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We demonstrate multiphoton, single shot diffraction images of x rays produced by inverse Compton

scattering a high-power CO2 laser from a relativistic electron beam, creating a pulse of 8.7 keV x rays. The

tightly focused, relatively high peak brightness electron beam and high photon density from the 2 J CO2

laser yielded 6� 107 x-ray photons over the full opening angle in a single shot. Single shot x-ray

diffraction is performed by passing the x rays though a vertical slit and on to a flat silicon (111) crystal.

102 diffracted photons were detected. The spectrum of the detected x rays is compared to simulation. The

diffraction and detection of 102 x rays is a key step to a more efficient time resolved diagnostic in which

the number of observed x rays might reach 104; enabling a unique, flexible x-ray source as a sub-ps

resolution diagnostic for studying the evolution of chemical reactions, lattice deformation and melting,

and magnetism.
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I. INTRODUCTION

High-brightness x-ray light sources are an invaluable
tool for modern science. However, in addition to all the
useful properties of x rays created by insertion devices in
synchrotrons [1], some applications demand sub-ps x-ray
pulses. Short pulse x rays may be created in synchrotrons
using laser slicing of the electron beam [2]. However,
along with ultrashort (� 100 fs level [3]) pulses, inverse
Compton scattering (ICS) sources have other attractive
attributes such as straightforward x-ray energy tuning and
polarization control as well as large peak flux [4]. The ICS
source also benefits from the scaling of the scattered ra-
diation wavelength with that of the interaction wavelength
requiring a lower energy electron to produce a given wave-
length as compared to undulators [5]. Further, unique
aspects of ICS probes—production of up to MeV � rays
[6] and sub-ps measurement of delay between pump and
x-ray probe pulses [7]—will extend the range of processes
that can be studied to higher energy and shorter time scales.
ICS sources [8], made compact by rf photoinjector [9] and
chirped pulse amplification laser [10] technologies, pro-
vide relatively high peak brightness, narrow spectrum x
rays with average brightness limited by accelerator and
laser repetition rates. All of these features benefit research
into microscopic processes that evolve at the ps time scale
or shorter, including chemical reactions, structural changes
such as deformation and melting, and magnetic damping

and demagnetization. Additionally, the possibility of high-
brightness MeV �-ray production by ICS may permit
beneficial applications in cargo inspection and remote
sensing of nuclear materials [11]. It is in this context that
we present the detection of 102 diffracted x rays as
evidence of suitability of the ICS source as a time resolved
x-ray diagnostic.
The pulse length of ICS x rays is determined by the

interaction geometry, which is typically head-on (180�) or
orthogonal (90�) [5,12]. In the head-on case the x-ray pulse
length is determined by the electron pulse duration, which
can be made as short as sub-ps using techniques such as
magnetic chicane compression [13] or velocity bunching
[14]. To demonstrate multiphoton production and detec-
tion, we have produced single shot images of Bragg dif-
fraction of the x rays created at the ICS source developed at
the Brookhaven National Laboratory Accelerator Test
Facility (BNL ATF) [3,4] using a flat silicon crystal as a
diffraction element.

II. SINGLE SHOT DIFFRACTION

The experimental setup is illustrated in Fig. 1, while the
parameters for the electron beam and the CO2 laser at the
interaction point (IP) are given in Table I. The x rays
produced at the IP exit the vacuum system through a
250 �m beryllium window; their path is determined by
the direction of motion of the electrons [6,12]. After the IP
the electrons are steered to a beam dump with a vertical
dipole. An adjustable slit is placed directly downstream of
the Be window to select x rays with small divergence in
one transverse dimension. The slit is composed of two
5 mm thick aluminum plates controlled by independent
linear translation stages. The x-ray imaging system
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consists of a chevron-type microchannel plate (MCP) and a
phosphor. The phosphor is imaged with a sensitive mega-
pixel CCD fitted with a 50 mm focal length (f=1:3) lens.
The x rays pass through a second 250 �m Be vacuum
window before illuminating the MCP.

