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We demonstrated a scheme of bandwidth expansion and pulse shape optimized to afford 10 PW laser design via spec-
tral shaping, which uses the existing Nd:glass amplifier chain of the SG PW laser. Compared to the amplified pulse with
a gain-narrowing effect, the required parameters of injected pulse energy, spectral bandwidth, and shape are analyzed, to-
gether with their influence on the system B-integral, energy output capability, and temporal intensity contrast. A bandwidth
expansion to 7 nm by using LiNbO3 birefringent spectral shaping resulted in an output energy of 2 kJ in a proof-of-principle
experiment. The results are consistent with the theoretical prediction which suggests that the amplifier chain of SG PW
laser is capable of achieving 6 kJ at the bandwidth of 7 nm and the B-integral < π . This will support a 10 PW laser with a
compressed pulse energy of 4.8 kJ (efficiency = 80%) at 480 fs.

Keywords: SG PW laser, bandwidth expansion, B-integral, spectral shaping
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1. Introduction
Since the advent of chirped pulse amplification tech-

nology, alongside several to hundreds of nanosecond laser
beams,[1–5] the kilojoule-level and picosecond petawatt (PW,
1015 W) lasers, which are mainly based on the same ampli-
fied chain, play important roles in the experiments concerning
inertial confinement fusion (ICF)[6–8] and high-energy den-
sity sciences.[9–12] However, compared to the energy of the
17 kJ level for nanosecond pulses, the amplified energy of the
kilojoule-level PW laser pulse is mainly limited by the sys-
tem B-integral, which should be designed to be not larger than
two to guarantee the compressed pulse duration and temporal
contrast.[13] In addition, the gain-narrowing effect reduces the
spectrum bandwidth to 3 nm, while also shortening the pulse
duration of the chirped pulse; this restricts the energy of the
amplified pulse because of the limited damage threshold of
optical elements. Furthermore, the bandwidth limits the com-
pressed pulse duration, which cannot be less than 470 fs.[14–17]

Therefore, to improve the existing PW laser to achieve 5 PW–
10 PW peak power with multi-kJ energy and duration of hun-
dred femtoseconds, bandwidth expansion, and pulse shape op-
timized by compensating the gain-narrowing via spectral shap-
ing is a better alternative.

There are many spectral shaping methods for band-
width expansions. However, acoustic optic programmable
dispersion filters (AOPDFs)[18] and spatial light modulators

(SLMs)[19] are only employed for low energies because of
their limited damage threshold. The spectral shapes con-
trolled by the time shape of the pump laser in optical paramet-
ric chirped-pulse amplification (OPCPA)[20] and spectral filter
mirror[21] are mainly used for the wider spectral bandwidth
with pulse durations of 30 fs–150 fs. Additionally, these de-
mand complicated design, expensive pump lasers, and difficult
to fabricate filters, which are not suitable for the bandwidth
of several nanometers of the picosecond PW lasers. Bire-
fringent filters[22] can be used for bandwidth broadening in
a regenerative amplifier with the Joule level[23] at 1054 nm,
and have been predicted to improve energy by minimizing the
risk of damage to mirrors.[24] Moreover, the bandwidth is ex-
tended to 15 nm with a compressed pulse duration of 150 fs
using mixed glass, the energy achieves 150 J in the Texas PW
laser system,[25] and larger energy is designed to 1500 J with
150 fs for ELI beamlines.[20] Compared to other picosecond
PW lasers, Texas and ELI use different seed, stretcher, and am-
plifier modules. To the best of our knowledge, this is the first
simulated design and experimental demonstration of spectral
shaping using LiNbO3 birefringent plate for bandwidth expan-
sion of 7 nm with the energy of 2 kJ based on an existing pi-
cosecond PW laser.

In this study, a theoretical model for a round trip chirped
pulse amplification is described. The bandwidth expansion
for the SG PW laser and the corresponding system B-integral
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are discussed, together with the output spectrum with gain-
narrowing, and the required spectral shape parameters for dif-
ferent output bandwidths are covered. The system B-integral
and depletion population inversion of the final amplifier is
compared and the criterion of the B-integral for a bandwidth
expansion of 7 nm is given. Furthermore, a demonstration ex-
periment for bandwidth expansion of 7 nm with the energy of
2 kJ, which uses spectral shaping based on the LiNbO3 bire-
fringent plate and installed after OPCPA. The results suggest
that the existing Nd:glass amplifier chain of SG PW laser can
afford even 10 PW (4.8 kJ, 480 fs) output, which will be ben-
eficial for the performance improvement of single PW beams
and the coherent beam combination of multi-PW beams[26] in
the future.

