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Ultrashort multi-keV x-ray pulses are generated by electron plasma produced by the irradiation of femtosecond pulses
on metals. These sub-picosecond x-ray pulses have extended the field of x-ray spectroscopy into the femtosecond time
domain. However, pulse-to-pulse instability and long data acquisition time restrict the application of ultrashort x-ray
systems operating at low repetition rates. Here we report on the performance of a femtosecond laser plasma-induced hard
x-ray source that operates at 1-kHz repetition rate, and provides a flux of 2.0×1010 photons/s of Cu Kα radiation. Using
this system for time-resolved x-ray diffraction experiments, we record in real time, the transient processes and structural
changes induced by the interaction of 400-nm femtosecond pulse with the surface of a 200-nm thick Au (111) single crystal.
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1. Introduction
Since its discovery in 1895, x-ray has played an impor-

tant role in scientific research, especially in understanding the
detailed structures of materials. Most of our knowledge con-
cerning inorganic and organic crystal structures, on an atomic
scale, has been obtained from x-ray diffraction data. Tradi-
tional x-ray techniques can only provide a static picture of
the structure, owing to their limited time resolutions. How-
ever, with the progress in ultrafast laser technology, x-ray tech-
niques with time resolution from picoseconds to femtoseconds
also become possible. Ultrashort laser pulses have been used
to generate an intense burst of coherent and incoherent ener-
getic x-ray pulses. Ultrafast monochromatic x-ray pulses have
found a wide application in the study of ultrafast structural
dynamics in solid state media, such as phase transitions[1–3]

and coherent phonon generation in single crystal lattices.[4,5]

In addition to accelerator-generated femtosecond hard x-ray
sources, such as XFEL, laser plasma-based x-ray sources de-
veloped over the past two decades have proven to be a con-
venient method of constructing the table-top, relatively inex-
pensive sub-picosecond x-ray systems, that may be used for
ultrafast x-ray diffraction studies. In addition, with the gen-
eration of sub-picosecond x-ray continuum from such table-
top systems, ultrafast extended x-ray absorption fine struc-
ture (EXAFS) experiments have become feasible in university

laboratories.[6,7]

Ultrashort laser plasma x-ray pulses are generated by
the interaction of intense femtosecond laser pulses of above
1015 W/cm2, with targets such as liquids[8] and inert
gases,[9,10] and mostly with metallic solids.[11,12] The design
of the components of the solid target varies from rods and ro-
tating disks to wires[4,13] and metallic thin foils. One of the
main advantages of laser plasma x-ray sources is the short time
width (femtosecond) of the generated x-ray pulses. These ul-
trashort x-ray pulses are generated by the laser plasma elec-
trons, which are accelerated by the strong electric field of the
laser pulse which impact them onto the target metal with suf-
ficiently high energy density to ionize core electrons, thus in-
ducing the emission of characteristic hard x-rays. The effi-
ciency of producing characteristic x-ray lines is strongly de-
pendent on the laser intensity[14] and the contrast between the
pre-pulse and the main pulse.[15,16] Owing to the fact that the
interaction time is limited by the duration of the laser pulse,
the time width of the emitted x-ray pulses is estimated to be
from tens to a few hundreds of femtoseconds.[17]

Most previous laser-based ultrashort x-ray sources oper-
ated in a single shot mode or at low repetition rate, up to
10 Hz, with 20 mJ–200 mJ pulse energies and 50 fs–100 fs
pulse widths.[7,18] The laser pulse energies of these sources
varied from pulse to pulse, which resulted in a low stability
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of the x-ray flux in each pulse. Therefore, a long integration
time from tens of minutes up to hours was usually necessary
in order to acquire reasonable dynamic data.[19] Recently, reli-
able and high flux ultrashort x-ray sources have been gradually
developed based on kilohertz femtosecond lasers each with a
higher average power[11,20,21] and a shorter laser pulse width,
which promise to become important devices for future ultra-
fast research and other applications. In this paper, we report an
efficient ultrashort Cu Kα x-ray source built at Shanghai Jiao
Tong University. It consists of a Legend Elite Duo USP Coher-
ent table-top laser that emits 800-nm, 35-fs, 6.3-mJ pulses at
1-kHz repetition rate. In this paper we present time-resolved
x-ray diffraction experiments that use this system, which al-
lows us to study with sub-picosecond time resolution several
ultrafast phenomena as well as transient structures that occur
in a 200-nm thick Au (111) single crystal film.

