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Multifunctional high-performance 10-J level laser system
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In this letter, we report a multifunctional high-performance Nd:glass laser system. Laser pulses from an
all-fiber front end are first amplified by a regenerative amplifier to 10 mJ level, and then further amplified
in a four-pass amplifier. The laser system can provide 10.3-J, 3-ns laser pulses at 1053-nm wavelength.
The shot-to-shot energy stability is better than 1.5% (RMS). The output laser beam is near diffraction
limit. Binary amplitude masks are used to maintain a flat top near-field profile with a 71% fill factor.
After the frequency conversion process, 7 and 5.5 J pulses at 526.5 and 351 nm are obtained, respectively.
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The primary requirement of most laser systems is the
ability to generate high energy pulses with specific spa-
tial and temporal shapes[1]. High-power lasers are typi-
cally achieved using power oscillators[2,3] or by master-
oscillator power amplifiers (MOPA)[4−6]. For MOPA
systems, the front end and power amplifier can be sep-
arated. By taking advantage of its configuration, the
temporal waveform, spatial shape, and spectrum of the
laser beam can be controlled easily.

Earlier laser systems are designed with single-pass
multi-stage amplifier chains[7,8]. This design is charac-
terized by numerous amplifiers and telescopes with poor
extraction efficiencies and high costs. Studies regarding
multi-pass amplifiers (MPA), which could substantially
provide higher output energy at a low cost, began in the
1980s[9,10]. The multi-pass architecture only requires the
largest final amplifiers and uses several earlier passes
through that amplifier instead of initial several-stage
amplifiers in single-pass architecture. Thus, the stor-
age extraction efficiency is significantly higher[11]. Most
of the newly built laser systems have this structure,
whether small-scale experimental systems, such as laser
systems[12−14], or large-scale inertial confinement facil-
ities (ICF), such as the National Ignition Facility[15] in
the USA and the Laser MegaJoule[16] in France.

The 10-J level laser sources with controllable temporal
and spatial distribution are very important for high-
power and high-energy laser systems. The main power
amplifiers of high-power laser systems always require a
multi-joule laser pulse injection with high stability and
good beam qualities. Moreover, the optical properties of
the injection laser pulse, such as the temporal waveform,
spatial distribution, spectral width, and polarization
state, could be controlled as needed[17,18]. In addition,
the harmonic waves of 10-J level laser sources after fre-
quency conversion can be used as pump laser for optical
parametric amplification or for studies regarding optical
element damage induced by 3ω laser.

In this letter, a multifunctional high-performance 10-J
level laser system based on a four-pass MOPA structure
is demonstrated. A > 10 J laser pulse at 1053 nm (1ω)
is obtained with 3-ns duration. The shot-to-shot energy

stability is 1.5% (RMS). The system delivers a nearly
diffraction-limited performance, and the near-field of
the output laser beam has a near-flat top profile with a
71% fill factor. The laser system can also provide har-
monic pulses with 7 J at 526.5 nm (2ω) and 5.5 J at 351
nm (3ω). The laser system can be used not only as the
preamplifier of an ICF, but also in other applications,
such as studies in optical element damage induced by 3ω
laser.

The laser system described in this paper consists of
three major components, namely, a master oscillator
(MOR), a regenerative amplifier, and an MPA, as shown
in Fig. 1.

The MOR for this laser system is similar to that of the
Sheng Guang II (SG II) seed laser module[19]. A ∼10-
mW single longitudinal mode fiber laser with 1053-nm
wavelength is injected into an acousto-optic modulator
that can chop the laser pulse into 150-ns width. Then
this 150-ns pulse is amplified by an ytterbium-doped
fiber amplifier (YDFA). The output pulse of YDFA1 is
frequency modulated by a phase modulator to suppress
simulated Brillouin scattering (SBS) and protect large-
aperture optical elements. The laser is injected into an
amplitude modulator driven by an aperture-coupled strip
line[20]. The pulse duration can be tuned between 0.1
to 5 ns, and can be adjusted to the desired pulse shape.
Furthermore, the temporally shaped pulse is amplified
to ∼ 1 nJ by YDFA2. The isolators in MOR are used to
isolate the backward-propagating lasers, and the filters
are used to filter the lasers whose spectra are far from
1053 nm. All of the devices are synchronized by a digi-
tal delay pulse generator (SRS, DG645) at a repetition
frequency of 1 Hz.

The regenerative amplifier in this laser system con-
sists of a diode-pumped, neodymium-doped phosphate
glass rod (N3122) and a folded 540-cm-long cavity. The
cavity is designed for working at a stable location, and
is composed of two concave high-reflection (HR) end
mirrors and an intracavity convex lens. The diode side-
pumped laser head provides a single-pass small signal
gain of ∼ 1.7. The Pockels cell (FastPulse 5046E) in

1671-7694/2014/041402(5) 041402-1 c© 2014 Chinese Optics Letters



COL 12(4), 041402(2014) CHINESE OPTICS LETTERS April 10, 2014

Fig. 1. Schematic of the laser system.

the cavity is used to switch and control laser pulse cy-
cling and ejecting. After approximately 50 round trips,
a ∼12-mJ amplified pulse is switched out with 0.5%
(RMS) long-term stability at a repetition frequency of 1
Hz.

