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Temporal characterization is important to diagnose and measure a petawatt (PW) class laser. We obtained the V
curve of the pulse width versus the grating position using pulse width measurement with a mirror image
configuration. The temporal range for pulse width was 18 ps with a resolution of 0.05 ps. We measured the
pulse contrast between the −60 ps and −6 ps PW class laser within a single shot in the Shen Guang II facility.
We measured the pulse contrast between the −91 ps and −60 ps PW class laser after expanding the temporal
range. The temporal range was 70 ps, with a dynamic range of eight orders of magnitude. © 2016 Optical

Society of America
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1. INTRODUCTION

High-energy short-pulse lasers are important in research areas
such as particle acceleration, inertial confinement fusion, fast
ignition, radiation therapy, and secondary source generation
to achieve extreme material states in the laboratory [1–4].
Many high-energy short-pulse lasers have been built worldwide
or are under construction. The ultrafast laser systems at the
Vulcan and Orion facilities can generate output pulses with a
duration of 0.5 ps with an energy of 0.5 kJ [5]. The Omega EP
(extended performance) facility at the Laboratory for Laser
Energetics in Rochester can generate a pulse of 1–100 ps du-
ration with energy up to 2.6 kJ [6]. The advanced radiographic
capability laser system (ARC) at the National Ignition Facility
at the Lawrence Livermore National Laboratory can provide
eight adjustable pulses of 1–50 ps with energies of 1.7 kJ each
[7]. The petawatt (PW) Aquitaine laser at the Laser Mega-Joule
facility in Bordeaux can output pulses of 0.5–10 ps of a few
kilojoules [8]. The laser for fast ignition experiments (LFEX)
laser at the Institute for Laser Engineering in Osaka can provide
10 kJ pulses of 0.5–20 ps [9]. The PW laser at the Shen Guang
II (SG-II) facility at Shanghai Institute of Optics and Fine
Mechanics can provide 1 kJ pulses of 1–10 ps [10].

The pulse width and contrast are very important for ultrafast
lasers. It is possible to measure the pulse width using a streak
camera, an autocorrelator, or the frequency-resolved optical gat-
ing technique (FROG). The streak camera is a complicated,
expensive technique [11] that measures pulse widths ranging
from 1 to 100 ps in the OMEGA EP facility. The FROG

technique is widely used to analyze spectral width, spectral
phase, and pulse width in many ultrafast lasers when the
time-bandwidth product is less than ten [12]. Autocorrelation,
however, is a more simple, robust technique to measure pulse
width [13,14] that is fundamental and acceptable for the usual
measurements.

It is possible to measure the pulse contrast using a streak
camera, photodiode, or cross-correlator. Tien et al. measured
the pulse contrast of a laser whose energy, pulse duration, and
frequency were 300 μJ 100 fs and 1 Hz, respectively, using a
plasma-shuttered streak camera. Its temporal range was
−2000 ps–200 ps with a resolution<25 ps and dynamic range
of approximately 107 [15]. Dorrer et al. measured the pulse
contrast of the OMEGA EP 1.5 kJ 10 ps lasers in a single shot
using the photodiodes. Their measurement technique had a
temporal range of −8 ns to −0.5 ns with a resolution of 230 ps
and dynamic range above 108 [16]. Hillier et al. measured
the pulse contrast of the 500 J 500 fs Orion lasers using photo-
diodes. The temporal range was −20 ns to −0.5 ns with a
dynamic range of 1012 [17]. Wang et al. measured the pulse
contrast of a 3.5 mJ 35 fs 1 kHz laser measured by a cross-
correlator. Its temporal range was −40 ps–10 ps) with a reso-
lution and dynamic range of 0.7 ps and 1010, respectively [18].

Figure 1 shows a schematic diagram of the PW laser system
in the SG-II facility. A pulse from a GLX-200 femtosecond
laser (Lumentum) with a 200 fs pulse width and 1053 nm
wavelength was stretched into a chirped pulse with a 3.2-ns
duration by an Offner stretcher. The chirped pulse was first
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amplified to 50 mJ by an optical parametric chirped-pulse am-
plification (OPCPA) unit [19].

