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Abstract Compact diode end-pumped acousto-optically Q-
switched Nd:YLF laser was developed. As in effective CW
diode end-pumped lasers, pump beam was made sufficiently
narrower than resonator Gaussian mode to increase effi-
ciency in Q-switched operation. The dramatic changes of
output radiation structure were observed at some resonator
lengths. The radiation structure is close to the Gaussian
mode in intervals between these lengths.

1 Introduction

The diode end-pumping of solid-state lasers offers the pos-
sibility to achieve high quality laser beams with high effi-
ciency. For this purpose, the pump beam dimensions should
be made smaller than the Gaussian mode diameter [1, 2]. In
this case, the radiation spatial structures (RSS) of the CW
laser depend on the resonator length L [3-6]. It can be dra-
matically far from the Gaussian mode at some degenerate L,
determined by the expression

arccos(glgz)l/2 =mnr/s, (1)

where r/s is an irreducible fraction, g1o =1— L/R| are
resonator parameters, R are radii of mirror curvatures.
It was shown in [7] that the degenerate condition (1) is
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not sufficient to form the radiation with complicated struc-
ture and thus to create critical configurations; it is neces-
sary to use also narrow enough pump beams. This fact was
demonstrated in experiments with Nd:YVOy4, Nd:YAG and
Nd:YLF CW lasers [3-6, 8, 9].

Q-switched compact diode end-pumped lasers DEPL are
important sources for a wide range of applications: Doppler
LIDAR and remote sensing [10], precise micromachining
of diamond [11], laser spark plugs [12], grooving and scrib-
ing [13], laser cutting [14] and so on. Typical energies per
pulse were 1-15 mJ and typical repetition rates 1-50 kHz.
Repetition rate of 500 kHz was achieved in [14]. Passively
Q-switched compact DEPL were developed in [15-20]. De-
pendence of the output RSS on L was not discussed in
any paper devoted to active or passive Q-switched DEPL
[10-20]. The question is: What are the manifestations of
Q-switched DEPL spatial structure dependence on L?

The use of the pump beam narrower than zero-order
Gaussian mode can be useful to increase efficiency only
when AM thermal lensing is relatively weak. Nd:YLF has
a sufficiently weak thermal lensing which makes it an ideal
crystal to investigate RSS as a function of L.

In this work, compact acousto-optically Q-switched
Nd:YLF diode end-pumped laser with near-Gaussian mode
was developed. To achieve higher efficiency, pump beam di-
mensions were made sufficiently smaller than the Gaussian
mode diameter. The dependence of the output radiation spa-
tial structure on resonator length was investigated.

2 Experimental setup
The experimental setup of an acousto-optically Q-switched

Nd:YLF DEPL is shown in Fig. 1. A thermostabilized
CW laser diode LD of 4 W maximum power emitting at
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Fig. 1 Experimental setup of diode end-pumped acousto-optically
Q-switched Nd:YLF laser: LD—Ilaser diode, LE—focusing lens,
M —end mirror, AOM—acousto-optical modulator, M>—output cou-
pler with 75% reflection at laser wavelength of 1.047 pm

0.805 pm is used as a pump source. The cylindrical lens
with a focal length of 0.5 mm reduces pump beam diver-
gence along LD fast axis. A lens LE of 4.24 mm focal length
focuses LD output to spot dimensions S &~ 0.15 mm X
0.21 mm (on the level of 0.5 intensity) onto a 6 mm-long
and 4 mm-diameter Nd:YLF active medium AM. The opti-
cal axis of AM is perpendicular to the resonator axis. AM is
inserted inside a copper block heat sink using heat conduct-
ing hermetic. The plain side of AM facing the pump beam is
antireflection coated at the pump wavelength and reflection
coated at the laser wavelength of 1.047 um (mirror M ). The
other side of AM has radius of curvature 60 mm and is an-
tireflection coated for the laser wavelength. Output coupler
is a plane mirror My with 75% reflection at the laser wave-
length. It is mounted on the translation stage that offers the
possibility to scan L continuously to observe the resonator
critical and noncritical configurations. The plane-concave
geometry of AM and the use of plane OC allow to change
resonator length by moving OC without resonator misalign-
ment. Moreover, plane wavefront just before OC gives pos-
sibility to install nonlinear crystal for intracavity second har-
monic generation or other angle-sensitive element inside the
resonator. For this reason, such schemes are used in compact
single-diode pumped lasers [21].

