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Abstract: A half-trace retrieval algorithm based on an extended-ptychographical iterative engine
algorithm is proposed to reconstruct the temporal structure of pulse from a polluted and recorded
frequency-resolved optical gating (FROG) trace that was modulated by poor spatial profile of out-
put pulses, stray light, or misalignment of the measurement setup. In the proposed algorithm,
the probe pulse and the gated pulse were retrieved simultaneously from a recorded FROG trace with
a half-delay range, and the measured pulse was obtained by combining the different edges of the
probe pulse and the gated pulse. Numerical simulations were carried out to verify the feasibility
of the proposed algorithm. A single-shot picoseconds (ps)—-THG—FROG setup with a 100-uJ ps
laser system and an online ps—SHG—FROG setup in PW laser system were built to test the pro-
posed algorithm experimentally. The results show that the temporal structure of pulses retrieved by
the half-trace retrieval algorithm is closer to the real temporal structure than that retrieved by the
conventional ptychographical algorithm when the recorded FROG trace is badly polluted.

Keywords: petawatt laser; pulse diagnostic; poor near-field spatial profile; half-trace retrieval algorithm

1. Introduction

The advent of ultrashort, ultra-intense pulse lasers has promoted the development of
research in the fields of particle acceleration [1], inertial confinement fusion [2,3], and high-
energy-density science [4]. In order to carry out research in the aforementioned fields,
many ultrashort, ultra-intense lasers have been established around the world, including the
advanced radiographic capability (ARC) [5,6] laser system at the Omega EP facility [7,8],
at the Vulcan and Orion facilities [9,10], and the petawatt (PW) laser at the Shen Guang
II (SG—-II) facility [11]. All of these facilities can provide laser pulses with pulse widths
in the order of picoseconds(ps) and energies in the order of kilojoules. The complete
characterization of the temporal intensity distribution and the phase distribution of PW
laser pulses is important as even small variations in both the intensity distribution and
in the phase distribution can distort the output pulse distribution and influence the re-
sult of physical experiments. Frequency-resolved optical gating (FROG), proposed by
Kane and Trebino [12], is probably the most commonly used method to fully characterize
ultrashort optical pulses. Additionally, two separate branches of retrieval algorithms were
developed to reconstruct the temporal structure of pulses from the measured FROG trace,
including the principal component generalized projections algorithm (PCGPA) [13-16] and
the ptychographic-based reconstruction algorithm [17,18]. The former method works well
when no prior information about the measured pulse is available, while the later has the
advantage of not requiring a Fourier transform relation between the frequency and the
time axes [19]. However, both of these algorithms require a less polluted FROG trace that
is caused by nonuniform spatial profile of the measured pulse, stray light or misalignment
of the measurement setup. In addition, the delay range of these two method, and which
should cover the positive delay (when the front edge of the gated pulse interacts with
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the rear edge of the probe pulse) and the negative delay (when the rear edge of the gated
pulse interacts with the front edge of the probe pulse). However, it is difficult to acquire
an ideal recorded FROG trace in the real world, especially in high power laser systems.
For example, Chen et al. characterized ps laser pulses in ARC using a commercial single-
shot second-harmonic generation (SHG) FROG after the output pulses were compressed
to near the transform limit using a mini-compressor on the ARC diagnostic table [20].
However, the recorded SHG—FROG trace was not found to be as symmetric as expected
in theory, which would lead to incorrect reconstruction results. Though a mirror image of
the good half can be well applied in the SHG—FROG experiment, it cannot be applied in
other variants of FROG, such as third harmonic generation (THG)—FROG, which would
provide much more information (direction of time), since THG—FROG trace is not always
as symmetrical as SHG—FROG trace. Therefore, it is urgent to develop a method that can
be used to reconstruct the temporal structure of pulses when the recorded FROG trace is
partially polluted. In our previous work, a mirror-image configuration was introduced to
our homemade single-shot ps—SHG—FROG to balance the nonuniformity of the spatial
distribution of the measured pulse [21]. However, the recorded SHG—FROG trace was
found still to be slightly asymmetric, which would result in inaccurate reconstruction
results. That is to say, the full online characterization of output pulses in a high-power laser
system has not been demonstrated accurately so far.

