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Ultra-fast x-ray-dynamic experimental subsystem is a facility which can provide femtosecond hard x-ray sources using
a femtosecond laser interacting with plasmas. By utilizing these ultra-fast x-rays as a probe, combined with a naturally
synchronized driver laser as a pump, we can perform dynamic studies on samples with a femtosecond time resolution.
This subsystem with a four-dimensional ultra-high spatiotemporal resolution is a powerful tool for studies of the process
of photosynthesis, Auger electron effects, lattice vibrations, etc. Compared with conventional x-ray sources based on
accelerators, this table-top laser-driven x-ray source has significant advantages in terms of the source size, pulse duration,
brightness, flexibility, and economy. It is an effective supplement to the synchrotron light source in the ultrafast detection

regime.

Keywords: ultra-fast x-ray diffraction/absorption,

spatiotemporal-resolution detection
PACS: 41.75.Jv, 01.52.+1, 01.50.Pa, 94.05.Rx

1. Introduction

X-ray emission has been one of the most effective meth-
ods to investigate the properties of matter in various scien-
tific fields.!" In the accelerator community, synchrotron light
sources have been useful for a broad range of users, in particu-
lar, in biological and condensed-matter applications.?l More-
over, x-ray free-electron laser (XFEL) facilities have been
recently constructed and started to operate,*! which are ex-
pected to have revolutionary impacts on science and technol-
ogy. However, they are inappropriate for some applications
owing to the high cost, large experimental footprint, rela-
tively long pulse structure, and poly-chromaticity. Owing to
the rapid progress of the femtosecond laser technology, the
ultra-fast hard-x-ray emissions from femtosecond-(fs)-laser-
produced plasmas have been extensively studied over the

past years,* % including the K, x-ray source,’! betatron

10.11] inverse Compton scattering,!'>!31 and high-

radiation, |
harmonic generation.!'*! Among them, the K, x-ray sources
have been extensively investigated; their source energy con-
version efficiencies and temporal durations have been signifi-
cantly improved.[6-8:15-17]

These ultra-short ultra-small laser-produced Ky x-ray
sources can provide an alternative to accelerator-based light
sources owing to their compactness and high brightness, mak-
ing them practical for widespread applications in fundamen-
tal science, industry, and medicine.l'®21 Compared to x-
ray tubes, they have the advantages of ultra-fast characteris-

tic and high brightness. Moreover, a very important advan-

time-resolved pump—probe detection,

ultra-high-
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tage of the laser-driven x-ray source is the precise natural
synchronization between the laser and generated x-rays. In
time-resolved pump—probe experiments, the pump laser and
probe x-ray originate from the same laser beam. Therefore,
this would be very suitable and convenient for time-resolved
x-ray pump—probe studies,?>?!1 such as time-resolved x-ray

(22-28] and x-ray absorption.!?1:?°! The size of the

diffraction
laser-driven K source is determined by the laser focal spot
size, which is at the microscale; therefore, the laser-driven
K¢ source size is also at the microscale. These micro-x-ray-
sources are of significance in phase contrast imaging for the
development of high-resolution diagnostics in biology?%-3!!
and medicine.!??!

In this paper, we present our preliminary design for an
ultra-fast x-ray-dynamic subsystem, which can provide hard
femtosecond x-ray radiation in both 100-Hz and single-shot
modes. The schematic of this subsystem is shown in Fig. 1.
The femtosecond laser pulse is split into two beams by a beam
splitter. One laser beam is used to pump the sample to induce
an excitation, while the other one is focused and interacted
with the solid or cluster target to produce ultra-fast x-rays.
The generated x-rays are collected and focused on the sam-
ple for studies using x-ray diffraction, imaging, and absorption
spectroscopy. The samples exhibit dynamic changes after the
pumping. Therefore, by changing the time delay between the
pump laser and x-rays, the samples’ transient structures and

ultra-fast-dynamic information can be obtained.
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Fig. 1. (color online) Principle of ultra-fast x-ray dynamic subsystem.

The rest of this paper is organized as follows. In Section
2, we briefly introduce the subsystem. In Sections 3-5, we in-
troduce the main units of the system and their functions. In the

last section, a short summary is presented.

