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ABSTRACT PLEIADES is a compact, tunable, high-brightness,
ultra-short-pulse, Thomson-scattering X-ray source. Picosec-
ond pulses of hard X-rays (10–200 keV) are created by colliding
an ultra-relativistic (20–100 MeV), picosecond-duration elec-
tron beam with a high-intensity, sub-picosecond, 800-nm laser
pulse. Initial operation of this source has produced 78-keV
X-rays with 106 photons per pulse using a 57-MeV, 0.3-nC,
50-µm rms width electron beam and a 180-mJ, 15-µm rms
width laser pulse. The angular distribution, energy, and en-
ergy spectrum of the source are found to agree well with
theory and simulations. Source optimization is expected to
increase X-ray output to between 107 and 108 photons per
pulse with a peak brightness approaching 1020 photons/s/0.1%
bandwidth/mm2/mrad2.

PACS 41.50.+h; 07.85.Fv; 41.75.Ht; 42.62.-b

1 Introduction

The use of short laser pulses and high-brightness,
relativistic electron sources to generate high peak intensity,
ultra-short X-ray pulses enables exciting new experimental
capabilities. These include femtosecond pump–probe experi-
ments used to temporally resolve material structural dynamics
on atomic time scales [1], advanced biomedical imaging [2],
and X-ray protein crystallography [3].

PLEIADES (picosecond (ps) laser electron interaction for
the dynamic evaluation of structures) is a next-generation
Thomson-scattering X-ray source being developed at Law-
rence Livermore National Laboratory (LLNL). This source
generates X-rays by scattering a high-intensity, sub-ps,
800-nm laser pulse off a high-brightness photo-injector-
generated electron beam at the LLNL 100-MeV linac.

The scattered laser photons are relativistically up shifted
in frequency into the hard X-ray range and are emitted in
a narrow cone about the electron-beam direction. The X-ray
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energy, Ex, is given by

Ex = EL
2γ 2 (1 − cosϕ)

1 +γ 2θ2 +a2
0

, (1)

where EL is the laser photon energy, γ = E/mec2 is the nor-
malized electron energy, ϕ is the angle between the laser
and electron beams, θ is the observation angle, and a0 is the
normalized vector potential of the laser field. The X-ray en-
ergy is therefore tunable through the electron-beam energy,
giving for PLEIADES (20–100-MeV electrons) a range of
10–200 keV X-ray pulses.

Thomson-scattering generation of sub-ps pulses of hard
X-rays (30 keV) has previously been demonstrated at the
LBNL (Lawrence Berkeley National Laboratory) Advanced
Light Source injector linac, with X-ray-beam fluxes of 105

photons per pulse [4, 5]. In addition, Thomson X-rays have
been created at the Naval Research Laboratory [6] and the
BNL (Brookhaven National Laboratory) Accelerator Test Fa-
cility [7]. The LLNL source is expected to achieve fluxes
between 107 and 108 photons for pulse durations of 100 fs to
5 ps, using interaction geometries ranging from 90◦ (side-on
collision) to 180◦ (head-on collision). In this paper we de-
scribe the initial operation of this X-ray source in the 180◦
geometry, resulting in 5-ps X-ray bunches. Here 106 photons
per pulse were generated with 78-keV peak energy. The an-
gular distribution, energy, and energy spectrum of the X-ray
pulses are found to agree well with the predictions of three-
dimensional (3 D) simulations.

2 Predicted X-ray properties

The spatial and temporal dimensions of the Thom-
son-scattered X-ray pulse are determined by the overlap of the
laser and electron beams at the interaction point. The expected
X-ray production is calculated by integrating the emission
probability per unit time, dNx/dt, given by

dNx

dt
(t) = σTc [1 −v ·k]

∫∫∫

V

nγ (x, t) ne (x, t) dV, (2)
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FIGURE 1 The PLEIADES interaction beamline

where Nx is the total number of X-rays produced, nγ (x, t) is
the laser photon density, ne (x, t) is the electron density, σT

is the total Thomson cross section, v is the velocity of the
electron beam, and k is the wave number of the laser pulse.
For 180◦ scattering, as depicted in Fig. 1, the integrated X-ray
dose is found to scale as

Nx ∝ Ne Nγ

r2
e + r2

L

, (3)

where re and rL are, respectively, the electron and laser beam
spot sizes at the interaction point and Ne and Nγ are the total
numbers of electrons and photons in the two beams.