A retractable, calibrated silicon diode is used to measure
the total intensity of the x-ray flux [15]. The x rays passed
through the vacuum window on the interaction chamber
(see Fig. 1) and 20 cm of air before detection by the diode.
The high average number of x rays created per shot,
6� 107, was made possible by the interaction of a focused,
intense electron beam with the large photon density of the
2 J CO2 laser. We note that the CO2 laser has the advantage
of lower photon energy when compared to solid state
lasers, thus leading to larger x-ray counts for a given total
laser energy (e.g. a 14-fold increase over 800 nm lasers)
[4]. The measured total photon flux of 6� 107 photons is
in excellent agreement with the analytical estimate of
7� 107 given by the approach of Ref. [6], that assumes
the classical Thomson cross section and a single collision
luminosity.

This total flux corresponds to a peak brightness of
3:2� 1019 photons=½smm2 mrad2ð10%BWÞ�. ICS sources
produce a large relative bandwidth due to the redshift of
off-axis-directed photons. The total bandwidth can be
narrowed using an aperture which will simultaneously
sacrifice flux [3]. Simulation (following Ref. [12])
indicates that an aperture of 0.5 mrad half angle will
pass 2.7% of the photons having a 1.1% relative bandwidth
for a peak brightness of 1:6� 1019 photons=
½smm2 mrad2ð0:1%BWÞ�. Because of the modest effi-
ciency of our detection scheme, we elected not to use an
aperture this narrow.
Downstream of the IP, the diffraction of the narrow band

x rays from a 4 inch diameter silicon (111) crystal (see
Fig. 1), mounted on a rotation stage, obeys the Bragg
criterion: "x ¼ @�c=ðd sin’Þ [16]. Here, @ and c are the
reduced Planck constant and the speed of light, respec-
tively, d is the spacing between the crystal planes, and ’ is
the complement to the angle of incidence of the x rays on
the crystal (as defined in the Bragg formulation). The
angular deviation from the Bragg criterion, or angular
acceptance [17], is negligible for the Si(111) crystal within
the energy range analyzed; we thus assume that all x rays
meeting the Bragg criteria are reflected with equal
intensity.
A silicon crystal was chosen because of the wide avail-

ability of high quality samples. The sample used is a
0.5 mm thick single side polished crystal with surface
roughness less than 5 Å on the polished side, as specified
by the manufacturer. To keep bending to a minimum, the
crystal is held in place by a set of grooved jaws which are
closed only until movement is arrested. Bisection of the
laser by the rotated crystal (’ ¼ 0�) showed no visible
bending of the crystal. The crystal was aligned to the x rays
via alignment laser which was also used to define the
electron beam path, measured using yttrium aluminum
garnet fluorescent screens.
As the bandwidth of the x rays is quite large compared to

the crystal acceptance, the spectral selection of the diffrac-
tion process, along with the upstream slit, limits the num-
ber of detected photons. The regularly spaced Laue spots
[16] usually present in standard diffraction techniques are
not produced; instead, the photons produce a characteristic
diffraction pattern which is a function of the single electron
x-ray intensity distribution and the electron beam distribu-
tion, filtered by the diffraction process.
An example single shot diffraction image taken at

’ ¼ 13:25� (8.6 keV) is shown in Fig. 2. The pattern is
not vertically symmetric because the crystal was tilted
slightly downward vertically (relative to the electron
propagation through the IP), a systematic effect due to
differences in transport between the electron beam and
the alignment laser and a slight deflection of the electron
beam by the downstream vertical dipole. This misalign-
ment can be described by a vertical rotation of the crystal

TABLE I. Electron beam and CO2 laser parameters at the
interaction point.

Parameter Value

Electron Beam

Energy (MeV) 70.0

Charge (pC) 200

Energy spread rms 0.1%

Bunch length rms (ps) 4.0

Normalized emittance rms (mmmrad) 1

Spot size rms (�m) 30

CO2 Laser

Energy (J) 2

Wavelength (�m) 10.6

Pulse length FWHM (ps) 6.0

Waist size FWHM (�m) 140

Bandwidth FWHM 0.7%

FIG. 1. Experimental setup of the ICS source at the BNL ATF.
The x rays (dotted line) are generated at the IP (X), collimated by
the metal slits, and are then reflected off the silicon crystal, Si
(111), for detection at the MCP. A retractable silicon detector
(Si Det) is used for total flux measurements.
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that precedes the rotation of the crystal to set the Bragg
reflection angle. The diffraction element begins with
planes normal to incident x rays, it is then rotated vertically
by an angle � (rotation down corresponds to positive �),
after which it is rotated horizontally into a Bragg angle ’.
The Bragg criteria for an incident x ray is