In this paper, a new variant of the ptychographic inversion engine [22]—the half-
trace retrieval algorithm—was proposed to reconstruct the temporal structure of pulses
from a partially polluted FROG trace. Numerical simulations are used to demonstrate the
feasibility of this proposed method for recovering a pulse from a polluted THG—FROG
trace. The results show that the proposed half-trace retrieval algorithm outperforms the
conventional ptychographic algorithm, especially when the recorded trace is modulated
by a partially polluted spatial profile of the measured pulse. In addition, a single-shot
ps—THG—FROG setup based on a cross-correlator was built to demonstrate the half-trace
retrieval algorithm experimentally on an off-line laser system, and a SHG—FROG experi-
ment was carried out in the PW laser system to diagnostic the output pulse. The proposed
half-trace retrieval algorithm showed effective performance in reconstructing the temporal
structure of ps laser pulses from a partially polluted FROG trace, both in the compact laser
system and the PW laser system.

2. Methods

We applied the extend ptychographic iterative engine (ePIE) algorithm [22] to retrieve
the temporal structure of pulses. Unlike the traditional ptychographic-based and PCGP
algorithms, the proposed algorithm uses a FROG trace with a half-delay range to recon-
struct the temporal structure of pulses. Additionally, the reason why the whole temporal
structure of pulses can be retrieved from FROG trace only with half-delay range can be
explained as follows. In spatial domain, the complexed-valued object and the complex
wavefield incident on the specimen can be retrieved simultaneously using the ePIE al-
gorithm. Therefore, we can conclude that the probe pulse and the gated pulse can be
reconstructed simultaneously using the ePIE algorithm. When the probe pulse (green line)
is incident on the nonlinear crystal before the gated pulse (red line), the output nonlinear
signal was generated by interacting with the rear edge of the probe pulse and the front
edge of the gated pulse in Figure 1a. Considering the measured pulse can be represented
by probe pulse and gated pulse, respectively, we can reconstruct the part of the probe pulse
and gated pulse, as presented in the box of the Figure 1b. After transforming the probe
pulse and the gated pulse to the form of the measured pulse, we can reconstruct the whole
temporal structure of pulses by combining the rear edge of the probe pulse and the front
edge of the gated pulse together.
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Figure 1. (a) The schematic when the probe pulse (green line) is incident on the nonlinear medium
before the gated pulse (red line). (b) Reconstructable part of the probe pulse and the gated pulse.

Assuming THG—FROG for simplicity and generality, the measured trace is represented as
+oo .
(w,7) = | / E2(D)E(t — T)e It at|?, (1)

where E2(t) is the probe pulse, E(t — T) is the gated pulse, and 7 is the time delay between
two pulses (taking the delay range when the probe pulse is incident on the nonlinear
crystal before the gated pulse as an example, that is, T < 0). The iterative reconstruction
procedures of the half trace retrieval algorithm are described as follows (assumming that
the recorded FROG trace include the most spectrum at T = 0). The algorithm starts with a
random guess of pulse Ey(f).

1. At first, we denote the pulse guess before the n-th iteration as E,_1(t). The THG
signal in the n—th iteration is represented as

Yu(t k(7)) = By 1 () Eqa (t = k(j) - d7), ()

where k() is the index of the running step delay, and d7 is the time delay step.
2. THG signal is Fourier transformed, and its modulus is replaced by the square root of
the measured spectrum at the j-th delay

Yo (w, k(j)) = I(w,k(j))m' R

where F(-) denotes the Fourier transform function.
3. The updated THG signal can be calculated by the inverse Fourier transform as

¥y, (8 k() = F [ Fulw,k())), )

where F~1(-) denotes the inverse Fourier transform function.
4. The probe pulse and the gated pulse can be updated as

* —k(j)-d
P0) = B2 (1) + a0 (1K) — k), 6

E%—l*(t)
|E2_ 1 () 2iax

where the update coefficient « is set as that in [21]

5. The complete pulse distribution can be reconstructed by connecting the front edge of
the pulse P(t) and the rear edge of the pulse G(t) together as (Both of the centroid of
pulses P(t) and G(t) are moved to t = 0, and the centroid of the intensity distribu-

X (V5 (£ k(7)) = ¥u(t k(f))), (6)
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tion of pulse P(t) and G(t) is calculated by t. = Y_t|E(t)|>/ L |E(t)|?, where |E(t)|?
t t
represents the temporal intensity distribution of the pulse.

