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Abstract

We present the temporal and spatial characterization of X-ray sources (at ~1 keV) driven by a 200 TW, 30 fs, 800 nm laser
pulse on SILEX-I laser facility at Research Center of Laser Fusion. For laser copper foil interaction with laser intensity
between 6 � 1018 W/cm2 and 3 � 1019 W/cm2, the X-ray images show cone-like jet structures. While the yield of
X-rays is strongly dependent on the laser intensity, the plasma expansion length is weakly dependent on the laser
intensity, and the open angle of the cone-like jet is not correlated to the laser intensity. The formation of the jet
structure is attributed to the plasma transverse confine by the self-induced quasi-static magnetic field. An X-ray
pedestal 4 ns preceding the main pulse was observed. The correlation between X-ray pedestal and collimated proton
beam generation was found.
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INTRODUCTION

Diagnosis of X-rays has been one of the most important diag-
nostic methods for laser plasma study since the late 1960s,
when nanosecond glass lasers grew more powerful and the
inertial confined fusion (ICF) program became more active
(Hora, 2007; Schwarz & Hora, 1969). Temporal, spatial,
and spectroscopic characterization of X-ray emission were
widely performed for the transit, high temperature, and
high density laser plasma (Basov et al., 1989; Faenov &
Pikuz, 2003; Faenov et al., 2007; Cao et al., 2007), which
has resulted in copious knowledge about the laser plasmas.
The advent of the compact femtosecond laser in the early
1990s made it possible to study the new laser plasma inter-
action phenomena at very high plasma density (about solid
plasma density of 1024/cm3). Extremely short pulse duration
makes the expansion of the plasma negligible during inter-
action (Gibbon, 2005b). Collimated hot electron beams
and ion beams were excited via different collisionless mech-
anisms under extremely high laser intensity (Kulagin et al.,

2008; Niu et al., 2008; Flippo et al., 2007; Zhou et al.,
2007). Strong magnetic fields play important roles in the
behavior of this kind of plasmas (Wilks et al., 1992; Singh
& Malik, 2008; Malik et al., 2008; Torrisi et al., 2007).
Using the X-ray spectroscopic technique, high density and
high temperature characteristics of the femtosecond laser
driven plasma were confirmed (Teubner et al., 1996;
Zhong et al., 1999).

Because a focused laser beam could easily produce a very
bright and short X-ray pulse, a variety of applications of
ultrashort X-ray pulse is under intensive investigation
(Gibbon, 2005a; Turcu & Dance, 1998). The applications
of short pulse X-rays in microscopy (Hertz et al., 2003;
Rymell et al., 1995), lithograph (Dusterer et al., 2001), bio-
medical imaging (Svanberg, 2001; Kieffer et al., 2002), and
ultrafast probing of atomic structure (Rousse et al., 2001a,
2001b), are currently studied. The characterization of the
X-ray emission is the foundation for all these applications.

In this paper, the temporal and spatial characterization of
the plasma X-ray source driven by the SILEX-I laser facility
at CAEP (a 200 TW, 30 fs Ti:sapphire laser facility) is pre-
sented for a laser intensity between 6 � 1018 W/cm2 and
3 � 1019 W/cm2. For this large scale femtosecond laser
facility, it is important to perform a basic characterization
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of its X-ray emission both spatially and temporally for a laser
foil target interaction before more complex experiments. The
time-resolved measurement of X-ray emission by a fast X-ray
diode (XRD) clearly shows a 4 ns X-ray pedestal preceding
the main X-ray pulse, with varied intensities. This is due to
the unstable laser prepulse and proved to have substantial
impact on laser plasma applications, such as X-ray yield
and proton acceleration. An X-ray pinhole CCD camera pro-
vided space-resolved information about the X-ray emission
at �keV range. The cone-like jet structure was constantly
observed, similar to observations in other experiments
(Schaumann et al., 2005; Kasperczuk et al., 2008; Sizyuk
et al., 2007). An interesting observation is the independence
of the cone angle of the X-ray image of the laser intensity for
the experimental parameter range. The quasi-static magnetic
field was inferred from this observation. The quantitative cor-
relations between laser intensity and X-ray yield and shape
factors (expansion length, cone angle) are presented and
interpreted. The drift of the X-ray location was measured to
be within �100 mm. The data are very useful for exper-
iments where high alignment is required, such as the
Wakefield electron acceleration using a capillary plasma
channel.

