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Dependence of curvature type of thermal lensing on
number of bounces in a zigzag slab laser:

numerical modeling*
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The curvature type of the thermal lens generated in a zigzag slab laser is numerically analysed. It is found that

the curvature type of the thermal lens varies alternatively between the convex and the concave lenses with the number

of bounces of light within the slab, which can be well explained by the trace of the zigzag propagation. In addition,

we conclude that the beamlet with a larger number of bounces experiences weaker thermal lensing but more serious

wavefront deformation due to the large side lobe portion in the curve of optical path difference.
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1. Introduction

The zigzag slab laser has attracted much atten-
tion and it has been widely researched due to its
outstanding performance in power scalability and the
nearly one-dimensional thermal gradient.!~4 A 19
kW ultrahigh laser output was achieved in a coher-
ent combination of two amplifier chains, where sev-
eral end-pumped Nd:YAG zigzag slab amplifiers were
used for the main stage.l®! Yasuhara et al.l reported a
thermally controlled Nd:glass zigzag slab laser with a
stimulated Brillouin scattering mirror, which reached
an average power of 213 W at 10 Hz, corresponding
to a peak power of 2.4 GW. Sridharan et al[l de-
veloped a 100 W class of Nd:YAG master oscillator
power amplifier (MOPA) laser system based in part
on an end-pumped zigzag slab power amplifier, be-
sides, an economic batch fabrication technique was

described. Our group!®!

produced a single-pulse en-
ergy of 1.02 mJ with a high-repetition-rate and a
high-pulse-energy MOPA laser system based on a two-
Also, a
high power zigzag slab laser oscillator was realized by
employing two Nd:YAG/YAG composite slabs in the

cavity, achieving a 402 W continue wave (CW) output

stage Nd:YAG zigzag slab main amplifier.

with an optical-optical efficiency of 35.4%.!%!
The zigzag path of the beamlet through the slab
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along the direction of heat removal efficiently reduces
the thermally induced optical path difference (OPD),
which however still exists. Several reports have dealt
with the thermal lensing effect in zigzag slab lasers.
Shoup et al.l% estimated the thermal profile of the
Brewster’s angle zigzag Nd:glass slab amplifier, the
stress distribution, and the thermally induced wave-
front error by using the finite-element program AN-
SYS. Chen et al.'') performed a realistic calculation of
the induced lensing due to the thermal and the stress
gradients in the edge-pumped Yb:YAG slab lasers for
the zigzag propagation. Chung and Bass!'? carried
out a thorough and general geometrical optics anal-
ysis of the slab-shaped laser gain medium with the
light propagating in a zigzag manner. They also de-
scribed the OPD introduced by the surface distortions
across the whole aperture. In the present paper, we
concentrate on the curvature type of the thermal lens
formed within the zigzag slab laser based on a nu-
merical modeling and demonstrate its dependence on
the number of bounces of light, which, to the best
of our knowledge, is disclosed for the first time. We
first introduce the modeling of the zigzag propagation,
and then calculate the temperature distribution and
the OPD profile, thereby exploring the origin of the

curvature-type dependence.
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2. Modeling of zigzag propaga-
tion

The coordinate system and the parameters used
in analysing the zigzag beam propagation within a
slab laser are presented in Fig. 1, where « is the apex
angle, v is the angle between the zigzag path and
the total-internal-reflection (TTR) surface, 6 and 3 are
the incident and the refractive angles respectively at
the slab end, t is the thickness of the slab, L is the
length of the TIR surface, and the overall slab length
is L + D.. We can obtain the following equation ac-
cording to the geometrical relation:
v = o — arcsin (nasm9>7 (1)

UL

where n, and ng are the refractive indices of the
air and the slab, respectively. The distance along
the z axis between adjacent bounces of light is in-
dicated by Dy = tctgy, and the projection length

at the TIR surface of the full-aperture beam is thus
D = D.+ D = t(ctgy+ctga). The circle-marked and
the square-marked arrow lines represent two edges of
the full-aperture beam entering the slab. The total
number of bounces N must be an even integer to avoid
the aperture clipping of the beam traveling through

the slab, and we can havel'?]

L = Ntctgy. (2)

The case N = 6 is presented in Fig. 1. From
Egs. (1) and (2), the number of bounces for a fixed
slab can be obtained for selected appropriate incident
angles at the slab ends. For a better view and a more
clear tracking of the laser beam within the slab, the
zigzag path of light is straightened by unfolding the
slab (shown by solid line) relative to the TIR surfaces
into a series of mirrored images (shown by dotted line),
as illustrated by Fig. 1.
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Fig. 1. Parameters and coordinate systems used in the analysis.