[ Palt), <0,
Eu() = {Gn(t), t> 0. 7

6.  E,(t) is chosen as the next initial guess, and the procedures from steps one to five
are repeated in the next delay index. The FROG error between the calculated and
measured traces is calculated until all of the delay indices are updated once an
iteration, as follows:

Ery 1 J i Z(I(w,k(]'))—IF(E%(t)En(t_k(j),dTmz)z o
j=—5+1 ¢

“N-N/2 1(w, k(7))

where N denotes the number of sampling points. The iterations continue until the
error Er, is smaller than the signal-to-noise ratio (SNR) or until a fixed number of
iterations is completed. At last, the procedures from steps one to six are repeated for
the other ten initial guesses of pulses Ey(t), and the results with the smallest FROG
error were chosen for the final solution.

3. Results and Discussion
3.1. Numerical Simulation

First, the feasibility of the half-trace retrieval algorithm is demonstrated numerically.
(To distinguish the conventional algorithm from the proposed half trace retrieval algorithm,
we refer to the original algorithm using the complete FROG trace as complete trace retrieval
algorithm.) We numerically produced a laser pulse, conforming to a Gaussian power
spectrum with a random spectral phase centered at 800 nm. The complete simulated
THG—FROG trace was composed of 256 x 256 points (256 represents the number of spectral
sampling points and the number of delay steps) with equal delay step size, AT = 1.5625fs,
and spanning the same frequency window (i.e., the spectral resolution is ﬁ =2.5THz).
White-Gaussian noise ¢ was added to the simulated THG—FROG trace, at different SNR
values, defined by SNR = ZOZog% , where || - || denotes the L2 norm. Figure 2 presents
the reconstructed results when the recorded FROG trace is not polluted, except for noise.
SNR noise of 20 dB was added to the simulated FROG trace of the measured pulse in
Figure 2a to generate the noised trace, as presented in Figure 2b. No prior information
about the pulse was assumed. Figure 2c—n present the reconstructed results. The first
horizontal panel presents the results retrieved from the complete trace, while the other two
panels present the results retrieved from the negative delay range (7 < 0) and the positive
delay range (T > 0), respectively. Figure 2c—e show the corresponding reconstructed traces.
The associated amplitude and phase of the reconstructed pulse are shown in Figure 2f-h and
Figure 2i-k, respectively, with respect to the original temporal structure. The corresponding
retrieved spectral intensity distributions are presented in Figure 2l-n. As shown, the half-
trace retrieval algorithm works well with both the half trace with a positive delay range
and the half trace with a negative delay range.

Furthermore, we also numerically verified the performance of the half-trace retrieval
algorithm when the recorded FROG trace was partially modulated by poor spatial profile.
The results are presented in Figure 3. The polluted FROG trace presented in Figure 3b
was generated by mapping the simulated poor spatial profile presented in Figure 3a to the
simulated FROG trace, as shown in Figure 2a. The root mean square (RMS) value of the
spatial profile in Figure 3a is 0.0374, and the RMS value of the left part is 0.0095, while the
RMS value of the right part is 0.0401. In Figure 3c—n, each horizontal panel presents the
results reconstructed from the complete trace, the trace with positive delay range, and the
trace with negative delay range, respectively. The reconstructed complete traces using
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different parts of the polluted trace are presented in Figure 3c—e, respectively, and the
reconstructed errors are presented above them. The corresponding retrieved temporal
amplitude and phase distributions are presented in Figure 3f-h and 3i-k, respectively, along
with the original temporal structure (dashed line). The reconstructed spectral amplitude
distributions with respect to the original are presented in Figure 3l-n. By comparing
different reconstructed temporal structure of pulses retrieved from different parts of the
polluted trace, we can clearly find that only the temporal structure retrieved by the proposed
algorithm from the polluted part with a smaller RMS value can successfully match the
original temporal structure of pulse, while the complete trace retrieval algorithm fails to
reconstruct the true temporal structure of pulses. Hence, the half-trace retrieval algorithm
is more reliable for reconstructing the temporal structure of pulses when the recorded
FROG trace is modulated by poor spatial profile. In addition, a simulation of a double
Gaussian chirped pulse was also added to test the universality of this retrieval algorithm.
Additionally, the results are presented in Figure 4, while the spatial distribution is presented
in Figure 4a, which has symmetry to that in Figure 3a. From the numerical results, we
can conclude that the half-trace retrsieval algorithm shows better performance than the
complete-trace retrieval algorithm when the recorded FROG trace is modulated by poor
spatial values near the field of the measured pulse.
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Figure 2. Numerical reconstruction from an unpolluted THG—FROG trace. (a) Simulated