�x

2d
¼ cosð�Þ cosð’Þ sinðc xÞ þ sinð�Þ sinðc yÞ

þ cos� sin’
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2ðc xÞ � sin2ðc yÞ

q
; (1)

where �x ¼ hc="x and c ðx;yÞ are the horizontal and verti-

cal angle of incidence on the crystal, respectively. The
reflected x ray appears on the detecting screen with a
vertical offset (relative to ideal alignment) of

# � #0 ¼ � sinð2�Þð’� ’0Þ; (2)

for small Bragg angles, measured from a relative zero, #0,
that occurs at ’0. Vertical displacement of the expected
null in the x-ray distribution indicates that the vertical tilt
of the crystal is approximately 40 mrad. This vertical tilt is
consistent with the ratio of the intensity of the upper and
lower peaks in the diffraction patterns.

The vertical extent of the slit allows the full angular-
spectral distribution of the photons to pass through, while
the slit limits the horizontal extent to �0:5 mrad. The
result is that the diffraction pattern displays a vertical
distribution described by the parts of the photon beam
that match the Bragg criteria for the angle of photon
incidence. The largest photon flux after reflection occurs
at ’ ¼ 13:25� (8.6 keV). This angle setting produced the
most intense diffraction patterns, indicating that the angle
of incidence meets the Bragg criteria near the peak spectral
intensity of the x-ray distribution. At this angle 83� 22

photons are detected over the full aperture of the slit. A
peak counting routine is used to identify counts on the
MCP, with a threshold value to prevent counting of local
variation in noise. It is assumed that each local maximum is
a single photon. Background counts are measured by aver-
aging the total counts in other areas of equal size on the
detector, consistent with background measurements taken
with the source turned off.
The error in the calculated number of x rays detected at

the MCP is due to differences in laser energy from shot to
shot. Including the attenuation of 70 cm of air, the trans-
mission of the beryllium windows (96% [18]) and the
efficiency of the MCP ( � 1% [3]), we estimate, using
the given parameters, that the crystal reflects up to 104

photons, while 102 are detected. To confirm this estimate a
numerical code based on the semianalytical calculation
found in Ref. [6] was used with the x-ray energy related
to the emission angle via Eq. (1); the result is that 2� 104

photons are reflected. The photon density distribution can
be seen in Fig. 3. The difference between the patterns seen
in Figs. 2 and 3 is attributed to the deviation of the electron
and laser beams from Gaussian distributions, which are
assumed in the semianalytical treatment, and the presence
of the slit. The detected flux is a dramatic improvement
over the most noted ICS diffraction experiment which
yielded only approximately a single detected photon per
interaction [2].

III. X-RAY SPECTRUM

Characterization of the ICS x-ray source requires mea-
surements of the electron and laser beam properties at the
interaction point (IP), which can be used to supplement
direct measurements of the x-ray spectral distribution via
simulation [6,12]. Prior ICS work has studied the electron
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FIG. 3. Result of simulation of a single shot diffraction pattern
for the same conditions as given in Fig. 2. The intensity is
photons=rad2.

FIG. 2. A single shot diffraction image taken at ’ ¼ 13:25�
(8.6 keV), median filtered. The white box indicates the diffrac-
tion pattern. The width (horizontal) of the x-ray distribution
pattern is due to the slit acceptance while the vertical extent is
determined by the Bragg criterion.
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beam phase space distribution [19], and measured the
bandwidth of the x rays by using the transmission spectra
of transition metals to preferentially attenuate the x rays
[3]. We supplement the previous work by using the dif-
fracted x rays to quantify the near-axis bandwidth
of the ICS photons over a 1 keV range of x-ray energies
centered around 8.7 keV and compare the results to
simulation [12].

To begin an enumeration of the sources of ICS x-ray
bandwidth, we start with the angle-energy correlation
of a single electron, single photon interaction, given
by [5,12]:

"x ¼ 2�2"Lð1� cos�Þ
1þ a2L þ �2ðc 2

x þ c 2
yÞ
; (3)

where "x is the x-ray energy, "L is the laser photon energy,
� is the relativistic factor of the electron, and aL is the root-
mean-square normalized vector potential of the laser at the
interaction point. The observation angles of the x rays, as
measured from the direction of propagation of the electron
beam, in the horizontal (x) and vertical (y) directions are
indicated by c ðx;yÞ, while � is the angle of incidence

of the laser with respect to the direction of forward propa-
gation of the electrons. The source is configured for head-
on interaction (� ¼ 180�). We assume, consistent with
measured laser parameters, that aL is very small and
ignorable.