EXPERIMENTAL DETAILS

The experiment was carried out on the SILEX-I laser facility
(Peng, 2006) in the Laser Fusion Research Center, China
Academy of Engineering Physics (CAEP). SILEX-I is a
Ti:sapphire laser facility employing chirped-pulse-
amplification (CPA) technique. The maximum output is
286 TW for 30 fs pulse duration at the wavelength of
800 nm. An F/2.625 off axis parabolic mirror (OAP, focal
length ¼ 420 mm) was used to focus the laser beam
(160 mm in diameter) into a bright circular spot. The full
width at half maximum (FWHM) of the focus spot is about
8 mm in which about 12% of the laser energy was contained.
The maximum laser intensity reached 6.8 � 1019 W/cm2 (1 J
laser energy corresponds to a laser intensity of 1.04 �
1019 W/cm2), which is beyond the relativistic intensity of
1.37 � 1018 mm2 W/cm2. The relatively low energy concen-
tration could be improved by installing a deformable mirror.
This facility routinely delivered a laser pulse with energy of
more than 1 J every 25 min, while it also operates at 10 Hz at
3 TW level for the low power experiments. For normal oper-
ation, the contrast ratio is 3 � 105 for the prepulse leaking
from regen-amplifier at 8.4 ns before the main pulse, and it
is better than 106 for the amplified spontaneous emission
(ASE). However, due to the instability of the pockets cell
for this round of experimental campaign, a prepulse larger
than usual was observed 4 ns preceding the main femtose-
cond pulse with varied intensities.

8-mm-thick copper foil targets were used in the exper-
iment. Each laser pulse shot on a new piece of foil by
moving a computer-controlled translation stage inside the

vacuum chamber. An alignment laser telescope system was
used to align the OAP and the targets.

The image of the keV X-ray emission from the laser-
produced plasma was measured by an X-ray pinhole CCD
camera with a 4 � 4 pinhole array. The array was prepared
by a YAG laser on a piece of 25-mm-thick titanium foil.
As the imaging element, the array of pinholes has larger
view-field than a single pinhole. Each aperture is 10 mm in
diameter. The apertures are covered by a 25 mm beryllium
foil which blocked the scattering laser light and X-ray
photons with energy less than �1 keV. A water-cooled
512 � 512, 16 bit back-illuminated X-ray CCD camera (PI,
SE-TE/CCD-512-TKB) recorded the X-ray image online.
The quantum efficiency (QE) of the CCD chip is less than
10% for the photons with energy larger than 9 keV.
Combining the QE of CCD chip and the transmission of ber-
yllium foil, the imaging system is sensitive for 1 keV to
9 keV X-ray photons, and has highest sensitivity near
2.5 keV. The magnification factor of this imaging system
was set to 8.6 and spatial resolution was 10.4 mm.

A calibrated XRD was used in the experiment to measure
the time-resolved X-ray signal from the laser heated plasma.
This XRD has a resolution time of �250 ps and measures a
few nanosecond time ranges. A 1.3 mm carbon filter was
used for the XRD. Besides the XRD detector, an X-ray
streak camera with 2 mm carbon filter was used to measure
the main X-ray pulse duration. The time resolution is
�3 ps for this streak camera.

The emission of proton beams in the back of the target was
measured by a piece of CR39 detector, which was parallel
to the target plane. The CR39 was situated 5 cm from the
target.

Figure 1 shows the schematics of the experimental setup.
The Z-axis is the normal of the foil target. The p-polarized
laser focused on the foil with the incident angle of 238 in
the X-Z plane. The axis of the X-ray pinhole camera has a
polar angle (u) of 648 and an azimuth angle (w) of 278.
The better orientation (u ¼ 908, w ¼ 908) of the X-ray
CCD camera would give more straightforward data to
explain the characteristics of X-ray images, but it is not poss-
ible in our experiment due to the limits of the chamber
configuration. The pictures taken by the X-ray pinhole
CCD camera are consequently a projection of the three-
dimensional (3D) plasma X-ray source for this particular
orientation. The XRD detector was situated 50 cm from
the target in the front side of the target (the side which
the laser impinged on).

RESULTS AND DISCUSSION

Spatial Characteristics

The X-ray pinhole CCD camera is easy to align and very
stable in the collection of experimental data. Data for more
than 50 shots in a two-week experimental campaign have
been obtained for copper foils. Only 5% of the data
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showed no X-ray image, which was due to the failure of the
laser facility.

