in more significant chromatic
aberrations in the y dimension than in x, and is manifested by a slightly larger
emittance and spot size in y at the interaction point, as can be seen in
PARMELA simulations of the final focus. Figure 4 shows the transverse profile
of the electron bunch at the focus as determined by PARMELA. The electron
beam focus parameters are summarized in Table 1.
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Figure 4. Profile of the electron beam at focus.

TABLE 1. Electron Beam Parameters at Focus.

Parameter Value
&n (mm-mrad) 34
&n (mm-mrad) 5.0
ox (Lm) 12
g (um) 20

o, (ps) 0.74




3. Calculation of X-ray Production

The expected x-ray production was calculated and the effects of RF phase
and timing jitter were determined by integrating the emission probability per unit
time, dN,/dt, given by

dN,
dt

(t):ac[l—v-k] Ijjny(x,t)ne(x,t)djx, (1)

where N, is the total number of x-rays produced, n/x,f) is the laser photon
density, n.(x,f) is the electron density, o is total Compton cross section, v is the
velocity of the electron beam, and k is the wave number of the laser pulse. The
calculations were performed for a 300 mJ, 300 fs laser pulse in conjunction with
the PARMELA output in place of n.(x,f). In this case, n(x,f) was assumed to
have a Gaussian profile, given by

n, t—z/lcY 277
n (r,z,t)=———"——exp —2( j eXpy—————= > (2)
( ) 1+(z/zo) |: At :| w(fl:1+(z/zo)':|

where z, is the laser Rayleigh length, At is the pulse duration, n, is the peak
photon density, and w, is the minimum laser spot size. n.(X,?) is replaced with a
delta-function representing the position and charge of each PARMELA macro-
particle as a function of time. Figure 5 shows the calculated x-ray pulse profile in
time. The average photon energy is 30 keV, and the peak x-ray flux is about 6 x
10" photons/s with an integrated photon yield of about 10°. A 3-D frequency
domain calculation of the x-ray output has also been performed, showing the on
axis spectral bandwidth to be about 10%. The peak spectral brightness is
calculated to be 10* photons/s/0.1% bandwidth/mm?*/mrad”

Effects of phase jitter were simulated by varying the relative phase of the
linac sections with respect to the RF gun in the PARMELA simulations, and
using the resulting electron beam parameters in the calculation of the x-ray
production. Figure 6 shows the expected x-ray yield versus phase jitter for the
cases where the electron beam is compressed in the first section (accelerated
near the zero crossing), and not compressed (accelerated on crest).
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Figure 5. X-ray flux (photon/s) vs. time (ps). The total number of photons in the pulse is
about 10%, and the average photon energy is 30kV.
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Figure 6. Simulated x-ray yield versus phase shift (Solid: compressed beam. Dotted:
uncompressed).

It is seen that the phase jitter requirement for the compressed beam is less
than one degree (or about 1 ps). Thus, picosecond phase and timing control will
be required to maintain stability of the x-ray source when velocity compression
is implemented.



4. Electron Beam Characterization

To date, electron bunches with up to 700 pC of charge have been produced
with up to 100 pJ of UV laser energy incident on the gun photo-cathode. The
beam has been transported through the linac and accelerated up to 60 MeV.
Quad scan emittance measurements have been performed for 300 pC, 60 MeV
bunches, yielding a normalized rms emittance of 9 mm-mrad (Figure 7). The rms
energy spread has been measured to be 0.2%. Improvements in emittance are
expected with improvements in the UV drive laser uniformity and optimization
of the electron beam transport. Additionally, an increased gradient in the RF gun
will help improve the emittance. A new cathode has been installed in hopes of
alleviating breakdown problems that have limited the accelerating gradient to
about 80 MV/m.

Phase jitter between the drive laser oscillator and the RF phase in the gun
has been measured by mixing a 2.8 GHz signal generated by the laser oscillator
with a signal produced by a probe inside the RF gun. This has shown short time
scale (< 1 minute) phase stability of £ 1 degree. Longer term phase drifts are
mitigated by a computer controlled feed back loop and voltage controlled phase
shifter. Plans are also underway to implement a direct measurement of the UV
drive laser arrival phase in the RF gun. The direct phase measurement will
employ a 20 GHz bandwidth, 800 nm optical fiber switch modulated by
microwaves sampled from the RF gun to provide a nonlinear correlation between
the gun fields and the IR laser pulse used to produce the UV photocathode drive
laser.