Figure 1 shows a pulse adjustor designed to change the pulse
width of the PW laser located between the OPCPA and the
Nd:glass amplifier. In the pulse adjustor, a roof prism was used
to reflect the chirped pulse back.

The Nd:glass amplifiers then amplified the chirped pulse to
1700 J, its duration was narrowed to 1.7 ns, and its spectral
width was shortened from 6.5 to 3.4 nm. We used spatial filters
to improve the beam quality and decrease the scattering noise.
The 1700 J chirped pulse was compressed using four gratings
and strengthened to PW power of 1000 J with duration of
1–10 ps. After being reflected by mirrors M1, M2, and M3,
the PW we focused the laser using an off-axis parabolic mirror.
The diameter of the focus was 20 μm within 50% of the
encircled energy.

We sampled a small part (leakage � 1.5%) of the PW
laser by M2 and it was guided into a diagnostics system. In the
diagnostics system, mirrors, MD1 and MD2, and an uncoated
mirrorMD3, reflected the sampled beam. We changed the aper-
ture of the sampled beam from 320 to 40 mm using a down
collimator. Beam splitters divided the sampled small-aperture
beam into several parts and guided the parts separately into
the beam alignment, energy, pulse width, and pulse contrast
measurement devices.

2. PULSE WIDTH MEASUREMENT

The pulse width measurement of our diagnostics used a special
autocorrelator with a mirror-image configuration, as shown in
Fig. 2. The ratio of the input energy guided into the pulse
width measurement device to the output energy of the com-
pressor was 5.7 × 10−6. We first divided the input beam into
two parts. The transmitted part of the beam was reflected
by a mirror MA1 to a β-BaB2O4 (BBO) autocorrelation gen-
eration crystal (ACGC) measuring 12 mm × 12 mm × 1 mm.
The reflected part of the beam was reflected by mirrors (MA2,
MA3, and MA4) and sent to the ACGC. Each part had three
lines when it arrived at the ACGC to describe the schematic of
single-shot measurement.

The angle between these two parts on the ACGC was
55°. We generated a single-shot autocorrelation signal at the
ACGC. This signal was reflected by mirror MA5, imaged by
a lens, and acquired by a charge-coupled device (CCD,
GYD-SG512B12GA, Camyu).

The transmitted part was reflected one time. However, the
reflected part was reflected four times. We used this mirror-
image configuration to compensate for the defects in the near
field or cross-section of the sampled beam. This configuration
can robustly decrease the error from the damaged points of the
near field in large laser facilities and can improve the measure-
ment accuracy of high-energy PW lasers [20]. After we cali-
brated the autocorrelator using a 300 fs laser, its temporal
range was 18 ps with a resolution of 0.05 ps when we assumed
the sampled beam to be a Gaussian pulse.

To improve the accuracy of the pulse width measurement,
it was important to do a marginal integration of the two-
dimensional (2D) image from the CCD. The optics of the PW
laser (the final grating, sampling mirror M2, and small optics
of the down collimator) were vulnerable to damage because of
the ultra-high intensity. The damaged points were randomly
located in the cross-section of the sampled beam. The marginal
integration of the points vertical to the temporal axis in the 2D
image is a statistical method that can improve stability in our
experiments when the pulse adjustor and compressor are fixed.
On the other hand, a cylindrical lens performs the same func-
tion as marginal integration when it is set up before the beam
splitter.

Figure 3(a) shows how the pulse width of the PW laser was
changed by the grating position of the adjustor. The solid line
represents the V curve of the pulse width versus the grating
position, which is consistent with the results of Kuznetsov et al.
[21]. The 0.5 ps pulse from the autocorrelator caused the
dashed line. The result was very close to the Fourier transmit
limitation when the center wavelength was 1053 nm and spec-
tral width was 3.4 nm. There is some noise in the result from
the autocorrelator in Fig. 3(a), which is possibly caused by scat-
tering from the environment. It will be subtracted when the
measurement software is updated.