To investigate the thermal lensing in the slab, the

optical path difference must be calculated, which can

be expressed asl!7]

Dop = Dop,t + Dop,e + Dop,s, (3)

where Dy, ¢ and D, ¢ are caused by the thermal gra-

dients and the end effect, respectively, and Dgp s is
the OPD due to the stress-induced variation of re-
fraction. Generally, the third term on the right-hand
side of Eq. (3) is much smaller than the first and the
second terms,['14 thus it is not included in our mod-
eling. For the second term, the end-face deformation
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is caused by the strain in a small region near the end
face,['”] which can be derived from the thermal expan-

sion theory,[15:17]

le
Dop,e<xa y) = Ma/o [T(xa Y, Z) - TO}dzv (4)

where p, is the thermal expansion coefficient,
T(z,y,z) is the temperature distribution, T is the
average temperature, and [, is the length of the area,
The [
is difficult to determine. Thus, Dyp is usually cal-
culated by defining a ratio M, of Dy, to the total
OPD,!"*16.17 Jeading to the expression of the total

OPD as

in which the end-effect deformation occurs.

Do ,t
Doy = 722 (5)

In this paper, we take a further step to neglect

Dop.c and assume Dy, = Dgp ¢ because of two reasons.
First, the Nd:YAG/YAG composite crystal under con-
sideration has long end caps, which restrict heat gen-
eration to the central section, thus dramatically re-
ducing the end effect.['118] Second, in this paper our
main interest is in the dependence of curvature type
of thermal lensing, which is not affected at all by the
exclusion of the optical path difference due to the end
effect, since the total OPD is proportional to Do+ ac-
cording to Eq. (5). Therefore, the calculation of OPD
in our model is simplified into the calculation of Dqy ¢,
which can be described in the 2’3’2’ coordinate system

and is given by[!”]
roon ﬂ A
DOP(J: Y ) —ar [T(J? Y2 )w’y’z’ - To}dz, (6)

where T'(2/,y',2') is the temperature distribution in
the 2'y’z’ coordinate system. Obviously, the OPD
is more convenient to calculate with T'(z',y’, 2") ex-
pressed in the zyz coordinate system using the in-
terpolation method. The transformation formula be-
tween the two systems can be derived as

T,y 2 gy =T (2, 02,y siny+ 2" cosy)uyz, (7)

where {2 is dependent on the number of bounces N.
The {2 is given as

0 — ’275 [ceil(lz, siny — ¢/ cos*y|)]
2t

, (8)

where ceil(m) returns the smallest integer not less
than m. Furthermore, the focal length F; of the cor-
responding thermal lens can be written as!'!l

— (2" siny — ¢ cos )

(y B y0)2 (9)

B = Do ()~ Dopl0))

where gy represents the coordinate of the thickness

centre.

3. Temperature distribution

In the following, the calculation of the tem-
perature distribution within the slab is briefly de-
scribed. The same crystal parameters as those of the
Nd:YAG/YAG composite slab employed in the previ-

s18:9:13] are used. The slab is measured

ous experiment,
to be 8 mm in width (w), 2 mm in thickness (t), and
76.8 mm in length (L), into which a 0.5 at.% doped
50 mm-long Nd:YAG crystal is diffused and bonded
between two undoped 14.4 mm-long YAG end caps
with the ends cut at a = 45°. The slab is pumped
at each end by a diode stack with an output power of
1 kW, and the pumping densities in the width and the
thickness directions of the cross sections are assumed
to be uniform in this paper.

The three-dimensional thermal computation is
performed with the software program FEMLAB based
on the finite element method to solve the heat conduc-

tion equation!*6]
kV2T(z,y,2) + Q(z,y,2) =0, (10)

with boundary conditions

oT  h, w

=1 L-T) ate==o, (11)
oT  he t

By~ kD) aty=5 ()
oT  h,

= ?(Ta —T) atslab ends, (13)

where k is the thermal conductivity (14 W-m~1.K—!
for Nd:YAG), T, = 25 °C is the room temperature
T. = 15 °C is the coolant temperature, h, = 0 is the
free convection heat transfer coefficient at the ends
and the edge faces under the assumption of heat insu-
lation, h. = 106 W-m~—2-K~! is the forced convection
heat transfer coefficient in the cooling faces, and @ is
the heat power deposited per unit volume, which is
expressed as a fraction of the absorbed pump power
deposited as heat (30% for Nd:YAG).

