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PA3I'PY3KA PE3OHATOPA ITOCPEACTBOM T'EHEPALINA
BTOPOUN TAPMOHMKMU B Nd : YAG-AA3EPE
C MOAYASIIUEN AOBPOTHOCTHU

P. H. HOBHIIKAA", H. B. CTALLIKEBHY", E. C. BOPOIIAH"

YBenopyceruii 2ocyoapemeennviii ynusepcumem, np. Hesasucumocmu, 4, 220030, 2. Munck, Benapycy

PaccMarpuBaeTcss MeTO pasrpy3Kd pe3oHaTopa 4epes FeHEpaldio BTOPO TapMOHHMKH B HEOAMMOBOM Jiasepe, (hyHK-
[UOHHUPYIOIIEM B PEKHUME MOIYISIUHA JTOOPOTHOCTH. [IpOBOMTCS TEOPETUUECKOE MOJCIMPOBAHUE PabOTHI J1a3epa Mpu
AKTHBHOW MOIYJISIMU TOOPOTHOCTH, PACCUUTAHBI OCHOBHBIC XapaKTCPUCTUKU BBIXOMHBIX UMITYJIECOB M UX 3aBUCHMOCTh
oT ko3 uIrieHTa MOTEPh B CUCTEME U MOIITHOCTH HAKAYKH. YKa3aHHBIH METOJ MOXET OBITh pEaTH30BaH B J1a3epe C KPUC-
TaJUIOM BTOPOW FApMOHUKU BHYTPH PE30HATOPA U IEKTPOONTUIECKUM 3aTBOPOM, HA KOTOPBIM MONAETCsl UMITYJIbC Halps-
sxeHus. [IpomomKUTENFHOCTh 3TOTO UMITYIIECA OMPEICIIICTCS BPEMEHEM, HEOOXOMUMBIM JIIsi (JOPMHUPOBAHHS THTAHTCKOTO
HMITYJbCa B pe30HaTope, U coctanisieT ~0,1—1,0 MKC B 3aBUCUMOCTH OT MOIITHOCTU HAKaYKH. JJIUTENbHOCTD YIIPaBISIOIIEr0
UMITYJIbCa HATIPSDKEHHUS TOJDKHA OBITH MOCTOSTHHOM C TOYHOCTBIO /IO HECKOJIBKUX HAaHOCEKYH/I. [Ipu 3TOM Ha BBIXOJIE J1a3epa
(hOpMUPYFIOTCS HAHOCCKYH/IHBIC MMITYJIBCHI BTOPOM TAPMOHUKH C TTMKOBOW MHTEHCUBHOCTHIO Topsiaka 10—100 MBr/em’.
[IponomKUTENBHOCT BHIXOJHBIX UMITYIBCOB ONIPEEIISIETCS TOJILKO UIMHOW pe30HaTopa B cioydae, Korja BpeMs MepeKIIto-
YCHUS DIICKTPOONTUYCCKOTO 3aTBOPAa MEHBIIE, YeM BpeMsl 00Xofia pe30oHaTopa CBETOM. [l MOCTHKEHHS MaKCHMATbHON
MTUKOBOM WHTEHCHBHOCTH HUMITYJIBCOB HEOOXOAUMO YMEHBIIUTH TOTEPH B CUCTEME JO0 MUHHMAIFHO BO3MOKHOTO YPOBHS
U YBEIMYUTh MOIITHOCTh HAKAUKH.

Kniouesste cnosa: Nd : YAG-na3ep; pasrpy3ka pe3oHaropa; OalaHCHbIE ypaBHEHHS; MOLYIISILUS JOOPOTHOCTH; 3JIEKTPO-
ONTHYECKUH KPUCTAILT; KPUCTAIIT BTOPOI TAPMOHUKH.

Brazooaprnocme. Pabora BhinonHeHa Npu noepkke benopycckoro pecrnyonukanckoro ¢ponaa (hyHaaMeHTalbHbIX

uccienoBanuii (morosop Ne F18-118).