2. Kilohertz ultrashort x-ray source
A schematic representation of our kHz ultrafast x-ray

diffraction experimental system is presented in Fig. 1. The
physical size of this system including the x-ray source is less
than 1.5 m×1.5 m, which makes it rather easy to construct
and operate at university laboratory. This experimental system
consists of a commercial femtosecond laser, and a homemade
x-ray chamber where sub-picosecond 8-keV x-rays are gen-
erated by the interaction of the 800-nm optical pulses with a
moving thin film (30 µm) copper target. The laser output is
split into two parts by an 8:2 optical beam-splitter. The 20%
output is frequency-doubled, by means of a 0.2-mm thick Type
I BBO crystal, to produce the 167-µJ, 35-fs, 400-nm second
harmonic generation (SHG) pump pulse(s) used to initiate the
transient processes. The 80% main beam pulse is expanded
four times in diameter, and focuses onto the moving copper
foil target by a 90◦ off-axis parabolic (OAP) mirror with an
effective focal length of 127 mm. The root-mean-square de-
viation of the pulse energy is measured to be within 0.5%,
which is one of the prerequisites for a stable ultrafast x-ray
source. The laser pulse, with a full width at half maximum
(FWHM) diameter of ∼10 µm and a peak laser intensity of
1.8× 1017 W/cm2, strikes the metal target that consists of a
25-µm thick and 20-mm wide fresh moving copper strip to
generate the hot electron plasma. Fast electrons are also pro-
duced during the formation of the laser plasma, and their av-
erage energy is estimated to be on the order of a few tens of
keV.[22,23] The resulting sub-picosecond Cu Kα x-ray pulses
serve as the probe pulses for the detection and measurement of
ultrafast structural dynamics in real time. The 75-m long strip
of the copper foil connected to two coils is placed inside the
x-ray source vacuum chamber at a base pressure of 10−3-Torr
(1 Torr = 1.33322×102 Pa), which is sufficiently low to elim-
inate energy loss due to air ionization. The moving speed of

the Cu strip is chosen so that each laser pulse irradiates a fresh
copper surface. When the copper strip segment is near its end,
the chamber is raised up by 1-mm and the rotation direction
of the coils remains unchanged. Both the 3-mm sapphire opti-
cal entrance window and the 250-beryllium x-ray exit window
would be polluted by the foil emitted debris if not protected.
We used a 20-µm thick and 40-mm wide Mylar tape to pro-
tect both windows, because it is highly transparent to both the
800-nm optical beam and Cu Kα and Kβ x-ray radiations at
8.04 keV and 8.91 keV, respectively. The Mylar tape is placed
between the copper film and the two windows, which continu-
ously move to protect the optical and x-ray windows during
each experiment. This design is utilized in other kilohertz
systems.[24] Our design can significantly reduce the size of the
vacuum chamber and its complexity. The ultrashort x-ray out-
put is measured with an Si p-intrinsic-n (PIN) x-ray photon
detector (Amptek, X-123), which is equipped with a 500-µm
thick, 6-mm2 area silicon chip with an approximately 100%
detection efficiency for 8-keV x-rays. The detector is sealed
with a 100-µm thick beryllium window through which 8-keV
x-ray photons propagate with negligible loss. The detector was
placed 500-mm away from the optical focal spot, and the x-ray
output travels 30 mm through the vacuum and 470 mm in air,
which results in 59% attenuation in the transmission of Cu Kα

x-ray photons. A 500-µm diameter lead aperture and a 200-
µm thick aluminum filter are placed in front of the detector to
ensure its operation under the single-photon counting condi-
tion.

off-axis parabolic
(OAP) mirror

CCD
sample

delay stage

400 nm
pump pulse

800 nm
pump  pulse

x-ray
pulse

Fig. 1. (color online) Top view of experimental configuration.

The corresponding x-ray spectrum obtained is shown in
Fig. 2, which consists of both bremsstrahlung continuum and
Cu characteristic radiations. Assuming an isotropic produc-
tion of Cu Kα radiation in a solid angle of 4π and taking
the detection efficiency into consideration, we calculate the
photon flux to be 2.0×1010 photons/s with 5.1×106 conver-
sion efficiency from 800-nm photons to Cu Kα . Although Cu
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Kα1 and Kα2 characteristic lines are not resolved due to the
∼120-eV energy resolution of the Si-PIN detector, they could
be clearly distinguished by both a 500-nm GaN [0001] crys-
tal and its 500-µm Si (111) substrate located at 115 mm from
the x-ray source. The inset in Fig. 2 shows a high-resolution
separation of the two Cu Kα lines by the GaN [0001] crys-
tal spectrometer, which are captured by a 1340 × 1300 x-
ray charge-coupled device (CCD) camera (PIXIS-XB:1300R,
Princeton Instruments) placed 122-mm away from the GaN
crystal. Under the above configuration, the line width of Cu
Kα1 is 13.86 eV, resolved by the 500-µm Si (111) crystal,
suggesting that the diameter of x-ray source is not more than
55 µm.[25] The larger than the 10-µm laser focal spot size of
x-ray source is mainly due to the long term instability of the
laser beam and the vibration of the copper tape.
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Fig. 2. Spectrum of Cu Kα and Kβ radiation obtained at 1-kHz repetition
rate. Inset: Spectrally resolved Cu Kα1 and Kα2 fine structure components
of the x-ray radiation by a 500-nm GaN [0001] crystal.

