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In ultra-high-power/energy solid-state Nd:glass laser facilities, the gain
distribution of the main amplifier system (MAS) is nonuniform owing to strong
amplified spontaneous emissions in the MAS. A shaped beam profile from a
preamplifier (PreAMP) should be set opposite to the gain profile in the MAS to
obtain a high-power beam with an approximately flat beam profile. This flat beam
profile can result in the high efficiency of the frequency-conversion crystals. In this
study, the laser beam was spatially formatted as an M-shaped beam with
precompensation (PreCOM) for the nonuniform gain profile of the MSA.
Modulation of the cross-sectional gain distribution of the PreAMP was
demonstrated by selecting the absorption coefficient of the Nd:glass rod and
pump configuration. Using the proposed off-axis relay-imaging eight-pass
amplifier, an M-shaped beam with an output pulse energy of 1 J and a
repetition rate of 1 Hz was experimentally achieved. With an Nd3+

concentration of 1.2 wt% and Nd: glass rod diameter of 18 mm, an M-shaped
beam profile with a 4.3:1 ratio of intensity at the margin to that at the center was
successfully obtained. Such controllable M-shaped beams can be optionally
introduced to the MAS to compensate for non-uniform spatial gain profiles.
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1 Introduction

Ultrahigh-power/energy solid-state Nd:glass laser facilities are highly desired for a wide
range of applications, such as high-energy-density science, inertial confinement fusion, and
astrophysics [1]. Generally, these laser facilities consist of a fiber-based front-end system,
preamplifier system (PreAMP), main amplifier system (MAS), and final optical assemblies
[2–5]. To maximize the laser energy and efficiency of frequency conversion, and reduce the
risk of optical damage resulting from the intensity-modulation-induced nonlinear effect, a
beam profile output from the MAS with a flat-top profile is required. However, owing to the
strong amplified spontaneous emission in MAS, the gain distribution is nonuniform, which
typically indicates that the gain coefficient is higher at the center of the active medium than at
the margin. Therefore, to obtain the desired flat-beam profile, the beam profile from the
PreAMP should be opposite the gain profile in the MAS, which is related to the gain
distribution and geometry of the MAS [6].

Currently, the most commonly used method to obtain a flat-beam profile is beam
shaping with an optically or electrically addressed liquid crystal spatial light modulator (LC-
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SLM) [7–10]. An LC-SLM can perform accurately programmable
manipulations; hence, the beam intensity can be dynamically
adjusted to have an arbitrary profile and compensate for gain
nonuniformities in the downstream amplifiers. An LC-SLM can

also be used for flaws or damaged spot shadows in downstream
optical components that are susceptible to laser-induced damage
growth [11, 12]. However, because the contrast of an LC-SLM is
relatively low (e.g., 100:1–200:1), its beam shaping capability is

FIGURE 1
(A) Schematic diagram and (B) whole optical path of an off-axis relay-imaging eight-pass Nd:glass PreAMP. THP1, THP2, THP3, THP4, thin-film
polarizer; M1, M2, M3, M4, CM1, CM2, flat reflecting mirror; L1, L2, L3, L4, lens; SF1, SF2, spatial filter; AMP, amplifier; FR1, FR2, 45o Faraday rotator.

FIGURE 2
(A) Structure of the amplifier head. (B) Schematic of the structure of 13 LD stacks side-pumped Nd:glass rod. Each stack consists of three LD bars.
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FIGURE 3
Simulation by a ray-tracing method. The number of LD stacks is (A) 3, (B) 7; (C) 9, and (D) 13.

TABLE 1 Typical-optical component parameters used for numerical simulation.

Parameter Value (%) Component

Reflectivity of reflecting mirror 99.8 M1, M2, M3, M4, CM1, CM2, CM3

Reflectivity of thin-film polarizer (s-polarization) 99.5 THP1, THP2, THP3, THP4

Transmission of thin-film polarizer (p-polarization) 97.5 THP1, THP2, THP4, THP5

Transmission of birefringence crystal 95 BFC

Transmission of lens and window 99.8 L1, L2, L3, L4, W1, W2, W3, W4

Transmission of rotator 99.6 ROT1

Transmission of Faraday rotator 99 FR1, FR2

Static absorption coefficient of Nd:glass (1/cm) 0.11 Nd:glass

Dynamic absorption coefficient of Nd:glass (1/cm) 0.33
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limited. If the shaping capability of an LC-SLM is further partly
consumed to compensate for the gain of nonuniformities, the effect
of damaged location shadows will decrease, which may affect the
safe operation of downstream optical components. To solve this
problem, an additional shaping mask with a specified transmission
distribution was introduced to compensate (i.e., include a
precompensation, PreCOM) for the nonuniform spatial gain
profile in the MAS [13]. However, both the aforementioned
methods suffer from unavoidable laser-energy losses. In
particular, when the amplifier is saturated (e.g., in a multipass
amplifier), the loss is considerably large.