OO0pa3en UUTUPOBAHUS:

Hosunxas PU, Cramkesuu V1B, Boponaii EC. Pa3rpyska pe3oHa-
TOpa MOCPEICTBOM IeHepanuy Bropoit rapMoHukd B Nd : YAG-
nazepe ¢ MOIyIiImel noopoTHoCTH. JKypHan benopycckoeo 2ocy-
odapcmesennozo ynusepcumema. Pusuxa. 2020;1:28-33 (Ha anrm.).
https://doi.org/10.33581/2520-2243-2020-1-28-33

For citation:

Navitskaya RI, Stashkevich IV, Voropay ES. Cavity dumping
by the second harmonic generation in the Q-switched Nd : YAG
laser. Journal of the Belarusian State University. Physics. 2020;
1:28-33.

https://doi.org/10.33581/2520-2243-2020-1-28-33

ABTOpBI:

Po3a Hzopesna Hoeuykasa — acnupanTKa Kadenpsl Ja3epHOH
(GU3MKK ¥ CIeKTpocKonuu ¢usnyeckoro ¢axynsrera. Hayd-
HBI pyxoBoauTens — M. B. Cramkesnu.

Hzopv Bauecnasosuy Cmawikesuy — kanaunar GU3nNKo-Mare-
MaTHYEeCKUX HayK, JOLEHT; JOLEHT Kadenpsl Ja3epHOH (H3Hu-
KH U CTIEKTPOCKONTNH (PH3UIECKOro (hakymbrera.

Eezenuii Cemenosuu Boponaii — 1oKTOp QU3NKO-MaTeMaTH-
YeCKHX Hayk, podeccop; npodeccop kapeapsl nazepHoil Gpu-
3WKH U CHEKTPOCKOINH (PU3UIECKOTO (haKyabTeTa.

Authors:

Roza I. Navitskaya, postgraduate student at the department of
laser physics and spectroscopy, faculty of physics.
rnavitskaya@gmail.com

Thar V. Stashkevich, PhD (physics and mathematics), docent;
associate professor at the department of laser physics and spec-
troscopy, faculty of physics.

stashkevitch@bsu.by

Eugeni S. Voropay, doctor of science (physics and mathema-
tics), full professor; professor at the department of laser physics
and spectroscopy, faculty of physics.

voropay@bsu.by

http:/lorcid.org/0000-0001-7995-8796

28

(otolcH



du3uka jga3zepoB
Laser Physics

CAVITY DUMPING BY THE SECOND HARMONIC GENERATION
IN THE Q-SWITCHED Nd : YAG LASER
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*Belarusian State University, 4 NiezalieZnasci Avenue, Minsk 220030, Belarus
Corresponding author: 1. V. Stashkevich (stashkevitch@bsu.by)

This paper presents the cavity dumping method by the second harmonic generation in a neodymium laser operating
in the Q-switched mode. Theoretical modeling of the laser generation in dynamics is performed. The main characteristics
of the output pulses and their dependence on the pump power and coefficient of losses are calculated. The proposed method
can be implemented in the laser with a second harmonic crystal inside the cavity and an electro-optical crystal, which is
operated by a step voltage pulse. The switching pulse length is defined by the time needed to achieve the maximum giant
pulse intensity in the cavity, and is in the order of 0.1-1.0 us depending on the pump power. Moreover, the voltage pulse
jitter should not exceed several nanoseconds. In such case the second harmonic pulses with nanosecond duration and peak
intensity of 10—-100 MW/cm? are generated at the laser output. The output pulses duration is defined only by the cavity
length under the conditions of a small response time of the electro-optical crystal compared to the cavity round-trip time.
To achieve the maximal peak intensity, one should decrease the coefficient of inactive losses to the possible minimum and
increase the pump power.

Keywords: Nd : YAG laser; cavity dumping; rate equations; Q-switching; electro-optical crystal; second harmonic
crystal.
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The use of pulsed lasers in such areas as range finding, remote sensing, medicine, and the like requires stable
energy characteristics and high-quality beam. Conventional Q-switched lasers have fundamental limitations on
the stability of the pulse energy and the pulse length when operating in the nanosecond range. Lasers operating
in the cavity dumping mode allow one to obtain highly stable pulses, the length of which is determined only by
the gate switch time and the cavity length [1-3]. In such lasers thin-film or prism polarizers are usually used as
an output mirror, and cavity dumping is achieved by rotation of the output-radiation polarization plane by an
angle of 90° with the help of an electrooptical shutter.

