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Design of an Nd:YAG Slab Structure for a High-power Zigzag Slab Laser Amplifier
Based on a Wavefront Simulation
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An Nd:YAG slab structure was designed for a high-power zigzag slab laser amplifier based on
computational simulation of the wavefront distortion. For the simulation, the temperature distribution in
the slab was calculated at first by thermal analysis. Then, the optical path length (OPL) was obtained
by a ray tracing method for the corresponding refractive index variation inside the slab. After that, the
OPL distribution of the double-pass amplified beam was calculated by summing the results obtained for
the first and second passes. The amount of wavefront distortion was finally obtained as the peak-to-valley
value of the OPL distribution. As a result of this study, the length and position of the gain medium were
optimized by minimizing the transverse wavefront distortion. Under the optimized conditions, the transverse
wavefront distortion of the double-pass amplified beam was less than 0.2 um for pump power of 14 kW.
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I. INTRODUCTION

Zigzag slab geometry has been used to achieve high-
quality beams in high-average-power solid-state lasers [1-12].
In the zigzag slab structure, the seed beam is amplified by
bouncing from the inside of the gain medium several
times by total internal reflection. This zigzag propagation
improves the beam quality in the transverse direction by
averaging out the wavefront distortion generated from the
thermal gradient in the slab [1]. On the other hand, since
the beam propagates straight ahead inside the slab for the
vertical direction rather than zigzag, the vertical wavefront
distortion can be large depending on the pump beam
profile, the optical design of the pump light delivering
components, the cooling uniformity, and so on. Therefore,
in previous studies, techniques for minimizing vertical
wavefront distortion have mainly focused on improving the
beam quality [10-12]. The occurrence of transverse
wavefront distortion has not been considered much in the
design of laser amplifiers.

However, despite the zigzag propagation, wavefront
distortion for the transverse direction also occurs in the
zigzag slab laser. The amount of transverse wavefront
distortion is small, but it can be a problem if the seed
beam is amplified by multiple chains for a high-power laser
output. Considering that the wavelength of a zigzag slab
laser is typically 1 pm, a small amount of 1 um distortion
acts as a phase fluctuation of 2m. Therefore, it is also
important to reduce the transverse wavefront distortion as
well as the vertical distortion.

Our previous study showed that the amount of transverse
wavefront distortion is related to the length of the gain
medium [11]. If the length of the gain medium is an
integer multiple of half of the zigzag period, the transverse
wavefront distortion can be minimized. This is because the
total optical path lengths for all points in the transverse
direction are nearly the same under these conditions, as
the ray of each point passes almost the same distance
alternating between the cold edge and the hot center.
Therefore, in the case of single-pass amplification with a
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certain incident angle, the transverse wavefront distortion
can be minimized by determining the length of the gain
medium accordingly. However, double-pass amplification is
applied more than single-pass amplification in high-power
operation. In this case, zigzag slab lasers generally have an
amplification structure in which the first pass and the second
pass have different incident angles. Thus, if the length of
the gain medium is determined by considering only one
incident angle, the transverse wavefront distortion may be
large for the other incident angle. For this reason, the slab
structure should be determined considering both angles.
In this work, an Nd:YAG slab structure was designed
for double-pass amplification in a high-power zigzag slab
laser amplifier. For this purpose, the transverse wavefront
distortion was computationally simulated considering the
zigzag propagation with two different incident angles. The
length and position of the gain medium were optimized by
minimizing the transverse wavefront distortion.

II. SIMULATION CONDITIONS AND
PROCEDURE

Figure 1 shows the conceptual scheme of the double
pass amplification of the Nd:YAG slab, which was used
for design of the slab structure. In this structure, pure
YAGs are located at both ends of the Nd:YAG. The slab
entrance and exit are cut at 45 degrees. The total length of
the slab is denoted by L, and the length of the Nd:YAG
is denoted by L4. The position of the Nd:YAG is denoted
by Xy, which means the distance from the left end of the
slab to the right end of the Nd:YAG.

Generally, in the case of a double pass amplification to
obtain a high power beam in a zigzag slab laser, the slab
incident angles are made slightly different from each other
to make a difference in path between the first and the
second amplifications. This is because the depolarized beam
can be returned to the opposite direction in the case of a
scheme of amplifying the same path twice by using a
change in polarization. The difference in amplification
path also allows for more extraction of the stored energy
in the gain medium. Thus, this scheme was used for the
simulation. The incident angle of the first amplification
pass is denoted by 6,, and that of the second amplification

pass is denoted by 6.

