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The femtosecond laser pulses reflected from the self-induced plasma mirror (PM) surface are characterized. More
than two orders of magnitude improvement on intensity contrast both in nanosecond and picosecond temporal
scales are measured. The far-field distribution, i.e., focusability, is measured to degrade in comparison with that
without using a PM. Experiments on proton accelerations are performed to test the effect of the balance between
degraded focusability and increased reflectivity. Our results show that PM is an effective and robust device to

improve laser contrast for applications.
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Ultrashort high-power laser pulses based on chirped
pulse amplification (CPA) technology can now be tightly
focused up to an intensity of 10?> W/cm?¥, which paves
the way to study experimentally laser-matter interactions
in the extreme regime?. However, almost all the aspects of
laser-solid interactions are essentially sensitive to the ini-
tial target conditions, which are greatly influenced by the
temporal profile of the laser pulses®2. Three types of noise
sources precede the main peak pulse: the amplified spon-
taneous emission (ASE) generated from a high gain am-
plifier on the nanosecond (ns) temporal scale, the rising
edge of the main pulse in tens of picosecond (ps) due to
residual spectral chirp, and femtosecond (fs) prepulses
in tens of ns produced by the non-ideal optics in the laser
chain. The pedestal (ASE and rising edge) and prepulses
may be intense enough to ionize the target and produce a
plasma state at the target surface when the focused laser
intensity is very high¥. The expanding preplasma greatly
affects the laser propagation and energy absorptionZ. The
ablation pressure may launch a shock wave into the target
and deform the rear surface?. If the target is sufficiently
thin, expansion of the target rear surface or target disas-
sembly can arise. These processes will have determinative
impacts on laser-driven particle acceleration!Y and novel
radiation source development™. Therefore, improving the
temporal contrast, defined as the intensity ratio of the
noise sources to the main peak, is important for various
applications.

Among a number of contrast enhancement methodst22,
the plasma mirror (PM)% could be incorporated into the
experimental setup to increase the on-target contrast by
more than two orders of magnitude. These PM systems
were usually characterized for ASE pedestal temporal
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contrast on a subnanosecond time scale, however the ns
temporal contrast was not sufficiently studied in larger
temporal windows up to tens of ns, especially for ultrashort
prepulses from tens of ns in advance.

In this Letter, we report on setup of a PM system in our
laser facility and the characterization of reflected pulses
with an incoming laser having two ultrashort prepulses
tens of ns prior to the main peak. The far field and the
reflectivity of the beam were characterized. A proton
acceleration experiment was performed to evaluate the
performance of the PM system. The accelerated proton
profiles suggest that the PM is an effective and robust tool
to improve the laser contrast.

The experiments were carried out using the 200 TW
Ti:sapphire laser at Shanghai Jiao Tong University. The
schematic of the PM setup with a suite of characterizing
diagnostics and its application to proton generation are
shown in Fig. 1. In this study, the laser pulse energy is
1.8 £ 0.1 J before going through the PM system and
the pulse duration is 25 fs at full width at half-maximum
(FWHM). An f/10 off-axis parabola (OAP1) mirror was
used to focus the p-polarized beam onto an antireflective-
coated polished fused silica glass (PM) at an incident angle
of 10°. The PM preionization reflectivity is less than 0.5%.
To ease the alignment, a small part of the mirror was
coated with silver to allow higher reflectivity at low incom-
ing laser energy. The intensity I, on the PM was varied
from 2 x 10 to 2.6 x 10’ W/cm? by changing the beam
size on the surface, so that the prepulses and the ASE
below the ionization threshold could be transmitted and
hence rejected. After the PM, the specularly reflected
divergent beam was recollimated by another identical
OAP mirror (OAP2), which was further reflected by a
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Fig. 1. Schematic of the experimental setup. Agl-Ag4 are silver
mirrors, W1-W4 for wedged fused silica.

high-reflective dielectric mirror (M2) to the target cham-
ber. A motorized removable high-reflective dielectric mir-
ror (RM) was used to choose whether the PM was
employed or not.

