Stability analysis of a diode-pumped, thermal
birefringence-compensated two-rod Nd:YAG laser

with 770-W output power
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Using a ray matrix method, we analyze theoretically how the  and 6 polarizations affect the resonator

stability condition of two laser heads with or without thermal birefringence compensation.

The reso-

nator stability condition is analyzed graphically for a plane—parallel and a concave—concave resonator.
The maximum range of stable region is found for both the short and the long cavity. The characteristics
of the laser output power are confirmed experimentally in association with the resonator stability
condition. The laser output power of 776 W is obtained with the optical-to-optical efficiency of 45% for
a plane—parallel resonator with a short crystal separation. © 2002 Optical Society of America

OCIS codes:

1. Introduction

For the development of a diode-pumped high-power
solid-state laser, a series of laser heads have been
used in general with and without thermal birefrin-
gence compensation. For example, Akiyama et al.l
used three laser heads to obtain a output power of 5.4
kW cw without the birefringence compensation. A
resonator with two laser heads and a 90° quartz ro-
tator in between was used for the thermal birefrin-
gence compensation of the crystal rod.2 In the side-
pumped Nd:YAG laser, at the high-input pump
power, the crystal rod has a short thermal focal
length for the crystal rod with a small diameter.
Therefore the detailed analysis of the resonator sta-
bility condition depending on both mirror distances
and a crystal separation is essential for the achieve-
ment of a high-output power with good stability, iso-
tropic beam profile, and high optical efficiency.

For the resonator with two laser heads, a general
relation between the radius of the fundamental mode
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and the stability of the resonator was reported pre-
viously.? In addition, in the same article, the stable
range of the stability condition was calculated theo-
retically in the various distances of resonator mirrors
and crystal separation. However, thermal birefrin-
gence compensation for the r and 6 polarizations was
not considered in the analysis of the stability condi-
tion. In the design of a resonator with two laser
heads, the thermal birefringence compensation with
a 90° quartz rotator was reported experimentally to
provide higher output power with better output
power stability, compared with that the case of no
thermal birefringence compensation.2 Recently, for
a single laser head, the stability condition including
the r and 6 polarizations was calculated theoretically
with a ray-matrix method and analyzed experimen-
tally in terms of the laser pump power and the dis-
tance of the resonator mirrors.t However, the
stability condition for two pump heads must be ana-
lyzed to scale up a laser output power with several
laser heads with or without thermal birefringence
compensation.

In this article, for two laser heads, we analyze the-
oretically with a ray-matrix method the effects of the
r and 0 polarizations on the resonator stability con-
dition with or without thermal birefringence compen-
sation. The resonator stability conditions of a
plane—parallel and a concave—concave resonator are
analyzed graphically in detail in terms of the total
pump power of two laser heads and the distance of an
output coupler. We show how the stable resonator
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Fig. 1. (a) Thermal birefringence compensated resonator scheme

of a plane-parallel resonator, including two crystal rods and a 90°
rotator in between; (b) schematic diagram of the laser pump head.

condition and the maximum range of stable region
are modified for both the short and the long cavity of
a plane—parallel resonator and for a concave—concave
resonator. In addition, the characteristics of the la-
ser output power are confirmed experimentally in
association with the calculated resonator stability
condition. In particular, the maximum laser output
power of 776 W, which corresponds to the optical-to-
optical efficiency of 45% and the optical slope effi-
ciency of 69%, is obtained for the symmetric plane—
parallel resonator with the shortest crystal gap
distance.

2. Analysis of Stability Condition

The resonator scheme used for the stability analysis
is shown in Fig. 1(a) and consists of two crystal rods
and a 90° quartz rotator in between for thermal bi-
refringence compensation. Two diode-pumped Nd:
YAG laser heads have the schematic geometry shown
in Fig. 1(b), and each head is constructed with a
Nd:YAG rod having a diameter of 5 mm and doping
concentration of 0.6 at. %, a cooling sleeve, a diffusive
optical cavity, and three diode arrays having a
summed pump power of 1080 W. The length of the
laser active medium is 9.6 cm. The detailed geom-
etry of the laser head is described in a report by Lee
et al.5

