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Abstract. This paper studies energy and time operation characteristics of a laser on a
Nd**:YAG crystal with passive Q-switches based on a dye-activated aliphatic polyurethane
matrix with high radiation strength. A high efficiency of laser generation both in a free
mode and at single pulse generation in the Q-switched regime is obtained using a samarium
diffuse reflector with a BaSO, filler. A single pulse energy and duration for the lasers with
passive Q-switches based on organo-nickel complex BDN and polymethine dye IR-1061 in
an aliphatic polyurethane matrix polymerized by the polycondensation method from 1.6-
diisocyanatohexane, poly[di(ethylene glycol) adipate] and trimethylolpropane as starting
components were compared. A powerful single pulse with an energy of ~1 J was obtained
in the Q-switching mode using polymethine thiopyrylo-4-tricarbocyanine dye (IR-1061).
The highly efficient Q-switching caused by the use of passive laser Q-switch based on the
IR-1061 dye is shown to be due to its specific linear and nonlinear spectral properties.
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1. Introduction

Industrial need for lasers emitting light with high energy
and power is constantly growing. Powerful pulsed lasers
of infrared (IR) spectral region are used in a variety of
applications such as ranging, marking, cutting, welding
and time-resolved spectroscopy. Solid-state lasers with
high output radiation energies can be implemented with
lamp pumping. Such a system, unlike diode-pumped
lasers, will be weakly sensitive to changes in ambient
temperature. Under free-running conditions, a laser emits
an irregular sequence of low-power light pulses, the total
duration of which is hundreds of microseconds
depending on the parameters of the pump lamp.
To obtain high-power single pulses, a change (increase)
in the optical cavity quality factor, the so-called
Q-switching, is used. There are four types of methods
that provide Q-switching: mechanical, electro-optical,
acousto-optical methods and application of saturable
absorption filters. Passively Q-switched lasers are the
most reliable because passive Q-switches are based on a
mechanism that changes the laser cavity losses in
response to the changes in the laser internal photon
density. Passive Q-switching elements do not require

high voltage, high voltage switching electronics, acoustic
transducers, and other complex devices to control Q-
switching processes.

Solid-state laser passive Q-switches fully meet the
modern operational requirements for the elements of
laser technology. For neodymium lasers with a lasing
wavelength of ~1 um, the solid-state Q-switches are
LiF:F, crystals with color centers [1-3] and garnets with
tetrahedrally coordinated tetravalent chromium ions,
Cr*:YAG [4-6].

With a relatively hi(I;h value of the absorption
cross-section, og4s=1.5-10"" cm? LiF:F, crystal-based
Q-switches are applied in low- and medium-power lasers
due to their good thermophysical properties and weak
thermal dependence of the refractive index. However, use
of LiF:F,” crystals is associated with a number of
problems. These crystals are sensitive to temperature
changes, have long relaxation times of the bleached state
(~100 ns) [3], are destroyed under the influence of
powerful laser radiation [7], and the color centers in them
are subject to degradation over time. Due to the presence
of birefringence, such Q-switches have an anisotropy that
is inhomogeneous over a cross-section. This anisotropy
causes abrupt changes in the direction of polarization
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by £90° from pulse to pulse. Moreover, production of
Q-switches encounters some technological challenges in
creating active color centers in the LiF crystals. To obtain
high initial absorption by the color centers at a
wavelength A = 1.064 um, which is on the long-wave
edge of their absorption band, very large concentrations
of the centers are required. The latter is achieved by
y-irradiation of crystals with doses of 10° to 10® R. Such
irradiation conditions induce appearance of colloidal
particles of alkali metal and inactive centers with
parasitic absorption at A =1.064 pum, which deteriorate
the parameters of the LiF:F, -based Q-switches.

Cr*":YAG-based Q-switches are characterized by
the nonlinear absorption anisotropy, which leads to
self-induced rotation of the radiation polarization plane
[4, 5], as well as by a relatively low beam strength of
Eq~5J/cm? and a small absorption cross-section at a
wavelength of 1.064 um (ogs~5.7-10 " cm?). The
relaxation time of the Cr*:YAG first excited state is
~3.4 us, which significantly deteriorates the multispike
mode parameters [8]. Cr*":YAG crystals make it possible
to develop compact, medium-power lasers that generate
nanosecond pulses with an energy of several tens mJ.