An alternative method is cavity dumping by means of the second harmonic generation [4—6]. This method
allows to output the energy stored in the cavity using the intracavity conversion into the second harmonic.
The method can be implemented in various laser operation modes: free generation [4], Q-switching [5], and
mode-locking [6]. The output pulses with the highest power and energy are formed when the cavity dumping
by the second harmonic generation is realized in the Q-switched mode. In this paper, we present theoretical
analysis and implementation of the cavity dumping method in the actively Q-switched neodymium laser.

The proposed setup is shown in fig. 1.

The cavity mirrors are chosen in such a way that their reflection coefficients are almost equal to 1 for the
fundamental frequency radiation and O for the second harmonic radiation (for the output mirror). To convert
radiation to the second harmonic, an anisotropic second harmonic crystal of type II is used (oee interaction, in
our case this is a KTP crystal).
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Fig. 1. Setup for the cavity dumping by the second harmonic generation in the actively Q-switched laser:
1 — diode laser; 2 — lens; 3, 4 — resonator mirrors; 5 — laser crystal; 6 — polarizer;
7 — electro-optical crystal; 8§ — second harmonic crystal
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The generation of the output pulses with the scheme under consideration is realized in three stages, which
are switched by changing the voltage on the electro-optical crystal (EOC). The first two stages correspond to
the giant pulse generation under constant pumping. At the first stage, a quarter-wave voltage is applied to the
EOC. The cavity Q-factor is low, the population of the upper laser level increases to the maximum value, but
the generation does not start. At the second stage, the voltage on the EOC rapidly drops to zero, which leads to
the formation of a giant pulse inside the cavity. At zero voltage, the generation of the second harmonic does not
occur because the polarization of the radiation remains linear and the phase-matching conditions in the second
harmonic crystal (SHC) are not fulfilled. At the third stage, the cavity is dumped. When the intensity inside
the cavity reaches a maximum, the quarter-wave voltage is applied to the EOC again and an output second
harmonic pulse is formed. The quarter-wave voltage on the EOC changes the polarization of radiation from
linear to circular, which leads to the phase matching in the SHC and generation of the second harmonic pulse.
The part of the fundamental frequency radiation that is not converted into the second harmonic is dispersed by
the polarizer, and its intensity is reduced almost to zero over the cavity round-trip time.

A crystal of yttrium-aluminum garnet with neodymium (Nd** : YAG) operating according to the four-level
scheme was considered as an active element of the laser.

To simulate the generation in dynamics at the first and second stages (generation of a giant pulse), we used
the rate equations [6] written in the approximation of the point model of the active medium:

ds, 1 N.
—L=——c0,8(N, = Ny) + K+ = Siry.,
dt Ly Ty

dn, N, N

—L=0,85(N,-N)+ 2 -—-,
“ e M
N,

N, _ 0,S,(N, N)+——&,

dt 3 B
dN, Ny

— =0, o Roump (N, = Ny = N, — Ny ) —
Here /=0.3 cm is the active element length; L, = 20.25 cm is the cavity optical length; 6, =28 - 10*° cm
is the stimulated emission cross-section; 6, = 7.7 - 10*° ¢cm” is the absorption cross-section; S, is the funda-
mental frequency photon flux density in the cavity; N, and T, where i = 1, 2, 3, are the population densities
and lifetimes at the lower laser level (*I,, 1), the upper laser level (*F, 1) and the level *F,, respectively, where
7,=10ns,T,=230 us, T, = 30 ns; N, = 1.38 - 10*” cm ™ is the bulk density of neodymium ions in the crystal at
a concentration of 1 %; K, = 10’10 is the fraction of spontaneous radiation in the generation channel; R
the pump photon flux density determined by the pump power.
The relationship between the pump photon flux density and the incident pump power is determined as follows:

R

pump hv,s,,

T3

pump

where £, .., is the pump power incident on the surface of the crystal (end pumping); /v, is the pump photon
energy; a = 0.05 cm is the pump radius and s, = = ma* — the pump area of the crystal.