A compact acousto-optical modulator AOM is placed in-
side the resonator. An RF driver of 8 W power working
at 80 MHz produces in quartz crystal a running acoustic
wave AW of 10 mm length along resonator axis and of
1 mm width in the region of intersection with the laser beam.
A resonator Gaussian mode has diameter of ~0.4 mm at M.
Pump beam measured by a CCD camera at M is shown in
Fig. 2.

The output RSS were recorded by CCD camera. The to-
tal path between M and CCD camera was 320 mm. A pair
of plane-parallel plates decreases an energy falling on CCD
camera. The radiation power was measured by a power-
meter FieldMaster with measuring head LM-10. Q-switched
pulse shape was monitored by Tektronix DPO-4032.
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Fig. 2 Pump beam spatial
structure, measured by CCD
camera at M

P—

100 mkm

3 Results and discussion

The time of acoustic wave passing through laser beam
Tp and the switching time of RF driver define the time
of resonator Q-factor triggering 7. The diameter of the
Gaussian mode of our compact laser is ~0.3 mm; the speed
of acoustic wave in quartz is 5970 m/s, so Tp is equal
to ~50 ns. Taking into account the switching time of RF
driver, T is increased on several tenths of nanoseconds
compared to T'p. The roundtrip time of our laser is 0.55 ns,
thus the process of resonator Q-factor triggering goes on for
more than 100 roundtrip times. This time is comparable with
the time of RSS formation of fundamental resonator mode.
Therefore, it can be expected that RSS dependences on L
of acousto-optically Q-switched and CW effective compact
lasers have the same features.

As L was scanned, the dramatic changes of RSS were
observed in Q-switched operation at the critical configu-
rations r/s = 1/3,3/10,1/4,1/5,1/6,1/8 (1). RSS of the
ring type were observed at this critical configurations and at
absorbed pump power P not higher than 1.5 W. Such ring
structures should be observed in the critical configurations
even of astigmatic resonators in the case of sufficiently short
resonators with output coupler of sufficiently low reflectiv-
ity [9].

At P > 2 W, ring structures transform at high enough
repetition rates into the stretched ones as in critical con-
figuration r/s = 1/4 (Fig. 3c,d, e) due to the anisotropy of
active medium thermal properties. Corresponding RSS are
shown in Fig. 3 for two resonator configurations: critical
r/s = 1/4 (Fig. 3a,b,c,d,e), noncritical (Fig. 3f, g, h,1,]),
and for several operating modes: AW is running continu-
ously (AOM closed, Fig. 3a, f); Q-switched with repeti-
tion rates f = 1 kHz (Fig. 3b, g), 3 kHz (Fig. 3c, h), and
20 kHz (Fig. 3d, 1); AW is cut off —CW operation is real-
ized (Fig. 3e, j).

Concrete lengths corresponding to the critical configura-
tions depend on P and S due to the influence of the ther-
mal lens. The resonator length L; = 69.5 mm (Fig. 3a, b,
c,d,e, P=24 W, S~ 0.15mm x 0.21 mm) is approxi-
mately in the center of the critical configuration r/s = 1/4
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Fig. 3 Output radiation spatial AOM closed
structures for two resonator
configurations: critical
r/s=1/4at Ly =69.5 mm

(a, b, ¢, d, e), noncritical at

Ly =74.0 mm (f, g, h, 1, j), and
for several operating modes:
acoustic wave is running
continuously (AOM closed)

(a, f); Q-switched with
repetition rates f =1 kHz

(b, g), 3 kHz (¢, h) and 20 kHz
(d, i); acoustic wave is cut
off—CW operation is realized

(e, J)

Li=69.5 mm

2=74.0 mm

corresponding to the semiconfocal and at the same time dy-
namically stable resonator [22]. RSS at this critical con-
figuration is the most complicated [7]. As the repetition
rate was increased, RSS transformed close to the super-
position of Hermite—Gaussian modes observed in CW op-
eration (Fig. 3e). In Q-switched operation, RSS at repeti-
tion rates over at least 3 kHz and at noncritical configu-
rations become close to the Gaussian mode (Fig. 3g, h,1).
The resonator length difference between neighboring criti-
cal configurations r/s = 1/4 and r /s = 3/10 is for our laser
~22 mm. As L is scanned in the interval of ~12 mm in-
side noncritical configuration situated between these critical
configurations, RSS remain close to the Gaussian mode.