2. Theoretical model
As shown in Fig. 1, the SG PW laser system consists of

five blocks.[27] (i) The seed, which is a commercial SESAM
mode-locked Nd:glass oscillator (Time-Bandwidth, GLX200),
achieves 250 fs pulse duration with full width at half maximum
(FWHM) of 6.5 nm at 1054 nm. (ii) The stretcher, which uses
the Offner structure to offer 2nd dispersion, which achieves
a pulse duration of 3.3 ns. (iii) The OPCPA amplifier block,
which can produce pulse energy of 60 mJ, a spectral band-
width of 10 nm (FWHM), a pulse duration of 5 ns (5th super-
Gaussian shape) at 1 Hz. (iv) The rod and disk amplifiers,
which include rod (two φ40 mm and two φ70 mm rod mod-
ules) and disk amplifiers (two φ100 mm, three φ200 mm and
three φ350 mm disk modules), and use N31 type Nd:glass, can
amplify the chirped pulse from several millijoules to 2 kJ with
3 nm (FWHM) with B-integral of 1.72. (v) The compressor
and focus, which include four 1740 lines/mm, 1 m× 0.35 m
large gratings, 0.8 m off-axis parabolic mirror, vacuum sys-
tem, and diagnostic equipment.

The cumulative B-integral in CPA plays an important role
in determining the shape of the compressed pulses, which
introduces a background pedestal and makes pulse duration
wider. According to the thumb rule that the cumulative B-
integral should be ≤ 2,[13] the pulse duration will be shorter
than two times FTL and keep a better contrast.[27] The SG
PW laser can output 2 kJ with a bandwidth of 3 nm, which
is mainly limited by the designed B-integral value of 1.72[27]

and the damage threshold of the mirrors. In the scheme of
bandwidth expansion and pulse shape optimized in this study,
a spectral shaping device based on a LiNbO3 birefringent plate

is placed behind the OPCPA block. After gain-narrowing com-
pensation, the output spectral bandwidth of the CPA can be
broadened, and the system B-integral and the power density
on mirrors can be decreased simultaneously; therefore, the
output energy can be improved compared to existing the gain-
narrowing effect. Nevertheless, the spectral shape parameters
required for bandwidth expansion need to be analyzed.

The propagation of light pulses in the CPA progress can
be expressed as follows:[13]

∂E0 (z, t)
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where E(z, t), P0(z, t), and N(z, t) are the electric field, polar-
ization intensity, and population inversion, respectively, and
z and t are the distance and time variation, respectively. ω0

and ωa are the carrier frequency and line center frequency,
respectively. ε and c are the dielectric constant and light
speed in a vacuum. β ′′ is the group velocity dispersion of
the laser in the gain medium; β2 = 2πn2/λ ; n2 is the nonlin-
ear refractive index of the transmission medium, and λ is the
laser wavelength in vacuum. ∆ωa is the full atomic linewidth;
K = εcσ∆ωa; σ0 is relevant to the stimulated emission cross-
section (SECS), and } is the Planck constant. In this study, we
do not consider the influence of the spatial distribution of the
beam on broadband laser amplification, but only consider the
one-dimensional case in the frequency and time domain.

Here, the electric field intensity can be described as

E0 (0, t) = E0 exp
[
−1

2

( t
τ

)2n
]

exp
[
−iC

1
2

( t
τ

)2
]
, (4)

where E0 is the peak intensity of the initial pulse electric field;
n is the Gaussian pulse order (n = 1 is for Gauss, and n > 1
is for super-Gauss); τ is the pulse duration, and C is the chirp
coefficient of the broadband laser, which is generated by the
stretcher and compensated by the compressor.