Figure 2 shows the temperature profile in the
width centre of the cross section, indicating a maxi-
mum temperature of 126.2 °C. The temperature along

the slab width is quite uniform, thus the discussion of
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the thermal lensing is focused on the case along the
thickness direction.
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Fig. 2. (colour online) Temperature profiles in the slab
cross section at w = 0.
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Fig. 3. OPDs versus relative projection position at TIR
face for (a) N =10 and (b) N = 24.

The OPD data can be obtained by substituting
the solved T'(z,y, z) into Egs. (6)—(8).
the comparison of the OPDs experienced by the beam

We focus on

paths going through different positions along the pro-
jection length D of the full-aperture beam at the TIR,
face. Figure 3 describes the OPD versus relative pro-
jection position z, at the TIR face for the cases of
N = 10 and N = 24 respectively. The OPD is pe-
riodic versus z, with a period of Df. It is because
that arbitrary two beam paths with the 2, difference
of Dy is symmetric with respect to the y = 0 axis, thus
they experience the same total value of OPD along the
zigzag path owing to the symmetry of the dual-end
pumping configuration. The main lobe of the OPD
curve, i.e., the central portion with a z, range of Dy,

is close to the parabolic OPD profile of the imaginary
ideal lenses. The beam size of light within the main
lobe is referred to as the main lobe aperture, and the
other portion is called the side lobe aperture.

In Fig. 3, the maximum OPD value occurs at
zp = 0 for N = 10, while the minimum OPD value
appears at z,=0 for N = 24, which means that the
thermal lens along the slab thickness direction for the
main lobe aperture varies between the convex lens and
the concave one surprisingly only with incident angle
0 = 67.1° for N = 10 and 0 = 24.2° for N = 24.
To clarify the reason why the curvature type varies,
the temperature distribution in the cross section is re-
plotted in the z'y’2’ coordinate system with z, as the
variable of the vertical axis, as shown in Fig. 4. It is
pointed out in Fig. 4(a) that the ray at z,=0 passes
through the two hottest regions in the slab located at
the interfaces between the gain medium cap and the
undoped one. In comparison, the average temperature
along the route, through which the ray (dashed line)
on the edge of the main lobe aperture travels, is much
lower, therefore the thermally induced lensing appears
as a convex lens. The formation of the concave lens
for the case of N = 24 shown in Fig. 4(b) can be well
explained in a similar way.
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Fig. 4. (colour online) Temperature profiles in y'—z’ cross
section for (a) N =10 and (b) N = 24.

For the slab parameters presented in Section 3,
the available N for the full-aperture beam passing
through the slab ranges from 8 to 36, which is lim-
ited by the incident angles at the slab ends (the cor-
responding 6 ranges from 3.3° to 85.8°). However, if
we consider the SiOs coatings deposited on the TIR
surfaces, which reduces the loss from the evanescent
wave, it is required that v < 90°-0. = 90°—arcsin
(1.46/1.82)=36.7°, thus N should be no more than
28.[1 Figure 5 shows the variation of the focal length
of the corresponding thermal lens with the total num-
ber of bounces N for the main lobe aperture, indicat-
ing that the absolute value of the maximal OPD is
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reduced while the focal length is enhanced with the
raise of N. The case of N = 28 corresponds to a focal
length of 6.46 m. As the number of bounces increases
consecutively, the curvature type of the thermal lens in
the slab thickness direction oscillates between the con-
cave lens and the convex one, but not in an alternate
manner. It should be noted that although the zigzag
propagation with larger IV benefits from the weaker
thermal lensing as well as the higher fill factor,[**] the
ratio of D¢ to D becomes smaller and smaller, leading
to a larger portion of the side lobes and thus bring-
ing more serious deformation in the beam transverse

mode.

207

Focal length/m

10

Fig. 5. Dependence of focal length of the thermal lens
on N.

4. Conclusion

We investigate the thermal lensing along the di-
rection of heat removal in a zigzag slab laser by nu-
merically computing its temperature distribution, the
OPD profile and the focal length of the thermal lens.
Particular attention is paid to the dependence of the
curvature type of the thermal lens on the number of
bounces. The analysis and the discussion provide a
good reference for the design of slab parameters and
the selection of the number of bounces. Furthermore,
multiple zigzag slabs with different curvature types of

thermal lenses can be placed in a cavity or lined up
as a multi-stage amplifier, which may compensate the
thermal lensing and the wavefront deformation, thus
improving the beam quality.
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