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Abstract.  Lasing on the 4F3/2 ® 4I13/2 secondary transition (l = 
1.34 mm) in a Nd3+ : YAG laser with phase conjugation by four-
wave mixing directly in the active laser medium was experimentally 
studied in the regime of electro-optic Q-switching of an open multi-
loop cavity. The use of an electro-optic Q-switch with a controllable 
delay of its opening made it possible to increase the amplitude and 
temporal stabilities of the output laser parameters. The maximum 
laser pulse energy was 100 mJ at a pulse duration of 120 ns. The 
phase-conjugate radiation divergence was 0.8 mrad at beam quality 
Mx

2  = My
2  = 1.3. Nonlinear optical conversion of 1.34 mm laser 

radiation to visible radiation was achieved experimentally. Second 
and third harmonic generation at wavelengths of 0.67 and 0.446 mm 
with conversion efficiencies of 25 % and 8 %, respectively, was dem-
onstrated.

Keywords: Nd 3+ : YAG laser, secondary transition, phase conjuga-
tion, electro-optic Q-switching, stability of laser parameters.

1. Introduction

Neodymium lasers operating on the 4F3/2 ® 4I13/2 secondary 
transition can be used as sources of coherent optical pumping 
for generation of visible and near-IR radiation, because of 
which it is important to increase their spatial brightness. Of 
practical interest are both diode-pumped [1 – 5] and lamp-
pumped [6 – 11] lasers emitting at l » 1.3 mm. Diode-pumped 
lasers are characterised by higher stabilities of energy and 
temporal parameters, are more compact, and have a high effi-
ciency at a rather high average output power. Lamp-pumped 
lasers are used to generate high-power pulses for consequent 
nonlinear-optical conversion. Since the gain cross section of 
the 4F3/2 ® 4I13/2 secondary transition of Nd3+ ions is approxi-
mately fourfold smaller than the cross section of the funda-
mental 4F3/2 ® 4I11/2 transition, lasing on the secondary transi-
tion with high-energy parameters requires much higher pump 
powers. High-power lamp or diode pumping induces static 
and dynamic thermooptical aberrations, which deteriorate 

the spatial and energy parameters of laser radiation. A steady-
state thermal lens can be compensated either by an appropri-
ate choice of the curvature of cavity mirrors [12] or by using a 
special cavity configuration [13, 14]. An effective method for 
compensating dynamic thermooptic aberrations is phase con-
jugation [15]. Phase-conjugation by stimulated Brillouin scat-
tering (SBS) in a cell with perfluorohexane was used in [16, 17] 
to compensate for aberrations of radiation at l = 1.319 mm in 
a high-power lamp-pumped Nd3+ : YAG amplifier. This app
roach allowed the authors to obtain a laser beam with a spatial 
quality close to the diffraction limit, a pulse energy of 80 mJ, 
and a pulse duration of 0.5 ns. The SBS phase conjugation 
threshold is high, which requires tight radiation focusing and 
using of high-purity-grade materials as SBS media to avoid 
optical breakdown. The mentioned factors make it difficult to 
adjust and exploit these systems. Phase conjugation by four-
wave mixing (FWM) in an active medium [18] allows one to 
achieve a high laser beam quality without using additional 
elements and devices. In this case, phase conjugation occurs 
on dynamic holographic gratings inscribed directly in the 
active medium and playing the role of a positive feedback 
mirror [19 – 24]. Another advantage is that FWM phase-con-
jugate (PC) wave reflectivity may exceed unity, which makes 
it possible to use FWM PC lasers for both amplification and 
generation of high-quality radiation. In [25], we have devel-
oped and studied a multiloop FWM PC Nd3+ : YAG laser 
with passive Q-switching (PQS) by a V3+ : YAG crystal, which 
emitted at l = 1.34 mm. We obtained a train of seven laser 
pulses with individual pulse energy of 35 mJ and duration of 
150 ns. The beam quality was close to the diffraction limit 
(М 2 £ 1.2). The spatial brightness at a beam divergence of 
0.7 mrad was 5.5 ́  1012 W cm–2 sr–1.

One of the problems of pulse-pumped FWM PC lasers is 
instability of laser pulse parameters in free-running or self-
modulation regimes. This is related to the fact that the forma-
tion of holographic gratings occurs under conditions when 
the gain, which determines the diffraction efficiency of rec
orded gratings and the Q-factor of the dynamic PC cavity, 
changes under the action of pumping. The change in the gain 
with time leads to different lasing conditions during the pump 
pulse, which causes instability of the energy and spatial par
ameters of individual laser pulses. Electro-optic Q-switching 
(EOQS) makes it possible not only to increase the spatial 
brightness of laser radiation but also to improve the pulse sta-
bility. Controlling the Q-switch opening instant, one can cor-
relate the onset of laser pulse development with the instant of 
achieving the maximum gain of the laser medium, when the 
PC cavity Q-factor is maximum. The use of electro-optic  
Q-switches allowed one to achieve stable operation of single-
loop FWM PC Nd3+ : YAG lasers emitting at l = 1.064 mm 
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and pumped by pulsed lamps or pulsed diodes [26 – 28]. The 
use of EOQS of multiloop FWM PC Nd3+ : YAG lasers emit-
ting at l = 1.34 mm is related to the problem of amplified 
spontaneous emission at l = 1.064 mm. This is caused by the 
fact that the gain formed in the active elements (AEs) to the 
Q-switching opening instant is high, and the spontaneous 
emission amplified during multiple passage of the beam thro
ugh the active medium may not only decrease the accumu-
lated population inversion but also cause parasitic lasing at 
l = 1.064 mm. Thus, to achieve efficient EOQS in a multiloop 
Nd3+ : YAG laser emitting at l = 1.34 mm, it is necessary not 
only to control the Q-switch opening instant but also to sup-
press amplified spontaneous emission at l = 1.064 mm.