In the simulation, an end-pumped scheme was assumed,
which was symmetrically pumped for both ends. Ideally
uniform pumping in the height direction of the slab was
considered since only the transverse wavefront distortion
was of interest. The slab was 30 mm high, 2.5 mm wide,
and 120 mm long (L;). The incident angles, 8, and 6., were
determined so that the entire beam meets the condition of
total internal reflection inside the slab. Here, 0, was set to
be 22 degrees which means that the beam is bounded 30
times inside the slab, and 6, was set to be 18.5 degrees
which means that the beam is bounced 28 times inside the
slab. The doping concentration of the Nd:YAG was 0.2
at.%. Both sides of the slab were assumed to be uniformly
cooled to a temperature of 293 K with a film coefficient
of 0.33 W/mm’- K, and the width of the incident seed
beam was set to be 3 mm.

The simulation of the wavefront distortion proceeded in
the following order. The detailed simulation methodology
is well described in our previously reported papers [10, 11]
and is omitted in this paper. First, the temperature
distribution in the slab was calculated by thermal analysis.
Then, the obtained temperature distribution was used to
calculate the refractive index variation inside the slab.
Thereafter, the optical path length (OPL) was calculated
with the ray tracing method for each ray constituting the
laser beam after passing through the slab. After that, the
OPL distribution of the double-pass amplified beam was
calculated by summing the results obtained for the first
and second passes. The amount of wavefront distortion
was finally obtained as the peak-to-valley value of the
OPL distribution. Based on the simulation results, the
slab structure was optimized to minimize the transverse
wavefront distortion.

III. RESULTS AND DISCUSSION

3.1. Temperature Distribution

Figure 2 shows the temperature distributions of the slab
for the total pump power of 14 kW, which can extract the
laser power of ~4.5 kW. Figure 2(a) shows the temperature
distribution for the slab length axis at the center of the
width, and Fig. 2(b) shows the temperature distribution for

FIG. 1. Conceptual scheme of the Nd: Y AG zigzag slab amplifier for design optimization (Ls: total length of the slab, Ly: length of the
Nd:YAG, Xg: distance from the left end of the slab to the right end of the Nd:YAG, 6,: incident angle of the first amplification pass,

6: incident angle of the second amplification pass).
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FIG. 2. Temperature distributions (a) for slab length axis at
the center of the width and (b) for slab width axis at the
temperature peak position of the length when the total pump
power was 14 kW. Here, Ly and X are 100 mm and 10 mm,
respectively, so that the lengths of the pure YAGs located at
both ends would be equal.

the slab width axis at the temperature peak position of the
length. In this case, Ly and Xy were set to be 100 mm and
10 mm, respectively, so that the lengths of the pure YAGs
located at both ends would be equal.

As seen in the temperature distribution for the length
axis direction shown in Fig. 2(a), the temperature rapidly
increased from the interface between the pure YAG and
the Nd:YAG, since the pump beam started to be absorbed
at the front surface of the Nd:YAG. The temperature
showed a peak after a few millimeters (~2 mm) from the
interface boundary, and the peak value was 390 K. As
seen in the temperature distribution for the width axis
direction at this position, the center of the slab width had
the highest temperature and lower temperatures toward the
side. The temperatures of the side edges were 293 K
because the slab was cooled to this temperature.

In the other conditions of L4 and Xy, the shape of the
temperature distribution was similar to that of Fig. 2, except
that the position of the peak shifted slightly due to the
interface position change of the pure YAG and the Nd:YAG.
Thus, these results have been omitted from this paper.

3.2. Determination of the Nd:YAG Length
As mentioned before, the refractive index variation inside
the slab was calculated from the obtained temperature
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FIG. 3. OPL distributions for transverse axis of the amplified
beam when L4 and X3 were 100 mm and 10 mm, respectively:
(a) OPL distributions for the first pass (6; = 22°) and for the
second pass (0, = 18.5°), (b) OPL distribution for the double
pass.

distribution. From the result of the refractive index variation,
the OPL distribution could be obtained by the ray tracing
method. Figure 3 shows the OPL distributions for the
transverse axis of the amplified beam when Ly and Xj
were 100 mm and 10 mm, respectively. Figure 3(a) shows
the OPL distributions for the first pass (¢ =22°) and for
the second pass (6, =18.5°). Figure 3(b) shows the OPL
distribution after the double pass amplification. The optical
path differences (OPDs), which mean the peak-to-valley
values of the OPLs, were 1.538 um for the first pass and
1.190 pm for the second pass. The OPL values of the first
pass were larger than those of the second pass because the
first pass with larger incident angle bounds more inside the
slab than the second pass. In this case, the OPDs for the
double pass, which are obtained from the sum of the OPL
values for the first and the second passes, is 2.718 pum.