For the analysis of the resonator stability condi-
tion, we need to determine the thermal focal length of
single laser head for r and 6 polarizations. For such
purpose, the average thermal focal length (f) of a
single laser head is measured for the varied input
pump power (P;,) by use of a He—Ne laser at lasing
condition. For the measurement, an output coupler
has a reflectance of 65%. From the plot between 1/f
and P;,, we find the relation 1/f ~ 8.73P,, — 1, and
determine the slope of reciprocal thermal focal length
as 8.73D/kW.+ Here, D is a diopter and has a unit of
m~!. To calculate f. and f,, we used the ratio of
theoretical thermal focal length f,/f, ~ 1.2 (Ref. 6)
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and the definition of average thermal focal length f =
(f. + fo)/2. Then, by the above relation 1/f =~
8.73P;, — 1, we can determine f, and f,.

The stability conditions as parameters of the total
pump power of two laser heads, the distance between
two crystal rods, and the distances between the crys-
tal rod and the laser mirror are calculated theoreti-
cally. A uniformly heated laser active element has
parabolic temperature distribution, and the ray ma-
trix M, , for the medium is described as follows:?

M. = cos I',.,L (nol,,) ' sin T, ,L )
" =l sin T, 6L cos I, oL ’

where I',. 4 = (115,20/10)"/%, L is the length of the laser
active medium, and n, is the refractive index at the
center of the rod. The ngy, 5 is given by the relation

4AT [ 1 dn 20 9
Norop = No R? 9y dT tnyal,,l, (2)
where R is the radius of the crystal rod, dn/dT is the
temperature coefficient of refractive index, « is the
thermal expansion coefficient, and C, ; is the function
of elasto-optical coefficients P;;.6 AT is the temper-
ature difference between the rod center and the sur-
face and is related to the thermal focal length £, ,,
discussed in the previous section. For the Nd:YAG
crystal with [111] orientation, the AT can be written
aSG,S

ar= 2 : P
_4’1TL ldl+ 3 C fr,e :
2qr T
~ (5.66 X 10%(r)| R* 1
- (7.07 X 10“(6)) L fro o)

For the two-rod Nd:YAG laser, which includes a
90° quartz rotator between two crystal rods for the
thermally induced birefringence compensation, the
round-trip propagation matrix M,,_, for a plane-
parallel resonator is given by

A B
Mp*p = [C D:| (4a)
= [d MU RIIM ][]l M1 R]IZ]
X [Mr][dl]’ (4b)

where [d,] is the propagation matrix for the distance
dq, [1] is the propagation matrix for the distance be-
tween the crystal rod and the rotator, and [dg] is the
propagation matrix for the rotator with the length dp
and refractive index np. Here, for the future use, we
define the ray matrix [d,] for the distance between
two crystal rods as

eRRI e R P P I CS

_ [1 2l + dR/nR]

0 1 (5b)
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Fig. 2. Resonator stability condition (a) depicted schematically in
the g¥plane, and (b) calculated with and without thermal birefrin-
gence compensation for a plane-parallel resonator with the short
crystal rod separation of 18 cm and depicted in terms of a mirror
distance (d,) and total pump power.
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For the plane—parallel resonator, single-pass matrix
My is related to the length L* and g,*, g,* parame-
ters as follows:3

M, = [d\]IM ][][dr]II][M]ld1] (6a)
é;l* l;*

=|gfg* —1 (6b)
T 82

From Eqgs. (4a) and (4b), the stability condition of the
resonator is given by

A+D
-1<

<1. @8

By using Eq. (7), we calculate the stability condi-
tion of the plane—parallel resonator in terms of the
total input pump power of the two laser heads, the
separation of the crystal rod, and the distance of the
output coupler. The resulting stability condition
calculated with the short crystal separation of dy =
18 cm is depicted in Fig. 2(b). For comparison, in
Fig. 2(a) we added the stability condition depicted in
the g;* plane. In our laser system with thermal bi-
refringence compensation, an initial resonator stabil-
ity condition in the g;* plane is located at the point (A)

of the stable region S; for the total pump power cor-
responding to a laser threshold. Then, the resonator
stability condition varies along a line connecting
A-a—b-B-c-d-C for the increased pump power.
The stable regions S;, Sy, S35, and S, of the g;*-plane
correspond to the stable regions S;, S,, S;, and S,,
respectively, depicted in Fig. 2(b). Similarly, the un-
stable regions US,, US,, US;, and US, correspond to
the darkened unstable regions US,, US,, US;, and
US,, respectively, of Fig. 2(b).