In this study, an M-shaped beam method based on gain-
distribution manipulation was proposed, and a theoretical
analysis and experimental demonstration were performed. The
gain distribution in the PreAMP was manipulated to match the
nonuniform gain distribution in the MAS by optimizing the
pump configuration and parameters of the preAMP. Finally,
the fluorescence distribution and beam with an M-shaped
profile that was output from the PreAMP were experimentally
measured and verified; the results agreed well with the theoretical
results. The obtained results demonstrated the feasibility of the
beam-intensity shaping method based on accurate gain
distribution manipulations. This method can be applied in
high-power laser facilities to improve beam quality and energy
conversion efficiency.

2 Experimental setup

In this study, to improve energy extraction efficiency and
beam quality, we developed an off-axial relay-imaged eight-pass

PreAMP configuration (Figure 1). The PreAMP mainly contains
an amplifier (AMP), 45° Faraday rotators (FR1 and FR2), imaging
systems (SF1 and SF2), and other optical components such as flat
reflecting mirrors (M1, M2, M3, M4, M5, M6, CM1, CM2 and
CM3), and thin-film polarizers (THP1, THP2, THP3, and THP4)
(Figure 1A). FR2, placed after M2 in the layout to eliminate the
depolarization of M1 and M2 owing to the different reflectivities
of s- and p-polarization, compensates for AMP depolarization.
Each imaging system comprises two convex lenses and a vacuum
tube for relay imaging, low-pass spatial filtering, off-axial
amplification control, and beam-aperture matching. The
amplifier is designed to generate pulses with 1J energy and an
M-shaped profile to satisfy the energy requirement and
compensate for the nonuniform gain distribution in the
downstream amplifier.

The entire optical path in the off-axis relay-imaging eight-pass
PreAMP is shown in Figure 1B. An input laser with p-polarization
was injected into the amplifier system through THP4. After passing
through FR1, THP2, and THP1, the polarization state remained
p-polarized. The laser was then directed into a traditional four-pass
amplification cavity comprising M3 and M5 [2, 3]. In the four-pass
amplification cavity, the laser was amplified four times (first to
fourth pass) because of the polarization control of FR2 and then
coupled out from THP1 with p-polarization. The amplifier system is
off-axis; hence, the directions of the fourth-pass and first-pass lasers
are different. The direction differences and optic principles of a
birefringence crystal (BFC) were used to change the polarization
state from p-to s-polarization. The detailed principles are presented
in our previously published study [14]. The fourth-pass laser was
bounced using THP2. THP3 and CM3 were used to reflect the
fourth-pass laser to the BFC along the same direction, which is called

FIGURE 4
Calculated gain distribution for single-to eight-pass amplifications.
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the fifth-pass laser. Similar to the polarization change of the fourth-
pass laser, the polarization state of the fifth-pass laser was rotated by
90° after passing through the BFC. Consequently, the polarization
state of the laser changed from s-to p-polarization. It was then
injected into a four-pass amplifier cavity. According to the
reversibility of light propagation, the laser was successively
amplified for another four-passes, and the directions of the
eighth- and first-pass lasers were the same. The polarization state
of the eighth-pass laser rotated by 0° after passing through the BFC
once again and a p-polarization was maintained. Finally, the eighth-
pass laser was coupled from THP4 using HWP and ROT1.

3 Calculations

In the off-axial eight-pass PreAMP, the focal lengths of L1, L2,
L5, and L6 were 700 mm, and those of L3 and L4 were 600 mm. The
BFC were DKDP crystals, 32 mm in length. Laser diodes (LDs) were
selected as the pump source to reduce heat wastage, and the center
wavelength was 802 nm. The structure of the AMP (Figure 2) mainly
consists of 12 annular units and a Nd:glass rod. Each annular unit
comprised 13 LD stack side-ring-pumping schemes to improve the
gain and heat uniformity, and each LD stack consisted of three LD
bars. We used a ray tracing approach [15] to determine the optical

FIGURE 5
Simulated intensity distribution of output beam for single-to eight-pass amplifications. (A–H) single–8 passes.
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characteristics of the LD rays inside the Nd:glass rod (Figure 3).
When the number of LD stacks was greater than 13, a relatively
uniform pump light distribution was obtained in the angular
direction of the rod. Odd-numbered LD side pumping was used
to prevent the residual pump light that is not absorbed by the gain
medium from destroying the LD on the opposite side. A stack,
comprising three LD bars, was used on each side to further
homogenize the pump deposition.