A typical keV X-ray image from the X-ray CCD camera is
shown in Figure 2a. The laser energy was 2.27 J (1.51 �
1019 mm2 W/cm2). This image is easy to understand if we
assume that the X-ray source has a cone-like jet structure.
This assumption is supported by the following analysis.
Although the surface of the target foil is not visible in
Figure 2a, the direction of the target normal could be deter-
mined from the intensity distribution of the X-ray image.
The intensity profile was obtained for the directions P and
N for the X-ray image in Figure 2a using Winview 3.1 soft-
ware and shown in Figures 2b and 2c. The correction for the
view angle of the pinhole camera was already considered.
The origin in Figures 2b and 2c is the location of the brightest
spot of the X-ray image. In Figure 2b, the curve shows good
symmetry about the curve peak, while the curve in Figure 2c
clearly shows asymmetry about the curve peak. The FWHM
for curves in Figures 2b and 2c are 35 mm and 33 mm,
respectively.

For the intense femtosecond laser impinging on the solid
target surface, the absorption of laser occurred mostly at
the steepened critical surface of plasma via different colli-
sionless absorption processes. The brightest spot in the
X-ray image corresponds to the high temperature and high
density region near the critical surface. When the heated
plasma expands into the vacuum, the target normal direction
will be one rotational symmetric axis for the expanded
plasma. This symmetric character leads to the conclusion
that the P direction is parallel to the target surface according

Fig. 2. The keV X-ray emission image taken with an X-ray pinhole camera
for a focused femtosecond laser and foil interaction (a). The P axis is parallel
to the foil surface and the N axis is perpendicular to foil surface. The white
circle indicates the position of characteristic pixel D, which has counts of
�500. The profiles for P and N directions are shown in (b) and (c). The
FWHM for curves in (b) and (c) are 35 mm and 33 mm, respectively.

Fig. 1. The schematics of the experimental setup. PHC stands for the
pinhole camera. The Z-axis is the normal of the foil target. The X-Z plane
is the laser incident plane. The laser incident angle is 238. The axis of
pinhole camera has an angle of 648 to the Z-axis and an azimuth angle of 278.
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to the symmetric curve in Figure 2b, and the N direction is
the project of the target normal on the CCD chip plane.
Considering well-known temperature and density distri-
butions for the expanded laser plasma (Kruer, 2003; Wilks
et al., 1992), it is readily understood that the left long tail
in the Figure 2c represents the vacuum side that the plasma
expands into.

To further understand the characteristics of the X-ray
image in Figure 2a, we hereby define two quantities. The
first one is the cone angle Q as indicated by the two
dashed lines in Figure 2a, the counts recorder by the pixels
on the dashed line is �10% of the counts of the brightest
pixel on whole image. This cone angle is an indicator of
the expansion of the plasma in the transverse direction. The
second quantity is the expansion length L, which is defined
as the distance from the brightest pixel (labeled as pixel B)
to a characteristic pixel (labeled as pixel D) along the N direc-
tion. The count recorded by pixel D has a constant number
of �500. For the image in Figure 2a, Q and L are 868 and
86 mm, respectively.

Expansion Lengths

With fixed laser pulse duration and focus condition, we have
studied the Q and L dependence on the laser energy. Figures
3 and 4 shows the expansion length and cone angle data for a
total of 17 shots. In Figure 3, when the laser energy increases
from 0.8 J to 2.6 J, the expansion length shows a positive
correlation to the laser energy. The maximum length
reached is 102 mm. To quantitatively describe the function

of the expansion length on the laser intensity requires the
description of many physical processes, such as the laser
absorption, expansion hydrodynamics, X-ray emission, and
absorption. Here, we just use a straight line to indicate the
positive correlation of expansion length to laser energy in
Figure 3; however, we have to notice that the correlation
between expansion and laser energy is relatively weak,
300% increase of laser energy leads to only 60% increase
of expansion length. We suggest that one factor contributing
to this observation is the high plasma density for short pulse
laser interactions. The high density plasma has high collision
and recombination rates, and therefore also short plasma
decay time and expansion length. On the other hand, from
Figure 3, it is clear that the data of expansion length are
rather scattering for similar laser energy. For example, the
expansion lengths varied from 61 mm to 102 mm at laser
energy around 2.3 J for five different shots. This scattering
of data suggests that other factors also contribute to the
expansion length. Both uncertainty of laser intensity and pre-
pulse can cause the variation of expansion length. According
to the experimental data, the standard error of the laser inten-
sity for our laser system is +15% due to the variation of laser
focus size and concentration for fixed laser energy and fixed
pulse duration. The prepulse also strongly influences the laser
absorption and X-ray emission (Cobble et al., 1991; Zhidkov
et al., 2000; Laska et al., 2007). The prepulse has direct
control over the scale length of the preformed plasma and
may greatly enhance the laser absorption, and therefore the
production of the X-ray. The duration of the X-ray pulse is
always longer when the prepulse is present (Murnane

Fig. 3. Dependence of expansion length L on laser energy. The square dots
are experimental data. The solid line is the indication of the trend for the eyes.
The laser pulse is a 30 FS one.