The darkened unstable region US; shown in Fig.
2(b) was observed with thermal birefringence com-
pensation and caused by the different focal length for
the r and 6 polarizations.2 Thus the resonator con-
dition with thermal birefringence compensation does
not satisfy the condition of g;* = g,* = 0 by the
different focal lengths f, # f,. However, without
thermal birefringence compensation, the stability
condition does satisfy the condition of g;* = g,* = 0,
and the corresponding unstable condition of US; ap-
pears as a dashed curve between S; and US; for the
r—r polarization, and also as a dashed-dotted curve
between US; and S, for the 6—6 polarization. The
unstable region US, is caused by the mirror distance
d4, which is not equal to the half-crystal separation
ds/2. Therefore the mirror distance d; needs to be
equal to the half-crystal separation d,/2 to minimize
the width of the unstable region US,. The unstable
region US, corresponds to the unstable resonator
condition near point B in Fig. 2(a).

For the more increased pump powers, the resona-
tor condition returns along the line B—c—d-C and
repeats stable and unstable conditions. Similar to
the US;, the darkened unstable region US; observed
with thermal birefringence compensation is also
caused by the different crystal focal lengths f, and f,
in the left side and the right side of the resonator.
The unstable condition US; for the r—r polarization
becomes a curve (not region) denoted as a dashed
curve at the left side of the unstable region US;, and
that for the 6—6 polarization becomes also a curve
denoted as a dashed-dotted curve at the right side of
the US;. The dashed curve existing between the
US; and the above dashed-dotted curve at the right
side of the US; corresponds to the unstable condition
of US, for the r—r polarization. Note that the unsta-
ble region US; is broad in comparison with the US;.
From these resonator stability analyses with the
short crystal separation of d, = 18 cm, one can see
that stable laser operation is possible in the broad
stable region S, up to the maximum total pump
power of 2160 W for a mirror distance less than ap-
proximately 9 cm. Stable laser operation is limited
by unstable region US, for mirror distances larger
than 9 cm.

The resonator stability condition is modified for the
increased crystal separation (d,). Figure 3 shows
the calculated stability condition of the resonator
with the relatively long crystal separation of 39.2 cm.
One major modification for the increased crystal sep-
aration is that the line ¢ moves to the left-hand di-
rection, and the resonator stability condition arrives
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Fig. 3. Resonator stability condition of a plane-parallel resonator
calculated with the ray-matrix method for the long crystal rod
separation (d,) of 39.2 cm.

at the unstable region US, for the low-input pump
power. The broad stable operation range of the in-
put pump power can be achieved only by positioning
the mirror distance at d; = d,/2. Itis interesting to
see that within our maximum pump power the un-
stable region US, can be utilized for stable laser op-
eration. The long mirror distance can be utilized
effectively in designing a resonator involving @
switched, nonlinear crystals, shutter, etc. For a
plane—parallel symmetric resonator with two rods at
no thermal birefringence compensation, the stable
range of refractive power of one rod (=AD,) has been
known to be given by 8/Ly under the conditions of
two crystal rods in the separation of Lz/2 and the
crystal to mirror distance of L;/4.2 Here, Ly, is the
resonator length. In Ref. 3, the maximum point of
the stable region corresponds to the resonator condi-
tion reaching the unstable region (US,). However,
for the resonator with thermal birefringence compen-
sation, Fig. 3 shows that the stable range of refractive
power can be limited by the unstable region (USs), of
which the width is broad and comparable with the
stable region (S,). In addition, the stable region (S,)
can be partially unstable by the unstable region (US,)
of the r—r polarization by incomplete thermal bire-
fringence compensation. Therefore for the case of
two rods placed in the separation of Ly/2 and the
crystal-to-mirror distance of Ly /4, the maximum sta-
ble range is considered to be a little less than (4 +
2V2)/Lg, which corresponds to the refractive power
required to reach the center of unstable region (USs).