While (3) reveals the scaling of the X-ray flux with beam
intensities, a more rigorous treatment of this process must in-
clude the effects of a three-dimensional laser focus, as well
as the energy spread and emittance of the electron beam.
For this reason, the X-ray-production process was simulated
using 3 D codes in both the time and frequency domains [9]
to obtain integrated photon yield and spectral information.
PARMELA [10] electron beam dynamics simulations from
the photocathode to the interaction point were used to cre-
ate realistic phase-space distributions, while nγ (x, t) was
assumed to be Gaussian in the transverse and longitudi-
nal dimensions and the Rayleigh range of the laser focus
was determined assuming a two-times diffraction-limited fo-
cus. These simulations predict an integrated photon yield of
about 10

8
, a spectral bandwidth of 10% on-axis, and a peak

spectral brightness of approximately 1020 photons/s/0.1%
bandwidth/mm2/mrad2.

It should be noted here that the discrepancy between this
simulated photon yield and that achieved in the experiment
(10

6
) is primarily a result of a lower emittance, and 5 times

smaller beam size, predicted by PARMELA simulations than
those produced in the accelerator. As will be discussed be-
low, simulations using the measured electron and laser beam
parameters agree well with the observed X-ray properties.

3 Experimental procedure

The PLEIADES facility consists of a Ti–sapphire
laser system capable of producing bandwidth-limited laser
pulses of 50 fs with up to 500 mJ of energy at 800 nm, an

S-band photocathode rf gun, and a 100-MeV linac consisting
of four 2.5-m-long accelerator sections. The rf gun is designed
to produce up to 1 nC of charge at 5 MeV [8]. The traveling-
wave accelerator sections are then used to boost the electron
beam to energies of 20–100 MeV. The electron bunch is gen-
erated at the copper photocathode by a picosecond, 300-µJ,
UV laser that is synchronized to the interaction drive laser. In
addition, the 2.8-GHz power that drives both the gun and the
accelerator is derived by frequency multiplying the 81-MHz
pulse train output signal of the mode-locked oscillator that
seeds both the IR interaction laser and the UV photocathode
drive laser. In this way the laser and electron beams are syn-
chronized to the picosecond level required in this experiment.

A schematic of the interaction region is shown in Fig. 1. To
maximize X-ray flux while minimizing effects of timing jit-
ter, a laser incidence angle of 180 degrees with respect to the
electron-beam direction was chosen for initial experiments,
though a 90 degrees interaction geometry will also be pos-
sible in the future. The focal length between the final focus
quadrupole triplet and the interaction region is 13 cm to allow
for maximum focus strength and minimum electron bunch
spot size. A 30-degrees dipole magnet is used to bend the
electron bunch out of the X-ray-beam path following the inter-
action. This magnet also allows the measurement and tuning
of the electron-beam energy and energy spread.

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 µm 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.

To perform the spatial and temporal overlap, the interac-
tion chamber also serves as a diagnostic chamber used for
imaging and streak-camera analysis of the laser and electron
bunches. The diagnostic used here consists of a polished alu-

FIGURE 2 Spatial and temporal alignment diagnostic. Above: the cube is
positioned to direct laser and OTR light to a CCD camera for spatial overlap-
ping. Below: the cube position is altered to utilize the streak camera
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Parameter Value

Horizontal emittance εx 5 mm mrad (rms)
Vertical emittance εy 13 mm mrad (rms)
Spot size re 50 µm (rms)
Bunch length 7 ps (FWHM)
Charge 0.3 nC
Energy 57 MeV
Energy spread 0.2% (rms)

TABLE 1 Measured electron bunch parameters

Parameter Value Unit

Spot size rL 35 µm (FWHM)
Duration 54 fs (FWHM)
Energy 180 mJ

TABLE 2 Measured laser pulse parameters

minum cube mounted on a three-axis translation stage and
aligned with the vertical faces intersecting the beamline at
45◦, as shown in Fig. 2. This figure shows the method of tim-
ing synchronization of the laser and electron beams. Here
optical transition radiation (OTR) [11] is generated by the
electrons passing through the cube surface. The OTR light and
the reflected laser light propagate together into a streak cam-
era. The arrival time of the laser beam is adjusted with a delay
arm to achieve the synchronization of the two beams shown in
the streaked image in Fig. 2. The jitter has been measured to be
within the resolution of the streak camera (about 2 ps), which
is in agreement with indirect timing jitter measurements per-
formed by mixing wake fields produced by the electron bunch
with a frequency-multiplied photodiode signal from the laser
oscillator.