The final large grating is vulnerable to damage from the PW
laser. Therefore, there are two curves in Fig. 3(b) because the
final large grating in the compressor is replaced after damage
from the laser–matter interaction experiments. The result of
the dashed line in Fig. 3(b) is also acceptable because it is linear.

Fig. 1. Schematic diagram of the PW laser at the SG-II facility.

Fig. 2. Schematic diagram of the pulse width measurement in
our diagnostics, where MA1, MA2, MA3, MA4, and MA5 are mirrors,
ACGC is the autocorrelation generation crystal, and CCD is a
scientific camera.
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After replacing the last grating, there was a small translation
between these two curves caused by a repositioning error after
installing and adjusting the final large grating.

Figure 3(b) shows that the performance of the new grating is
in good agreement with that of the old one. In addition, the
tolerance of the grating replacement can satisfy the requirement
of the pulse adjustor from 1–10 ps. Until recently, the sizes of
the four gratings in Fig. 1 were 430 mm × 350 mm. They were
recently replaced by gratings measuring 1025 mm × 350 mm.
We are considering complicated methods of pulse width
measurement such as the cross-correlation frequency-resolved
optical gating technique to analyze the pulse shape and
high-order dispersion in future experiments [22].

3. PULSE CONTRAST MEASUREMENT

The ratio of the input energy guided into the pulse contrast
measurement to the output energy of the compressor is also
5.7 × 10−6. Figure 4 shows the pulse contrast measurement
adopts a single-shot cross-correlator with a fiber array configu-
ration as shown in Fig. 4. A beam splitter placed after the
attenuator A1 divided the sampled beam. The transmitted part
is used as a pending pulse. The pending pulse was reflected by

the mirror MX 1, passed through a cylindrical lens L1, and ar-
rived at the BBO cross-correlation generation crystal (XCGC)
measuring 19 mm × 10 mm × 1 mm in size. The reflected part
passed through a second harmonic generation crystal (SHGC)
and was used as a gating pulse. The SHGC was a BBO crystal
measuring 15 mm × 15 mm × 8 mm. The gating pulse sub-
sequently passed through MX 2, MX 3, MX 4, and the cylindrical
lens L2 before also arriving at the XCGC. After the attenuator
A2, a cylindrical lens L3 coupled the single-shot cross-correlation
signal IX �t� behind the XCGC into a detector composed of a
fiber array, a photomultiplier tube (PMT), and an oscilloscope.
The fiber array had 100 fiber channels and included some fiber
attenuators A3 that can be used when needed. The PMT and the
fiber array improved the detector’s sensitivity [23].

The maximum conversion efficiency of the SHGC and
XCGC in our design was approximately 10% and 0.1%,
respectively, which means that the energy of the signal will
be about 10−7 J when the input energy is 1 mJ. The maximum
energy of each channel of these 100 fibers is 10−9 J. The sen-
sitivity of the PMT is determined by 10 photons of wavelength
351 nm to avoid current noise and was found to be
5.7 × 10−18 J. Therefore, the dynamic range of this measure-
ment is as much as 108 because of fine attenuators such as the
filters (A1), coated mirrors (A2), and fiber attenuators (A3). The
dynamic range may be much higher for a 35 fs laser because
of the higher conversion efficiency of the SHGC and XCGC
[18]. We carefully calibrated these attenuators before the ex-
periments, with an average error of �0.13 in log10.

There are two cases in the high dynamic range of pulse con-
trast measurements. In the first case, we correlated the gating
pulse with the prepulse of the pending pulse. There is a large
difference between their intensities. The conversion efficiency
of the prepulse may be 100%. In the other case, we correlated
the gating pulse with the main pulse of the pending pulse.
The conversion efficiency of the main pulse in our design
was 10%, which is far below 100%, because the intensities
of the gating pulse and the main-pulse are closed. Back con-
version of one of the two pulses may occur if their intensities
are sufficiently high. This phenomenon can be tested by reflec-
tion from a parallel plate [24].

An ultra-short pulse I1�t� can be expressed by a Gaussian
function

I 1�t� � I 0 exp

�
−4 ln 2

t2

Δt2

�
; (1)

where Δt is the pulse width and I 0 is the maximum intensity.
In this article, we assumed I0 to be 1.