Equations (1)–(4) can be simulated using the split-step
Fourier and Runge–Kutta methods. The inverse problem of a
laser amplifier can be solved using the same methods.[28,29]

Oscillator

230 fs/6.5 nm 

Stretcher

3.2 ns/6.5 nm

OPCPA amplifiers

5 ns/10 nm 

Rod and disk 

amplifiers

1.6 ns/3.2 nm

Compressor and

focus

Fig. 1. Block diagram of the existing SG PW laser system.
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Equation (5) shows how the B-integral, an important pa-
rameter is defined, which evaluates self-phase modulation and
influences the compressed pulse duration and time fidelity,

B(t) =
2π

λ0

L∫
0

n2 (z) I (z, t) dz, (5)

where λ0 is the center wavelength, and L is the length of the
medium. The B-integral varies with time; in this study, only
the maximum B in the time domain was considered. When a
birefringent plate[22,30] is used for spectral shaping, as shown
in Fig. 2. The free spectral range of the plate is propor-
tional to 1/(|∆n|d),[31] where |∆n| = |ne−no| and d is the
thickness. Compared to commonly used quartz crystals with
|∆n|= 0.0087 at 1053 nm, the |∆n| of LiNbO3 is 0.076, which
results in the thickness of LiNbO3 being nearly one-ninth to
quartz, and can effectively reduce the effect of beam displace-
ment in the experiment. Therefore, the LiNbO3 birefringent
plate was used here and set between two polarizers, tilted by
θ (relative to the incident surface), and rotated by φ (relative
to the optical axis). The shaped pulse energy can be controlled
by a half-wave plate together with P1 to meet the injected de-
mand. The damage threshold of LiNbO3 after the coating is
> 3 J/cm2 with a maximum diameter of 76 mm, can afford
high energy spectrum shaping compared to using the AOPDF
and SLM.

LiNbO3

Optical 
axis

HWP P1 P2

φ

θ

Fig. 2. Scheme of the spectral shaping based on a LiNbO3 birefringent plate.
P1, P2: polarizers; HWP: half-wave plate.

The electric field can be described by Eq. (6), and the in-
tensity ITM can be expressed by Eq. (7);

ETM =
[
n2

o− cos2
φ cos2

θ
]−1

×
[
exp(iδe)n2

o sin2
φ + exp(iδo)

(
n2

o− cos2
θ
)

cos2
φ
]
, (6)

ITM = ETME∗TM, (7)

where no is the refractive index of the ordinary polarization in
the birefringent plate; δo and δe denote the optical paths of the
ordinary and extraordinary transmissions in the plate. ω and
ω are the laser frequency and center frequency.

3. Bandwidth expansion and pulse shape opti-
mization

3.1. Bandwidth expansion design with gain-narrowing
compensation

The gain factor, SECS spectrum of Nd:glass, and the in-
put spectral shape constrict the bandwidth expansion of the SG

PW laser. To amplify the pulse energy from the millijoule to
the kilojoule level and take into account the propagation, the
total gain factor is approximately 107. The SECS spectrum of
N31 Nd:glass[32,33] is shown in Fig. 3, where the fluorescence
half-line width is 20 nm centered at 1054 nm and normalized
to 3.9×10−20 cm2. The gain factor and SECS spectrum of the
Nd: glass was fixed after the system was established. There-
fore, gain-narrowing compensation via spectral shaping is an
efficient way to achieve bandwidth expansion and pulse shape
optimization, which can efficiently improve the output capa-
bility simultaneously.

1030 1050 10701040 1060 1080
0

0.5

1.0 N31 SECS

I
 (

a
rb

. 
u
n
it
s)

Wavelength (nm)

Fig. 3. The normalized SECS spectrum of N31 neodymium glass.

In the numerical simulation, an ideal super-Gaussian
shape (5th) with a spectral bandwidth of 10 nm (FWHM) and
a pulse duration of 5 ns is used as seed, which is fitted from the
experimental result of OPCPA. Before the subsequent analy-
sis, the calibration of the simulation to experiment result is
done based on the SG PW laser with the gain-narrowing ef-
fect. The output spectrum bandwidth of CPA is reduced to
3 nm at 2 kJ with 10 nm and energy of 3 mJ injection, which
is shown in Fig. 4(a), and the energy is mainly limited by the
B-integral and damage threshold of the mirrors. After that, the
goals of energy and spectral bandwidth for CPA amplification
are fixed, then the input requirements are obtained by solving
the inverse progress of Eqs. (1)–(4).