2. Overall system and functional units

The overall design of this subsystem is shown in Fig. 2.
The facility has eight main functional units: ultra-intense fem-
tosecond laser unit, optical transmission unit, X-ray source

chamber unit, user application chamber unit, beam position-

ing unit, vacuum equipment unit, optical platform, and target
chamber support unit. Among these units, the ultra-intense
femtosecond laser, x-ray source, and user target chamber units
are the most important. The ultra-intense laser pulse is out-
put from the laser unit and guided to the target chamber unit
through the optical transmission, beam position, and opti-
cal/chamber support units. In the target chamber, it interacts
with solid/gas/cluster targets and produces hard x-rays. These
xrays are focused onto the user application chamber unit for
sample detection applications. We present a detailed descrip-

tion of these three parts in the following sections.
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Fig. 2. (color online) Schematic setup of the ultrafast x-ray dynamics experimental subsystem.
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3. Ultra-intense femtosecond laser unit

The ultra-intense femtosecond laser system consists of a
front end (oscillator, stretcher, and kilohertz regenerative am-
plifier), a 100 Hz amplifier, a 10 Hz preamplifier, a main am-
plifier, and two compression chambers. The laser system can
provide a two-stage ultra-fast and ultra-intense output, corre-
sponding to different x-ray beam modes; the parameters of
the first stage are 100 Hz, 3-TW output, and it is used for

the x-ray beam line with a high-repetition-rate mode, which
can generate x-rays with photon energies of 1-60 keV, pho-
ton number of 10%/shot, and pulse duration smaller than 1 ps
at a repetition rate of 100 Hz; the parameters for the second
stage are 0.017 Hz, 1-PW output, and it is used for the intense
x-ray beam line with a single-shot mode, which can deliver
x-rays with photon energies of 3-20 keV, photon number of
10'!/shot, and pulse duration smaller than 1 ps. Specific tech-
nical parameters are listed in Table 1.

Table 1. Specific laser technical parameters.

Wavelength Pulse

Energy stability Beam quality Pointing stability Polarization ratio

Contrast

/nm duration/fs pelica ASE@1 ps ASE@S5ps ASE@50ps ASE@300 ps
2% < &
100HZ3TW 800 17 L * Td‘% M2 <12 <20rad <1:100  >10°
< ;;r< 527y > 103 > 10° > 10° >10'0
1PW 800 25 NS <30 rad <1:100 > 108

0.5 hour 1 day

4. X-ray source unit

The two-stage laser beams are compressed into ultrashort
laser pulses through their compression chambers, and then
enter the solid or cluster target chamber through the optical
transmission unit. Once focused, the laser beam interacts with
the target to generate intense ultra-fast x-ray pulses. For dif-
ferent applications, three different types of target chambers
are proposed: solid-target chamber, small-focal-length cluster-
target chamber, and large-focal-length gas/clustertarget cham-
ber. The x-ray fluxes from these three target chambers are
different; therefore, the chamber structures and corresponding
diagnostic tools are also different. We will introduce them in
the following sections.

4.1. Solid-target chamber

The layout of the solid-target chamber is shown in
Fig. 3. The 100-Hz main laser is focused on the surface
of the disk-shaped solid target by a small-focal-length OAP to

. Solid target
\'\- : Ve
N i 7

/Thm glass sheet

M,

Telescope

cCcp

Target stage

Pinhole camera ~

Tube

Pinhole-Knife edge imaging

Fig. 3. (color online) Schematic of the solid target chamber.

generate x-ray radiation. The disk target is mounted on a
multi-dimensional motorized stage, which can rotate around
its axis. The target’s surface roughness is better than 2 um. An
imaging charge-coupled device (CCD) used to monitor the tar-
get surface is installed outside the target chamber. The x-rays
generated by the target are collected, collimated, and focused
before they enter the user target chamber. The material of the
disk-shaped solid target can be metals such as Cu, Ag, Mo, Ta,
etc. to generate K, radiations with different photon energies.