Solid-state  Q-switches  with  organic  dyes
incorporated in polymer matrices do not have these
disadvantages [8-11]. They are not sensitive to the
polarization quality of radiation, are isotropic in both the
initial and bleached states, and do not require polarizers
or other anisotropic cavity elements for their operation
(active Q-switching). Long duration of a linear part
during formation of a single pulse in dye lasers with
Q-switches results in mode discrimination on losses,
which narrows the spectrum of the generated radiation.
The absorption cross-section for most dyes in the ground
state oy is quite large (~10'° cm?®). This parameter is
important for implementation of Q-switching as the
inequality og4s>> 6,, Where o, is the absorption cross-
section of neodymium ions in the active laser element,
must be fulfilled. This is necessary for the absorption
saturation of the passive Q-switch to occur at a much
lower intensity than the gain saturation of the active
medium. For example, the o, value for a Nd*:YAG
crystal is 8.8-107° cm?.

2. Experimental
2.1. Polymer matrix and its properties

Development of high-power pulsed lasers with a single-
pulse energy of ~1 J requires a set of optical components
with high beam resistance. The studies [12-14] have been
directed to elucidation of laser beam-induced destruction
mechanisms of polymer matrices. It has been concluded
that use of elastic materials exhibiting significant elastic
deformations in a wide range of operating temperatures is
needed to avoid such destruction. This is because a
powerful radiation effect on Q-switches is associated
with a pulsed thermomechanical shock that occurs during
dissipation of the absorbed energy. Dealing with such
conditions caused by a laser pulse, viscoelastic properties
of a polymethyl methacrylate polymer matrix were
improved by introducing a plasticizer (for example,
ethanol), as was shown in [12, 14]. Another approach to
solving the beam strength problem of polymer laser
elements was to use elastomers based on polyurethane
acrylate as a matrix [13, 15]. These polyurethane acrylate
matrices [13, 15], whose elastic properties were preserved
even in the absence of plasticizing additives, made it
possible to significantly improve the radiation resistance
of the laser elements at the energy densities >10 J/cm?.

However, organic dyes in the polymer matrices,
being obtained by the method of radical hardening
(polymerization) and including, in particular, poly-
urethane acrylate [13, 15] and polymethyl methacrylate
[12, 14], are subject to photodestruction as a result of
interactions with chemically active free radicals at the
stages of production and operation of such composites.

The Q-switches studied in this work are based on a
colored polyurethane matrix obtained from the following
components:

1.6-diisocyanatohexane CgH1,N,0,,

poly[di(ethylene glycol) adipate] HO(-CH,CH,0),-
[C(0)-(CH_)4-C(O)O-(CH,CH,0)]m-H,

trimethylolpropane  CgHy403.

The polymer synthesis method is based on the
polycondensation reaction of an aliphatic diisocyanate
with a hydroxyl-containing polyester and a low-
molecular-weight diol. Scheme 1 presents a chemical
structure of the produced polyurethane matrix:

H,C—C(0)O —NH-(CH5)g—NH—C(0)O *E(CH 2CH 20)2—0(0)—(CH2)4—C(O)O}TH(CH 2CH20)5 e

H5C,—C—CH,—C(0)O-NH-(CH5)g—NH-C(0)O ‘E(CH2CH20)2—0(0)—(CH2)4—0(0)0}(CH20H20)2 A
m

H,C—C(0)O-NH—(CH;)g—NH—C(0)O ‘E(CH >CH ZO)Z_C(O)_(CH2)4_C(O)O}(CH 2CH50)5 s

In this work, optical and nonlinear optical properties
of Q-switches based on organic dyes incorporated in a
polyurethane matrix are investigated. A possibility of
generating nanosecond powerful single pulses in a
neodymium laser is tested. The pulse energy and time
characteristics are studied.

m
Scheme 1.