Figures 4(b)–4(f) show the comparisons of the amplified
output spectral bandwidths at goal energy of 2 kJ for 6, 7, 8, 9,
and 15 nm (5th Gaussian shape) with gain-narrowing compen-
sation. The spectral shape and energy are simulated at three
positions before and after the rod amplifier, and after the disk
amplifier in the CPA block.

According to the results in Fig. 4(a), the simulated band-
width of 10 nm with an injected energy of 3 mJ from OPCPA
is reduced to be 3 nm with an output energy of 2 kJ in the SG
PW facility, which is consistent with the experimental results.
By contrast, figures 4(b)–4(f) display bandwidth expansions
for 6, 7, 8, 9, and 15 nm (5th Gaussian shape and 0.5 ns/nm
chirped ratio) with the same output energy of 2 kJ, and the re-
quired input spectral shape and energy before the rod and disk
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amplifier are given at the same time. The detailed parameters
of energy, spectral shaping efficiency, and modulation depth
defined by the deviation of the intensity between valley and
peak at center wavelength are listed in Table 1. The efficiency
is evaluated by the ratio of spectrum area (before rod and after

disk amplifier for simplifying here). Caused by the SECS of
N31 neodymium glass (Fig. 3), the highest gain is located at the
center wavelength of 1054 nm, which leads to the larger band-
width expansion needing the deeper modulation at 1054 nm,
the wider spectral range, and the larger injected energy.

Table 1. The required input parameters for different bandwidth expansions.

Spectral bandwidth (nm) 3 (no shaping) 6 7 8 9 15

Spectrum range (nm) 1048–1060 1050–1057 1049–1058 1049–1059 1048–1059 1044–1063
Required energy (mJ) 3 4.5 6 12 22 950

Efficiency (%) 100 45 34 26 21 6
Modulation depth (%) 85 93 97 98.6 99.97

1050 10701040 1060
0

0.5

1.0

Input 3 mJ
After bar 15 J
After disk 2 kJ with 3 nm

Wavelength (nm)

Wavelength (nm) Wavelength (nm)

Wavelength (nm) Wavelength (nm)

(a)

Experiment at 2 kJ with 3 nm

1050 10701040 1060
0
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1.0

(b) Input 4.5 mJ
After bar 15 J
After disk 2 kJ with 6 nm

Wavelength (nm)
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1050 10701040 1060
0

0.5

1.0

(c) Input 6 mJ
After bar 15 J
After disk 2 kJ with 7 nm

1050 10701040 1060
0

0.5

1.0

(d) Input 12 mJ
After bar 18 J
After disk 2 kJ with 8 nm

1050 10701040 1060
0

0.5

1.0

(e) Input 22 mJ
After bar 24 J
After disk 2 kJ with 9 nm

1050 10701040 1060
0

0.5

1.0

(f) Input 0.95 J
After bar 22 J
After disk 2 kJ with 15 nm

Fig. 4. The required comparisons of spectral shape and energy with output energy of 2 kJ at different positions. (a) Comparison of simulated and experimental
results with gain-narrowing. (b)–(f) Bandwidth extended requirements for 6, 7, 8, 9, and 15 nm.
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As seen from Fig. 4(a), the output bandwidth after rod
amplifier is 3.6 nm, this position no more suits the require-
ment for bandwidth expansion further, the spectral shaper de-
vice should be installed before rod amplifier. On the other
hand, considering the nonlinear amplification in OPCPA, the
energy stability will get worse when the injected energy and
shaped spectrum are changing, and it is more complicated to
fix the demand output spectral shape by OPCPA. Therefore,
the shaper is set behind the OPCPA in design and experimental
demonstration. As shown in Fig. 4(f), in the progress of spec-
tral expansion for 15 nm, the depth of modulation is too deep
to be achieved and measured, and the sharper and narrower
spectrum brings to higher intensity because of the linear chirp,
which makes a larger B-integral. After compared, bandwidth
expansion of 7 nm is a better choice here, which requires the
shaped pulse energy of 6 mJ with an efficiency of 34% as the
seed, and the spectral modulation depth is 93% at the center
wavelength of 1054 nm.

