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ABSTRACT Interaction of relativistic intensity laser pulses en-
compassed at focus by a volume of a few wavelengths cubed
with solids is examined. Spectroscopy of hard X-rays of several
metallic targets, including Cu, Ge, Mo, Ag, and Sn, irradiated
in this regime at a high repetition rate (0.4 kHz), has been ex-
perimentally studied. The K, and Kz peaks of all targets were
obtained. Averaged electron temperatures of several tens of keV
and total X-ray conversion efficiencies up to 0.02% are calcu-
lated. The X-ray source size is measured to be ~ 10 micron with
varying elliptical shape.

PACS 52.38.Ph; 52.59.Px; 52.70.La

1 Introduction

Over the past 15 years, the laser intensity avail-
able to experimentalists has increased many orders of mag-
nitude. Aided chiefly by chirped pulse amplification [1, 2]
(CPA), a large number of labs have been able to reach inten-
sities well in the relativistic range (2 x 10'® W/cm? at 800 nm
wavelength). At such intensities, the electron quiver energy
due to the laser field is comparable with its rest mass energy.
This capability has opened a floodgate of experimental re-
sults, demonstrating the acceleration of electrons [3-5] and
ions [6—8] to high energies and the production of X-rays [9—
11], y-rays [12, 13], and positrons [14, 15]. These high inten-
sities have also made it possible to observe relativistic nonlin-
ear effects like relativistic self-focusing [16, 17] and harmonic
generation [18] in solids.

X-ray generation from the interaction of ultraintense laser
pulses with solids is a widely studied subject in the area
of high field physics. When intense laser fields are incident
on a solid surface, an inhomogeneous, and dense plasma is
formed. During the interaction of the laser with the solid or
preformed plasma, a part of the laser energy can be coupled
into suprathermal (hot) electrons through resonance absorp-
tion, vacuum heating, and J x B heating [19]. Many of the hot
electrons leave the dense-plasma region penetrating forward
into the bulk material or are emitted backward into the vac-
uum. Consequently a strong space-charge field is set up within
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the plasma. This electric field draws back a significant part
of the backward-emitted hot electrons, many of which pene-
trate into the “cold” target. This produces X-ray pulses which
spectrally consist of continuous bremsstrahlung and charac-
teristic line emission. The former ranges from several tens of
eV to a few MeV depending on the parameters of the laser
and the plasma, whereas the latter can be 1 keV-100 keV de-
pending on the target material. For ultrashort laser pulses, the
X-ray pulse durations generally range from a few hundreds
of femtoseconds to several picoseconds [20,21], and X-ray
source size can be a few times larger than the laser spot size.
Such ultrafast X-ray sources have been used in many experi-
ments, such as, time resolved diffraction, medical imaging,
spectroscopy and microscopy of transient physical, chemical,
or biological phenomena [22-25].

For this kind of X-ray sources to be more widely used, the
laser system must be more compact, while keeping a high fo-
cal intensity with less pulse energy. Low pulse energy also
allows high repetition rate operation. Two parameters of the
pulse can be manipulated to reach this purpose, shortening
the pulse durations to few cycles and reducing the focal spot
size to the near-single wavelength scale. At these limits, all
the pulse energy is assembled in a “football” with dimensions
on the scale of 1. We call the laser operating in this regime
a A* laser. The potential for enhancing the utility of laser based
sources and for investigating laser—matter interaction in this
small volume [26,27] is the basis of our recent work. This
13 concept also applies to Joule-range laser systems and light
with shorter wavelengths.