The obtained multicomponent urethane polymer
composition (PU) is a network elastomer, i.e. a
continuous three-dimensional formation, in which all the
constituent molecules are connected by chemical bonds
of various types. An important property of this polymer
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is that it allows dissolving the main classes of organic
dyes used in laser technology, with little formation of
dimers or other more complex compounds [16]. Dealing
with the polyurethanes, the probability of the appearance
of dye associates in these polymers can be significantly
reduced by increasing the number of functional groups in
the matrix that can strongly solvate dye molecules. By
varying the ratio of the components, such chemical
groups can be created in the polyurethanes, which makes
the latter promising for developing efficient dye laser
elements [17, 18].

In this work, hardening of the polymer composition
is carried out by the polycondensation method without
any polymerization initiators at t=60°C. Spectral
measurements have shown that the transparency window
of an uncolored polymer matrix is in the region of
0.24 to 2.20 um. Fig. 1 presents the short-wavelength
transmission edge and the integral light transmission in
the visible and near-IR regions that reaches T ~ 100%.
By varying the ratio of the components in the polymer, it
is possible to change the polymer refractive index from
1.48 to 1.52, which allows obtaining almost complete
immersion at the polymer-optical substrate interface
when the Q-switch is fabricated in the form of triplexes.
In addition to the requirements of high optical
transparency in a wide spectral range, high solubility of
dyes, stability of the latter during storage and operation,
the polymer matrices for the dye laser elements should
provide sufficient beam strength, i.e. resistance to
powerful light radiation. This parameter of the PU
exceeds 18 J/cm? [19].

High radiation resistance of the PU is associated
with the high flexibility of its macromolecules caused by
the presence of isocyanate and oligoester methylene
chains. The chain fragments of the latter include oxygen
atoms, which reduce the potential barrier to rotation
around the —C-O- bond and, consequently, increase the
macromolecule flexibility (Scheme 1). The highly elastic
state of the PU matrix dissipates elastic stresses that arise
due to both local thermal effects and mechanical stresses
caused by electrostriction under exposure to a powerful
laser pulse.
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Fig. 1. Transmission spectrum of a 1 mm thick polyurethane
matrix.

2.2. Dyes

Organic dyes operating as passive Q-switches should
meet certain requirements. These compounds should
have strong absorption band that coincides with the laser
spectral line. The dye absorption cross-section at the band
maximum should be large enough for absorption satura-
tion of the passive Q-switch to occur at a much lower
intensity than the gain saturation of the active medium.

In this work, two organic dyes were used as
phototropic centers in the polymer matrix for producing
Q-switches. The structures of these dye molecules are
shown in Schemes 2 and 3. The absorption maximum of
the main electronic transition for both dyes is located
around 1.06 um. These dyes are an organo-nickel com-
plex BDN (bis-(4-dimethylaminodithiobenzil)-nickel)
(Scheme 2), well-known for its use for creating passive
Q-switches [8, 20, 21], and a poor-studied dye IR-1061
(4-[2-[2-chloro-3-[(2,6-diphenyl-4H-thiopyran-4-ylidene)
ethylydene]-1-cyclohexen-1-yl]ethenyl]-2,6-diphenylthio
pyriliumtetrafluoroborate) (Scheme 3) [22-24]. The
mentioned compounds were purchased from Sigma-
Aldrich and used without further purification.

|
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s 8
N
VRN
O s s
v

Scheme 2.

Scheme 3.

The best operation results on the passive Q-switching
of neodymium lasers in the nanosecond pulse regime
have been obtained with a use of the BDN dye, compared
to the other known dyes [8, 20, 21]. This dye has an
absorption peak at 1.06 pm. The absor})tion cross-section
at this wavelength is o=~ 5.6-10"" cm’. The fluorescence
lifetime of the excited state is 1.5 ns. The disadvantages
of this substance include the fact that it decomposes into
vinyl and polymethyl methacrylate polymers even at the
production stage of the composite materials [25].

The cationic dye IR-1061 is a meso-chloro-sub-
stituted thiopyrilo-4-tricarbocyanine with a trimethylene
bridge group in the polymethine chain. It combines modu-
lation and generation properties [11, 26]. The absorption
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Fig. 2. Absorption spectra of the BDN (1) and IR-1061 (2) dyes
in the polyurethane matrix.

at around 1.06 um is primarily achieved by elongation of
the polymethine chain. Its molecule contains 7 methine
groups, which result in a high value of the absorption
cross-section equal to 12.4-10° cm? at the generation
wavelength of a neodymium laser of 1.06 um [27].
Inclusion of a trimethylene bridging group and a chlorine
atom into the polymethine chain significantly increases
the IR-1061 photostability in polymer matrices [11,
16, 22]. Its fluorescence lifetime of the excited state
becomes 50 ps.