Figure 4 shows that the input pulse I 1�t� will be followed by
a series of pulses with successively decreasing energies after it
passes through the parallel plate P1. The first low-energy pulse
can be calculated as

I 01�t�� exp

�
−4 ln 2

t2

Δt2

�
�R exp

�
−4 ln 2

�t�T �2
Δt2

�
; (2)

where R is the relative intensity of the low-energy pulse and T
is the temporal interval between the main pulse and the first
low-energy pulse. T � −2nd∕c when the thickness of the par-
allel plate is d and its refractive index is n.

Fig. 3. (a) Pulse width result versus grating position (solid line) and
auto-correlation curve of a 0.5-ps pulse (dashed line). (b) Pulse width
result versus grating position in the first (solid line) and the second
(dashed line) test.

Fig. 4. Schematic diagram of the pulse contrast measurement.
MX 1, MX 2, MX3, and MX 4 are mirrors; P1, P2, and P3 are removable
parallel plates; L1, L2, and L3 are cylindrical lenses; A1, A2, and A3 are
attenuators; SHGC is the auto-correlation generation crystal; XCGC
is the cross-correlation generation crystal; and PMT is the photomul-
tiplier tube.
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We assumed that the gating pulse underwent a low conver-
sion based on the calibration experiments conducted using the
parallel plates P1, P2, and P3 in Fig. 4 [24]. The gating pulse
I 02�t� in cross-correlation can then be expressed as

I 02�t� � exp

�
−4 ln 2

2t2

Δt2

�
� R2 exp

�
−4 ln 2

2�t � T �2
Δt2

�
:

(3)

The cross-correlation signal is

I 0X �τ� �
Z

I 01�t�I 02�t − τ�dt

� kX exp

�
−4 ln 2

2τ2

3Δt2

�

� RkX exp

�
−4 ln 2

2�τ� T �2
3Δt2

�

� R2kX exp

�
−4 ln 2

2�τ − T �2
3Δt2

�

� R3kX exp

�
−4 ln 2

2τ2

3Δt2

�
: (4)

In Eq. (4), kX � �πΔt2∕48 ln 2�1∕2, which is the coeffi-
cient of cross-correlation.

Comparing Eqs. (2) and (4) shows that the relative inten-
sities of both the peaks at time T is R. There is an additional
peak (or artificial peak) at time −T in the cross-correlation, with
a relative intensity of R2. These features can be used to verify
the pulse contrast results.

We inserted a parallel plate of 3.11 mm thick H-K9L glass
(CDGM Glass) at P1, P2, and P3 for pulse contrast measure-
ments separately, as shown in Fig. 4. The refractive index was
1.517 at 1053 nm. The reflectivity of each surface of the paral-
lel plate was 4% because they are uncoated. Then, the relative
intensity of R is 1.6 × 10−3. We verified the error of nonlinear
efficiency versus different input pulse powers by changing the
number of filters at A1 [24]. The maximum error was 0.54 in
log10, and the average error was 0.29 in log10. We then as-
sumed the error of nonlinear efficiency as �0.29 in log10.
This method was helpful to confirm the high dynamic range
in pulse contrast measurements.

We verified the performance of the pulse contrast measure-
ment by a 0.5 mJ 300 fs 1 Hz laser with these attenuators and
the parallel plate. A peak in the ratio of 1.5 × 10−6 (−5.84 in
log10) emerged at 31.5 ps of the solid line (single-shot result I)
in Fig. 5 when the parallel plate was inserted at P1, as shown in
Fig. 4. There was no peak at the same position in the dashed
line (single-shot result II) of Fig. 5 when the parallel plate was
removed. The chain-like line in Fig. 5 was the result measured
by Sequoia (Amplitude Technologies), which is widely used in
pulse contrast measurement for repetition pulses [25].