The diffraction criteria given by Bragg’s law [Eq. (1)]
and the angle-energy correlation given by Eq. (3), along
with the acceptance limits given by the upstream slit,
create a diffraction pattern which contains two lobes.
The vertical misalignment of the silicon crystal suppresses
the upper peaks on the low energy side in Fig. 4(a).

Determination of the spectral intensity of the x rays
requires numerical simulations for realistic cases [6,12].
Following Ref. [12], we estimate the bandwidth due to the
moments in the electron and laser beams: beam divergence
at the IP (caused by the tight focus), beam energy spread,
and laser bandwidth, respectively:

�"x
"x

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

�
�n
�

�
2 þ 4

�
��

�

�
2 þ

�
�"L
"L

�
2

s
; (4)

where �n is the normalized emittance and � is the trans-
verse electron beam size, measured to be approximately
symmetric. The laser focus, produced by an off-axis para-
bolic mirror (f=5), is a negligible source of x-ray band-
width relative to the above sources. Table II compares the
sources of bandwidth in the detected x rays, as calculated
using Eq. (4) and the ICS simulation found in Ref. [12].
The electron spot size is very small, 30 �m rms, compared
to the IP-to-detector distance, 2.15 m, so the x rays are
treated as originating from a point source. The bandwidth
allowed by the opening angle of the detection scheme is

estimated by assuming the radiation distribution is a sym-
metric Gaussian [1].
To measure the bandwidth of the ICS interaction, several

images were produced at each of multiple crystal angle
settings. The sampling of the spectrum within a window

FIG. 4. (a) False color addition of 37 images taken at multiple
angles and median filtered showing the physical relationship
between the diffraction patterns at each angle (’) setting. The
round edge of the MCP can be seen in the corners. The image is
10 mrad tall. The vertical stripe pattern is due to the rotation of
the silicon crystal (see Fig. 1). (b)–(g) Integrated lineouts from
each angle (’) as noted. The integrated area is 2 mrad vertically,
centered on the pair of peaks seen in the 12.75� diffraction
pattern. Each angle lineout plot is the sum of 4–7 images which
has been median filtered. The vertical scales of the images
(b)–(g) are the same, while the range of abscissa has been
changed to align the peaks to the distributions in (a).
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2 mrad� 1 mrad centered on the central axis of the elec-
tron beam is shown in Fig. 4(b).

Figure 5 shows a comparison between simulation and
the measured data of the detected x rays; the blue line
represents the output of simulation of the x-ray flux de-
tected within the 2 mrad� 1 mrad window using the pa-
rameters in Table I, while the circles are derived from
median filtering each of the 37 images, integrating the total
intensity over the 2 mrad� 1 mrad aperture at each angle
setting and taking the mean value; the error bars are the
standard deviation of the mean of samples at each angle.
The simulation curve is normalized for direct comparison
to the measured data, which is normalized such that the
13.25� data point lies on the simulation curve. The simu-
lation curve, produced assuming ballistic motion of the
electrons (aL ¼ 0), is not offset in abscissa, consistent with
the previous assumption of negligible redshifting due to
nonlinear electron motion. The simulation curve yields an
rms bandwidth of 2.6% with a peak value of 8.72 keV. It is
apparent that the bandwidth is largely due to the detection
aperture which can be decreased at the expense of lowering
the total photon count.

IV. CONCLUSION

In summary, we have produced single shot multiphoton
diffraction images from an x-ray ICS source. The analyti-
cal estimates and predictions of simulation agree with the
measured properties of the x rays. This demonstration of
the ability to consistently produce and detect 102 relatively
high peak brightness x rays with ps-scale pulse length is an
important step forward in the research of ultrafast pro-
cesses (sub-ps) and nuclear material detection that is cur-
rently beyond the reach of modern third generation
sources. Previously demonstrated electron bunch compres-
sion [3] as well as increased detector efficiency will allow
the detection of nearly 104 photons within a sub-ps pulse,
capable of future, time dependent, diffraction studies. The
compact size of the source will make tunable, ultrafast,
hard x rays available on a university laboratory scale, so
opening the door for a new class of pump-probe experi-
ments in this context.
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