4.2. Small-focal-length cluster-target chamber

The layout is shown in Fig. 4. The main laser beam
is focused by a small-focal-length OAP (the focal length is
500 mm) on the clustering gas from a supersonic gas nozzle
to generate x-rays. A low-energy laser beam separated from
the main laser is divided into two parts. One of them acts as
a pump beam to irradiate the sample to stimulate the ultra-
fast process, while the other one acts as a probe beam, which
passes through the clustered plasmas. It can be employed for

=)
| imaging | - | imaging
o systemsystem

Probe laser|

Pump laser
=

‘ Main laser

Fig. 4. (color online) Schematic setup of the short focal cluster target
chamber.
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shadow imaging and interference analysis, which can be used
to obtain plasma distribution and evolution information. The
small-focal-length cluster-target chamber is characterized by a
relatively small x-ray source size, which is more suitable for
single-shot x-ray imaging applications.

4.3. Large-focal-length cluster-target chamber

The layout is shown in Fig. 5. The main laser en-
ters a special chamber for the installation of the large-focal-
length OAP (focal length: 1500 mm), where the laser is fo-
cused through a vacuum tube into the interaction target cham-
ber. The pump and probe beams are similar with those at
the small-focal-length condition. The large-focal-length clus-
ter/gastarget chamber is characterized by a high x-ray flux in a
single laser shot, which is more suitable for single-shot x-ray

diffraction and absorption spectroscopy.

[ [

Main laser

Laser focusing chamber

Fig. 5. (color online) Schematic setup of the long-focal-length cluster-
target chamber.

4.4. X-ray source specification

The x-ray source parameters are measured by various di-
agnostic equipments installed around the target chamber, in-
cluding x-ray pinhole imaging CCD and single-photon count-
ing CCD, as shown in Fig. 3. The pinhole imaging CCD
is used to measure the x-ray source size. The single-photon
counting CCD is used to analyze the x-ray energy spectrum
and intensity. The diagnostic equipment has a similar design
for the cluster-target chamber. The x-ray sources in the above
three chambers can be divided into two categories.

Ultra-fast x-ray source I (solid target) Photon energy:
1-60 keV (discrete spectral lines can be achieved by chang-
ing the target material), time width: < 1 ps, source size: 2—
100 pum, photon number: 108/shot, stability: better than 10%,
repetition rate: 100 Hz.

Ultra-fast x-ray source II (cluster target) Photon en-
ergy: 3-20 keV (discrete spectral lines can be achieved by
changing the target material), time width: < 1 ps, source size:
5-100 pm, photon number: 10! /shot.

5. User target chamber unit

The x-ray user unit is mainly composed of a sample
holder with four-dimensional (4D) adjusting stages, a Mon-
tel x-ray reflective focusing mirror, x-ray imaging devices, x-
ray absorption spectroscopy devices, and x-ray diffraction de-
vices. The x-rays generated from the laser—target interaction
are mainly from the inner shell and Bremsstrahlung radiations,
with 47 distributions, and intensities inversely proportional to
the square of the distance. In order to increase the x-ray in-
tensity on the sample, the x-rays are collected, collimated, and
focused by the Montel x-ray reflective focusing lens. Between
the x-ray source and x-ray optics, a strong magnet is employed
to deflect the produced high-energy electrons, so that they do
not interfere with the analysis. In the following sections, we
introduce the design of the user chamber for three applica-
tions: x-ray imaging, absorption, and diffraction spectroscopy.

5.1. Ultra-fast x-ray imaging system

As x-rays pass through a sample, materials with different
densities and thicknesses have different x-ray attenuation rates
and phase changes. Therefore, one can obtain the sample’s
two-dimensional structure by collecting the transmitted x-ray
signals. The layout of the ultra-fast x-ray imaging diagnostics
is shown in Fig. 6(a). The x-ray beam is collected and focused
by the Montel-type reflective focusing lens, and then irradiates
the sample. The transmitted x-rays are converted into visible
light on the phosphor screen, and finally recorded by the CCD
with a large array. If the x-ray source is sufficiently strong
and has a small size, the focusing system may not be used.
The combination of the phosphor screen and CCD can be re-
placed by an imaging plate (IP). Our team has extensive expe-
rience on using laser-generated ultra-fast x-rays for imaging.
We achieved single-shot monochromatic imaging using a K-
shell x-ray source with a cluster target in 2010.!8! Figures 6(b)
and 6(c) show the experimental Ky x-ray spectrum!®! and x-
ray image of a cicada wing. 3!