In addition, to ensure the original function of the SG PW
laser, it is demanded to switch quickly between shaping and
non-shaping case. Benefit from the thin LiNbO3, which can
reduce the effect of beam displacement effectively, need to
change nothing except for adding a LiNbO3 birefringent plate
in the existing energy adjustable module in OPCPA.

3.2. System B-integral and energy output capability for
bandwidth expansion

The evaluation of B-integral for bandwidth expansion af-
ter different amplifiers is given by Fig. 5(a), which is calcu-
lated by Eqs. (1)–(4). The system B-integral is approximately
1 with bandwidth expansion from 6 nm to 9 nm and increased
to the B-integral of 1.72 for the bandwidth of 3 nm with gain-
narrowing. The simulated parameters are the same as in Fig. 4.
However, the B-integral for the 15 nm bandwidth expansion is
2.5, which is caused by the significantly spectral modulation
in amplification, as displayed in Fig. 4(f). Because of the lin-
ear chirp of the broadband pulse, the narrower spectral shape
means a shorter pulse duration and results in a higher intensity
for bandwidth expansion of 15 nm, which demands higher in-
put energy of 0.95 J. Moreover, the narrower pulse duration
goes through more amplifiers until reaching saturation ampli-
fication. Those reasons lead to the larger B-integral for band-
width expansion of 15 nm compared to others.

On the other hand, figure 5(b) shows the population in-
version of the 350203 amplifier for different bandwidth expan-
sions at 2 kJ. Only 25% of the population in the upper energy
level is used, which means that the amplifier can output energy
of at least 6 kJ if 75% of the population is employed.
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Fig. 5. (a) The cumulative B-integral after rod and disk amplifiers; (b) the
relative population inversion of 350203 amplifier for different bandwidth ex-
pansions of 3, 6, 7, 8, 9, and 15 nm.

3.3. The contrast characteristics with different bandwidth
expansions and B-integrals

The contrasts with a pulse duration of FTL with a time
range of ±10 ps for different bandwidths expansions are com-
pared in Fig. 6, which uses the B-integral of Fig. 5(a). As
shown in Fig. 6(a), the bandwidth from 3 nm to 9 nm has
nearly the same FTL duration of 470 fs, the pulse duration
for bandwidth of 15 nm with B-integral of 2.5 has not doubled
compared to Gaussian shape which B-integral above 2[27] and
shorter than others, which is benefit from the super-Gaussian
shape. The contrasts worsen at −10 ps with bandwidth ex-
pansions because of the influence of the spectral shape, which
agrees with the results of the gain-narrowing effect.[13] Even
so, the contrast can still meet the requirement of < 10−8 at
−10 ps after bandwidth expansion.

Furthermore, to investigate the energy output capability
of the SG PW laser, the influences of the pulse duration and B-
integral on the contrast with a bandwidth of 7 nm are compared
in Fig. 7. Here, the spectrum shape with the bandwidth of 7 nm
is checked from Fig. 4(c), and the extra B-integral are added to
the uncompressed amplified chirped pulse, which is similar to
the method.[13] Figure 7(a) shows that the contrasts are 10−12,
10−11, 10−9, and 10−8 at −10 ps with B-integrals of 1, 2,
3, and 4, while the compressed pulse duration of ∼ 470 fs is
given in Fig. 7(b). Because the B-integral adds extra frequency
chirp to the original linear frequency chirp of the compressed
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Fig. 6. The pulse durations of FTL (a) and the contrasts (b) with computed B-
integral (same as Fig. 4) at the time range of ±10 ps for different bandwidths
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Fig. 7. The compressed pulse is given in linear (a) and log scale (b) for pulse
durations of FTL.

pulse and changes the laser power, which makes the contrast
smooth but the noise higher as the B-integral increases, which
are according to similar reported results.[34,35] Compared to
the Gaussian spectral shape where B-integral should be de-
signed to be ≤ 2, which mainly ensures that the energy is
concentrated within twice pulse duration. The cumulative B-
integral can be designed to π when the spectrum is changed
to a super-Gaussian shape similar to the B-integral result of
4.5,[17] which can guarantee the contrast of 10−8 without pulse
duration broadening much. Therefore, compared to the case
with gain-narrowing, the energy output capability of the SG
PW laser can be effectively increased via bandwidth expan-
sions.