Numerous experiments on hard X-ray generation from the
interaction of intense light with solids have been
conducted [9-11,28-31] with relativistic intensities. The
laser systems used in these experiments typically operate at
low repetition rates (single shot to 10 Hz) in the Joule range.
High repetition rate lasers (kHz) in the low milli-Joule range
were also used by a few groups [32—34] with focal intensities
ranging from 10'°-10'7 W/cm?. On the other hand, milli-
Joule pulse can be concentrated in the A regime to obtain rela-
tivistic intensities. This can be accomplished by using few- to
several-cycle pulses focused to single-wavelength transverse
dimensions. The small focal spot makes it possible to produce
small X-ray sources, while the short laser pulse duration gives
rise to short X-ray pulses. We have shown that the relativistic
intensity regime can be reached with a laser in the milli-Joule



82 Applied Physics B — Lasers and Optics

range at kHz repetition rates [35]. The pulse was less than
8 periods in duration and had a 1.6-pum spot size. Alternately,
these pulses have also been directed through a hollow-core
fiber and chirped mirror compressor to produce < 10-fs (~ 3
cycles) pulses with 0.2 mJ energy that have a 1.2 x 1.4-pm?
focus and relativistic intensity [36].

In this paper, we present the results of laser—matter in-
teraction in the relativistic A3 regime. We have studied the
spectroscopy of hard X-rays from several metallic targets,
including Cu, Ge, Mo, Ag, and Sn, using a single-stage multi-
pass amplifier at 0.4 kHz. K, and Kg peaks of all targets were
obtained. Averaged electron temperatures of several tens keV
and total X-ray conversion efficiencies up to 0.02% are meas-
ured. The X-ray source size is measured to be ~ 10 micron
with varying elliptical shape. These smaller sources poten-
tially have better spatial coherence.

2 Experiment setup

The experiments were performed with a compact
table-top Ti:sapphire laser system, consisting of an oscillator,
an all-reflective grating stretcher, a single-stage multi-pass
amplifier and a grating-pair compressor. The system simi-
lar to that described in [35], but without the second stage of
amplification, produces a train of pulses with 2.3-mJ pulse
energy, giving 22 fs (8-cycles) and 1.3 mJ after compression.
A fast Pockels cell (Medox Electro-Optics/Thales) was in-
stalled between the amplifier and the compressor, to increase
nanosecond prepulse-contrast to 10°. This also protects the
amplifier from damage due to retro-reflected light from the
plasma.

A very important element in producing ultrahigh inten-
sity from this compact laser system is to correct the laser’s
wave-front distortion and to pre-compensate for the aber-
rations caused by the focusing optic, an f/1 off-axis (60°)
paraboliodal mirror. This is accomplished in our setup by
a 47-mm-diameter, silver-coated deformable mirror (DM)
(Xinetics Inc.) with 37 computer-controlled (OKO Technolo-
gies) electrostrictive actuators. This arrangement allows us to
produce a A? focal area with minimal background. Measure-
ment of the focal spot with a 60 x microscope-objective and
a 16-bit charge-coupled-device (CCD) camera indicates that
the focal spot is 1.2 x 1.4 um?, full width at half maximum.
With 0.8-mlJ, 22-fs pulses on target, the intensity is estimated
to reach the relativistic intensity, 2.2 x 10'® W/cm? in the A3
regime with a focal volume of < (31)3. This intensity was
confirmed by ion time-of-flight spectroscopy experiment, in
which Ar'!'* was observed in low density Ar gas under highest
pulse energy, indicating focused intensity ~ 2 x 10! W/cm?.
After averaging the focal spot for 5 minutes (10° shots), no
measurable change of image size was found, indicating good
pointing stability.

The experimental set-up is shown in Fig. 1. Laser pulses
of 47-mm-diameter aperture from the DM are transported into
the vacuum chamber through a 3-mm-thick fused silica win-
dow, where they are then focused by the paraboloid onto the
various targets. These targets are polished disks with thick-
ness of 10—15 mm (Cu, Mo, Ag, and Sn) or polished wafer
(Ge) that are rotated and translated to expose a fresh area
to each laser shot in a spiral pattern. p-polarized relativistic-
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FIGURE 1