Similarly, the OPDs with respect to the Nd:YAG length
(Lg) were calculated near Lg=100 mm. At this time, the
values of Xy were determined to satisfy Xg=(Ls- Lq)/2 so
that the Nd:YAG was positioned at the center of the total
slab length. Figure 4 shows the OPDs for the transverse
axis with respect to Lq. Figure 4(a) shows the OPDs for the
first pass (61 =22°) and for the second pass (6, = 18.5°).
Figure 4(d) shows the OPDs for the double pass.

As shown in Fig. 4(a), the OPDs for the single pass
periodically changed with respect to L4. In this case, the
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FIG. 4. OPDs with respect to the Nd:YAG length (Lg) for transverse axis of the amplified beam when the values of X3 were
determined to satisfy Xq =(Ls - Lg)/2 so that the Nd:YAG was positioned at the center of the total slab length: (a) OPDs for the
first pass (6, = 22°) and for the second pass (6, = 18.5°), (b) rescaled OPDs near L4 = 97.3 mm, (c) rescaled OPDs near L4 = 104.4

mm, (d) OPDs for the double pass.

period of the OPD variation was half of the zigzag period.
Geometrically, the zigzag period (7) can be easily calculated
by Snell’s law as

2w
tan {45°—sin'l |::1Sin(450_0)ﬂ , (1)

T =

where w is the width of the slab (=2.5 mm), n is the
refractive index of YAG (= 1.82), and @ is the incident
angle for each pass. The zigzag period for the first pass
(T)) was 7.82 mm, and the corresponding period of the
OPD variation was 3.91 mm. The zigzag period for the
second pass (7») was 8.38 mm, and the corresponding
period of the OPD variation was 4.19 mm. Thus, the
neighboring local minima of OPDs were 3.91 mm apart
for the first pass and 4.19 mm apart for the second pass.

As shown in Fig. 4(d), the OPDs for the double pass
also varied periodically. The OPDs for the double pass
depended on the amount of the OPDs for each pass and
the phase relation of the OPL distributions between the
first and the second passes. Figure 5 shows the OPL
distributions for two cases with the OPDs at a local
maximum point (P;) where Ly4=97.3 mm and at a local
minimum point (P,) where Lq=101.4 mm. Figure 5(a)
shows the OPL distributions at P; for the first pass (6; =

22°) and for the second pass (6, =18.5°), and Fig. 5(b)
shows the OPL distribution at P, for the double pass.
Figure 5(c) shows the OPL distributions at P, for the first
pass (61=22°) and for the second pass (6= 18.5°), and
Fig. 5(d) shows the OPL distribution at P, for the double
pass. At the local maximum P), as shown in Fig. 5(a), the
OPDs of the first and second passes are moderately large,
and the OPL distributions are in phase with each other. At
the local minimum P,, as shown in Fig. 5(c), the OPDs of
the first and the second passes are small and almost equal,
and the OPL distributions are out of phase with each other.

As a result, the OPDs for the double pass are minimized
if the magnitudes of the OPDs of the first and the second
passes are equal and the OPL distributions are out of
phase with each other. Thus, the Nd:YAG length can be
determined so that the OPDs of the first and the second
passes are nearly equal to each other. When considering
0.1 mm spacing, the Nd:YAG lengths meet these conditions
near 100 mm are Ly3=97.3 mm and L;=101.4 mm, as
shown in Fig. 4(a). Figures 4(b) and 4(c) show rescaled
OPDs at these points, showing that the OPDs of the first
and the second passes are almost equal to each other. For
these Nd:YAG lengths, the transverse wavefront distortion
can be minimized only if the conditions in which the OPL
distributions of the first and the second passes are out of
phase are satisfied.
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FIG. 5. OPL distributions for transverse axis of the amplified beam at a local maximum point (P;) where L = 97.3 mm and at a local
minimum point (P,) where Lg = 101.4 mm: (a) OPL distributions for the first pass (¢; = 22°) and for the second pass (6, = 18.5°) at
P, (b) OPL distribution for the double pass at P;, (c) OPL distributions for the first pass (¢; = 22°) and for the second pass (6, = 18.5°)

at P,, OPL distribution for the double pass at P».