The spatial alignment of the beams is done using the same
diagnostic cube, but in this case by repositioning the cube such
that the laser and OTR light are sent out through the oppo-
site vacuum port to a CCD camera. In addition, the sizes of
the electron and laser spots are measured with this method. To
compare with the predictions of simulations, the electron and
laser beam parameters of these experiments were measured
and are given in Tables 1 and 2. The X-rays have been meas-
ured with a 16-bit CCD array fiber coupled to a cesium iodide
scintillator. An X-ray photodiode and a germanium–lithium
detector are also available for X-ray detection.

4 Experimental measurements

First light of the PLEIADES Thomson X-ray
source was achieved in January 2003. Since that time, im-
provements in the laser energy and focus quality have resulted
in more than an order of magnitude increase in X-ray flux. The
electron and laser beam parameters of Tables 1 and 2 were
achieved in September 2003 and used to generate the Thom-
son X-rays shown in Fig. 3a. Here, the beam profile has been
measured with an X-ray CCD. The image was produced by
integrating over 100 shots, and the peak photon energy was
78 keV. The average number of photons per shot is approxi-
mately 10

6
, which agrees with simulation results using the

experimental electron and laser beam parameters given in Ta-
bles 1 and 2.

FIGURE 3 Measurement of X-ray-beam profile. a CCD image. b Ho-
rizontal line-out intensity profile data (solid line) and that predicted by
simulation (dashed line)

The projected horizontal X-ray angular distribution is
given in Fig. 3b, which shows an rms beam divergence of
3 mrad. The distribution compares well with the theoret-
ical curve, which includes the broadening effects from the
measured beam emittance and the narrowing effects derived
from the spectral dependence of the transmission coefficient
of the laser turning mirror. Note that, although not shown
here, the vertical distribution also agrees with theoretical cal-
culations. The broader vertical spot size is due to the ef-
fects of asymmetric electron-beam emittances and of laser
polarization.

As (1) indicates, the X-ray energy spectrum is strongly
correlated to the observation angle. Figure 4 shows a simu-
lation illustrating this strong dependence. To observe this ex-
perimentally, a 0.005′′ tantalum foil was placed in the X-ray-
beam path. Tantalum has a k edge at 67.46 keV, and will
therefore strongly attenuate X-rays slightly above that energy.
Therefore, by varying the electron-beam energy, the X-ray
spectrum will change, as will the profile of the transmitted
beam.

The simulated X-ray profiles produced by 55- and 57-MeV
electron beams, corresponding to 73- and 78-keV X-ray peak
energies, respectively, are shown in Fig. 5. The measured
profiles produced by these electron-beam energies are given
in Fig. 6. As the figures show, the qualitative agreement

FIGURE 4 Simulation of the angular dependence of the X-ray spectrum
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FIGURE 5 Simulation of X-ray transmission through a 0.005′′ tantalum
foil. a Distribution produced by a 55-MeV electron beam with a peak X-ray
energy of 73.1 keV. b Distribution produced by a 57-MeV electron beam with
a peak X-ray energy of 78.5 keV

FIGURE 6 CCD images of the X-ray transmission through a 0.005′′ tanta-
lum foil. The electron-beam energies in parts a and b match those simulated
in parts a and b of Fig. 5, respectively

between theory and measurement is quite good, indicat-
ing that the spectrum is consistent with expectations of this
source.

5 Conclusions

The PLEIADES Thomson X-ray source is a unique,
high-peak-brightness X-ray source that will be useful for
ultra-fast imaging applications to temporally resolve mate-
rial structural dynamics on atomic time scales. Electron-beam
transport and X-ray-production simulations have been per-
formed to completely model the theoretical source perform-
ance. These models have produced results consistent with
experimental measurements in terms of integrated X-ray flux,
angular dependence, and energy.

To date, 0.3-nC, 57-MeV bunches have been focused to
50-µm rms spot size and collided with a 180-mJ, 35-µm laser
pulse to produce 10

6
X-rays per shot with 78-keV peak en-

ergy. Optimization of the experiment will include increasing
the laser energy delivered to the interaction region to about
500 mJ and increasing the electron-beam focusing strength by
an order of magnitude using a permanent magnet based sys-
tem. These improvements will result in over 10

7
X-rays per

pulse.
Additionally, decreasing the electron-beam emittance to

less than 5-mm mrad rms by optimizing the UV laser pro-
file and electron-beam transport will enable the achievement
of a 10-µm spot size at the interaction and the production
of 10

8
X-ray photons per pulse. Once optimization is com-

plete, PLEIADES should achieve a peak X-ray brightness
approaching 1020 photons/s/0.1% bandwidth/ mm2/mrad2.
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