A part of the recollimated main beam, with a diameter
of one in out of the 4 in main beam was sampled by two
pickup mirrors (P1 and P2) for contrast measurements.
A photodiode (PD) and oscilloscope-based ns contrast
measurement device and a high-dynamic-range third-
order cross correlator (Sequoia, Amplitude Technologies)
were used to fully characterize the intensity level of the
prepulses and the ASE pedestal simultaneously. For the
former one, the sampled beam was further split by a beam
splitter (BS). The transmitted arm was heavily attenu-
ated while the reflected arm was focused and delayed
for 30 ns. Both beams were then overlapped and detected
with a PD. The rising time of the PD is 1 ns and the
bandwidth of the oscilloscope is 500 MHz. The relative
energy of the laser in the two arms was measured
by inserting calibrated filters into the reflected arm.
After this calibration, the setup could be employed for
single-shot measurement of prepulse contrast. The subna-
nosecond time scale ASE pedestal profile was obtained
by varying the voltage on the photomultiplier detector
and by using a set of calibrated neutral-density filters. How-
ever, the typical dynamic range for Sequoia was 10'° and
the measured minimum signal was at the same level as the
background in the high contrast case. To increase the dy-
namic range, a glass was inserted into the beam path to
induce a post pulse. The ratio of the ASE intensity to that
of the main pulse could then be calibrated by the ratio of
the ASE intensity to that of the post pulse. In this way, the
dynamic range could be increased to 107! in 300 ps before
the main pulse with a time resolution of 20 fs.

The transmitted beam through M2 was focused using
an f/15 achromatic aspherical lens (L2). A CCD camera
was placed in the focal plane of L.2 to measure the far-field
distribution. The throughput of the PM was measured by
recording the leaked beam energies from turning mirrors
M1 and M2 using two calorimeters EM1 and EM2. The
calorimeter EM3 was used to absolutely calibrate EM1
and EM2. A removable beam dump (BD) was used to
prohibit the laser beam from reflecting into the target
chamber when characterizing the temporal contrast.

The proton acceleration experiment could be performed
by removing the BD. The laser pulse was directed into the
target chamber and tightly focused to 6 pm (FWHM),
containing 30% of the laser energy on foil targets under
an incident angle of 9° using an f/4 OAP3 mirror.
The laser peak intensity Ii,4e on the target was
5.8 x 10 W/cm?. Aluminum and carbon foils of different
thicknesses were used as targets. A Thomson parabola
spectrometer (TP-Spec) was employed to measure the en-
ergy and charge distributions of the ion beam accelerated
by the laser pulses with and without the PM. The radio-
chromatic film (RCF) stack was use to measure the
spatial-intensity distribution of the protons.

Nanosecond prepulses and picosecond ASE pedestal
contrasts were measured as shown in Figs. 2(a) and
2(b), respectively, for I, = 2.3 x 10" W/cm?. The con-
trast ratio was better than 10~7 from several hundred ns to
6 ns before the main pulse, which quickly increased when
approaching the main pulse. Two prepulses at —21 and
—10 ns were measured when no PM was used, which
was induced by the scattered lights on the high-
reflectance mirror in the main amplifier and could not
be simply be removed by the Pockels cell because of an
unaffordable large diameter. The peak at —30 ns is the
attenuated main pulse from the reference transmitted
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Fig. 2. (Color online) (a) Nanosecond laser contrasts before and
after using the PM. The peak at —30 ns is the attenuated main
beam from one branch. Another branch of the delayed and fo-
cused beam displays that the initial laser pulse has two ultrashort
prepulses (in the black curve) at —21 ns and —10 ns. The inten-
sity of prepulses is reduced below the noise when using the PM
(in the red curve). (b) Picosecond laser contrasts. Two orders of
magnitude improvement is measured for 10 ps prior to the main
peak.
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arm with an attenuation factor of 2 x 107 in comparison
to the laser peak at 0 ns. The temporal contrast of the two
prepulses is 3 x 107% and 1 x 107°, respectively. With
PM, the two prepulses are significantly reduced to below
the noise level (< 10~7). The peaks at —17 and —12 ns are
artificial due to the scattered laser from the silver
mirrors in the measurement device, which was different
in time with the prepulses. The initial ASE pedestal con-
trast is ~10~° up to 10 ps prior to the main peak, which is
improved by 100-fold to ~10710 after using the PM.

Four example images and the corresponding lineouts of
the far-field distributions of the reflected laser pulses are
depicted in Figs. 3(a)-3(d). Figure 3(a) represents the case
when the laser footprint was on the Ag-coated area of the
PM and laser energy is lower than its ionization threshold,
therefore corresponding to an initial laser far field without
using the PM. Profiles with a nearly Gaussian distribution
were observed.