When AW is running continuously (AOM closed), the
laser generates at /s = 1/4 (Fig. 3a) as well as in other crit-
ical configurations, but no generation is observed at noncrit-
ical configurations (Fig. 3f). Closed AOM has sufficiently
low transmission only near resonator axis due to the finite
width of AW (1 mm). Laser radiation passes round AW at
AOM off-axis regions. In Fig. 3a (AOM closed) one can
clearly see the horizontal dark stripe in the center of the
pattern. This dark stripe corresponds to the on-axis region
of AOM low transmission. We have observed RSS at vari-
ous distances from OC and have found that laser radiation
consists at semiconfocal configuration from four rays with
different angles in a vertical plane. These so-called geomet-
rical modes [23] are possible only in the case of the degener-
ate resonator configurations [24]. We have found that output
power of geometrical modes (AOM closed) is ~60% of out-
put power in CW operation at semiconfocal configuration
r/s = 1/4. This means that up to several tenths percent of
power may be lost in Q-switched operation at critical con-
figurations and low repetition rates. RSS in Q-switched op-
eration at critical configuration r /s = 1/4 and repetition rate
f = 1kHzis shown in Fig. 3b. The central spot in this figure
corresponds to Q-switched pulse, and radiation in peripheral
area corresponds to geometrical modes generated in time in-
tervals when AOM is closed.

The problem of dynamical stability of resonators was dis-
cussed in [22]. As it can be seen from [22], for dynamically

f=

CwW

1 kHz f=3kHz

f=20kHz

Fig. 4 Q-switched pulse shape
at resonator noncritical
configurations

stable resonators and for thermal lens situated sufficiently
close to one of the mirrors (M7 in our case), dw;/df =0,
where w; is the spot radius on this mirror, f is the ther-
mal lens focal length, but dw,/df # 0, where w; is the
spot radius on output coupler M,. The feature of many
types of DEPL is that the thermal lens is adjacent to the
end mirror M; (not to the output coupler). It can be eas-
ily shown using relations given, for example, in [22] that for
a thin thermal lens the minimum of dw;/df is reached at
g1 =0.375(g> = 1). From this point of view, the length of
the resonator with minimum of dw;/df should be some-
what longer than the length of the semiconfocal resonator
(g1=0.5,g=1).

Q-switched pulse shape at noncritical configurations
where RSS are close to the Gaussian mode is shown in
Fig. 4. Duration of the pulse at 1 kHz repetition rate is 9 ns,
at 3 kHz is 12 ns. The average output power at 3 kHz repe-
tition rate is 0.8 W, at 20 kHz is 1.4 W at 2.4 W of absorbed
power.

The optimization of the acousto-optically Q-switched
compact Nd:YLF diode end-pumped laser with radiation
structure close to the Gaussian mode was implemented. To
achieve higher efficiency, the pump beam dimensions were
made sufficiently smaller than the diameter of the resonator
Gaussian mode. It was shown that spatial radiation structure
is far from the Gaussian one at certain degenerate resonator
lengths. It was shown also that at these lengths the consid-
erable distortions of the spatial structure are caused not only
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by superposition of cold resonator modes as in CW lasers
but also by acousto-optical modulator due to so-called geo-
metrical modes existing only in degenerate resonators. The
most considerable distortions were observed near degener-
ate length corresponding to semiconfocal resonator. A few-
millimeter detuning from this length allowed us to obtain the
best radiation spatial structure close to the Gaussian mode,
and at the same time to conserve low influence of the ther-
mal lens on the output beam size. Thus, an effective acousto-
optically Q-switched compact diode end-pumped Nd:YLF
laser with radiation structure close to the Gaussian mode
was developed.
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