The MPA follows the regenerative amplifier. A wedge
plate is used for beam sampling to determine the perfor-
mance of the regenerative amplifier. A half wave plate
(HWP) and two thin film polarizers (TFP) are used to
adjust the pulse energy injected into the MPA. The laser
pulse passes through a Pockels cell pulse slicer (electro-
optical time gate) to clean up the residual prepulse and
post-pulse power leakage up to an extinction level near
10,000:1. The off-track light path is adjusted with a cen-
tering alignment glass, which is 30-mm thick. The spot
size of the laser beam is expanded from 3 to 30 mm by a
10X beam expander. The expanded beam is shaped by
two binary amplitude masks. The first is optionally in-
troduced to compensate for the non-uniform spatial gain
profile in the MPA. The second binary amplitude mask
can shape the laser beam into a square with a profile
of 18×18 (mm). The MPA is designed as a four-pass
structure that is composed of two end mirrors, a laser
amplifier head, a quarter wave plate (QWP), and two
vacuum spatial filters (VSF). Each VSF contains a four-
element pinhole array, such that each of the four passes
is angularly multiplexed. The second binary amplitude
mask becomes the reference plane for the relay imaging.
The reference plane is relay imaged into the center of the
rod, and then onto M1, back to the center of the rod,
and then onto M2, and back again. The QWP enables
us to select between two-pass or four-pass amplification.
We only discuss the four-pass operation in this paper.
The MPA optical components are carefully arranged to
avoid ghost reflections.

The amplifier head used in the MPA is a flash lamp-
pumped Nd:glass rod with 32-mm diameter and 360-mm
length. To miniaturize the amplifier head (160×160×450
(mm), 12 flash lamps and the rod are steeped in the cool-
ing water, as shown in Fig. 2.

The amplifier head used in the experiment is described
above. To miniaturize the size and structure of the
amplifier head, the Nd:glass rod is symmetrically and
closely surrounded by 12 flash lamps. The gain distri-
bution of the rod would not be uniform because of the
structure of the amplifier head. The voltage supplied to
the flash lamps is adjusted near 8.0 kV, and we measure
the one-dimensional gain distribution of the amplifier
head. The small signal gain G0 of the different positions
is shown in Fig. 3.

Fig. 2. Structural diagram of the amplifier head in the MPA.

Fig. 3. Small signal gain distribution in the amplifier head.
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With a small signal gain from a high-signal pass of the
amplifier head, the weak residual reflection will lead to
parasitic oscillations. The laser system will be useless
as an amplifier until the MPA can be prevented from
becoming an oscillator. Figure 4 shows the parasitic
oscillation path in the MPA. The net gain of this path
is Gnet = G4

0T4−passRglint
Pcontrast

, where T4−pass is the four-pass
transmittance of the MPA cavity, Rglintis the reflectivity
of the AR coating on L1, and Pcontrast is the polarization
contrast of the QWP and TFP. The static transmittance
of the four-pass amplifier is 65%. The QWP and cavity
TFP provide a polarization contrast of 1500:1. Standard
AR coating can provide 99.5% transmittance. Therefore,
G0 < 4

√
Pcontrast

T4−passRglint
= 26 is required to suppress para-

sitic oscillation. For the 18×18 (mm) laser beam, the
highest gain is about 23 at the four corners of the beam.
Parasitic oscillations occur at the edge of the rod and not
in the laser beam area. A 22×22 (mm) square aperture is
introduced to eliminate the parasitic oscillations caused
by the high gain.

The gain distribution of the amplifier head is basically
symmetrical. For the 18×18 (mm) laser beam, the ra-
tio of the small signal gain between the center and the
edge is about 1.35. Thus, the first binary amplitude
mask is optionally designed to compensate for spatial
non-uniform gain in the MPA. Based on the description
above, the precompensation shaping mask is designed as
shown in Fig. 5. The transmittance of the position 9
mm away from the center is about 30%.

After compensating for the non-uniform gain profile,
the amplified laser beam profile is shown in Fig. 6.
The near-field of the output beam is near flat top, as
can be seen in Fig. 6(a). This finding shows that the

Fig. 4. Schematic of parasitic oscillation path.

Fig. 5. Designed transmittance of the precompensation shap-
ing mask. The left inset is the designed profile of the MPA-
injected laser beam and the right inset is the measured profile.

