Femtosecond X-ray Pulses at 0.4 A

Generated by 90° Thomson Scattering: A Tool
for Probing the Structural Dynamics of Materials
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Pulses of x-rays 300 femtoseconds in duration at a wavelength of 0.4 angstroms (30,000
electron volts) have been generated by 90° Thomson scattering between infrared tera-
watt laser pulses and highly relativistic electrons from an accelerator. In the right-angle
scattering geometry, the duration of the x-ray burst is determined by the transit time of
the laser pulse across the ~90-micrometer waist of the focused electron beam. The
x-rays are highly directed (~0.6° divergence) and can be tuned in energy. This source
of femtosecond x-rays will make it possible to combine x-ray techniques with ultrafast
time resolution to investigate structural dynamics in condensed matter.

Understanding the structural dynamics of
materials on the fundamental time scale for
atomic motion represents an important
frontier in condensed matter research be-
cause chemical reactions, phase transitions,
and surface processes are ultimately driven
by the motion of atoms on the time scale of
one vibrational period (~100 fs). To date,
the study of ultrafast structural dynamics in
the fields of physics, chemistry, and biology
has relied largely on femtosecond optical
pulses generated from mode-locked lasers
(1). However, optical radiation is restricted
to the probing of extended electronic levels
in solids, which are poor indicators of atom-
ic structure. X-rays interact with core elec-
tronic levels and are therefore effective
structural probes; but existing synchrotron
sources of high-brightness x-rays are two
orders of magnitude too slow to resolve
atomic motion on the 100-fs time scale. In
this report we describe the generation of a
directed beam of femtosecond x-rays by the
scattering of a terawatt laser pulse off rela-
tivistic electrons. The application of such
ultrashort x-ray pulses with techniques such
as x-ray diffraction and extended x-ray ab-
sorption fine structure (EXAFS) will allow
direct observation of structural dynamics on
a femtosecond time scale.

The generation of high-energy photons
by scattering between laser light and rela-
tivistic electrons was originally proposed
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more than three decades ago (2, 3). Most
recently, experimental observations of
high-energy photons generated by scatter-
ing between counterpropagating electrons
and long laser pulses have been reported
(4-6). Similar backscattering configura-
tions have also been proposed as a basis for
free-electron lasers and synchrotron x-ray
sources (7, 8). However, in a backscattering
geometry, the duration of the scattered x-
ray burst is determined by the length of the
electron bunch. Typical electron-bunch du-
rations of several picoseconds or longer
present a significant limitation for generat-
ing x-ray pulses of a duration that is rele-
vant for fundamental studies of structural
dynamics in materials.

In this report we show experimentally
that femtosecond x-rays can be generated
by means of a 90° Thomson scattering ge-
ometry (9). By crossing the photon and
electron beams at a right angle, we were
able to limit the interaction interval to the
transit time of the laser pulse across the
waist of the electron beam. Ultrashort in-
teraction times are achieved when the elec-
tron beam is tightly focused (10) to ~90
pm in diameter, which results in durations
for the scattered x-ray pulse of ~300 fs.
Tighter focusing of the electron beam holds
the potential for generating even shorter
x-ray pulses, on the order of 50 fs or less
(11). Thomson-scattered femtosecond
x-rays are emitted in a highly directed beam
with a divergence on the order of 1/y (~10
mrad in the present case), where 7 is the
energy of the electrons relative to the elec-
tron rest energy. In addition, the x-ray puls-
es are absolutely synchronized to the optical
femtosecond pulses, which is critical for
applying pump-probe techniques with ultra-
fast visible and x-ray pulses.