FROG trace of measured pulse (b) noised trace of the measured pulse, (c—e) reconstructed traces,
(f-h) amplitude of reconstructed pulses, (i—k) phase of reconstructed pulses, and (l1-n) spectral
intensity distributions of the reconstructed pulses.
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Figure 3. Numerical reconstruction from a partially polluted THG—FROG trace of a Gaussian spec-
trum pulse. (a) simulated poor spatial distribution, (b) polluted FROG trace, (c—e) reconstructed traces,
(f-h) amplitude of reconstructed pulses, (i-k) phase of reconstructed pulses, and (I-n) spectral intensity
distributions of the reconstructed pulses.
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Figure 4. Numerical reconstruction from a partially polluted THG—FROG trace of a double Gaussian
chirped pulse. (a) simulated poor spatial distribution, (b) polluted FROG trace, (c—e) reconstructed traces,
(f-h) amplitude of reconstructed pulses, (i—k) phase of reconstructed pulses, and (I-n) spectral intensity
distributions of the reconstructed pulses.
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3.2. Experiments

At first, the half-trace retrieval algorithm was demonstrated experimentally using
our single-shot homemade ps—THG—FROG on a 100-uJ ps laser system, which is cen-
tered at 1026 nm with a bandwidth of approximately 5 nm and a pulse duration of 1
to 5 ps. A schematic of our homemade ps—THG—FROG, based on a cross-correlator,
is presented in Figure 5 with a temporal resolution of 32fs and a spectral resolution of
0.42 nm. A cylindrical-lens pair (CL1, CL2) was used for beam reduction in one dimension
to improve the peak power density of the input beam. Then, a beam splitter (5-mm-thick,
®50 mm), made of BK7 silica, divides the input beam into two parts. One beam was
sent directly to a 1-mm-thick BBO cross-correlation generation crystal (XCGC) using a
set of mirrors (My, M3, M) with diameter of 50 mm, while the other beam was guided
to a BBO SHG crystal by M; before being sent to the XCGC. The angle between these
two beams on the XCGC was set to 70° as a trade-off between the scanning temporal range
and the nonlinear conversion efficiency. Furthermore, a 1200 line/mm blazed grating was
placed right after the XCGC to separate the different spectral components in each delay
line (the direction of the groove was placed perpendicular to the beam-reduction direction
to obtain a standard THG—FROG trace). Finally, the output THG signal was recorded by a
charge-coupled device (CCD), consisting of 2048 x 2048 pixels, with a pixel size of 5 um,
after passing through an imaging lens (L1, f = 100 mm) and a Fourier transform lens (L2,
f =50 mm) (L1 and L2 are cylindrical lenses and are placed orthogonal to each other).

CCD

k \ Beam splitter

Figure 5. Schematic of homemade ps—THG—FROG used for experiments.

The output pulses with different pulse width scanning from negative chirped to
positive chirped pulses were tested experimentally, and two typical reconstruction results
are presented in Figure 6. These are represented in Figure 6a-l. Figure 6a,g present
the original THG—FROG trace obtained from the experiment. Figure 6b,h show the
reconstructed THG—FROG trace using the complete trace retrieval algorithm, and the error
between measured and reconstructed trace is presented on top. Figure 6¢,i and Figure 6d,j
show the reconstructed THG—FROG trace using the half-trace retrieval algorithm with
negative delay range and positive delay range, respectively, and the error is presented
above them. Additionally, Figure 6e k present the reconstructed temporal structure with
the smallest reconstructed error, while Figure 6f,1 show the corresponding reconstructed
spectral structure compared with the spectra (blue dashed line) measured by a spectrometer.
Clearly, the smallest reconstruction error is always obtained when the half-trace retrieval
algorithm is applied to the recorded FROG trace with a negative delay range, which is due
to the poor spatial profile of the output pulses. The measured values of pulse width and the
sign of chirp conform to theoretical values. Additionally, the calculated spectral instensity
distribution almost coincides with that measured spectrum, confirming the reliability of
ps—THG—FROG and the half—trace retrieval algorithm in the compact laser system.
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Figure 6. Experimental pulse reconstructions of two shots using our homemade ps—THG—FROG
setup on 100-p] ps—laser system. The reconstructed results are divided into two groups with different
pulse widths. (a,g) present the recorded THG—FROG trace. (b,h) present the reconstructed trace
using complete trace retrieval algorithm. (c,i) show the reconstructed trace using half-trace retrieval
algorithm using negative delay range, while (d,j) show the same using a positive delay range.
The reconstructed errors between measured and reconstructed trace are presented on top of the
reconstructed trace. (e k) show the reconstructed pulse distribution with the smallest reconstructed
error in temporal domain, while (f,1) showed the reconstructed spectral distribution compared with
their corresponding measured spectra (blue dashed line).

