Enhanced efficiency of a

continuous-wave mode-locked Nd:YAG laser by
mmpensatlon of the thermally induced,
nolarization-dependent bifocal lens
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Measurements of tha bifocal, thermally induced lenses of a cw Nd YAG laser were obtained. We

okserved four different foca) lengtha that are polarization and direction dependent.

The focal lengtha

were used to design stable reconators with large fundamental mode fillin 7 in the laser gain medium.  The

beem i3 totally polarized in the desired direction even withoul an intracavity Brew ster window.
developed s general approach (o the optimization of single-lamp, ew-pumped Nd:YAG lazers.

We
Upto 22

W of ow output power in the vertically polarized TEM,q mode and 15 W in the horizontal polarization are

obained for moderate lamp curren

Also, we demonstrate mode locking with 56-ps pulse duration at

33 A of lamp current and up Lo L3 W of avernge cutput power.,
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Introduction

Continuous-wave mode-lecked Nd:YAG lasers are
widely used in pulse compression experiments in
optical hihers and as pumping sources for color center
lasers.t%3  All (hese applications need high stability
and output power in the TEM, mode. In spite of its
being a well known and impo:-tant laser system, only
recently has it become possible to increase the output
puwer and stability of the fur damental mode TEM,,
ol no expense to pump powvert Because of the
thermul load in the laser rod produced by the lamp
pumping, there is a thermally induced lens (f) in the

LN -)‘-miru ;IJ‘.‘,J stanility anl output power were
wehieved by inereasing the fundarsental mode voluine
7 1t1 av the loees rod, consideciny the thermally 1.
W oas s oan irtercal aptical element in the
ol ’\"-\,L hele i commercist coniip-
Bt calldianie ot beanran the aclive
Ezzuzz;nah the witoet: Of theraally nduce !
ria':_-t'."u‘!;.."‘f e cutial varts ool the bennmods
desenstors with Lirgge saode volutae can be spe nmh

decigned to compensate for scme of these effects.®

The authors are with the [nstituto de Pesguizas Foecgétions @
Noclearcs, CNEN-SP, P.O. Box 11,049 Pluheirss, Sae Paolo,
Diearii 00549,

Howrived T July 1982,

QO-6935, 93 - 2T5H230- 05306 00, 1]

<1993 Optical Socety of America.

5230 APPLIED OPTICS - Vol 32, No 27 / 20 Septemnlwr

K]

Solid-state lasers, tierimal lenzing, mode locking.

Magui et wl'" ? demonstrated that for any resonator
with an mternal dynamical lens, there are two dis-
tinet stahility zones (0 < g2, < 1) corresponding to
two different sets of values of £ Around the mini-
mun vaite of the beam radius in the laser rod, in
each of these stability zones, the dependence of the
beam radius with f is negligible. In the case of
thermally induced focal length this means a large
range of pump powers. In these zones, the resona-
tor remains stable and shows little cutput power
fluctuation.  In the research of Magni e al., optimi-
zation was schieved for a single polarization.
However, Koechner® has shown that there are two
thermally induced, polarization-dependent focal
lengihs in the red. Assuming a cylhindrical symme-
try for untfor puinping and cooling, there is a focal
fength tfor the radil polavizaiion of light {fx) and a
difeient foeal lenglh dore tangentiad polarization {fy0

Howe define the pronmeter o as

follu

o ean be caleulated by counsidering the appropriate
photoelustic coellicients of Nd:YAG; the theoretical
value of aix 1.2, The expericiental values are in the
range Lebween I35 and L5

(1)

o=

Thermal Lens Analysis
The laser under investigation is a commercial madel's
polarized by an intracavity Brewster plate.  'The rod



is a Nd:YAG crystal with dimensions 4 mm x 78 mni,
pumped by a single lamp. Both rod and lamp are
placed on the foci of a gold-coated elliptical cavity,
with the major axis in the horizontal plane.