A schematic illustration of the 90°
Thomson scattering geometry is shown in
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Fig. 1. The interaction between a relativis-
tic electron and a transient electromagnetic
wave can be described by either a scattering
picture or an undulator model because the
radiation pattern in both cases is that of a
(relativistically transformed) oscillating di-
pole (9, 12). For highly relativistic elec-
trons in a weak undulator with a deflection
parameter K = €@\, f2mmc? << 1
(where €, is the peak electric field of the
laser pulse, ., is the laser wavelength, e is
the electron charge, m is the electron rest
mass, and c is the speed of light), the energy
of the scattered x-ray photons is given by

(1 — cos¥)
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where E,, .. = hc/\,, is the laser photon
energy (h is Planck’s constant), ¥ is the
interaction angle between the electrons and
photons (¥ = 7/2 in our experiments), and
0, << 1 is the x-ray emission angle relative
to the electron trajectory (8, = 6 for elec-
trons traveling along z, see Fig. 1). Thus,
there is a one-to-one correspondence be-
tween 0, and E. Relativistic effects cause
the x-ray flux to be strongly peaked in the
forward direction; for the 50-MeV electron
beam energy (y = 98) and the 800-nm laser
wavelength used in our experiments, the
Thomson-scattered x-rays are peaked at a
maximum energy E, = 2y%E,,... = 30 keV
(0.4 A). Because the laser photon energy in
the rest frame of the electron (YE,.., = 152
eV) is much less than the electron rest
energy, Compton recoil can be neglected.
We conducted our experiments with 50-
MeV electrons from a linear accelerator
(linac) (I3) and terawatt optical pulses
from a laser system (14) based on chirped-
pulse amplification in Ti:sapphire (15, 16).
The electrons were brought to a tight focus
in an ultrahigh-vacuum interaction cham-
ber and were then diverted by a bend-
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laser pulse

Femtosecond
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Fig. 1. Schematic of the femtosecond Thomson
scattering geometry.



magnet, providing direct access to the
Thomson x-rays. Terawatt laser pulses (s-
polarized, see Fig. 1) were focused by a mir-
ror with a 75-cm radius of curvature to a spot
30 wm in diameter at the interaction point.

In this experiment, the size of the elec-
tron beam focus is critical because it deter-
mines the duration of the x-ray pulse. In
addition, spatial and temporal overlap of
the optical and electron pulses is crucial to
ensure that Thomson x-rays are generated
reliably on every shot. The spot size and
position of the electron beam at the inter-
action point were measured by imaging op-
tical transition radiation (OTR) from the
electron beam focus onto a charge-coupled-
device (CCD) camera (17). The laser sys-
tem was synchronized with the linac by
phase-locking techniques (18). Timing jit-
ter was directly measured with a visible
streak camera, which simultaneously de-
tected a laser pulse and an OTR pulse from
an electron bunch striking a foil. Measure-
ments indicated a root mean square time
jitter of <2 ps (19). An optical delay line
was used to adjust the temporal overlap
between the laser and electron pulses.

As a means of detecting the Thomson-
scattered femtosecond x-ray beam, we used a
phosphor screen, which is sensitive to x-rays
in the range 10 to 50 keV. Visible photons
from the phosphor were imaged onto a CCD
camera to provide information about the
flux, spatial profile, and position of the x-
rays. We calibrated the sensitivity of the
phosphor and the collection efficiency of the
CCD camera and imaging system by using
x-ray lines from a radioactive source (1%°I) of
known strength. Figure 2 shows an image
of the x-ray beam taken from a phosphor
positioned 80 cm from the interaction
point. The x-rays are created by laser—
electron beam scattering because they are
observed only when both the laser and
electron beams are present. Background
radiation (bremsstrahlung x-rays) from the
electron beam traveling through the beam
line was subtracted. We optimized the x-
ray signal and measured the spatial and
temporal cross-correlation of the laser
pulse with the electron bunch by recording
the integrated x-ray flux as the vertical tilt
of the focusing mirror or the optical delay
stage were scanned. Such measurements
provide detailed information about the elec-
tron bunch duration and vertical profiles of
the electron and laser beams (20).

