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Abstract
The delay-shift of the pre-pulse may mislead the determination of its origination and cause problems for the temporal
contrast improvement of high-peak-power lasers, especially when the corresponding post-pulse is beyond the time
window of the measurement device. In this work, an empirical formula is proposed to predict the delay-shift of pre-pulses
for the first time. The empirical formula shows that the delay-shift is proportional to the square of the post-pulse’s initial
delay, and also the ratio of the third-order dispersion to the group delay dispersion’s square, which intuitively reveals
the main cause for the delay-shift and may provide a convenient routing for identifying the real sources of pre-pulses
in both chirped-pulse amplification (CPA) and optical parametric chirped-pulse amplification (OPCPA) systems. The
empirical formula agrees well with the experimental results both in the CPA and the OPCPA systems. Besides, a
numerical simulation is also carried out to further verify the empirical formula.
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1. Introduction

Thanks to the invention of the chirped-pulse amplification
(CPA) technique, laser peak power has increased rapidly
in the past decades from the gigawatt (GW) to the ter-
awatt (TW) and petawatt (PW) level. It has become the
main technical route to develop ultra-intense lasers world-
wide[1–3]. Different from the radiation transition process in
CPA systems, the optical parametric chirped-pulse amplifi-
cation (OPCPA) is based on the nonlinear and instantaneous
process, which directly transfers the pump energy to the
signal. It is a promising technique to achieve high peak
power due to the absence of the parasitic lasing effect. In
addition, the nonlinear crystal deuterated potassium dihy-
drogen phosphate (DKDP) for OPCPA systems can provide
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a large aperture size of approximately 400 mm and large
amplification bandwidth of more than 200 nm centered at
925 nm, which is beneficial to produce lasers with peak
power up to several tens of PW[4–6]. Besides, combined
with the CPA and OPCPA, hybrid laser systems have also
been constructed[7,8]. In these ultra-intense laser systems, the
parameter of temporal contrast (defined as the ratio of the
peak intensity of the main pulse to the noise intensity) is
crucially important. As the laser peak power increases, it
should also be improved because noise with certain intensity
would pre-ionize the target, which is detrimental to the
interaction of the target and the main pulse[9,10].

The laser noise can be divided into three main cate-
gories. The first is amplified spontaneous emission or para-
metric fluorescence, which generally appears as ground
noise extending to nanoseconds. It is usually improved by
employing a high-energy and high-contrast seed based on
the double CPA method[11–14] or reasonably designing the
amplification gain[15–17]. The second is coherent noise, which
exhibits an exponential rising edge with the temporal extent
to several tens of picoseconds. In recent years, study on the
origination of coherent noise[18–21] has been mainly focused
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on spatiotemporal coupling. It can be significantly improved
by changing the stretcher structure[22] or replacing it with
a higher-surface-quality grating[23] and convex mirror[24] in
the stretcher. The third is the pre-pulse on the nanosecond
scale (ns pre-pulse) and the pre-pulse on the picosecond
scale (ps pre-pulse). The ns pre-pulse is usually generated
from regenerative amplifiers and multi-pass amplifiers. It can
be improved by using pulse pickers[25] and optimizing the
amplifier configuration[26].

The ps pre-pulse is generated firstly by the interference of
the main pulse and post-pulse, and then the self-phase mod-
ulation[27,28] in CPA systems or the nonlinear gain and the
coupled interaction between the signal pulse and pump pulse
in OPCPA systems[29,30]. The post-pulse is usually created
by the multiple surface reflections in the optical component.
According to the early theoretical analysis, the ps pre-pulse
would be produced at the symmetrical temporal position of
the corresponding post-pulse. However, it was interesting
that the pre-pulse was found to be delayed with respect
to the symmetrical position in a real CPA system[28,31].
The delay-shift of the pre-pulse (defined as the time delay
of the pre-pulse with respect to the symmetrical temporal
position of the corresponding post-pulse) brings difficulties
to identify the source of the pre-pulse, especially when
the corresponding post-pulse is beyond the time window
of the contrast measurement device (approximately 150 ps
after the main pulse). Until recently, numerical results have
indicated that the delay-shift originates from the high-order
dispersion of the stretcher in CPA systems[32]. In addition,
high-order dispersion is also the main cause of the delay-shift
in OPCPA systems, which has been investigated numerically
and experimentally[33]. However, analytical analysis has not
been carried out yet. In order to better understand the gen-
eration of the pre-pulse, an analytical solution or empirical
formula needs to be established.