Fig. 4. The dependence of cone angle Q on laser energy. The solid
line describes the linear fitting of experimental data. The laser pulse is a
30 FS one.
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et al., 1989; Kulcsár, 2000). If we use the ion acoustic vel-
ocity (cs) to estimate the expansion length, L ¼ t � cs,
where t is the X-ray pulse duration, cs/(Z � Te/M )1/2 is a
function of plasma temperature and therefore laser intensity,
the longer X-ray pulse corresponds to the longer expansion
length for the same laser intensity. We found that the pre-
pulse in the nanosecond scale has substantial variation for
the SILEX-I laser system, this greatly accounts for the
scattering of the expansion length.

Cone Angles

The cone angles are almost independent of the laser energy as
shown in Figure 4. The solid line that linearly fits the exper-
imental data is almost parallel to the horizontal axis. The
cone angles fluctuated between 788 to 1168. The average
value is �1008. These data generally agree with the previous
studies where a cone-like jet structure has been observed. The
Burgess’s results (Burgess et al., 1985) showed that the 20 ps
laser driven plasma at laser intensity of 3 � 1017 W/cm2

exhibited a cone-like jet expansion into the vacuum. Their
interference measurement with a probe laser gave the cone
angle of 508 for all ions and 208 for the fast ions. Li et al.
(2000) have also observed the plasma jet structure for the
100 fs laser solid target interaction at laser intensity of 5 �
1015 W/cm2 with the Nomarski interference technique. The
basic physical concept to explain the formation of these
jets is the transit quasi-static magnetic field formed during
the short pulse laser target interaction. This quasi-static mag-
netic field has been studied by both particle-in-cell simu-
lation (Wilks et al., 1992) and experiment (Stamper et al.,
1978). The specific cone angle could generally be deter-
mined by the balance between thermal pressure of plasma
and magnetic pressure. This balance condition is specified
by the equation B2 ¼ 8pnekTe, where B is the magnetic
field, ne is the plasma density, and Te is the electron tempera-
ture (in CGS units). The independence of the cone angle of
the laser energy could be explained by the reasonable
assumption that Te and B simultaneous increase with the
laser energy. So, the balance point of plasma thermal
pressure and magnetic pressure does not vary much for our
experimental laser energy range. In other words, the cone
angle is almost a constant.

X-ray Yields

The yield of the X-ray emission is an important quantity for
practical application. The pixel with largest counts in each
X-ray image was picked-up and the average count for the
25 pixels (5 � 5) near this brightest pixel was calculated.
The average count is approximated as the yield of each
X-ray pulse and is shown in Figure 5 as a function of laser
energy. This approximation has ignored the difference in
terms of X-ray source size, distribution, and spectrum for
different laser intensity. If we assume that the X-ray radiation
from the femtosecond laser plasma is nearly a black body

radiation, according to the Stefan-Boltzmann radiation
power relation sBTe

4, and using the empirical approximation
that the electron temperature scales roughly as I1/3 (Jiang
et al., 1995), the X-ray yield is proportional to I4/3. Our
fitting of experimental data using the power function gives
a relation of Y ¼ 1389 � E1.26+0.39, where Y is the X-ray
yield and E is the laser energy. This good agreement suggests
that the thermal equilibrium has almost reached in the case of
the high density plasma during very short X-ray emission
time. Comparing Figure 3 and Figure 5, we found that
when the laser energy increased by a factor of about 3, the
expansion length only increased by a factor of 1.6,
however, the counts of brightest X-ray spot increased by a
factor of �4. Obviously, the X-ray yield depends stronger
on the laser energy. By increasing the laser energy, it is poss-
ible to increase the brightness of the X-ray source while
keeping its relative small size. This shows the advantage of
femtosecond laser plasma as small size, high brightness
X-ray sources.