The polymer Q-switches with BDN and IR-1061
dyes produced according to [8, 9, 15] were triplexes.
Their optical substrates were made of K8 glass. A
colored PU composition was used as a polymer layer
between the glass surfaces. The production method of
these Q-switches is acceptable for laboratory conditions.
The electronic absorption spectra of the Q-switches
measured on a Shimadzu UV-3100 spectrophotometer
are presented in Fig. 2. The curves have a shape of a
long-wave absorption band [16, 22] with the maxima
around 1.06 um, characteristic of typical organic dyes.

3. Theoretical

To study the possibility of obtaining high-power single-
pulse laser generation, it is necessary to optimize the
cavity elements, including the Q-switch. To estimate the
parameters of the laser elements and Q-switched
generation, we use a system of rate equations [28], which
describe the rate of the photon density change inside the
cavity, the numerical value of population inversion in the
active medium, and the population density at the lower
molecular level of the passive Q-switch:

do o 1
EZE(ZGanaIa =20 Nyl =206 Nes | — InE— LJ (1)
dn
d_taz R, —Co,n, @, 2
d

s —Ccsgsngsd)+:i5, ®)

S

(4)

Here, @ is the photon density inside the cavity, n, is the
inverse population in the active medium, o, is the
effective cross-section of stimulated emission in the
active element, 1, is the active medium length, ngs and neg
are the populations of the Q-switch centers in the ground
and excited states, n, is the initial density of the
absorption centers, oy and o are the absorption cross-
sections from the ground and excited states of the
Q-switch centers, I is the Q-switch length, 15 is the
relaxation time of the dye excited state, R is the reflection
coefficient of the output mirror, L is the passive losses of
the cavity, R, is the pump speed, c is the speed of light in
vacuum, and t. = 2L/c is the complete round trip time of
the cavity optical length L., respectively.

Egs. (1) to (3) are the coupled rate equations that
describe evolution of a single passively Q-switched laser
pulse, the Q-switch initial state before bleaching starts
and its excited state, using a four-level energy model of
phototropic centers.

The presented system of the rate equations assumes
presence of a plane wave and a uniform population
inversion in the gain medium. This approach neglects the
duration of a lamp pump pulse and spontaneous emission
in the active element because of to the rapid switching
of the quality factor of the cavity. Therefore, the change
in inversion due to lamp pumping and spontaneous
emission is quite small during Q-switching and pulse
generation.

The necessary condition for effective Q-switching is
ogs >> o, Tor our choice of dyes. This condition is met by
an active laser medium (Nd**:YAG). The values of the
cross-sections of the Q-switch absorbing centers and the
laser element are mentioned above. The energy and
duration of laser pulses with passive Q-switching depend
on the Q-switch initial transmission coefficient T,.
Lowering the T, value broadens the range of the changes
in losses and inverse population. As a result, the pulse
duration decreases and the pulse amplitude increases.
The system of equations (1)—(4) allows a qualitative
estimation of the dependence of laser output generation
on the pump pulse energy and the Q-switch parameters.

From Egs. (1)-(4), we can obtain the intensity-
dependent absorption coefficient [28]:

0‘0(')

Ny +N

gs es =MNop>»

%o
= ’ 5
1+ 1;/14 ©)
where ayq is the weak signal absorption coefficient, I; is
the current intensity value, and I is the saturation
intensity determined from
_hv

(6)

IS
Ggs

Here, h is the Planck’s constant and v is the transition
frequency, respectively. Important characteristics of
Q-switches are T,, the saturation intensity Is and the
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maximum transmission coefficient in the cleared state
Tmax- The initial transmittance T, can be determined from

™

Moreover, the value of T, can be directly measured
by spectral instruments such as spectrophotometers. The
current value of the Q-switch transmittance with an ideal
nonlinear absorber T; as a function of the radiation
intensity I; is expressed by the following equation:

To =exp (= aoly )= exp(-nyogls )-

T, :'I—Sln [1+(e'i/'s —1)T0]. ®)
1

This expression reduces to Tj =Ty at I;<Igand T;=1 at

li > I. For a non-ideal absorber in the Q-switch (presence

of absorption from the S; level, uncontrolled scattering,

etc.), the transmission coefficient T, can be approximated

by the following expression:

Ti _TO

Tn :TO + (Tmax _TO) (9)
- 10

and the maximum transmittance T, iS given by

Toax = €XP (= Nyogsls ). (10)

The cross-sections oy and o are needed to set the
optimal absorption value of a real saturable element. The
first parameter is found from the absorption spectra using
the Bouguer—Lambert law. The value of the second
parameter is determined using a complex flash photolysis
technique. However, in the absence of additional
absorption, except from the S, and S; levels, the
following equations may be used [28]:

264Nyl =In (]/TOZ),

26 Nyl =In (J/Trﬁax)

The value of o, for a given T, can be obtained from
these equations by experimentally determining Tax.
Knowing the values of Ty and T..x, the parameter 9,
being a contrast (the ratio of the optical densities D of the
absorber in the initial Dy and bleached Dj state), can be
introduced. The value of & is defined by the residual
losses in the cleared state and depends on the energy
structure of the saturated dye. Alternatively, a difference
between the transmittance value in the cleared state and
To, AT, can be introduced. Comparison of the values of
AT for the two Q-switches is applicable if the T, values
for both switches are the same or close.

(11)

(12)

4. Results and discussion

Neodymium-doped yttrium aluminum garnet
(Nd*:YAG) crystals are the most commonly used active
media for high- and medium-power solid-state lasers. In
our work, we used Nd**:YAG with the dimensions of
P6x110 mm (Altechna, Lithuania), placed in a single-
lamp monoblock illuminator (Kigre, Inc, USA).

A distinctive feature of this illuminator is that it uses a
samarium diffuse reflector with a highly reflective BaSO,
filler, which ensures a high degree of gain uniformity
over a cross-section of the active element. In high-gain
active laser environments, parasitic oscillations, especially
when using specular reflectors, can limit the maximum
stored energy and, therefore, the maximum gain. This is
particularly true for Nd**:YAG active elements used as
high-power Q-switched oscillators. A diffuse reflector
provides a nearly homogeneous distribution of the
excited Nd** ions in the active medium, reducing the
possibility of parasitic oscillations. Optical pumping was
carried out with a QXF-series pulsed lamp (Perkin-Elmer
Optoelectronics) with xenon filling. A flat cavity with a
length L.=24 cm was formed by two mirrors with the
reflection coefficient R;=100% and output R,=27%.
The energy efficiency of the laser was tested in the free
lasing mode. The pulse lamp was pumped using power
supplies LTI-5 (pump range from 4.5 to 37.5 J) and BPL
66/33 (pump range from 43 to 65 J).

Fig. 3 shows the output/pump energy dependence
when Q-switching elements were not used. At the
electrical pumping energy of 65 J, the laser output energy
in the free-running mode is 2.87 J, which corresponds to
an efficiency of 4.4%. The laser generates radiation with
a wavelength A = 1.064 pum at the *Fs,—*F11 transitions
of neodymium atoms. The pumping efficiency from the
BPL 66/33 unit is somewhat lower, since its storage
capacitor discharge time is 100 us. In its turn, the
discharge time of LTI-5 is 180 ps, which is close to the
upper level lifetime of laser transitions, i.e. the fluores-
cence lifetime, of Nd**:YAG equal to 230 ps. The laser
efficiency in the free-running mode with a LTI-5 power
supply is 5.1%, which is reflected in Fig. 3. Namely, the
left part of the curve has a larger slope as compared to its
right side (obtained with a BPL 66/33 power supply)
corresponding to the efficiency of 4.4%. Therefore, the
lighting duration of the pump lamp in the pulsed laser
generation mode should be close to the upper level
lifetime of laser transitions in neodymium ions.