We also measure the total x-ray generation as a function
of target position, ∆X , with respect to the best focal spot,
where the OAP effective focal point is right on the target as
shown in Fig. 3. We observe a maximum output in each di-
rection off the location of the best focal spot. The slightly
low x-ray yield at the best focal spot agrees with previously
published data.[26] This is qualitatively explained as the re-
absorption of the x-ray photons produced inside the target at
this position. At the best focal spot, the higher laser intensity
leads to high energy electrons; therefore, they penetrate into
the target more deeply, most of which are re-absorbed. Conse-
quently, the x-ray radiation emitted drops at the best focal spot.
It should be noted that the distance between two maxima, in
spite of the different focal lengths of different OAP mirrors,
applied to our and other systems,[26] is measured to be around
0.4 Rayleigh length (RL) of the mirror. In our case, the dis-
tance, about 0.1 mm, is much larger than the 25-µm thickness
of the target copper film, which allows for only 40-µm toler-
ance.
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Fig. 3. (color online) Total amount of Cu Kα emission as a function of tar-
get displacement from the best focal spot. Positive values of the distance
indicate that the focus is situated in front of the target. For negative values
the focus is within the target.

3. Ultrafast x-ray diffraction
Using our kHz repetition rate, sub-picosecond x-ray ex-

perimental system described in the previous section, we first
study the transient processes induced by 1-kHz, 35-fs, 400-
nm SHG pulses impinging on the surface of a 200-nm thick
Au (111) single crystal film grown on mica substrate. The ba-
sic experimental concept of ultrafast time-resolved measure-
ments, based on the pump–probe technique, has well been es-
tablished in the optical area since the 1960s.[27] Such a real-
time method is easily extended to the x-ray regime by using
an optical pump pulse for excitation and a synchronized ultra-
short x-ray pulse to act as the probe pulse, which monitors the
transient structural changes induced by the interaction of the
pump pulse with the sample. In this optical pump x-ray probe
experiment, we use the SHG at 400 nm for excitation which
has a penetration length of 17 nm that fits well with the inter-
band absorption of gold. The change in the Au (111) structure
as a function of time is probed with 8.04-keV Cu Kα x-ray
pulses. Synchronization between the optical pump and x-ray
pulse is achieved by making the 400-nm pump pulse propagate
through a delay line that could be adjusted within a resolution
of 2 µm, which corresponds to a time interval of 6 fs.

After the optical pulse irradiates into the surface layer of
the crystal, the surface electrons absorb the laser energy and
the electron gas temperature increases to thousands of degrees.
Because the heat capacity of electrons is about two orders of
magnitude smaller than that of the lattice, the electron temper-
ature can be very high for a short time period while the lattice
remains cold. As a result, the temperature distribution along
the crystal thickness becomes non-uniform, which causes a
distortion in lattice spacing.[28] Because the diffraction of x-
ray radiation is determined by the Bragg’s law: nλ = 2d sinθ