Schematic of the experimental setup

intensity pulses are incident on the targets at 45°. The re-
sulting X-ray spectra are measured with an X-ray detector
(XR-100CZT/, Amptek, Inc.), 52 cm from the source, at an
angle of 40° from the target normal (on the side opposite
the incident beam). Its output signal is amplified (in a PX2T-
CZT amplifier, Amptek, Inc.) and recorded by a multi-channel
analyzer. The detector system has a spectral cut-off around
4 keV due to the threshold setting on the multi-channel ana-
lyzer. The detector response is nearly uniform up to approxi-
mately 100 keV, and is calibrated using an >*! Am source. To
avoid the pile-up effect, a 150 -pum or 90-um lead pinhole
is placed 5.5 cm in front of the detector. A pair of magnets
is placed between the plasma source and the beryllium (Be)
chamber window to deflect high-energy electrons, thus pre-
venting X-ray fluorescence in the Be window. A lens, L, in
the chamber images the plasma plume onto a CCD camera to
monitor the target position in the focal region. Care is taken
to align the polished target surface accurately due to the short
Rayleigh range (2z; = 13 pm) of the high-numerical-aperture
focusing optic. Because the f/1 paraboloid is very sensitive
to the alignment of the beam, we optimize the DM under
the vacuum of the experimental condition (5 x 10~* mbar) in
order to compensate for potential vacuum-induced mechani-
cal distortions. A 2-pm thick nitrocellulose pellicle (National
Photocolor) is used to protect the paraboloid from the debris
produced by target ablation. The spectra are accumulated over
~ 10 laser shots.

3 X-ray spectra

The X-ray spectra generated in our experiments are
shown in Fig. 2. It is clear that the characteristic line spec-
tra are superimposed on broadband continua from 4 keV to
65keV. The observed intensity ratio between the K, peak
and background decreases with increasing atomic number, Z.
There are two reasons for this effect. First, bremsstrahlung
emission is proportional to Z* [37]. Second, as atomic number
increases, K-shell ionization energy increases. This leads to
areduction of the K-shell ionization cross-section by electron
impact [38]. Thus, K-shell emission decreases as Z increases
for a given electron energy distribution. The K, and K g peaks
for all targets can be seen in the respective insets. The slight
pile-up effect in the spectra of Cu and Ge can be seen by
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FIGURE 2 X-ray spectra obtained in the experiments. (a) Cu, (b) Ge,
(¢) Mo, (d) Ag, and (e) Sn

a small peak at twice the K, line energy. The energies of these
observed characteristic lines are in excellent agreement with
energy levels of k-shell emission from neutral elements found
in the literature [38].

From the X-ray spectra measured in our experiments, we
can estimate the energy conversion efficiency from laser to
total X-ray energy (continuum emission plus line emission),
and the energy conversion efficiencies from laser to charac-
teristic line emissions. The conversion efficiencies shown in
Table 1 are for the X-rays in the 27 sr solid angle in the front
of the target, using the nearly isotropic X-ray distribution in-
dicated by angularly resolved measurements using the same
detector. The conversion efficiencies for Mo and Ag emission
are the highest for the targets tested. Their superiority over the
other materials may result from their superior surface flatness
and low wobble (£0.75 pm). While the Sn target has a surface
flatness as good as Mo and Ag, its plume deposits more debris,
reducing the pellicle transmittance during exposure and low-
ering the accumulated X-ray signal. The Ge wafer target dis-

plays larger surface warp that allows the surface to move out
of ideal focus, possibly lowering conversion efficiency. With
0.02% total conversion efficiency, the Mo and Ag sources
are among the most efficient laser-based hard X-ray sources.
Mo K, emission is generated with 0.004% efficiency; nearly
as efficient as previous work [30] generating Cu K, but here
we have twice the photon energy and it is emitted into half the
solid angle. For the Mo target, the X-ray flux of K, emission
is 3.1 x 10° photons/ (2 srs), and the total X-ray flux is 1.7 x
10'° photons/ (27 srs), or 7.8 x 10° photons/ (2 srshot) and
4.3 x 107 photons/ (2 st shot), respectively.