In this work, we propose a simple empirical formula
including the group delay dispersion (GDD), the third-order
dispersion (TOD) and the initial delay of the post-pulse to
estimate the delay-shift of pre-pulses. Based on the empirical
formula, the actual temporal position of the pre-pulse or
the post-pulse could be obtained. This empirical formula is
compared to the experimental results in a broadband CPA
system centered at 800 nm as well as in a broadband OPCPA
system centered at 925 nm. Regardless of the type of pulse
amplifier or pulse stretcher, the experimental results agree
well with the empirical formula. A numerical simulation was
also carried out to further verify the empirical formula.

2. Empirical formula

One key factor in the process of pre-pulse generation is that
the pulse is nonlinearly modulated by the B-integral in CPA
systems or the nonlinear gain in OPCPA systems. The com-
mon point in CPA and OPCPA systems is that this nonlinear

modulation is directly connected to the initial temporal
modulation caused by the interference of the main pulse and
post-pulse. When the high-order dispersion of the stretcher
is considered, the stretched temporal profile and the modula-
tion frequency of the initial temporal modulation would be a
little bit different compared to that in which only the GDD is
considered, and delay-shift of the generated pre-pulse would
also occur. Unfortunately, in this case the Fourier transforma-
tion between the temporal domain and the frequency domain
of the modulated pulse is too complicated to be solved ana-
lytically. In other words, the analytical interpretation of the
delay-shift affected by the high-order dispersion is difficult
to obtain. However, according to the above analysis, we guess
that the mechanism of the delay-shift could be very similar
for the CPA and OPCPA, which is attributed to the compli-
cated initial temporal modulation affected by the high-order
dispersion. In addition, a previous numerical study indicated
that TOD was more important for the origin of the delay-shift
compared to other high-order dispersions[32]. In this paper, a
simple empirical formula is proposed to estimate the delay-
shift including GVD and TOD as below:

tdelay = −k
φ(3)

(
φ(2)

)2 t2
post, (1)

where tdelay is the delay-shift of the pre-pulse; φ(2) and φ(3)

are the GDD and TOD values of the stretcher, respectively;
tpost is the initial delay of the post-pulse; and k is the
empirical factor, which is set to 0.85. The positive value
of tdelay denotes that the pre-pulse moves towards the main
pulse, while the negative value of tdelay denotes that the pre-
pulse moves away from the main pulse. In most ultra-intense
laser systems, the TOD value is negative. As a result, tdelay

calculated by Equation (1) is positive.
In the above formula, the delay-shift is proportional to the

ratio of TOD to GDD’s square. We can deduce that TOD
could lead to the delay-shift of the pre-pulse. The delay-shift
would be larger as the TOD increases, and a relatively large
GDD value would suppress the increasement of the delay-
shift. Besides, the delay-shift is proportional to the square
of tpost. So, the delay-shift would be small when the post-
pulse is near the main pulse, and the delay-shift would be
obviously observed when the post-pulse is far from the main
pulse. If tpost is known, the actual position of the pre-pulse
can be calculated according to Equation (1) as below:

tpre = −tpost + tdelay = −tpost − k
φ(3)

(φ(2))
2 t2

post. (2)

Sometimes, the post-pulse is too far from the main pulse to
be measured because the time window of the frequently used
measurement device is limited to approximately 150 ps after
the main pulse, and only the pre-pulse could be measured.
If the delay-shift is also unknown, the post-pulse position
would be difficult to locate accurately. However, thanks to
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Equation (2), the post-pulse position can be calculated by
the following:

tpost = −(
φ(2)

)2 +
√(

φ(2)
)4 −4k

(
φ(2)

)2
φ(3)tpre

2kφ(3)
. (3)

With the knowledge of tpost, it would be easy to determine
the thickness of the optical component that introduces the
post-pulse, as below:

d = c
2n

tpost, (4)

where n is the refractive index of the optical component,
d is the thickness of the transmission medium and c is the
velocity of light.

It is also worth mentioning that the above formulae are
independent of the stretcher type as well as the amplifier
type. In the next section, we verify the accuracy of
Equation (1) in real CPA and OPCPA systems. Once
Equation (1) was verified, Equations (2)–(4) could be
reliable for identifying the pre-pulse, post-pulse and the cor-
responding optical component that introduces the post-pulse.

3. Experimental results

3.1. Experiment on a CPA system

The experiment was carried out on the homemade
200 TW/24 fs/1 Hz Ti:sapphire laser[34,35]. It consisted of
a Ti:sapphire oscillator, a single-grating Offner stretcher,
a regenerative amplifier, a multi-pass amplifier, a power
amplifier, a final amplifier and a vacuum compressor. The
values of GDD, TOD, fourth-order dispersion (FOD) and
fifth-order dispersion (FiOD) of the stretcher were 4.79 ×
106 fs2, −9.74 × 106 fs3, 3.16 × 107 fs4 and −1.42 × 108 fs5,
respectively. With the spectrum ranging from 750 to 850 nm,
the pulse was temporally stretched to nearly 1.4 ns (full
width). In this experiment, the power amplifier and the final
amplifier were not in operation. The output energy of the
multi-pass amplifier was approximately 40 mJ, correspond-
ing to the B-integral value of approximately 0.037 rad.