The far-field distributions get diffused backgrounds,
while retain the concentration, when PM is triggered at
an intensity up to I, = 5.6 x 10" W/cm?. Figures 3(b)
and 3(c) correspond to I, =9.5x 10" W/em? and
I = 2.3 x 10" W/cm?, respectively. When I, further
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Fig. 3. (Color online) Normalized far-field distribution and
lineouts of the reflected pulse, (a) from the Ag-coated surface
at low laser energy, avoiding the PM breakdown, (b)—(d) for
incoming laser intensities of I, =9.5x 10M, 2.3 x 10%,
and 2.6 x 10'6 W/cm?, respectively. (e) The percentage of
encircled energy over the whole beam with respect to the focal
spot radius. (f) The integrated reflectivity and Strehl ratio as
a function of laser intensity on PM. The error bars are due to
shot-to-shot fluctuation and the dashed line represents the Strehl
ratio in the case of (a).

increases, the far field will be strongly distorted. Shown
in Fig. 3(d) is an example distribution at I, = 2.6 x
10" W/em?. The encircled laser energies with respect to
the focus radius for the four examples are displayed in
Fig. 3(e). It is obvious that the radius, encircled 50% of en-
ergy of the reflected beam, is the smallest for the case with
low laser energy. We did not measure a better focusability
when the PM was triggered. This is contradictory to the
results in previous publications where better focusability
was measured using the PMI, The degradation may
be due to the phase front distortion by the damaged PM
surface, which can be triggered by the several-picosecond
rising edge of the main pulse discussed by Rodel et al.Z
or by the prepulses, which were several ps prior to the
main pulse, as discussed by Scott et al.ZX. For a wide range
of laser intensities on the PM, the far field has no further
significant degradation, as shown by the Strehl Ratio in
Fig. 3(f).

The reflectivity and the Strehl ratio of the PM with
respect to I, are summarized in Fig. 3(f). An increase
in reflectivity from 45% to 80% was measured before the
decrease for I, > 5.6 x 10 W/cm? By comparison,
the Strehl ratio is better than 0.3 for I, <5.6x
10" W/em?, which gets worse for higher I pm- Lherefore,
a balance of focusability and reflectivity is expected to
achieve the highest peak intensity on the target.

Proton acceleration experiments were performed in two
cases, i.e., with and without a PM. The balance between the
focusability of the reflected beam and the reflectivity are
considered for the best utility of the PM technique. First,
we tested the influence of the laser temporal contrast on
proton accelerations. The proton spatial-intensity distribu-
tions from low contrast (LC) and high contrast (HC) laser
irradiations were recorded by RCF, as shown in Figs. 4(a)
and 4(b), respectively. The divergence angle was signifi-
cantly reduced in the HC case?. Figure 4(c) shows the
dependence of the maximum proton energy on target thick-
ness at a fixed I, [I,, = 2.3 x 10" W/cm?, the small
variation region in the Strehl ratio and reflectivity in
Fig. 3(f)]. For LC lasers when the PM is not employed,
the optimal target thickness is ~ 6.5 pm, which corresponds
to the highest maximum proton energy of 3.3 MeV. This
may be due to the prepulse-induced plasma formation at
the rear surface?. When the PM is employed, the optimal
target thickness is significantly decreased, to 0.3 pm.
The maximum proton energy is increased accordingly by
more than two-fold, to 8.6 MeV. In a second experiment,
we checked how sensitive the maximum proton energy is
to I,,. In this experiment, the targets were fixed as
0.3 pm-thick Al foils. As shown in Fig. 4(d), the maximum
proton energy increases gradually with increasing I',,, up to
2.3 x 10 W/cm?. The saturation at higher intensities is
consistent with the slow variations of both the focusability
and reflectivity shown in Fig. 3(f). These test results
suggest that the PM is a very robust tool for laser contrast
improvement that could be used to enhance the proton
acceleration even when significant distortion occurs in
far field.
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Fig. 4. (Color online) Proton acceleration results from testing
the performances of the PM setup. (a) The proton beam
spatial-intensity distribution for LC and (b) for HC. (c) The
dependence of the maximum proton energies on target thick-
nesses for aluminium foils in LC (black squares) and carbon foils
in HC (red circles) at I, = 2.3 x 10 W/cm?. (d) Maximum
proton energy with respect to the laser intensity on the PM sur-
face. The error bars are all due to shot-to-shot fluctuation.

In conclusion, we set up and characterized a PM system
into our laser chain that has two ultrashort prepulses at
tens of ns ahead the main pulse. The performance of the
PM system is checked with proton acceleration experi-
ments. The results show that the PM is a robust and effi-
cient tool for proton acceleration, and can be applied to
other research topics of laser-plasma interactions requir-
ing HC laser pulses, such as high harmonic generation
from solid surfaces?!.
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