To measure the polarization- and direction-depen-
dent focal lengths, an aperture with two small rectan-
gular slits was introduced just before the laser rod.
The reason for the use of two slits is twofold: it
avoids the central part of the rod, where all the foci
coincide, and provides the crossover of the two benmis
for precise determination of the focus. An ex-
panded, collimated, and polarized He—-Ne beam illumi-
nates uniformly the whole slit area. If the polariza-
tion of the He-Ne beam is along the direction of the
slits, the thermal lens for radial polarization is mea-
sured; if the polarization is perpendicular to the
direction of the slits, the thermal lens for tangential
polarization is measured as shown by the scheme 1n
Fig. 1. The results of the focal length measurement
for different lamp currents are shown in Fig. 2. Also
shown is the best fit considering that f depends on the
inverse of the lamp pump power. It is clearly seen
that there are four different curves instead of the two
expected ones, indicating a spatial asymmetry of
the geometrical index profile. 1t is well known
that nonuniform pumping gives nonuniform lensing.
In our case, a higher thermal gradient in the horizon-
tal direction is expected because of the closer proxim-
ity of the rod to the pump lamp. The focal lengths of
the polarization components are related by a function
of the lamp current, B(I).  Therefore we have

f¥ = B(1) x fgH, (2)
and accordingly,
fo!" = B x 3", (3)

Combining the effects of axially symmetrical bire-
fringence, a, and the nenuniformity of the thermal

Fig. 1. Rectangular apertures used for measuring the different
focal distances fp and fx for horizontal (h) and vertical {v) polariza-
tion directions of the He-Ne beam. The lamp and rod are
conlained in the horizontal plane.
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Fig 2 Measared values of the focal distances for the different
polarizations as a function of the lamp current.  The lamp voltage
18127 V.

gradient, (1), we now can explain the observed
difference between the factors correlating f, and f in

the horizontal and vertical polarization. By combin-
ing expressions 1, 2, and 3 we obtain
! = o x B(I) x fp", (4)
v & v
flli - B(I:' X fR ‘ (5)

By analyzing Fig. 2, we note that /" and fz" show
approximately the same value for lamp currents from
28 A up to 38 A, In the case of horizontal polariza-
tion we measured a constant ratio of g to [ of 1.35.
Therefore, a = B and « X 3 = 1.35 for lamp currents
within this range. Thus « is 1.18, which is in good
agreement with the theoretical prediction of a = 1.2,

Optlimization of the Resonalor Design

The idea of increasing the mode volume and maintain-
ing high stability, developed by Magni et al.,1%-!3 will
be followed here, but different, polarization-depen-
dent focal distances are considered.

As is well known, the TEM, spot size inside the
rod, wy, 18 a funciion of the following resonator
parameters (see Fig. 3): L;, the rod to back mirror
distance, I;, the rod to front mirror distance, R; and
R, the back and front mirror radii, and the thermal
lenpths (f 1), according to Eq. (6):

Fig 3.

wy(fy, Ry, Ly, Ly, fR,q:J' = wy. (6)
laser Brewsler mode
rod plate  locker Ro

L‘ .L

Ly - ~—

L
Laser resonator scheme showing the relative distances of
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the mirrors and the laser rod.  These are the parameters used for
high-power optimization.
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iinposing minimum, thermally induced variation of
the TEMy, spot size inside the rod, we obtain the
following constraint: '

d
______ wJ{Rl‘ Rz' LI' L;l’- f.l‘? 1"] = {}, (Tj
R

As will be shown by our experimental results, the
laser remains stable for a large range of pump powers
in the neighborhood of the chosen induced thermal

lens,

fre = fas (8}

To design the desired system, one generally im-
poses a fixed total resonator length,

Ly+L,=L, (9)

or one gives priority to an available mirror set,
R, = R, (1)
R; = R, (1)

where w5, v F s Rl, R,, and L are the chosen laser
parameters. Generally it is possible to find a satisfac-
tory compromise among Egs. (9), (10), and (11) as is
shown by our experimental configurations.

Another parameter also used in the choice of the
optimum resonator is the misalignment sensitivity,
S(Ry, Ry, Ly, Ly, f).  This parameter is defined in Ref.
10.  Small values of S correspond to high stability.

It was found experimentally (we tested several
resonator configurations) that to obtain a clean and
round beam shape one should use ratios of rod
diameter (r) to TEM,, spot size (w;) of the order of
2.0 < r/w; < 2.2 at the chosen input power range
(approximately 4 kW), This ratio still prevents
higher-order modes from oscillation and minimizes
the effects ofdepolarization that are due to birefrin-
gence stress that leads to distortion of the beam
shape. In particular, this effect becomes stronger in
the outer part of the rod. Because of the presence of
the polarizing element (the Brewster window) inside
the laser, the larger the beam mode in the rod, the
higher the internal losses, in the presence of Brewster
windows.'s Therefore there is a trade-off between
the maximum mode size and the polarization-
dependent losses.