The peak power of each LD bar was 500 W. Each ring unit had a
peak power of 19.5 kW. Thus, the total pump power of the AMP was
234 kW. The pump pulse width was set to 500 μs. The geometric size
of the Nd:glass rod wasV18 mm × 200 mm with an effective pump
length of 140 mm. The absorbed pump energy distributions at Nd:
glass rod with a radius of 18 mm were calculated. Nd3+

concentrations were 0.8, 1.0, 1.2, and 1.4 wt%, respectively. When
the Nd3+ concentration is 1.2 wt%, the absorbed pump energy
distributions have an M-shaped profile; therefore, the small-
signal gain coefficient also has the desired M-shaped profile,
which is capable of outputting the M-shaped beam profile.
According to the four-level rate equations, the dynamic
amplification process of the population inversion and photon
densities obeys Eq. 1 [16].

∂Δn x, y, z, t( )
∂t

� −σΔn x, y, z, t( )φ x, y, z, t( )
∂φ x, y, z, t( )

∂t
+ v

∂φ x, y, z, t( )
∂z

�
σvΔn x, y, z, t( )φ x, y, z, t( ) − φ x, y, z, t( )δv

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where Δn(x, y, z, t) is the population inversion density
representing the gain distribution, φ(x, y, z, t) is the photon
density, σ is the stimulated emission cross-section, v is the light
velocity in the gain medium, and δ is the loss caused by absorption
and scattering in the gain medium. With Eq. 1, the photon density
can be obtained after the amplification for a given inversion
population density and gain medium. Combining this with the
multipass amplification theory [17], the multipass amplification
process can be analyzed.

Because the equations are complex, we adopted numerical
calculations to analyze the amplification process. The typical
optical component parameters are listed in Table 1. In the
numerical simulations, the input beam is a 10 mm × 10 mm
flat-top square beam with energy is 0.16 mJ and the average
single-pass small-signal gain is 3.85. The calculated gain and
intensity distributions of the output beam for single-to eight-pass
amplifications are shown in Figures 4, 5, respectively. The
intensity distribution is centrosymmetric, and the intensity at
the margin is larger than that at the center. The ratio of the
intensity at the margin to that at the center was
approximately 4.2:1.

4 Experimental results and discussion

The experimental setup for the fluorescence distribution
measurement included a capture CCD, an imaging lens, and an
amplifier. An imaging lens was used to image the fluorescence
distribution from the end face of the Nd:glass rod to the CCD
detection surface. The charge-coupled device capture system was a
silicon camera (VH-4MG2-M20A2). The fluorescence distributions
measured at different Nd3+ concentrations are shown in Figure 6.
When the Nd3+ concentration was 0.8 wt%, as shown in Figure 6A,
the small-signal gain exhibited a flat-top profile. When the Nd3+

concentration was 1.0 wt% or 1.2 wt% (Figures 6B, C, respectively),
the small-signal gain exhibited an M-shaped profile.

FIGURE 6
Measured fluorescence distribution at different Nd3+ concentrations. (A) 0.8 wt%; (B) 1.0 wt%; and (C) 1.2 wt%.

FIGURE 7
Theoretical and experimental output energies as a function of
input energy.
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The output energy is measured as a function of the input energy
(Figure 7). For comparison, a theoretical curve is presented in the
figure, in which the experimental results are in good agreement with
the theoretical values. When the input energy was 0.16 mJ, the
output energy was ~1J.

TheM-shaped output-beam profiles were measured at an energy of
approximately 1J (Figure 8A). The intensity at the margin was larger
than that at the center. Moreover, the beam intensity was well-
distributed in mass, demonstrating the feasibility of the gain-
manipulation-based beam-shaping method. Similarly, for a
quantitative comparison, the intensity along the diagonal direction is
plotted in Figure 8B. The ratio of the intensity at the margin to that at
the center was approximately 4.3:1, which matches that of the MAS.

5 Conclusion

In this study, an M-shaped beam output from an off-axis eight-
pass PreAMP was demonstrated. Using the amplification theory, the
desired M-shaped small-signal gain coefficient was numerically
calculated to match the MSA. Finally, the actual output beam
intensity profile was experimentally measured and verified, and it
agreed well with the simulation results. The obtained results
demonstrate the feasibility of the beam-intensity shaping method
based on the accurate selection of the small-signal gain coefficient.
The energy efficiency of our method is considerably higher than that
of the commonly used LC-SLM beam-shaping technique,
particularly for saturated multipass amplifier systems.
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FIGURE 8
Measured M-shaped intensity distribution of output beam from the eight-pass amplifier at 1 J. (A)Near-field pattern; (B) Intensity distribution along
the diagonal direction. The ratio of intensity at the margin to that at the center is approximately 4.3:1.
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