The value of 7;_ is inverse to the photon lifetime in the cavity:

”tc(t): CY+ZEOC(t)

opt

b

where v is the coefficient of inactive losses in the cavity; 7o (¢) defines additional losses introduced by the

EOC; c is the speed of light. In the considered setup, the output mirror reflectivity was taken equal to 1.
In the active Q-switching mode, the loss coefficient in the system depends on time. In the approximation of
instant switching of the EOC, the additional loss coefficient introduced by it can be written as

. (t) _ Ty t < Tpoes
Eoc 0,12 Tgocs

where 7, is a sufficiently large loss coefficient (~100 %); T =300 us is the EOC switching time.
By solving the system of equations (1), it is possible to calculate the dependence of the intensity in the
cavity on time for the fundamental frequency radiation.
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Since the dumping time is approximately two orders of magnitude shorter than the duration of a giant pulse
in the cavity, we assume that the intensity of the fundamental frequency does not change during this time.
To determine the intensity profile of the second harmonic pulse generated at the third stage (cavity dumping),

the following expression is used:
/ocl
12 = [1 ﬂ’lz 71,

where /, is the intensity of the fundamental frequency radiation in the cavity, the coefficient o is determined by
the parameters of the second harmonic crystal and is equal to 0.016 1 cm* MW for a 0.5 cm long crystal [7].

Due to the presence of a polarizer in the system, the second harmonic pulse length is determined by the ca-
vity length and is less than the cavity round-trip time (1.35 ns for the system under consideration). However, if
the EOC switching time is equal or higher than the cavity round-trip time, the output pulse length can increase
and its intensity decrease compared to the ideal case when the switching time is small and can be neglected [4].

Figure 2 shows the time dependence of the intensity of the fundamental frequency radiation inside the
cavity at the second stage (zero moment of time corresponds to the EOC switch). It is seen that a giant pulse is
formed with a delay relative to the EOC switching time. This delay significantly depends on the pump power,
as shown in fig. 3.
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Fig. 2. Time dependence of the intensity of a giant pulse in the cavity
within the active Q-switching mode for different pump powers.
The coefficient of inactive losses in the cavity is 1 %
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Fig. 3. The time needed to achieve a maximal intensity
in the cavity as a function of the pump power.
The inactive loss in the cavity is 1 %
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The time needed to achieve the pulse maximum defines the duration of a voltage pulse applied to the EOC
and ranges from 100 ns to more than 2 us. It should also be noted that despite the closed cavity (the reflection
coefficients of both mirrors are close to 1), the intensity of the giant pulse decreases rather quickly due to the
inactive losses. This fact imposes a limitation on the jitter value of the shutter switching pulse, which should
not exceed 10 ns.

Figure 4 shows the dependence of the peak intensity of the second harmonic output pulse and the funda-
mental frequency in the cavity on the pump power. It is seen that the peak intensity of the fundamental frequency
increases almost linearly with increasing pump power. For the second harmonic radiation, the dependence is
close to quadratic at low pump powers and becomes almost linear with increasing pump power.

Figure 5 shows the dependence of the peak intensity of the second harmonic output pulse and the funda-
mental frequency in the cavity on the coefficient of inactive losses in the cavity. It can be seen that this para-
meter has the strongest effect on the output pulse power. To obtain the maximum peak intensity of the output
pulses, one should minimize the inactive losses as much as possible. In real laser systems, it is difficult to
obtain inactive losses lower than 1 %.
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Fig. 4. Peak intensity of the giant pulse in the cavity
and of the second-harmonic output pulse
as a function of the pump power.
The inactive loss in the cavity is 1 %
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The considered method of cavity dumping by the second harmonic generation in the actively Q-switched
laser enables one to generate nanosecond pulses of the second harmonic radiation with the peak intensity of
about 100 MW/cm?”. The peak intensity of the output pulses increases almost linearly with increasing pump
power and decreases sharply with increasing inactive loss coefficient. The maximal intensity of the output
pulses is limited by the minimal possible losses and damage threshold of the setup elements.
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