There are three additional peaks in the results of the pulse
contrast measurement for a single shot pulse compared with the
Sequoia result. They can be observed at −60 ps, −43.5 ps, and
−28.5 ps, and are caused by the extremely small reflectivity of
the back surfaces. We determined the results of the pulse con-
trast measurement in the regions of −6 ps to −1.5 ps and 1.5 ps
to 10 ps by interpolation because the original data is hard to

interpret because of the extremely high attenuation. This issue
means that no not genuine measurement data exists. There was
a small difference at −10 ps in Fig. 5 because of the random
variation of the laser, which can be distinguished by the two
single-shot results. The results from the Sequoia are an average
of 10 data points at each time position, thus preventing us from
observing the random variation of the laser. We have shown
that a dynamic range of 108 (8 in log10) was reliable for pulse
contrast measurements using the uncoated parallel plate. The
total temporal range was −60 ps to 10 ps with a resolution of
0.75 ps after calibration.

Figure 6 shows that the pulse contrast of the PW class
laser was measured when the pulse width was 0.5 ps and pulse
energy was 175 J, which means that the energy of the pulse
contrast measurement was 1 mJ with a total attenuation of
5.7 × 10−6. The power of the sampled beam for the PW laser
was 2 GW, which was close to that of the sampled beam for the
femtosecond laser. Thus, we can use the results in Fig. 5 as a
reference for the PW laser.

The solid line in Fig. 6(a) shows the pulse contrast of a
single-shot pulse. The reference is indicated by the dashed line
in Fig. 6(a), which is from the single-shot result II in Fig. 5. The
minimums of the two results in Fig. 6(a) are both 10−8. We have
proven that the dynamic range of the pulse contrast measurement
is 108 when the input power is approximately 2 GW. We
observed greater noise in the results obtained by the PW laser
compared to that observed in the results of the low-energy laser.

The additional peak did not emerge at time −31.5 ps when
an uncoated parallel plate was inserted at P1. However, it ap-
peared when another coated parallel plate, the reflectivity of one

Fig. 5. Performance test of the pulse contrast measurement.

Fig. 6. Experimental data of the pulse contrast measurement in the
PW class laser by (a) one shot (a) and (b) two shots.
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of whose surfaces was 0.08, was inserted. Then, the additional
peak ratio at time −31.5 ps was 1 × 10−5 (5 in log10).

We moved the time delay of the pulse contrast measurement
(M3 and M4 in Fig. 1) from 9.55 to 14.21 mm for another
single shot of the PW laser. The optical path was 31 ps in
air. We changed the temporal range from between −60 ps
and 10 ps to −91 ps and −21 ps. These two results can be con-
nected together in an expanding window of −91 ps to 10 ps
based on the reference peaks at time −31.5 ps and −28.5 ps,
as shown in Fig. 6(b).

There is some difference at −60 ps and −40 ps between
Figs. 6(a) and 6(b). We observed a peak at −5 ps in a previous
measurement [24]. Noise from −60 ps to −10 ps decreased sig-
nificantly to 10−8 after we attenuated the peak at −5 ps. We can
conclude that the ratio of the scattering noise to peak is 10−4.
The scattering noise then is on the order of 10−9 in the range of
−91 ps to 21 ps because the maximum peak is 10−5 in this
range. Therefore, the expanding window contains less noise
than the single window with the main pulse. In the future,
the reflection of the back surface and scattering noise in the
single window should be considered more carefully.

The PW class laser in the SG-II facility has a pulse contrast
of 108 (8 in log10) before −81.75 ps, 107 (7 in log10) before
72.75 ps, 106 (6 in log10) before −51 ps, and 3.3 × 104 (4.5 in
log10) at −10 ps.

4. CONCLUSION

We carefully performed a temporal characterization of the PW
laser at the SG-II facility using pulse width and pulse contrast
measurements. The pulse width measurement showed that a V
curve could be described by a special autocorrelator with a
mirror image configuration, which can compensate for the
near-field defects in large laser facilities. Additionally, the pulse
width measurement performs well after grating replacements.
The dynamic range of the pulse contrast measurement was
eight orders of magnitude, which we calibrated using parallel
plates and a Sequoia. The temporal range was −60 ps to 10 ps
under a single shot. This measurement described the pulse
contrast of the PW laser between −91 ps and −6 ps within
two shots of the laser pulse by moving the time delay.
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