From the bremsstrahlung background of our time-integra-
ted spectra, it can be seen that there is a single exponential
decay of X-ray spectral power with photon energy in our
detection window (from 4 to 65 keV). This implies a Maxwell-
Boltzmann-like electron distribution [37] in this range. The
temperature associated with the electrons in our experiments
can then be calculated from the slope of the X-ray spectra.
The calculated results are shown in Table 1, which range from
16 to 48 keV. Electron temperatures for Ag and Sn targets are
significantly higher than they are for the other targets. These
were prepared with a non-specular surface finish, as opposed
to Cu, Ge, and Mo, which had a mirror-like finish. The target’s
surface roughness can enhance the laser energy absorption,
consequently the electron temperature and conversion effi-
ciency. Our observations may be similar to those described in
the literature [39].

4 X-ray source size

Knife-edge measurements were used to determine

X-ray source size. The X-ray source images a knife-edge onto
Kodak DEF film with a magnification of ~ 40. The DEF film
is installed at the position of the X-ray detector in Fig. 1.
The edge spread function can be obtained from this image,
which is calibrated for linearity with visible light using a stan-
dard sensitometer—densitometer calibration procedure. The
edge spread function is fitted to a Fermi function F(x) = a+
b/lexp(x —c¢)/d + 1]. The line-spread function is then pro-
duced by differentiating the Fermi function. The width of the
Gaussian fit of this line spread function indicates the source
size, taking into account the geometric magnification. Consid-
ering that the knife edge is not perfectly straight, we analyze
asingle line (perpendicular to the edge) of pixels on the image,
and repeat this process for each line. The averaged result is
reported. We use horizontal- and vertical-edge projection to
measure the vertical and horizontal source sizes, respectively.
For Cu, Mo, Ag, and Sn targets, the measured X-ray
source sizes are shown in Table 1. The vertical size ranges
from 7.3 um to 10.3 wm, and the horizontal ranges from
10.4 pm to 15.0 wm. We can see that all the sources are ellip-
tical. The displacements of target surfaces along their normal
when they are rotating (because of wobble and/or warp of
the surface) are measured to be 0.5 to £2.0 wm by the Mi-
tutoyo 513-205 dial indicator. The displacement makes the
measured horizontal size larger. But this amount of the dis-
placement is far from sufficient to explain the elliptical shape,
particularly for an optical-quality glass target, where surface
wobble is < 0.2 um (our estimated detection limit), but
where we still see elliptical source dimensions. In order to
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Element Total X-ray Ky X-ray Ky + Kg X-ray Electron temperature Measured source size

(1079) (107 (107 (keV) (horizontal x vertical

pm X pum)

Cu 45.21 17.10 20.78 18.55 (10.3+0.8) x (12.5+1.0)
Ge 46.30 18.01 22.74 17.01 N/A
Mo 211.9 40.83 57.07 19.91 (9.0+£0.7) x (10.4+1.4)
Ag 208.6 30.68 46.62 33.99 (7.3+£04) x (11.4£1.7)
Sn 94.20 12.79 21.65 47.89 (10.2+0.7) x (15.0£1.2)
TABLE 1 Measured source size, electron temperature, and energy conversion efficiencies from laser to total X-ray emission, and from laser to characteristic

lines, calculated from measured spectral data

determine the effect of polarization on the source size, we
measured the source sizes for s-polarized pump light, and
find that the sizes are smaller than p-polarized pumped X-ray
sources and they are still elliptical. In addition, the laser is in-
cident on the target at a 45° incident-angle in our experimental
geometry. The laser spot on the target surface is elliptical be-
cause of projection. But we measure the source size at a 40°
angle on other side of the target normal. This nearly cancels
the projection effect. The energy transport mechanism that
gives rise to the elliptical X-ray source shape warrants further
study.

The measured vertical X-ray source sizes are 6.1-8.6 times
larger than the laser focal spot size. In non-A® experi-
ments [40] X-ray source sizes may be 2—4times larger
than their pump laser focal spot. The lateral movement of
suprathermal electrons during the X-ray generation is the
main reason for this effect. The laser energy is transferred to
the electrons in the plasma through the processes of reson-
ance absorption, vacuum heating, and J x B heating. These
electrons can move significant distances in lateral direction
during X-ray generation, or can escape from the target sur-
face and reenter the bulk material due to electrostatic force
at a significant distance from the laser spot. This produces
larger X-ray source size. In particular, for the A> laser regime,
the laser intensity gradient is larger, and the ponderomotive
force is more three-dimensional and stronger compared with
experiments using non-A> laser. Thus, this lateral effect must
be more pronounced in our experiments. Consequently, for
the wavelength-scale focal spot, the ratio between the X-ray
source size and laser spot size is larger.