Laser Configuration and Characterlzation for Different
Polarizations

Vertical Polarization

The vertical polarization presents the same value for
radial and tangential focal lengths (Y and f£,Y), as
shown in Fig. 2. A general scheme of the laser
configuration is shown in Fig. 3. To optimize the
resonator for mode locking, we set the effective length
of the cavity to L = 150 ¢cm (mode locker frequency
49.95 MHz'¢) and optimized it for a thermal focal
length of 40 cm, which corresponds to 31 A of lamp

5282 APPLIED OPTICS / Vol 32, No. 27 / 20 September 1993

4 ————
| : ———
12 i

Z 10F }

i ' T

> Hj. {

F4 :

) I

+ l".—-

a r

. Fis
i .
ks x
U__J TN PRV aE IR FUT Y S N T Y Liia]

28 29 32 3l 32 33 34 35 3

[ (A
Fig. 4. Average laser oulput power as a function of the lamp
curtent for the optimized laser configuration in the vertical
piolarization for an effective resonator lengthof 150 cm.  The error
hars indicate the observed Auctuation. '

current (refer to Fig. 2).  The back mirror radius, R,
is =40 cm, and the output coupler, R,, is flat, with a
transmission of 12%. The distance L, is 54.5 cm.
Optimization in higher lamp currents is possible
using a different set of mirrors.

Figure 4 shows the cw output power as a function
of the lamp current for the complete configuration,
i.e., with the mode-locker inserted. The shift be-
tween the expected (31 A) and obtained (33 A) opti-
mum current may be justified by a possible nonopti-
mum choice of the filling ratio (r/w = 2.2) for this
polarization. In mode-locked operation an average
output power of 13 W was measured. The mode-
locked pulses were monitored with a high-speed
photodiode!” (rise time 35 ps) attached to a sampling
scope'® and measured with a background-free autocor-
relator. Power measurements were done with a
calibrated detector.!® The autocorrelation trace of
the pulses corresponding to 9 W of average power is
shown in Fig. 5. Assuming a Gaussian profile, the
pulse duration is 56 ps. Decreasing the rf power in
the mode locker, the output power increases and the
pulse width broadens to 100 ps at 12 W. The
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Fig. 5. Background-free second-harmonic generation autocorrela-

tion trace of the mode-locked pulse. Assuming a Gaussian pulse
shape, the full width at half maximum is 56 ps
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shortest pulse width observed was 50 ps; however,
the required rf power (> 5 W) exceeded the ¢ wpah:]m
of the mode-locker system. Typical daily perfor-
mance is @ W, with a pulse width of 60 ps (FWHM)
and peak-to-peak amplitude fluctuations smaller than
3%, at 33 A of lamp current. For cw operation,
without the mode locker, a maximum power of 15 W
was obtained at 33 A of lamp current.

To optimize the output power for higher lamp
currents and using our set of mirrors, the resonator
length was set to 116.8 cm, preserving the distance
L, = 545 ¢cm. Pure TEMy, mode operation with a
maximum output power of 22 W at 35 A of lamp
current (/= 33 cm) was observed. This means a
more than fourfold increase in output power com-
pared with the original commercial configuration'* at
the same input power. The output characteristics
are similar to those observed in the mode-locked
configuration. Amplitude fluctuations were less than
4%. It is important to point out that, in principle, it
should be possible to obtain 22 W for mode-locking
operation, with the appropriate set of mirrors for the
1.5-m-long resonator. It should be mentioned that
output powers in this range were already achieved for
higher lamp pump powers.*20

Horizontal Polarization

In this polarization there are two thermally focal
lengths, as shownin Fig. 2. It is of great importance
for stable laser output to design resonators where
both thermal focal lengths, fi and fy are at the
minimum of the two different stability zones. For a
given set of laser parameters, L, f, fy, and the chosen
mode-filling ratio, Fig. 6 shows the values of 1/R, and
1/R, as a function of L, (the rod to the back mirror
distance) that optimize the resonator. These calcula-
tions were performed following the procedure pro-
posed by Magm 10ie., Egs. (6)—{11). The curvature
of mirror R,"is mdependent of the focal length
{dashed curve in the figure). The calculations are
performed for the two focal lengths, fu¥ and ", as

-, 'a t..l__l_l...l._LJ-_l.-Lul—]—.l_L_l—L]_l_-L—J-_l_l P - 8 J_J.l LA AL
[} 2 48 G2 &g lea 128
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Fig. 6. Values of mirror radius for mode filling corresponding to
r/wy = 22 and high stability as a function of the distance (L}
between the back mirror (R,) and the rod position. Dashed
curves: values of 1'R,. Solid curves:.. values of 1/ R, for fu/ =
40 em and /3" = 30 em.  The arrows indicate the values of 1, R;
that compensate for both thermal lenses. The cavity overall
lengthis 117.6 em.