Along with the high beam resistance, Q-switches
should have the highest possible efficiency when genera-
ting a single pulse. Efficiency of passive Q-switching 0,

output’

T T T
10 20 30 40 50 60

E A
pump

Fig. 3. Laser output energy versus pumping input energy in a
free-running mode.
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Fig. 4. Free generation conversion efficiency into a single pulse
versus initial optical density of a polymer Q-switch on BDN (1)
and IR-1061 (2) dyes.

defined as the ratio of the energy of a single pulse at the
lasing threshold and free lasing at equal pumping, was
studied on a Q-switch for the cases of BDN and IR-1061
dyes in a PU matrix. Fig. 4 presents characteristic curves
of the efficiency n versus initial density D,, obtained
using a Nd*":YAG laser in a multimode operation. The
free generation and single pulse energies were measured
with an IMO-2N calorimeter by a standard method. The
obtained data indicate more effective clearing of the Q-
switch on the IR-1061 dye as compared to the BDN
based one.

To reveal the reasons for different values of 1 of the
studied Q-switches, their nonlinear transmission (the
output/input energy ratio) was measured. For this
purpose, a laser operating in a single-mode (transverse
index) regime was assembled. Optical scheme of the
Nd:YAG laser cavity and nonlinear transmission
detection is shown in Fig. 5a. The test laser operating in a
Q-switching mode provided the following single pulse
parameters: duration t, =18 ns and energy W, =20 mJ.
The samples under study were placed in a focus of the
lens. The cross-section area of the beam in the lens focal
point was measured with a laser radiation analyzer from
SPIRICON (LBA-300PC with a FTS170 camera).
Fig. 5b presents a cross-section of a radiation beam
incident on the studied Q-switch samples. The nonlinear
transmission was defined as the ratio of the light energy
transmitted through the sample to the incident one. The
energy of the incident beam was varied by neutral light
filters (8, Fig. 5a). The signals from photodiodes (7, 11,
Fig. 5a) were fed to a S1-104 oscillograph.

The transmission curves in Fig. 6 indicate a nonlinear
dependence of the absorption coefficient on the energy
density of the incident radiation. Practically, saturable
absorbers never reach the transmission T =100%. The
modulation depth defined as AT = Ty — To IS determined
by the spectroscopic characteristics of the dye molecules,
which mainly define the loss of the radiation energy to
maintaining the clearing state. The residual losses and,
hence, the efficiency of Q-switching n are largely
dependent on the interaction of the high-power
laser radiation not only with the Q-switch molecules

——
B -

_ -

(b)

Fig. 5. Experimental scheme for studying nonlinear trans-
mission (a) and a laser beam cross-section at the sample
location (b): 1 — “deaf” mirror, 2 — diaphragm, 3 — Q-switch,
4 — Nd**:YAG rod, 5 — output mirror, 6 — beam splitter, 7, 11 —
photodiodes, 8 — neutral density filters, 9 — lens, 10 — sample
under study, 12 — CCD camera, 13 — oscilloscope.

in the ground electronic state S, but also with the
electronically excited molecules on the levels S;, S,. To
study absorption spectra at these levels, special
techniques (such as laser flash photolysis) are required,
the use of which is not the scope of the present research.
Qualitative information about the absorption cross-
section ratio for the Sy —S;, S, transitions around
A =0.532 um (at which two-photon absorption of laser
radiation occurs) can be retrieved from the absorption
spectra of the BDN and IR-1061 dyes (Fig. 2). This ratio
for the IR-1061 dye is smaller than for BDN, which has a
positive effect on the increase in the modulation depth
AT of the polymethine dye in comparison with that of a
Ni complex (Fig. 6).

Moreover, and this is most likely the main positive
factor, the ground state absorption cross-section of the
IR-1061 dye at A =0.1064 um is significantly higher
(22 times) than that of BDN. The consequence of the
mentioned difference is a greater value of the modulation
depth for the IR-1061 dye (AT = 51.3%) as compared to
the BDN (AT = 37.6%) at equal T, values. The efficiency
of Q-switching n tested in a laser is higher when the
IR-1061 dye is used than that for the BDN dye (Fig. 4).
Moreover, when the absorption cross-sections of the
IR-1061 dye with the widely used Cr*:YAG Q-switch

Bezrodna T.V., Negriyko A.M., Bezrodnyi V.1. et al. Efficient passive laser Q-switches based on dye-doped ...