Then, a SHG—FROG experiment was carried out on PW laser system centered at
1053 nm with a temporal resolution of 65fs and a spectral resolution of 0.08 nm. The near-
field spatial distribution of PW laser is presented in Figure 7. It can be clearly seen
that the near-field spatial profile is clearly divided into two parts caused by compressed
grating piars, which would result in a modulated recorded trace. The online measurement
results of two shots are presented in Figure 8. In Figure 8a-l, Figure 8a,g present the
recorded SHG—FROG trace after noise filtering; they are composed of 512 x 512 data
points. Figure 8b,h present the reconstructed FROG trace using complete trace retrieval
algorithm, and the error between measured and reconstructed FROG trace is presented
on top. Figure 8c,i and Figure 8d,j show the reconstructed trace using the half trace
retrieval algorithm with negative delay range and positive delay range, respectively, and the
reconstructed error is also presented above them. Additionally, Figure 8e k present the
reconstructed temporal structure with the smallest reconstructed errors, while Figure 8f,1
shows the corresponding reconstructed spectral structure. According to the position of
grating that used to adjust the output pulse width, the output pulse of these two shots
were about 1 ps and 13.5 ps, theoretically. Additionally, the reconstructed pulse widths
of these two shots in the experiment were 1.28 ps and 17.44 ps, which are consistent with
the theoretical value. In addition, the reconstructed spectral width of two shots are both
around 3.4 nm, which is consistent with the spectral width of the output laser source. That
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is to say, the reconstructed pulse distribution using half-trace retrieval algorithm is reliable
to describe the characteristic of the output laser pulses in the PW laser system.

Figure 7. Near-field spatial distribution in PW laser system.
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Figure 8. Experimental pulse reconstructions of two shots on PW laser system with second harmonic
generation (SHG) FROG. The reconstructed results are divided into second groups. (a,g) present
the recorded SHG—FROG trace. (b,h) present the reconstructed FROG trace using complete trace
retrieval algorithm. (c,i) show the reconstructed trace using half-trace retrieval algorithm using
negative delay range, while (d,j) show the same using a positive delay range. The reconstructed
errors between measured and reconstructed trace are presented on top of the reconstructed trace.
(e, k) and (f,1) show the reconstructed pulse distribution with the smallest reconstructed error in

temporal and spectral domain.
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4. Conclusions

In conclusion, we proposed a half-trace retrieval algorithm to reconstruct a pulse
distribution from a FROG trace with a half-delay range. Numerical simulations were
carried out to demonstrate the feasibility of the half-trace retrieval algorithm, and the results
show that the proposed algorithm performs better than the conventional complete trace
retrieval algorithm, especially when the recorded trace is modulated by the poor spatial
profile. In addition, the experiment was carried out on a single-shot ps—THG—FROG setup
with a 100-p]J ps laser system and an online ps—SHG—FROG setup in PW laser system.
Both the complete trace retrieval algorithm and the half-trace retrieval algorithm were used
to reconstruct the temporal structure of pulses from the recorded trace, and the results
retrieved by the half-trace retrieval algorithm always show a smaller reconstruction error.
In other words, the temporal structure reconstructed by the half-trace retrieval algorithm
is closer to the real temporal structure in the experiment than that reconstructed by the
complete trace retrieval algorithm. In addition, the half trace retrieval algorithm saved
nearly half of the time to reconstruct the temporal structure compared to the complete trace
retrieval algorithm. Although the proposed half-trace retrieval algorithm is applied in SHG
and THG FROG, it can also be applied to other types of nonlinearities when the measured
pulse can be represented by the probe pulse and gated pulse, respectively. The half-trace
retrieval algorithm opens new opportunities in the diagnostics of ultrashort pulses where
the spatial distribution is not identically uniform. The proposed algorithm is particularly
useful in high power laser systems, from which it is difficult to obtain a uniform spatial
distribution without any hardware modifications.
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