20 September 1893 .

indicated in the figure.  Of course, the values of R,
that stabilize the laser for each focal length are quite
different.  However, there are some values of R, that
will optimize the resonator for both focal lengths, 3,
and 5", simultancously {shown by the arrows in Fig.
6).  In this case, the focal lengths fo./" and f" corre-
spond Lo the same stable TIEMgg spol size in the rod.

In our case, the resonator overall length is 117.6 .
¢ the output coupler radius is By = - 120 em, and
its trangmission is 12%. The focal lengths at 34 A
(lamp current) are fz = 30 cmand fu¥ = 40cm. To
optimize simultaneously both thermal focal lengths,
the caleulated mirror radius would have to be R, =
~34 c¢m, for the distance L; = 40.9 em. The avail-
able mirror radius was R, = -40 em, with 100%
reflection at 1.064 nm. At the optimized current the -
resonator is unstable for the vertical polarization.

The behavior of the laseer output power as a
function of the lamp current is shown in Fig. 7. We
obtained 15 W of output power at 35 A of lamp
current, which corresponds to the calculated opti-
mum configuration lamp current. Stability was bet-
ter than 3% for cw operation at this current, which
shows that the optimization was successful. Rather
than the elliptical beam shape that one would expect
as a result of the different thermal lenses, we ob-
tained a completely circular beam shape for the
polarized TEMy, mode, as verified at various dis-
tances from the output coupler. This result can be
explained by examining the beam profile inside the
resonator. The change in focal length of the rod
affects the resonator beam profile mostly in the
region between the rod and the back mirror and only
slightly in the front mirror. The calculated output
beam radius for f = 30 cm 15 395 wm and for f = 40 ¢cm
is 397 pum at 34 A In fact, no observed beam
asymunetry is seen in all the current range.

A second peak in the output power curve, corre-
sponding to a strongly diffracted TEMy, mode with 17
W of output power, is also shown in Fig. 7. We
believe that this second peak is due to the use of the
back mirror with a value different from the ideal (-
cm rather than ~34 cm). Nevertheless, the good
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Fig 7. Output power as a function of the lamp current for the

optimized configuration in the herizontal polarization. The error

bars indicate the observed fluctuation.
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atability of our configuration shows that this method
of optimization permits slight chainges from the opti-
mized resonator. :

At the optimized lamp current, all of the tested
laser configurations oscillate in the desired polariza-
tion without the Brewster window. This is due to
the fact that the thermal lenses of the other polariza-
tion directions will not fulfill the stability condition.
Without the Brewster window, we observed that
when the lamp current is increased, the polarization
of the output beam changes between horizontal and
vertical. Simultaneously the output power drops to
zero at the polarization switching points. Neverthe-
less the insertion of the Brewster windows ensures
that only the desired polarization is dominant in the
whole range of lamp currents. The output powerisa
smooth function of the lamp current, as shown in
Figs. 4 and 7, for the desired range of operation.

Conclusions
Measurements of the thermally induced focal lengths
of a Nd:YAG rod were made. It was determined that

there are four different polarization- and direction-
dependent focal lengths. By relating these focal
components, it was possible to determine that the
coefficient o agrees well with the theoretically pre-
dicted value. We configured several resonators, and
we considered the measured values of the focal dis-
tances to test the predictions of our results. We
were able to obtain high output power and good
stability in all configurations. In particular, opti-
mized laser performance for the vertical polarization
either for cw or for mode-locked operation was demon-
strated. Very high cw output power (15 W) at a
moderate lamp current (33 A), with a stability of 3%
and a typical pulse width of 60 ps in mode-locked
operation, was obtained. It isimportant to note that
good stability and beam shape, with a well-defined
polarization, are fundamental for a variety of short-
pulse applications like pulse compression, synchro-
nous pumping, and additive pulse mode locking.
The self-polarizing behavior of our resonators also
applies to other materials that lase at different wave-
lengths for orthogonal polarizations. For example,
in Nd:YLF? the a axis (¢ polarized, 1053 nm) thermal
lensing is significantly lower than,for the ¢ axis (w
polarized, 1047 nm); thus the compensation scheme
could wavelength select this laser,
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