088



SPQEO, 2025

. V. 28, No 1. P. 083-092.

100 H

(]

80 4

60

40

T

1E-4

T

1E-3

T

0.01

T

0.1

m

T
1 10

[ 2
pp- Jem

1E-6 1E-5

Fig. 6. Nonlinear transmission versus energy density of
radiation incident on the Q-switch: for the BDN (1) and
IR-1061 (2) dyes.
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Fig. 7. Optical density of the dyes at the absorption maximum
of the polymer matrix versus energy dose of irradiation with a
mercury lamp: for the BDN (1) and IR-1061 (2) dyes.

are compared, this difference is even greater (more than
200 times), which results in AT = 30% for a Cr*":YAG
[4]. According to Fig. 6, the saturation intensity I for
BDN is significantly smaller than that for the IR-1061
dye due to the large difference in the excited state
relaxation times t;, 1.5 ns and 50 ps, respectively. For
this reason, to obtain the same single-pulse energy, one
needs to use a Q-switch on the IR-1061 dye with a larger
To value. Therefore, there is a qualitative correlation with
Egs. (7)—(10).

For practical use, colored polymer elements should
have maximum dark and photochemical stability. There
is a correlation between these characteristics. For a quick
experiment, we used irradiation with an ultra-high
pressure mercury lamp DRK-120. To study photo-
stability, polymer samples in the form of triplexes based
on quartz glass as the substrates were prepared. The
optical density D at the main electronic transition
maximum of the BDN and IR-1061 dyes was equal to
unity. The thickness of the dye-doped PU was ~400 pm.

|

I\

Fig. 8. Oscillogram of a laser single pulse with the Q-switch on
the IR-1061 dye (TO = 10%). The time scale is 50 ns/div.

The light intensity in the irradiation zone of the samples
was ~45 mW/cm?®. The change in the optical density D
with the dose E of the incident light was monitored at the
maximum of the dye main absorption band using a
Shimadzu UV-1800 spectrophotometer. The kinetics of
sample bleaching is shown in Fig. 7. The photostability
of the IR-1061 based sample was somewhat lower than
that of the BDN one. Oxygen, in particular high-
reactivity singlet oxygen, is known for its ability to
oxidize polymethine dyes more efficiently than
organometallic complexes [16, 22, 27]. The subject of
our further research is to search the ways to increase the
stability of polymethine dyes in polymer matrices by
removing oxygen or neutralizing it with various
impurities.

Analysis of Egs. (7)—(12) derived from Eqgs. (1)—(3)
shows that an output mirror of a cavity with a reflection
coefficient ~ 20-35% and initial transmission of the dye-
based Q-switch Ty = 5-20% should be used to obtain a
single pulse of high energy and power. The pumping
threshold should be determined experimentally, since the
value of the ratio of the gain and dissipative losses is
unknown. These hard-to-quantify losses include non-
saturable ones within the saturable absorber as well as all
the useless losses such as those due to non-ideality of the
transmitting and reflecting surfaces in the cavity,
scattering or absorption in the laser crystal or other
intracavity optics, and diffraction losses.

Using the above-described emitter and the BPL
66/33 power supply with an electric pump energy of 65 J,
a single pulse of 0.96 J was obtained on the IR-1061 dye
Q-switch at Ty = 10%. The duration of a single pulse at
half maximum was 11 ns (Fig. 8). The oscillogram was
taken from the oscilloscope screen. The generated pulse
had a symmetrical shape, high amplitude and temporal
stability. The energy of the laser generation pulse was
measured using a standard method with an IMO-2N
device. The temporal characteristics of generation
(duration and profile of a single pulse) were recorded
by a FK-19 photodetector and a S7-19 oscilloscope.
In a case of Ty =8%, a single pulse with a duration of
16 ns and an energy of 0.78 J was obtained. The pulse
shape was also symmetrical, similar to that shown in
Fig. 8.
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5. Conclusions

This work showed that passive Q-switches based on
highly resistant aliphatic polyurethane matrix activated
with a thiopyrylo-4-tricarbocyanine dye provided
powerful single pulses of an energy ~1J. Efficient
Q-switching with a polymethine dye is a result of more
optimal linear and nonlinear spectral properties as
compared to those of a widely used organo-nickel
complex. Laser performance of a neodymium laser with a
Nd**:YAG active element placed in a highly reflective
samarium diffuse reflector was tested. The pumping
efficiency as a function of the capacitor discharge time
was investigated. It was shown that to obtain the
maximum generation energy, the pumping duration by a
flash lamp should be close to the upper level lifetime of
the laser transition in the active element. The efficiency
in the free mode of 5.1% was obtained, which was close
to that of Nd**:KGd(WOQ,), lasers. However, the latter
have significantly worse thermo-mechanical properties as
compared to Nd**:YAG [29].