The aim of the present work is to study operation of a 
FWM PC Nd3+ : YAG laser at l = 1.34 mm in the regime of 
EOQS of an open multiloop cavity and to implement nonlin-
ear optical conversion of the PC radiation at l = 1.34 mm into 
visible radiation.

2. Study of PC lasing at l = 1.34 mm

The principal optical scheme of the experimental laser setup 
for studying PC lasing at l = 1.34 mm with EOQS is shown in 
Fig. 1. This scheme is based on our setup used in [25]. The 
laser consisted of two active Nd3+ : YAG elements (1 ) and (2 ) 
and a multiloop cavity formed by plane mirrors (5 – 13 ). The 
AEs with diameters of 6.3 mm and lengths of 130 mm were 
placed in a single-lamp laser heads with diffusive reflectors. 
The AEs were pumped by KDNP-6/120A lamps. The maxi-
mum pump pulse energy of one lamp was 72 J at a pulse dura-
tion of about 350 ns. The pump pulse repetition rate was var-
ied within the range of 2 – 10 Hz. The cavity mirrors com-
pletely reflected radiation at l = 1.34 mm (R1.34 > 0.99) and 
transmitted radiation at l = 1.064 mm (T1.064 > 0.96). For 
EOQS, we used a Pockels cell based on a Glan prism (3 ) and 
two LiTaO3 crystals (4 ) with crossed optical axes to compen-
sate for thermally induced birefringence.

In the course of experiment, we measured the energy, tem-
poral, and spatial parameters of laser radiation at l = 1.34 mm. 
The laser energy was measured using an Ophir energy and 
power meter. The temporal parameters were recorded by an 
LFD-2A avalanche photodiode and an Agilent 546441A 
oscilloscope (frequency band 350 MHz). In addition to PC las
ing at l = 1.34 mm, we observed parasitic lasing at l = 1.064 mm 
and measured its parameters in directions indicated by dashed 
lines in Fig. 1.

Figure 2a shows the dependences of the laser pulse energy 
at l = 1.34 mm on the pump lamp energy Wp at different pump 

pulse repetition rates fp. One can see that the laser pulse 
energy monotonically increases with increasing pump energy 
only at fp = 2 Hz. The highest laser pulse energy in this case 
was 80 mJ. At higher pump pulse repetition rates (  fp = 3, 5, 
and 10 Hz), the laser pulse energy first increases as the pump 
pulse energy increases to 40 – 50 J and then rapidly decreases 
until oscillation ceases (at fp = 10 Hz and Wp > 55 J). The 
maximum achieved laser pulse energy was 100 mJ at fp = 3 Hz 
and Wp = 50 J. Comparing the achieved results with the ener-
gies of PC radiation at l = 1.34 mm measured previously in the 
PQS regime [25], one can see that the corresponding depen-
dences have different characters. In particular, in the case of 
PQS, the dependence of laser pulse energy at fp = 2 Hz was 
linear, while this dependence at fp = 5 Hz slowed down and 
saturated but did not decrease. The decrease in the pulse 
energy in the case of active Q-switching and the slowing of the 
pulse growth in the case of PQS are related to the devel
opment of parasitic lasing at l = 1.06 mm. One can see from 
Fig. 2b that the energy at l = 1.064 mm sharply increases with 
increasing fp. The increase in the average pump power with 
increasing fp leads to the appearance of a thermal lens in the 
AEs, which worsens the conditions of recording of holo-
graphic gratings and decreases their contrast, thus decreasing 
the Q-factor of the multiloop cavity. Therefore, the energy of 
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Figure 1.  Optical scheme of the experimental setup: 	
( 1, 2 ) AEs in the Nd3+ : YAG laser; ( 3 ) Glan prism; ( 4 ) LiTaO3 electro-
optic crystals; ( 5 – 13 ) cavity mirrors.
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Figure 2.  Dependences of energies ( a ) W1.34 at l = 1.34 mm and ( b ) 
W1.064 at l = 1.064 mm on pump energy Wp at pump pulse repetition 
rates fp = ( 1 ) 2, ( 2 ) 3, ( 3 ) 5, and ( 4 ) 10 Hz.
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radiation at l = 1.34 mm decreases and the accumulated inv
erse population decreases due to radiation at l = 1.064 mm.