For a concave-concave resonator with two rods at
thermal birefringence compensation, the round trip
propagation matrix M,__ is given by

M, .= ROdIMERIIZIIM]d][R,clldA]

X [MJdRIIIM, d4], (8)
where [R{1is the transfer matrix for the concave full
mirror and [R,.] is that for the concave output cou-
pler. Resonator stability condition can also be ob-
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Fig. 4. Resonator stability condition of a concave-concave resona-
tor calculated with the crystal rod separation of d, = 18 cm and
both mirror radii of 200 cm.

tained by the relation given in Eq. (7), and the
resulting stability condition is illustrated in Fig. 4.
Here, both a full mirror and an output coupler are
assumed to have the same radius of 200 cm, and dy =
18 cm. In comparison with the case of a plane—
parallel resonator, the unstable region US; of the
concave—concave resonator moves to the region of
slightly lower input pump power. The unstable re-
gion (US,) also moves to lower input pump power for
the shorter mirror distance (d;), less than ~9.5 cm.
However, no change in lower limit of the unstable
region US, is observed for the mirror distance longer
than 9.5 cm. The minimum width of the US, exists
at a slightly longer mirror distance of d; = 9.5 cm.
Little changes are observed for the unstable regions
US; and US,.

3. Experimental Results

On the basis of the analysis of the stability condition
described previously, we analyzed experimentally the
characteristics of a plane—parallel resonator with two
crystal rods with a 90° rotator in between. For the
small gap distance with two crystal rods separated by
ds = 18 cm, the laser output power is measured for
the various mirror distances, as shown in Fig. 5. In
the figure, total pump power represents the sum of
input pump powers applied to two laser heads. The
reflectance of an output coupler is fixed at 65% for
this measurement. For the short mirror distance of
d; = 9 cm, which corresponds to the d,/2, the laser
output power increases steadily in proportion to the
total pump power, without any decrease in the output
power. The maximum laser output power of 776 W
corresponds to the optical efficiency of 45% and to the
optical slope efficiency of 69%. However, as the dis-
tance d; of both laser mirrors is increased equally for
the fixed crystal separation of 18 c¢cm, the laser output
power is saturated at high-input pump powers. The
saturation points of total pump power exist at 1530 W
for d,; = 14.6 cm, 1422 W for d; = 16.6 cm, and 1080 W
for d; = 22.6 cm. These input pump powers are de-
picted as empty squares in Fig. 2(b). We see that the
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Fig. 5. Laser output power of a plane-parallel resonator mea-
sured for different mirror distances (d;) with an output coupler
reflectance of 65% and a crystal rod separation of d, = 18 cm.

saturation points measured experimentally coincide
well with that of the calculated stability condition.

To see the laser output power characteristics of
thermal birefringence compensated resonator at the
stability condition of g;%*g,* = 0, the laser output
power of a plane—parallel and a concave—concave res-
onator are measured in detail, as shown in Fig. 6.
For both resonators, the output coupler is placed at
the short mirror distance of 9 cm, and the crystal rod
separation is 18 c¢m. The radii of the concave-
concave resonator are 200 cm. The laser threshold
of a plane—parallel resonator existing at the total
pump power of approximately 473 W indicates that
initial stability condition belongs to the stable region
S;, shown in Fig. 2(a). However, around the stabil-
ity condition of g;*g,* = 0, the laser output power of
a plane—parallel resonator shows a narrow dip at the
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Fig. 6. Dependence of laser output power on total pump power
measured with a short mirror distance of d; = d,/2 = 9 cm for a
plane-parallel and a concave-concave resonator. Reflectance of
an output coupler is 65% for a plane-parallel and 70% for a
concave-concave resonator.
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Fig. 7. Laser output power of a plane-parallel resonator mea-
sured with/without a 90° rotator at d, = 24.2 cm and d; = 12.1 cm.

total pump power of approximately 1212 W. The
narrow dip occurs inherently in the resonator with
thermal birefringence compensation. Thus, as ex-
plained previously, the stability condition shown in
Fig. 2(a) varies initially along a path A—a—b-B for the
increased pump power. Even for the symmetric res-
onator with d; = d,/2, the g;* and g,* parameters
can not be zero simultaneously because the r- and
0-polarized beam experiences different crystal focal
lengths in the left and right side of a resonator. This
leads to the darkened unstable region US; of Fig.
2(b), and causes the narrow dip. Note that for the
concave—concave resonator the narrow dip exists at a
slightly lower input pump power of 1130 W.