Fig. 6. Near-field beam profile and far-field energy concentra-
tion rate of the output beam. (a) One-dimensional intensity
distribution of the output laser beam. The inset displays the
profile of the near-field; (b) measured and ideal energy con-
centration rate curve of the focal spot. The inset displays the
profile of the far field.

precompensation binary amplitude mask is designed at
the appropriate level. The fill factor is often used to
evaluate the uniformity of the near-field of the laser

beam. It can be calculated using FF =

∫
I (x, y) dxdy

ImaxAbeam
.

For our MPA output beam, the fill factor of the near-
field is 71%. Fig. 6(b) shows the measured and ideal
energy concentration rate of the focal spot and far-field
profile. The diffraction limit in Fig. 6(b) is the zero-order
diffraction spot size of the Fraunhofer diffraction of an
ideal 18×18 (mm) beam. The output of the MPA is near
the diffraction limit.

The energy injected into the four-pass amplifier can be
adjusted by rotating the HWP following the regenerative
amplifier. Figure 7 shows the measured and calculated
output energy for the four-pass amplifier. To simplify
the calculation process, we assume that the distributions
of the spatial intensity of the input laser beam and small
signal gain are uniform while we calculate the output
energy of the MPA in theory. We also assume that the
transmission of each pass is equal. Therefore, in the case
of a small signal injection, the measured output energies
of the MPA fit well with the calculated curve. However,
with the increase in injection, the gain saturation effect
limits the output energy of the amplifier, which leads
to a deviation between the measured energy and the
predicted energy, as shown in Fig. 7. Output energy of
10.3 J is obtained with 1.0-mJ input. The total gain of
the four-pass amplifier is more than 10,000. We limit
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the output laser pulse energy at this value to reduce the
risk of damage to the optical element coating. With a
number of operations, the shot-to-shot energy stability
is 1.5% (RMS).

In the case of the 10-J output of the MPA, the tempo-
ral waveform of the amplified laser pulse is shown in Fig.
8, which approximates the flat top with a nanosecond
duration.

The frequency conversion of the 10-J level output laser
pulse is demonstrated with two KDP crystals, as shown
in Fig. 9(a). The second harmonic generation (SHG)
process employs a KDP crystal using type I phase match-
ing and the third harmonic generation (THG) process
employs another KDP crystal using the type II phase
matching. Up to 7-J second harmonic laser pulse at 526.5
nm and 5.5 J third harmonic at 351 nm are obtained.
These results can be used in studies concerning optical
element damage. Figure 9(b) shows the near-field beam
profile of the 3ω laser beam. The spots and annuluses

Fig. 7. (Color online) Calculated and measured output energy
plotted against injected energy. The solid black line is the cal-
culated output energy using the Frantz-Nodvik model[21] and
the red dots are the measured output energy.

Fig. 8. Temporal waveform of the MPA output laser pulse.

Fig. 9. Frequency conversion process of the MPA output laser.
(a) Schematic of the SHG and THG processes; (b) near-field
profile of the 3ω laser beam.

Fig. 10. Measured wavefront distortion (peak-to-valley) after
one shot along with the cooling time. The dots are the wave-
front distortion peak-to-valley at different time. The lower
left inset is the wavefront profile 3 min after the shot and the
upper right inset is the wavefront profile 6 min after the shot.

are caused by the dust on the CCD window glass surface.
Moreover, the thick modulation is caused by the knife
lines while the KDP crystals are cutting.

The MPA system should only operate once per 10 min
because of the heat accumulation of the Nd:glass rod.
The temperature gradient in the rod may lead to ther-
mally induced depolarization and wavefront distortion.

After one shot, we measure the wavefront distortion of
the Nd:glass rod using a Hartmann Shack sensor, which
is shown as Fig. 10. The maximum wavefront distortion
is located at about 0.22λ. As the laser rod cools, the
wavefront distortion decreases. After about 5 min, the
distortion recovers to the 0.1λ level, which is slightly
adequate for a next shot. Therefore, the miniaturized
amplifier head used in our MPA can support a higher
operation frequency.

The laser system can operate once per 5 min or even
for a shorter time by compensating for the thermally
induced depolarization and wavefront distortion[21]. Fur-
ther studies have been conducted and will be reported in
the near future.

In conclusion, we demonstrate a Nd:glass laser system
consisting of a master oscillator, a regenerative amplifier,
and a four-pass amplifier. In the present work, a 10.3-J
laser pulse at 1053-nm (1ω) is obtained with 1.5% (RMS)
shot-to-shot fluctuation. By using two shaping masks, a
near-diffraction limit flat top laser beam with 71% fill
factor is obtained. The laser system can provide har-
monic pulses with 7 J at 526.5 nm (2ω) and 5.5 J at 351
nm (3ω). Finally, the possibility of higher frequency op-
eration is discussed. We will increase the repetition rate
of the laser system in our future work by compensating
for thermally induced depolarization.
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