(n is an integer), even small changes in the inter-atomic spac-
ing d of a crystal result in a shift in the diffraction angle θ . The
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Bragg diffraction angle of Au (111) is 19.1◦ for Cu Kα radia-
tion. The relationship between the angle shift ∆θ and the lat-
tice spacing change ∆d is given by ∆d/d =−∆θ/ tanθ . These
x-ray diffraction changes are recorded by the x-ray CCD cam-
era located 150 mm from the crystal. The camera is cooled to
−60 ◦C and protected by a 250-µm thick beryllium window
from visible and ultraviolet (UV) light. The size of the inci-
dent x-ray pulse is limited by a 0.25-mm wide tungsten slit to
a divergence of a few milli-radian, and the x-ray beam imping-
ing on the crystal could be blocked by a 1-mm wide aluminum
strip moving in the horizontal direction along the surface. The
size of the x-ray beam in the vertical direction is larger than the
10-mm height of the crystal and much larger than the 2-mm
spot on the crystal formed by the pump laser pulse. Therefore,
we could record simultaneously the diffraction signals from
both the 400-nm irradiated area and non-irradiated area of the
crystal. The diffracted signal from the 200-nm Au (111) crys-
tal shown in the inset of Fig. 4 is obtained with the x-ray CCD
after 20-s exposure. The experimental rocking curves from
both the irradiated and non-irradiated areas of the Au (111)
crystal at +50-ps delay time are presented in Fig. 4. A posi-
tive delay means that the pump laser pulse is leading the probe
x-ray pulse. Each x-ray rocking curve is fitted with a single
Gaussian function. The shift of the rocking curve is defined
as the moving of the fitted peak center, where a shift toward
smaller diffraction angles indicates lattice expansion. A slight
broadening of the x-ray rocking curve is observed at positive
delay time, measured by the FWHM change of the fitted rock-
ing curve, compared with the rocking curve of the non-pump
areas (solid curves).
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Fig. 4. (color online) Rocking curves of the heated and cold areas of a
200-nm Au (111) crystal, at 50-ps delay time. Inset: CCD images recorded
after 20-s exposure: (a) without 400-nm and (b) with 400-nm illumination.

As discussed previously, a large temperature gradient
could be generated upon femtosecond laser excitation of the
gold sample surface. Such a temperature gradient induces a
further pressure wave, the “blast wave”,[18,29,30] which lasts a
very short time, 1 ps–2 ps and propagates with sound velocity

(cs) through the crystal, inducing strain in its path. After 2 ps,
the heated gold lattice starts to relax and expand, and the strain
pulse, which consists mostly of longitudinal acoustic phonons,
propagates through the bulk of the Au (111) crystal. The prop-
agation of the acoustic waves through the bulk of the crystal
causes expansion and contraction in lattice structure, which is
recorded in real time and with sub-picosecond resolution, by
our time-resolved x-ray experimental system. The peak of the
rocking curve is found to shift towards smaller diffraction an-
gles as a function of delay time in Fig. 5. These data show that
the lattice constant increases as the lattice expands, reaching
a maximum at 46 ps after excitation. The characteristic time
of an acoustic wave is given by the time that it takes to travel
inside the crystal with a thickness d as a standing wave, i.e.,
τac = 2d/cs. For d = (200±0.6) nm and cs = 3.24 km/s along
the Au (111) direction, τac = (123±0.4) ps. The 123 ps, char-
acteristic time, measured in our experiments, is in very good
agreement with the observed experimental periodicity of the
Bragg peak shift, (124± 4) ps, which is an indication of the
lattice breathing motion along the surface normal.
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Fig. 5. (color online) Variation of lattice constant of a 200-nm Au (111)
crystal with pump–probe time delay.

It should be noted that each rocking curve (see the in-
set in Fig. 4) is obtained by the 1-kHz ultrafast x-ray system
in a 20-s exposure. These experimental results are similar to
those obtained by a 10-Hz system with 30 min–60 min ex-
posure for each datum point. The almost two-order reduc-
tion in data acquisition time suggests that such a system could
be successfully applied to the study of the ultrafast dynamics
of structures, such as ferroelectric/ferromagnetic superlattices
and few-layer two-dimensional materials, exhibiting relatively
low x-ray diffraction efficiency. In addition, this kHz experi-
mental system may be utilized in the studies of sub-picosecond
x-ray powder diffraction.

4. Conclusions
In this paper, we describe the design, construction, and

performance of our novel reflective mode ultrafast, 1-kHz
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high repetition rate, laser plasma-based, multi-keV hard x-
ray source. This system generates Cu Kα 8.04-keV x-ray
pulses, with a flux of 2.0 × 1010 photons/s. We utilize this
new ultrafast x-ray experimental system to measure, with sub-
picosecond resolution, the changes in the structure and other
transient phenomena, such as the shift and broadening of
the rocking curves that occur in an Au (111) thin crystal af-
ter 50-fs 400-nm pulse excitation. We also show that these
time-resolved x-ray techniques record accurately, with sub-
picosecond resolution, ultrafast structural changes and dynam-
ics of lattice distortions by means of synchronized femtosec-
ond optical pump pulses and sub-picosecond, multi-keV x-ray
robe pulses. After further improvement in stability and an in-
crease in x-ray photon flux per pulse, we expect our system to
be able to measure in the near future transient processes and
structures that occur in the femtosecond-to-picosecond range.
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