Both the electron beam and the interaction drive laser have been imaged by
placing a metal cube in at the interaction point to send OTR light from the
electron beam and laser light into the same camera. Using a CCD camera, the
electron beam spot sized has been measured to be about 70 um rms, while the
laser spot size has been measured to be about 30 um. This is about twice the
optimized spot sized determined from PARMELA simulations, based on the
measured beam emittance. Further optimization of the final focus quads should
help reduce the spot size.
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Figure 7. Quadrupole scan measurement of 60 MeV, 300 pC electron beam. g, = 9.3
nmm-mrad.

The synchronization and timing overlap between the laser and electron
bunches have been performed with a streak camera. A schematic of the
measurement, as well as the streak camera image is shown in Figure 8, indicating
good temporal overlap of the two bunches. The jitter has been measured to be
within the resolution of the streak camera (about 2 ps). Additionally, indirect
timing jitter measurements performed by mixing wakefields produced by the
electron bunch with a frequency multiplied photo-diode signal from the laser
oscillator are consistent with the jitter results obtained by the streak camera
measurements, indicating an rms timing jitter less than 2 ps.

e—beam<> Laser
[ ]

l

Streak
camera

Figure 8. E-beam to laser synchronization measurement.
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5. X-Ray Production

First light of the PLEIADES Thomson x-ray source has been achieved.
Figure 9 shows the measured beam profile taken with the x-ray CCD camera.
The electron beam energy in this case was 60 MeV, and the bunch charge was
about 300 pC. Due to the optical misalignments, which have since been
corrected, the, the laser energy delivered at the interaction was only about 40 mJ.
The image is integrated over 1200 shots. The estimated average photon count
per shot at the interaction point is about 5 x 10, and the peak photon energy is
about 70 keV. The theoretical intensity profile (shown on the right hand side of
Figure 9) agrees well with the measured profile. The theoretical curve includes
the broadening effects of the measured beam emittance as well as the narrowing
effect derived from the spectral dependence of the x-ray transmission coefficient
through the laser turning mirror.

Dramatic improvements of the per shot x-ray dose are expected after
improvement in the electron beam final focus, reduction of electron beam
emittance through the optimization of the photocathode UV drive laser profile
and electron beam transport optics, and the optimization of the IR drive laser
energy delivered to the interaction region. This will allow for the realization of
final focus spot sizes as small as 10 um rms, enabling the production of up to 10°
x-ray photons per collision.

1500

1200

900

Counts

600

300
80 um

Electron Beam

Figure 9. Measurement of X-ray beam profile. Left: CCD image. Right: Lineout intensity
profile: measurement (dots), theory (line).

6. Conclusions

The PLETADES Thomson X-ray source is a unique, high peak brightness x-
ray source that, when optimized, will be useful for ultra-fast imaging
applications to temporally resolve material structural dynamics on atomic time
scales. Electron beam simulations and x-ray production codes have been
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performed to completely model the theoretical source performance. To date, 0.3
nC, 60 MeV bunch had been focused to 70 pm rms spot sized and collided with
a 40 mJ, 30 um laser pulse to produce 70 keV x-rays. Optimization of the
experiment will include increasing the laser energy delivered to the interaction
region to about 300 mJ, and decreasing the electron beam emittance to less the 5
mm-mrad rms. This will enable the achievement of a 10 um spot size at the
interaction and the production of 10® x-ray photons per pulse. Once optimization
is complete, PLEIADES should achieve a peak x-ray brightness approaching
10% photons/0.1% bandwidth/mm*/mrad®.

The PLEIADES Compton x-ray source facility will provide high brightness
(> 107 x-rays/pulse), picosecond pulses for dynamic measurements in matter,
including radiography, dynamic diffraction, and spectroscopy. The PLEIADES
electron beamline will be capable of producing the high brightness electron
beam needed to drive this source. Simulations have shown that a 1 ps, 500 pC
bunch with an rms normalized emittance of less than 5 mmm-mrad should be
achievable, and will allow for the attainment of a 10 um rms spot size at the
interaction point. Initial electron beam measurements have been performed, and
expected performance parameters and planned jitter measurements and control
methods have been presented.
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