Highly efficient generation of powerful single
pulses obtained in this work exceeds the best analogues
of Q-switched lasers due to use of a highly beam resistant
original polymer matrix in aliphatic polyurethane based
Q-switches. Use of polymethine dye in the Q-switches
provided significantly higher efficiency of a pulsed
neodymium laser with passive Q-switching.
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EdexTnBHi nmacuBHi Ja3epHi 3aTBOpM Ha OCHOBi 3a0apBjeHOro mnojdiyperaHy /JIsi BHCOKOeHEPreTHYHHUX
HEeOUMOBHX JIa3zepiB

T.B. bespoana, A.M. Herpiiixo, B.1. be3poanuii, I.B. Mauues, JI.®. Kocsinuyk, O.I. AHTOHeHKO

Anorauist. JIOCTIIKEHO eHEpreTHYHi Ta 4acOBi XapaKTepPUCTHKH poboTH 1asepa Ha kpuctani Nd* :YAG 3 nacusanmu
MOJYJIATOpPaMH HAOOPOTHOCTI Ha OCHOBI aKTHBOBAaHOI OapBHHKOM amiaTHYHOI MOJiypeTaHOBOI MAaTpHIli BHUCOKOi
panianiitnoi crilikocti. Ilpu BukopucTanHi camapieBoro audysHoro BinOuBaua 3 HanoBHIOBadeM BaSO, oTpumano
BUCOKY €(heKTHBHICTh TeHepallii jla3epa sIK y BUIBHOMY PEXHUMI, Tak 1 il yac reHepaii OJMHOYHOTO IMITYJIbCY B
pexxumMi Moyl foOpoTHOcTi. [IpoBeeHo MOPIBHSIHHS €HEeprii Ta TPUBAIOCTI OJMHOYHOTO IMITYIIBCY JUIS JTa3epiB 3
MAaCHBHUMH MOAYJSATOpaMH JOOPOTHOCTI Ha OCHOBI HIKeJIbOpraHiuHOro komriuiekcy BDN Ta mosiMeTHHOBOTO
Oaperuka IR-1061 B amidarnuniii moniypeTaHOBIH MaTpHIli, TMOJIMEPH30BaHII METONOM MOJIKOHJICHCAIl 3 TaKUX
BUXIZIHUX CHOJNYK: 1,6-Ani3oliaHaTorekcaH, mNOJi[Ai(eTHIICHINIKOMb)aqunaT] 1  TpuMeTwioanponaH. Ilpu
BHKOPHCTAaHHI IIOJIMETHHOBOTO Tiomipmio-4-Tpukap6bornianinoBoro ©OapBHuka (IR-1061) B pexumi MoOIyIsmii
JIOOpOTHOCTI OTPUMAHO OJWHOYHHUI NOTYKHMH iMmyibc 3 eHepriero ~1 k. IlokazaHo, mo BHCOKOe(EeKTHBHA
MOJIYJISIisT JOOPOTHOCTI 3a JOMOMOTOI0 TACHBHOTO JIa3epHOTO 3aTBopa Ha OapBHUKY IR-1061 crmpuumnaena inoro
crenu(iYHIMU JTiHITHIMHA Ta HENMIHITHIMHA CIIEKTPATbHUME BIACTHBOCTSIMHU.

KirouoBi cioBa: TBepHOTUTHHMI Iazep, HEJiHIMHE IMOTIMHAHHS, HACHYYBaHWH TIOTJIMHAY, MACHBHA MOMIYJISIIiS
JIOOPOTHOCTI, MOJIypeTaHOBA MATPHIIsl, OAPBHHUKH.
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