Plane-parallel plates made of uncoated BK7 with different
thicknesses of 1, 5, 10 and 15 mm were inserted separately
before the multi-pass amplifier. Due to the double reflections
of the transmitted pulse in the plates, the post-pulses at
approximately 11, 51, 103 and 154.5 ps after the main pulse
were produced. After the amplification and compression, the
pre-pulses would be generated because of the B-integral.
The temporal profile with a high dynamic range was
measured by a commercial third-order cross-correlator
(Amplitude, Sequoia).

The plate with thickness of 1 mm was firstly inserted in
the system. The pre-pulse and the post-pulse were generated
at approximately –11 and 11 ps, respectively. There is no

obvious delay-shift because the post-pulse and pre-pulse
were very close to the main pulse. According to Equation (1),
the delay-shift calculated by the empirical formula was
as small as 50 fs. When the 1 mm plate was replaced
by the 5 mm plate, the real pre-pulse was generated at
approximately –51 ps corresponding to the post-pulse at
52 ps, as depicted in Figure 1(a). As a result, the delay-shift
appeared, and it was at 1 ps. The pre-pulse at –52 ps was a
ghost pulse, which was caused by the mixing of the second
harmonics of the post-pulse and the fundamental of the main
pulse in the measurement device. Figure 1(b) illustrates the
temporal profile when the 10 mm plate was inserted. The real
pre-pulse was generated at approximately −99 ps, and the
post-pulse was produced at approximately 103 ps. Thus, the
corresponding delay-shift increased to 4 ps. The pre-pulse at
–103 ps should be the ghost pulse. It could be observed that
as the initial delay of the post-pulse increased, the delay-
shift became larger. When the 15 mm plate was inserted,
the real pre-pulse was generated at approximately –145.5 ps
and the post-pulse was produced at 154.5 ps, as depicted in
Figure 1(c). Thus, the corresponding delay-shift increased
to 9 ps. The delay-shift calculated by the empirical formula
was 8.5 ps, which was 0.5 ps lower than the experimental
value. The pre-pulse at –154.5 ps should be the ghost pulse.
The pre-pulse at approximately –109 ps existed even when
the plate was not inserted, which might be generated by the
Ti:sapphire crystal in the laser chain.

Figure 1(d) illustrates the delay-shift versus the initial
delay of post-pulses, which was obtained by the empirical
formula (blue line) and the experiment (black diamond).
The formula agreed well with the experimental results, and
the experimental values of delay-shift almost increased with
the square of the initial delay of the post-pulse. The minor
deviation between the formula and the experimental results
could be explained by two reasons. On one hand, high-order
dispersions such as FOD and FiOD, which were neglected in
the empirical formula, may also contribute to the delay-shift.
On the other hand, the pre-pulse was temporally distorted,
and the duration of the pre-pulse was larger than that of the
main pulse[33]. However, the empirical formula was unable
to predict the temporal profile of the pre-pulse, which could
also introduce the error of the formula.

3.2. Experiment on an OPCPA system

In order to verify the universality of the empirical formula, a
similar experiment was carried out on the OPCPA front-end
of the SEL-100 PW facility[6]. This OPCPA system provided
an ultra-broadband seed ranging from 820 to 1030 nm.
Different from the single-grating Offner stretcher in the
above CPA system, a dedicated designed double-grating
Offner stretcher was used in this facility for a better spatio-
temporal quality[36]. The values of GDD, TOD, FOD and
FiOD of this stretcher were 6.08 × 106 fs2, −1.67 × 107 fs3,
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Figure 1. (a)–(c) The temporal profile when plane-parallel plates with thicknesses of 5, 10 and 15 mm were inserted into the CPA system. (d) The delay-shift
versus the initial delay of post-pulses.

7.54×107 fs4 and −4.72×108 fs5, respectively. The stretched
pulse duration was 3 ns (full width). Then the seed pulse
passed through the three-stage optical parametric amplifier.
In this experiment, the third amplifier stage was not in
operation. The output energy of the two-stage amplifier
was 488 mJ, and the repetition rate was 1 Hz. After the
compressor, the pulse duration was compressed to about
15 fs.