Drift of X-ray Source Positions

The stability of X-ray image positions is another aspect that
we have studied. The coordinates of the brightest X-ray spots
for 17 shots were summarized in Figure 6. The N and P direc-
tions are defined as in Figure 2. For the P direction, the X-ray
position varied between+60 mm, which corresponds to the
direction drift of+143 mrad for the OAP with focus length
of 420 mm. The point instability of the laser beam is only
+20 mrad according to the other independent experimental

Fig. 5. Dependence of X-ray yield on laser energy. The X-ray yield is rep-
resented by the average counts of the 25 neighboring pixels with largest
counts. The solid line shows the power fitting of experimental data.
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measurement. We suggest that the uncertainty during the
alignment of OAP may contribute to the big variation of
X-ray spots in the P direction. For the N direction, the
X-ray position varied between +40 mm. Several factors
will cause this uncertainty. First, when the targets were
aligned with alignment laser, the alignment accuracy was
30 mm. Second, due to a different prepulse for each shot,
the position of the critical density surface, to which the
brightest X-ray spots are closely located, was different
when the femtosecond laser pulse arrived. Finally, the
instability of the laser self-focusing near the focus position
may also have some connection to the uncertainty for the
N direction.

Temporal Characteristics

The temporal behavior of the X-ray emission from the laser
heated plasma for the nanosecond time scale was measured
with a calibrated XRD. The high voltage applied to the
XRD detector equaled 1 kV, and a Tektronix TDS694C
oscilloscope was used to record the data. The inset in
Figure 7 shows the sensitivity of the XRD for the photon
energy up to 4 keV with a 1.3 mm carbon filter. The cali-
bration was carried out on the Beijing Synchrotron
Radiation Facility. The XRD has a sensitive band near
carbon K-edge at �280 eV, and is almost constant for
1–2 keV. As demonstrated by two typical XRD signal
curves in Figure 7, besides the main X-ray peak with
FWHM of 270 ps, a strong pedestal started about 4 ns
preceding the main pulse. The duration of the main peak is
�40 ps according to the X-ray streak camera data (will be

published elsewhere). The measured 270 ps FWHM are
mostly determined by the time resolution of the XRD detec-
tor system. Due to different laser intensity for the main pulse
and the laser prepulse (�1018 W/cm2 vs. �1013 W/cm2),
the X-rays in the main pulse part are harder (higher energy)
than in the pedestal part. We suggest that the X-ray pedestal
is mainly caused by the X-ray photons within the 280 eV sen-
sitive band of XRD. Because the pedestal lasts more than
4 ns, the duration of laser prepulse lasted probably also
several nanoseconds. The intensity of pedestal varied from
shot to shot. In Figure 7, for the similar laser energy (there-
fore similar main X-ray pulse), the pedestal of the dashed
line is much stronger than that of the solid line. This fluctu-
ation is found due to the unusual jitter of the pockets cell.

The difference of the prepulse has critical effects on some
physical results. For example, a collimated proton beam was
observed for the shot that gave the solid curve in Figure 7, but
no proton beam was observed for the shot that gave the
dashed curve in Figure 7. Kaluza et al. (2004) have system-
atically studied the influence of the prepulse on the proton
acceleration. Our results provided additional evidence sup-
porting their results and showed that a very strong prepulse
completely destroys the acceleration electrical field for the
Target Normal Sheath Acceleration laser proton acceleration
scheme (Snavely et al., 2000). Control over the prepulse is
essential to obtain the high energy laser proton beams in
the future.

CONCLUSIONS

The X-ray emission of relativistic plasma has been character-
ized spatially and temporally. The cone-like jet structure is
the basic characteristic of the expansion of the plasma in

Fig. 6. The positions of the brightest X-ray spots for a series of laser shots.
The position uncertainties for the N direction and the P direction are+
40 mm and +60 mm, respectively.

Fig. 7. The time-resolved XRD signals for two separate shots (solid and
dashed line) that show varied X-ray pedestals. The laser energy is 3.15 J
for solid line and 3.34 J for dashed line. The inset shows the calibrated
sensitivity curve for the XRD with 1.3 mm carbon filter.

W. Hong et al.24

https://doi.org/10.1017/S0263034609000032 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034609000032


the femtosecond laser foil interaction. The laser intensity and
the prepulse both play important roles in the X-ray generation
and plasma expansion. The quasi-static magnetic field has
pinched the expanded plasma in the transverse direction.
The balance between the thermal pressure of the plasma
and the magnetic pressure leads to the independence of the
cone angle of the laser intensity. The XRD signal has
revealed the fluctuation of the nanosecond prepulse of the
laser system. Our work shows the basic characters of the
SILEX-I facility. It provides the bases to improve the pre-
pulse and stability of the facility. The data is also very
important for the X-ray radiography where size and intensity
of the X-ray source are crucial for high spatial resolution
radiography.
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