Integrating the total number of counts on
the CCD image in Fig. 2 indicates an x-ray
flux of ~5 X 10* photons per pulse. This
flux is the total number of Thomson-scat-
tered photons within the spectral range of
the phosphor and is consistent with an esti-
mate of the number of scattered photons
(N, _....) based on the Thomson scattering

X-rays

cross section (orp = 7 X 1072% cm?) given by

- N IaserN e Tlaser
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e

where N, and N, are, respectively, the
total number of photons and electrons
within the interaction area A, and 7., and
7, are the laser and electron pulse durations,
respectively (1., < T.). The experimental
parameters corresponding to the data of Fig.
2 are as follows: ~60-m], 100-fs [full width
at half maximum (FWHM)] laser pulses;
electron bunches of ~1.3 nC, 20 ps
(FWHM); and an interaction region 90 pm
in diameter. Also shown in Fig. 2 are line-
outs indicating the profile of the femtosec-
ond x-ray beam. The measured image size
on the phosphor (~12 mm by ~8 mm) is
consistent with the expected beam diver-
gence O ~ 1/y. The ellipticity of the image
results from astigmatic focusing of the elec-
trons, which causes a stronger electron-
beam divergence (and therefore a stronger
x-ray beam divergence) in the yz plane than
in the xz plane. The dependence of the
x-ray beam profile on the electron distribu-
tion makes it a sensitive indicator of the
electron-beam properties (20).

The energy spectrum of the femtosecond
x-rays is also strongly dependent on the
electron-beam properties. The number of
x-ray photons (both s- and p-polarized) per
solid angle €} scattered by a single relativ-
istic electron in a periodic electric field of
N, cycles is given by (12)

dn
dQ

N

= 20Ky N, x*
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where a is the fine-structure constant, x =
E/E, = 1/(1 + 4%0,?) from Eq. 1, and ¢, is
the azimuthal angle measured relative to

y (mm)
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Fig. 2. False-color CCD image of the spatial pro-
file of a 30-keV (0.4 /3\), ~300-fs x-ray pulse strik-
ing a phosphor screen at a distance of 80 cm from
the scattering point. Vertical and horizontal line-
outs indicate a beam size of ~12 mm by ~8 mm
(FWHM).
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the electric field polarization direction. The
x-tay energy spectrum generated by N_ elec-
trons with a distribution of angular trajec-
tories P_(8) (to account for the emittance of
the electron beam) is then given by

dn _ Tlaser3 KZN N 1
dEdQ, 7, N NN X E

2
f [% + x(x — 1)(cos2d’ + 1)]Pe(9)d¢’

0
(4)

which is simply the convolution of Eq. 3
with the electron distribution expressed in a
coordinate system (8’ and 6') that has been
shifted by the detector observation angles
(8 and &) so that the x-ray energy E is a
constant of the integration path. Thus,

02 =0y + 07— 2040'cos(d '— d) (5)

where 8’ = 08, = y~!Vx — 1. The elec-
tron-beam divergence P.(0) smears the
one-to-one correspondence (indicated by
Eq. 1) between the observation angle 6,
and the x-ray photon energy. X-rays prop-
agating along a fixed 6, will be associated
with a range of emission angles 6, because
they originate from electrons having differ-
ent trajectories. As a result, the x-ray spec-
trum is expected to broaden to lower ener-
gies with increasing 6,.

Figure 3 presents the results of direct
measurements of the energy spectra of the
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Fig. 3. Spectral measurements of the femtosec-
ond x-rays at observation angles of 6, = 0 mrad,
5 mrad, and 10 mrad (b, = ©/2). The detector lies
in the yz plane. Also shown (solid lines) are theo-
retically predicted spectra corrected for detector
sensitivity and window transmission as described
in the text.
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femtosecond x-rays at observation angles 6,
= 0, 5, and 10 mrad, respectively, with &,
= /2 (the detector lies in the yz plane as
defined in Fig. 1). We measured the spectra
with a Ge detector (cooled with liquid ni-
trogen) in the photon-counting regime, us-
ing pulse-height analysis. We reduced the
x-ray flux by attenuating the laser pulse,
and we restricted the collection aperture of
the detector to a small solid angle by using
a Ta slit (100 pwm by 2 mm). The on-axis
spectra (8, = 0) were sharply peaked with a
bandwidth of AE/E; =~ 15% and a high-
energy cutoff at E; = 30 keV as described
by Eq. 1. At larger observation angles, the
low-energy side of the spectrum broadened
because of the combined effects of the elec-
tron-beam divergence and the correlation
between emission angle and wavelength. In
addition, there is a corresponding reduction
in the measured flux.