As explained in Fig. 2(b), for the crystal rod sepa-
rated at the short distance of d,, a longer mirror
distance is restricted by the unstable resonator con-
dition US, in the range of high-input pump power.
For a laser oscillator including a @ switch for pulsed
operation and/or a second harmonic device for green
beam generation, the long mirror distance is required
while maintaining a high laser output power. One
can achieve this by utilizing the third stable resona-
tor condition S, shown in Fig. 3. To have a long
mirror distance and to fully utilize the stable resona-
tor condition without operating in the unstable region
US,, we construct a symmetric resonator with the
long distances d; = dy/2. Figure 7 shows the laser
output power of a plane—parallel resonator measured
with dy = 24.2 cm and d; = 12.1 cm. As expected,
the laser power increases steadily up to the total
pump power of 1620 W, and no power drop is ob-
served at the resonator condition near US,. This
proves that a stable laser operation is possible in a
symmetric resonator with dy, = 24.2 cm and d; =
dy/2 = 12.1 ecm. The narrow dip, which is observed
at the relatively lower pump power of ~950 W in
comparison with that for the short crystal separation
of d, = 18 cm, can be explained by the unstable
region US; moving to lower pump power range for the
large crystal separation.
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Fig. 8. Laser output power and M2 beam quality factor of a plane-

parallel resonator measured with a long crystal rod separation of
dy = 39.2 cm and a mirror distance of d; = 19.6 cm.

To investigate the laser behavior in the third un-
stable condition US;, we construct a symmetric
plane—parallel resonator with the long distances of
dy = 39.2 cm and d; = 19.6 cm, which enable us to
have US; within the range of the maximum total
pump power. As shown in Fig. 8, the measured la-
ser power decreases gradually for total pump powers
above 1440 W by the third unstable condition US,.
Therefore for a symmetric resonator with thermal
birefringence compensation, the stable range of a la-
ser output power is limited by the unstable region
US;, and coincides with the theoretical stability anal-
ysis mentioned in Fig. 3. As expected, the narrow
dip originated from an unstable condition US; moves
further to the lower pump power range, and its effects
to the laser output power are negligible. One inter-
esting thing to note is that the laser output power
drops at the total pump power of approximately 1224
W, which corresponds to the unstable region US,.
The power drop near the US, region may be caused
by the increased sensitivity of laser power stability on
the mechanical and/or thermal disturbances for the
longer resonator length.

For the symmetric plane—parallel resonator con-
structed with the d, = 39.2 cm and d; = 19.6 cm, the
laser beam profiles are measured to show the useful-
ness of the laser operation in the stable resonator
condition S;. For the beam-profile measurement a
laser beam analyzer (Spiricon LBA-100A) equipped
with a CCD detector (Pulnix TM-745E) was used, and
the laser intensity was reduced with high reflective
mirrors and neutral density filters. For the total
pump power of 1572 W corresponding to the stable
resonator condition S5, the beam profile shows isotro-
pic intensity distribution, as shown in Fig. 9(c).
However, as shown in Fig. 9(d), the laser beam profile
near the unstable resonator condition US; shows dis-
torted intensity distribution for the increased pump
power of 1746 W. Thus the stable operation range is
limited by the US; owing to a decreased output power
and a distorted intensity profile. Similarly, the
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Fig. 9. Measured laser beam profiles depending on the stability
conditions of the plane-parallel resonator. Beam profiles are
measured at the total pump power of (a) 1151, (b) 1317, (c) 1572,
and (d) 1746 W with d, = 39.2 and d; = 19.6 cm.

beam profile has isotropic intensity distribution, as
shown in Fig. 9(a) in the stable region S, with the
corresponding pump power of 1151 W, and distorted
intensity distribution, as shown in Fig. 9(b) near the
unstable region US, with the corresponding pump
power of 1317 W.