4. Experiment results

To demonstrate the bandwidth expansion effect for the SG
PW laser, an experiment was conducted. First, the required
parameters for the bandwidth expansion were confirmed. The
spectral shape of the OPCPA amplifier is shown in Fig. 8(a),
which has a bandwidth of 10 nm centered at 1054 nm with
an energy of 60 mJ (RMS = 2%). The output spectrum band-
width is narrowed to 3 nm FWHM (Fig. 4(a)) with an energy
of 2 kJ without spectral shaping. After comparing the required
bandwidth, energy, and shaping efficiency, it was concluded
that the best choice for bandwidth expansion is 7 nm, which
requires the energy of 6 mJ with an efficiency of 34% effi-
ciency and needs 17.6 mJ from the OPCPA with a total energy
of 60 mJ.
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Fig. 8. The output spectrum of OPCPA in the SG PW laser, and the transmis-
sion curves of LiNbO3 with φ = 36 degree and θ = 40, 50, and 60 degrees
for a 1 mm LiNbO3 birefringent plate.

To compensate the gain-narrowing effect by spectral
shaping, and according to Fig. 2, a spectral shaping device was
installed behind OPCPA. Based on the OPCPA output spec-
trum of 10 nm FWHM (Fig. 8(a)), with the goal of bandwidth
expansion of 7 nm (Fig. 4(c)), the length of the LiNbO3 bire-
fringent plate is designed and fabricated to be 1 mm with a
coating (T > 98%) for 1054 nm±20 nm. The designed trans-
mission curves for a 1 mm LiNbO3 are shown in Fig. 8(b), in
which the modulated depth of spectrum shaping is achieved by
setting the angle of φ to 36 degrees, and the center wavelength
is controlled by θ to 50 degrees.
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The required experimental shaped spectrum is displayed
in Fig. 9(a) by adjusting the LiNbO3 birefringent plate, which
is measured by optical fiber spectrometer (HR4000 from
Ocean). The efficiency of the filter is about 50% and larger
than the design of 34% in Table 1, which is caused by the dif-
ference of the injected spectrums. The difference between the
two is because the spectrum bandwidth of 10 nm from OPCPA
is larger than the theoretical design, but the center area of the
spectrum is suitable for a bandwidth expansion of 7 nm, and
the wavelength range means to have the ability for broadening
more with a larger injected energy, as shown in Table 1. The
amplified spectrum after CPA is displayed in Fig. 9(b), which
is measured by an optical grating spectrometer (ARC-SP-2760
from Princeton Instruments), the detailed modulations come
from the noise of the infrared detector. From the compared re-
sults, the experimental bandwidth of 7 nm corresponds to the
design, and the spectral shaping by the LiNbO3 birefringent
plate is effective.

Furthermore, if the energy of the injected shaped seed is
increased from 6 mJ to 18 mJ, which can be afforded by nearly
updated OPCPA with the energy of 1 J. The output energy af-
ter CPA can be increased to be at least 6 kJ with a B-integral
less than π , and it can afford 10 PW with a compressed pulse
energy of 4.8 kJ (efficiency = 80%) at 480 fs.
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Fig. 9. The results for bandwidth expansion of bandwidth of 7 nm with the
energy of 2 kJ, based on the SG PW laser by using LiNbO3 birefringent spec-
tral shaping. The injected (a) and output (b) spectrum of CPA amplification
with design (dash line) and experimental (solid line) are demonstrated.

5. Conclusion and perspectives
A bandwidth expansion and pulse shape optimized

scheme for the SG PW laser via LiNbO3 birefringent spectral
shaping is designed and experimentally demonstrated. The
gain-narrowing compensation with different bandwidth ex-
pansions is analyzed, and the required injected parameters of
the broadband pulse are confirmed. A bandwidth expansion of
7 nm and the energy of 2 kJ with a B-integral of 1 is achieved,
which corresponds to the theoretical design. The results in-
dicate that the SG Nd:glass amplifier chain can output energy
of more than 6 kJ with a B-integral of π , which can afford
the demands of bandwidth and energy for 10 PW laser design
with a compressed pulse energy of 4.8 kJ (efficiency = 80%)
at 480 fs. The results will be beneficial for the performance

improvement of single PW beams and the coherent beam com-
bination of multi-PW beams also in the future.
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