The solid lines in Fig. 3 are theoretical
predictions based on Eq. 4. The calculations
include the measured experimental param-
eters for the laser and electron beams and
have been corrected to account for the
spectral sensitivity of the Ge detector, as
well as the x-ray transmission characteris-
tics of the ultrahigh-vacuum window
through which the x-rays exit the interac-
tion chamber. Because the energy spread of
the electron beam is small (Ay/y < 1%), its
contributions to the x-ray spectrum are neg-
ligible. Contributions from the laser band-
width (~25 nm FWHM) are included. We
assume a gaussian distribution of angular
trajectories for the electrons with a standard
deviation of oy = 3.8 mrad (21), which is
essentially the only free parameter in the fit
aside from a uniform amplitude scaling.
(The peak amplitudes of the spectra at 5
and 10 mrad are lower by factors of 0.47 and
0.06, respectively, than the peak of the

0-mrad spectrum.) The beam divergence o

combined with the measured electron-beam
spot size, (o, =~ 60 wm for the data in Fig. 3)
implies an electron-beam emittance that is
consistent with the measured (time-inte-
grated) emittance, ~0.3 mmrmrad. The
good agreement of the theoretical predic-
tions with the experimental measurements
indicates that the theoretical description of
Thomson scattering can be used to accu-
rately predict the characteristics of the fem-
tosecond x-rays and their dependence on
experimental conditions.

The generation of a directed beam of
300-fs x-ray pulses at 30 keV (0.4 A) prom-
ises to be a powerful tool for studying the
structural dynamics of materials on an ultra-
fast time scale. The x-ray pulses can be tuned
by changing either the photon energy, the
electron-beam energy, or the scattering an-
gle (y or ¥ in Eq. 1) and are absolutely
synchronized to a femtosecond laser source,
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which is necessary for ultrafast pump-probe
studies. Toward that end, we have recently
measured “static” x-ray diffraction peaks
from a Si {111) surface with the Thomson
source. In this Bragg diffraction experiment,
we collect ~1 diffracted x-ray photon per
shot, which allows us to measure a rocking
curve during only a few minutes of acquisi-
tion time. An important next step will be to
apply femtosecond optical excitation and use
visible—x-ray pump-probe techniques to di-
rectly observe atomic motion on an ultrafast
time scale. In particular, one could directly
investigate changes in long-range atomic or-
der associated with an ultrafast solid-to-lig-
uid phase transition by measuring the evolu-
tion of the Bragg diffraction peak on a fem-
tosecond time scale.

The relatively low brightness of the cur-
rent source (~2 X 10° photons mm™?
mrad™2 57! in a ~15% bandwidth) is best
suited for diffraction studies of materials with
high x-ray diffraction efficiency. The source
brightness depends linearly on the average
laser power and linac current; thus, success-
ful scaling from the present 2-Hz repetition
rate to 100 Hz can provide an increase in
brightness of nearly two orders of magnitude.
In addition, improvement of the laser pulse
energy may provide another order of magni-
tude increase. Other factors limiting the
brightness of the present source are the emit-
tance of the electron beam (11) and the fact
that the electron bunch is substantially long-
er than the x-ray pulse. Calculations based
on Eq. 4 indicate that a state-of-the-art linac
with a photoinjector and electron bunch
compression (22, 23) (providing a reduction
of two orders of magnitude in electron
bunch duration and a reduction of an
order of magnitude in electron-beam emit-
tance) may boost the brightness of the
source by nearly three orders of magni-
tude. Incorporating all these factors would
yield a brightness of nearly 10'! photons
mm~? mrad™? s~ ! in a ~3% bandwidth.
At such levels, techniques such as EXAFS
can be readily applied with femtosecond
resolution to study changes in short-range
order associated with chemical reactions.
Rapid advances in diode-pumped, solid-
state lasers and superconducting linac
structures may provide substantially high-
er x-ray brightness in future Thomson
sources by operating at very high repeti-
tion rates.
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