It is worth mentioning that the beam quality de-
pends on arotator. With a rotator between two crys-
tal rods, better beam profiles are obtained with a
slightly low M? beam quality factor. For the reso-
nator with d, = d,/2 = 12.1 cm, the M? beam quality
factor of 61.9 is obtained with a rotator, while that of
63.8 is obtained without a rotator at the input pump
power of 1790 W. As shown in Fig. 7, however, the
laser output power is decreased slightly with the ro-
tator owing to increased cavity loss, except the range
of high pump powers, where the effect of thermal
birefringence becomes severe and leads to saturation
in laser output power.

We measured the M? beam quality factor of a
plane—parallel and a concave—concave resonator for
the varied mirror distance (d;) and input pump
power, and the results are shown in Fig. 10. The
dependence of the M? beam quality factor on the
mirror distance is measured with the d, = 18 cm and
the input pump power of 1572 W. The mirror radii
of the concave-concave resonator are 200 cm. Note
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from Fig. 2(b) that the input pump power corresponds
to the stable region S, for the d; less than approxi-
mately 15 cm. For the pump power of 1572 W in the
region S,, the M? beam quality factor is reduced as
the mirror distance increases to the unstable region
US,. The measured M? value of a plane—parallel
resonator was reduced from approximately 72 for
d; =9 cmto45 ford; = 14.6 cm. Further reduction
in the M? value is limited by unstable region US,.
For the concave—concave resonator, the measured
M? value is approximately 86 for d; = 9 cm and is
also reduced to 75 at d; = 15 cm.

For the fixed distances of d, = 39.2 cm and d; = 19.6
cm, we also measured the M* beam quality factor of a
plane—parallel resonator as a parameter of the input
pump power ranging from 747 to 1790 W. The mea-
sured M? values are denoted as darkened squares in
Fig. 8. As depicted in Fig. 3, for d; = do/2 = 19.6 cm,
the range of the input pump power corresponds to the
stability condition ranging from the region S, to USs.
Near unstable regions US, and US;, no noticeable re-
duction of the M~ value is obtained owing to the un-
stable laser operation for the relatively long mirror
distance. Therefore the laser operation near the un-
stable regions is not desirable for high-power lasers,
owing to the large M? value and unstable laser oper-
ation. Inthe stable regions of S, and S, the M? value
is increased slightly for the increased pump powers
and is measured as approximately 35 in the Ss.

4. Conclusions

Using a matrix formula, we analyzed theoretically
the stability condition of two laser heads with ther-
mal birefringence compensation. The stability con-
ditions of a plane—parallel and a concave—concave
resonator were analyzed graphically in terms of a
total pump power, a crystal rod separation, and a
mirror distance. For the short crystal separation of
ds = 18 cm, the resonator stability was analyzed as a
stable condition up to our maximum input pump
power of 2160 W for the mirror distances less than

d; = ~9 cm. However, for the resonator with the
ds/2 # d; > 9 cm, the resonator stability condition
was limited by the unstable region US,, at high pump
powers. In the experiment, the output power satu-
ration due to the unstable region US, was observed,
and its saturation point coincided with that predicted
by the theoretical analysis.

For the resonator with a long crystal separation,
the stable condition can be obtained with a symmetric
resonator with d; = dy/2. For the mirror distance of
d,; = dy/2, the laser output power can be increased
steadily up to the stable region S;. However, we
noted that the laser need hardly be operated stably
above the stable region Ss, because the width of the
unstable region US; is broad and compatible with
that of the stable region S,.

The unstable region US; of a concave—concave res-
onator was analyzed to occur at a lower input pump
power in comparison with that of the plane—parallel
resonator. Also, for the short mirror distance of
d; < 9.5 cm, the lower boundary of US,, of a concave—
concave resonator exists at the slightly low input
pump power compared with that of a plane—parallel
resonator. However, little changes were observed in
US; and US,. We confirmed experimentally that
the unstable region US; of a concave—concave reso-
nator occurs at a lower input pump power in compar-
ison with that of the plane—parallel resonator.

For a plane—parallel and a concave—concave reso-
nator, we measured the M? beam quality factor for
the varied mirror distance and the input pump
power. The measured M? value of a plane—parallel
was varied from ~72 for the d; = 9 cm to 45 for d, =
14.6 cm. However, for the concave—concave resona-
tor, the measured M? value was measured to vary
from 86 to 75 for the similar conditions.
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