To quantify the off-peak effects, we measured the trans-
verse intensity profile of our laser at the target using a 16-
bit CCD camera. Focal spot images are shown in Fig. 3.
Image (a) is a regular focal spot after deformable mirror is op-
timized. We can see that it has a smooth elliptical shape. The
FWHM of the spot is 1.2 x 1.4 um? and the peak intensity
is ~2.2 x 10'® W/cm?. 35.0% of pulse energy is focused in
the FWHM area, and 64.7% is included in the area of 2.0 x
2.4 um?(1/¢e?). In order to see the shoulder distribution of the
focal spot, the contrast and brightness of the image shown
in Fig. 3a are changed, and the modified image is shown in
Fig. 3b. The most intense three lobes around the main spot,
A, are marked as B, C and D. Their intensities are 1.2 x 10'7,
1.3x 107, and 5.7 x 10'® W/cm?, respectively. For B, C, D
individual lobes, they contain 2.7%, 6.5% and 1.1% of the
laser pulse energy within the 1/e? spot. The distances be-
tween main spot and the lobes are 2.2 wm (AD), 2.0 wm (AB),
and 3.5 pm (AC).

A higher X-ray yield in the laser—solid interaction is not
necessarily generated from the highest laser intensity. The
low-intensity wings of the laser spot on target may generate
X-rays more efficiently, according to Eder’s model [28] and
Reich’s model [41], which report similar intensities to those
found in our lobes. For lobe intensities in our experiments,
they generate X-ray few times more efficiently than the main
spot intensity. However, the lobes intensities are 17—39 times
lower than the main spot intensity. So, the FWHM X-ray
source size is determined by the main laser spot, not the
lobes. Furthermore, each lobe contains only few percent of
laser pulse energy, 10-59 times lower than the energy in the
main spot. Their contribution to the total X-ray yield is small.
Therefore, existence of the lobes is not the main reason for
the fact that the X-ray source size is much larger than the
laser spot size and the X-ray source is elliptical. Also we
can see that the lobes are almost located near the vertical
axis, but the vertical size of X-ray source is smaller than the
horizontal.

By our A? laser, ~ 10 um X-ray sources are generated.
The smaller the source size, the better the spatial coher-
ence. Our X-ray diffraction experiments with D. Boschetto
and A. Rousse using a Si target indicate better spatial co-
herence in the vertical dimension. This is consistent with an
ellipticity on the order of those measured here. The small
dimensions of our hard X-ray sources are also critical to
the improvement of imaging applications. The high repeti-
tion rate inherently in the relativistic A> regime further pro-
motes the utility of these sources. It is expected that they will
provide significant enhancement of image quality in medi-
cal applications. In particular, microscopic 17-25keV Mo,
Ag, and Sn sources are ideally suited for high-resolution
mammography.

a

FIGURE 3 (a) A 16-bit CCD image of the focal spot after the deformable
mirror is optimized (b) Modified image in order to see the shoulder distribu-
tion
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5 Summary

In conclusion, we report the results on laser—matter
interaction in the relativistic A> regime. Hard X-ray spec-
troscopy of several metallic targets, including Cu, Ge, Mo,
Ag, and Sn, has been experimentally studied under relativis-
tic intensity using a compact tabletop laser at high repetition
rate. The K, and K g peaks of all targets were observed. Elec-
tron temperatures and conversion efficiencies (from laser to
X-rays) are calculated from the experimental data. The X-ray
source size is measured to be ~ 10 micron, and the source
shape is elliptical. Further investigation of source shape and
its dependence of focal intensity distribution is found to be
warranted.
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