5.2. Ultra-fast x-ray absorption spectroscopy system

The layout of the ultra-fast x-ray absorption spectroscopy
system is shown in Fig. 7. The absorption spectroscopy
mainly uses bremsstrahlung x-rays generated from the in-
teraction between the laser and high-Z material. The x-ray
beam passes through the sample and then enters the NIST
transmission crystal spectrometer for an absorption-spectrum
measurement. It can also perform time-resolved absorption
spectroscopy by introducing the pump laser. A test sample
is mounted on a multi-dimensional holder (three-dimensional
translation stages and one-dimensional rotation stage). As
shown in Ref. [21], typical experimental near-edge x-ray ab-
sorption fine structure (NEXAFS) and/or extended x-ray ab-
sorption near-edge spectra (iron K edge) can be obtained from
Fe(Ill) oxalate after transformation to uX vs. E at —20 ps
before excitation and +25 ps after excitation; the solid/dotted
lines represent different pump delays.
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Fig. 6. (color online) (a) Schematic of ultrafast x-ray imaging system. (b) X-ray spectrum of K, the black line shows Ar cluster target’s result,
the grey dotted line shows a solid Cu target’s result with x 10 in amplitude, and the inset is the photon flux dependence on laser intensity.'%! (c)

Single shot x-ray image of cicada wing. 33!
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Fig. 7. (color online) Schematic of ultrafast x-ray absorption spec-
troscopy system.

5.3. Ultra-fast x-ray diffraction system

Ultra-fast x-ray diffraction can be performed in the trans-
mitted or reflective mode; the layouts of these modes are
shown in Figs. 8(a) and 8(b), respectively.

The x-rays are focused on the sample by a Montel x-
ray reflective focusing lens, and then diffract. The transmit-
ted diffracted light forms a diffraction pattern on the phosphor
screen, recorded by the large-array CCD. Transmitted x-ray
diffraction is only applicable to thin samples. For thicker sam-
ples, reflective x-ray diffraction can be used to study the ultra-
fast dynamics of its surface. In the reflective diffraction mode,

the x-rays irradiate the sample surface. The diffraction fringes
of the x-rays can be observed in the reflection direction, as

shown in Fig. 8(c).

X-ray source chamber

User chamber

Thin sample

Main beam Magnet ' ¢
— B

Gas jet/ Mental

Solid target reflection
focusing

mirror

I | Pump area

Fig. 8. (color online) (a) Schematic of transmitted x-ray diffraction
system. (b) Schematic of reflective x-ray diffraction system. (c) The
diffracted signal from the 200-nm Au (111) crystal.
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6. Summary

We introduced here the ultra-fast x-ray-dynamic experi-
mental subsystem. Details of the design of the main units were
presented. With this facility, we expect to provide two types of
stable x-ray sources to scientific users: 100 Hz mode with 103
photons/shot and photon energy of 1-60 keV, and single-shot
mode with 10!' photons/shot and photon energy of 3-20 keV.
The whole proposal is technically feasible according to our
experimental results in the past several years.

This ultra-fast ultra-intense x-ray-dynamic subsystem in-
First, in the 100 Hz mode,
for the first time, a laser-driven second-generation high-

volves two main innovations.

quality ultra-fast x-ray source is used for a 4D-spatiotemporal-
resolution detection of ultra-fast dynamic processes. Com-
pared with the first-generation laser-plasma-based sources
widely used in other laboratories, the developed quality-
improved x-ray source of the presented subsystem signifi-
cantly improves the conversion efficiency, source size, and
signal-to-noise ratio, leading to a significantly higher imaging
quality. Second, in the single-shot mode with a high power
laser, single-shot x-ray time-resolved imaging and diffraction
can be performed for the first time for various applications,
separating the high-power laser pulse to 10 sub-pulses to drive
individual x-ray beams for imaging. The spatiotemporal di-
agnosis with a single laser pulse, which can be applied to a
single irreversible ultra-fast process with random characteris-
tics, is of significance in biophysics, high-pressure physics,
and high-energy-density physics.
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