The plane-parallel plates used in the above CPA system
were also inserted before the second stage of the optical
parametric amplifier. The delay-shift was also not observed
when the 1 mm plate was inserted. Figures 2(a)–2(c) depict
the output temporal profile when the plates with thicknesses
of 5, 10 and 15 mm were inserted, respectively. The real
pre-pulses were produced at approximately −51, −99 and
–145 ps, respectively. The corresponding delay-shifts in the
experiment were 1, 4 and 9.5 ps. According to the empirical
formula, the calculated delay-shifts were 1, 4 and 9 ps,
respectively, which were similar to the experimental values.
As depicted in Figure 2(d), the measured delay-shift was still
almost proportional to the square of the initial delay of the
post-pulse. In addition to the pre-pulses generated by the
post-pulse due to the double reflection in the plate, the pre-
pulses due to the quartic reflection[33] were also measured.
The delay-shift of these pre-pulses also agreed well with the
empirical formula, but they are not discussed in detail in this
paper for simplicity.

Consequently, the empirical formula was believed to be
reliable in the above two ultra-intense systems. If there exists
a new pre-pulse in these systems, Equations (3) and (4)
could also be useful to locate the post-pulse and the optical
component.

4. Further discussion on the delay-shift affected by
φ(3)/(φ(2))

2

In the above section, the empirical formula was verified
by two kinds of amplifiers based on different stretchers.
However, coincidently, the values of φ(3)/

(
φ(2)

)2 were 0.42
and 0.45 ns−1 in the CPA system and the OPCPA system,
respectively, which were very similar. In the real system,
the dispersion of the stretcher was dedicatedly designed, and
could not be modified casually. In order to further investigate
the delay-shift variation affected by φ(3)/

(
φ(2)

)2, a simula-
tion was carried out in this section based on the numerical
method, which studied the pre-pulse in the CPA system[32].
GDD, TOD, FOD and FiOD were all taken into account
in the simulation. The initial delay of the post-pulse in the
simulation was 154.5 ps. The seed bandwidth, seed energy
density and pump parameters in the simulation were similar
to those in Section 3.1. The difference was that the values
of φ(2) and φ(3) were both divided by the factor n (n > 0).
Thus, the value of φ(3)/

(
φ(2)

)2 was multiplied by the factor n.
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Figure 2. (a)–(c) The temporal profile when plane-parallel plates with thicknesses of 5, 10 and 15 mm were inserted into the OPCPA system. (d) The
delay-shift versus the initial delay of post-pulses.

Figure 3. The delay-shift versus the value of φ(3)/(φ(2))
2 calculated by the

simulation and empirical formula.

When n is set to 1, the value of φ(3)/
(
φ(2)

)2 equals 0.42 ns−1,
which was the experimental value in the above CPA system.

As depicted in Figure 3, the delay-shift obtained by the
numerical simulation (blue triangle) was almost propor-
tional to the value of φ(3)/

(
φ(2)

)2, which was similar to
the empirical formula (red line). When n equaled 1/4, cor-
responding to the value of φ(3)/

(
φ(2)

)2 being 0.1 ns−1, the
delay-shifts were 2.5 and 2.2 ps calculated by the numerical
simulation and empirical formula, respectively. The devi-
ation between the numerical simulation and the empirical
formula was 0.3 ps. When n increased to 4, corresponding

to the value of φ(3)/
(
φ(2)

)2 increasing to 1.7 ns−1, the delay-
shift obtained by the numerical simulation increased to
32 ps. Meanwhile, the delay-shift calculated by the empirical
formula was 34.5 ps, which was 2.5 ps larger than the
simulation result. The possible reasons for the deviation
between the simulation and empirical formula are similar to
those given in the discussion in Section 3.1, which could be
that other high-order dispersion and temporal distortion of
pre-pulses were neglected in the empirical formula.

5. Conclusion

In conclusion, we proposed a simple and effective empir-
ical formula to calculate the delay-shift of the pre-pulse,
which was independent of the pulse amplifier and the pulse
stretcher. This formula was verified in two typical ultra-
intense systems. One was a CPA system centered at 800 nm
with a single-grating Offner stretcher. The other was an
OPCPA system centered at 925 nm with a double-grating
Offner stretcher. In both systems, the empirical formula is in
good agreement with the experimental results, and the delay-
shift was almost proportional to the square of the initial delay
of the post-pulse. Numerical simulation was also carried out
to further confirm the empirical formula. It was validated
that the delay-shift in the numerical simulation was almost
proportional to the value of φ(3)/

(
φ(2)

)2, like the empirical
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formula. This work revealed the main factors that influenced
the delay-shift value of the pre-pulse, which were the initial
delay of the post-pulse and the ratio of TOD to GDD
square. Besides, our work could provide useful guidelines
for identifying the real source of the pre-pulse and improving
the pre-pulse contrast in ultra-intense laser facilities.
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