3.3. Determination of the Nd:YAG Position

In the previous section, two candidates for the Nd:YAG
length were determined. One is for Ls=97.3 mm and the
other is for and L;=101.4 mm. As mentioned in Section
3.2, the OPL distributions for the first and the second
passes should be out of phase to minimize the transverse
wavefront distortion. Because the phase of the OPL
distribution depends on the position of the Nd:YAG, the
OPDs were evaluated by varying the Nd:YAG position
(Xy) for the two Nd:YAG length candidates.

Figures 6(a) and 6(b) show the OPDs for each pass
and for the double pass, respectively, when Ly=97.3 mm.
Figures 6(c) and 6(d) show the corresponding OPD results
when Lq=101.4 mm. In both cases, if Ly is constant, the
OPDs of the first and second passes are almost constant
even though Xy varies. Therefore, the variation of Xy is
almost related only to the phase change of the OPL
distribution. As shown in Fig. 6(b) when L4=97.3 mm,
the local minima were located at Xy of 7.3 mm, 9.3 mm
and 11.3 mm. Thus, the transverse wavefront could be
minimized at these positions of Nd:YAG. For these cases,
the OPL distributions for the first and second passes were
out of phase, and the OPDs were 0.199 pm, 0.164 pm,
and 0.166 um for Xy of 7.3 mm, 9.3 mm and 11.3 mm,
respectively. Similarly, as shown in Fig. 6(d), when Lq=
101.4 mm, the local minima were located at Xy of 7.2
mm, 9.3 mm, and 11.3 mm. Since the length difference

between 97.3 mm and 101.4 mm was small, the positions
of local minima for the two different lengths were almost
the same. In the case of Lq=101.4 mm, the OPDs were
0.188 um, 0.208 pm, and 0.164 pm for Xy of 7.2 mm, 9.3
mm, and 11.3 mm, respectively.

Figure 7 shows the OPL distributions for two cases
with the OPD values at a local maximum point (Ps) where
X34=9.3 mm and at a local minimum point (Ps) where
Xa=10.3 mm. Figure 7(a) shows the OPL distributions
at P; for the first pass (6 =22°) and for the second pass
(6,=18.5°), and Fig. 7(b) shows the OPL distribution at
P; for the double pass. At the local maximum Ps, as
shown in Fig. 7(b), the OPL distributions for the first and
second passes were in phase with each other. In this case,
the OPD for the double pass was 1.641 um. Figure 7(c)
shows the OPL distributions at P, for the first pass (6; =
22°) and for the second pass (6»,=18.5°), and Fig. 7(d)
shows the OPL distribution at P, for the double pass. At
the local minimum P4, as shown in Fig. 7(c), the OPL
distributions for the first and second passes were out of
phase with each other. In this case, the OPD for the
double pass was 0.164 pm.

As a result, the transverse wavefront distortion was
minimized for the cases of X3=7.3 mm, 9.3 mm, and 11.3
mm when Ly=97.3 mm and X;=7.2 mm, and 9.3 mm and
11.3 mm when Lq=101.4 mm. Any designs can be selected
for the Nd:YAG structure in a zigzag slab laser amplifier.
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IV. CONCLUSION

In summary, an Nd:YAG slab structure was designed
for a high-power zigzag slab laser amplifier. For this
purpose, computational simulations were performed to
calculate the transverse wavefront distortion considering
double-pass amplification with two different incident angles.
Based on the simulation results, the length and position
of the gain medium were optimized by minimizing the
transverse wavefront distortion. As a result, the transverse
wavefront distortion could be minimized for the cases that
the position of the Nd:YAG (Xy) was 7.3 mm, 9.3 mm, or
11.3 mm when the length of the Nd:YAG (Lg) is 97.3
mm. The transverse wavefront distortion could be also
minimized when the position of the Nd:YAG (Xy) was 7.2
mm, 9.3 mm, or 11.3 mm and the length of the Nd:YAG
(Lqg) was 101.4 mm. In these cases, the transverse wavefront
distortion of the double-pass amplified beam was less than
0.2 pm for the pump power of 14 kW.

In this study, the slab structure was optimized by
considering double-pass amplification for two fixed incident
angles. However, the design optimization method of this
study can be also applied to other incidence angles.
Moreover, it can also predict the wavefront distortion in
a much higher power amplification chain using many
Nd:YAG slabs. Nevertheless, the wavefront distortion of
a real situation may be different from the simulated result.
This is because many other factors, such as non-uniformities,
can affect the wavefront distortion. However, the simulation
method and the results obtained in this study are expected
to be helpful in the initial design of a gain medium
without any experimental work.
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