Figure 3 shows the dependences of the laser pulse dura-
tion at l = 1.34 mm on the pump energy at different pump 
pulse repetition rates. The minimum pulse duration was 120 ns 
at fp = 2 and 3 Hz and Wp > 50 J. Figure 4 presents a pulse 
oscillogram recorded at fp = 2 Hz and Wp = 72 J. In compari-
son with the PQS regime, PC lasing with EOQS is multifre-
quency. The single-frequency PC lasing at PQS is achieved 
due to the use of a V3+ : YAG passive Q-switch, which plays 
the role of a longitudinal-mode selector.

The spatial characteristics of PC radiation were measured 
by the Foucault knife-edge method using an aberration-free 
collecting lens with a focal length of 0.5 m to focus the radia-
tion (Wp = 60 J, fp = 2 Hz). The measured beam waist diam-
eters are presented in Fig. 5. It was found that the beam diver-
gence in the transverse directions (along the x and y axes) did 
not exceed 0.8 mrad. The intensity distribution corresponded 
to the TEM00 mode. The beam quality factors were Mx

2  = 1.3 
and My

2  = 1.3. The spatial brightness of radiation in the case 
of EOQS was 13.2 ́  1012 W cm–2 sr–1, which is higher than in 
the case of PQS by a factor of 2.4.
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Figure 3.  Dependences of laser pulse duration t1.34 on pump energy Wp 
at pump pulse repetition rates fp = ( 1 ) 2, ( 2 ) 3, and ( 3 ) 5 Hz.
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Figure 4.  Oscillogram of a laser pulse at  l = 1.34 mm.
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Figure 5.  Beam waist diameter d as a function of distance Dz from the 
lens focus.
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Figure 6.  Dependence of laser pulse energy W1.34 on Q-switch opening 
delay DtQ.
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Figure 7.  Dependences of ( 1 ) laser pulse duration t1.34 and ( 2 ) lasing 
development time Dt1.34 on Q-switch opening delay DtQ.
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Lasing in FWM PC lasers begins to develop at a zero 
Q-factor of the dynamic cavity. At the initial stage, holo-
graphic gratings in AEs are recorded and the cavity Q-factor 
increases with increasing reflectivity of the PC mirrors. This 
determines a longer time of the linear stage of lasing develop-
ment than in the case of a steady-state cavity. Variations in 
the gain at this stage lead to instability of the PC lasing par
ameters. The use of controlled EOQS makes it possible to 
decrease the time of the initial stage of the PC lasing develop-
ment and to weaken the effect of gain variations. For these 
reasons, the electro-optic Q-switch should be opened at the 
instant when the gain reaches its maximum. In the present 
work, we studied the stability of the PC lasing parameters 
upon changing delay DtQ of the Q-switch opening with respect 
to the pump pulse onset. The measurements for each DtQ were 
performed for no less than 20 pump pulses at Wp = 60 J and 
fp = 2 Hz. It was found that lasing did not occur at DtQ below 
110 ms and above 350 ms. The measured pulse energies and the 
temporal PC lasing parameters versus DtQ are presented in 
Figs 6 and 7, while Fig. 8 shows the dependences of relative 
instability of PC lasing parameters on DtQ. These dependences 
show that there exists an optimal range of DtQ which is char-
acterised not only by the highest energies (75 mJ) and shortest 
pulse durations (120 ns) but also by the minimum instability 
of these parameters. At optimum DtQ = 220 – 270 ms, the pulse 
amplitude instability was 11 % and the pulse duration insta-
bility was 6 %. The instability of the PC laser pulse parameters 
was considerably lower than the instability of the pump pulse 
amplitude (14 %), which is important for practical application 
of solid-state FWM PC lasers.

3. Nonlinear optical conversion of PC radiation 
at l = 1.34 mm to visible radiation

Conversion of the fundamental harmonic radiation at lw = 
1.34 mm to visible radiation is of practical interest. The sec
ond harmonic radiation at wavelength l2w = 0.67 mm, which 
falls into the absorption spectrum of Cr3+ : LISAF and 
Cr3+ : LICAF crystals, can be used for coherent optical pump-
ing of these crystals. The third harmonic at l3w = 0.446 mm, 
which coincides with the minimum of the sea water absorp-
tion, can be used in underwater communications, hydroloca-
tion, and underwater imaging. In the present work, we stud-
ied generation of the second and third harmonics of a PC 
Nd3+ : YAG laser operating at lw = 1.34 mm in the EOQS 
regime. Experiments were performed on a setup schematically 
shown in Fig. 9. The PC laser operated at Wp = 50 J and fp = 
3 Hz. In this case, the pulse energy at lw = 1.34 mm was 100 mJ 
at a pulse duration of 120 ns.

Red radiation at l2w = 0.67 mm was generated in a LiNbO3 

crystal 8 ́  10 ́  20 mm in size. The LiNbO3  crystal has the 
best nonlinear optical characteristic for generation of the sec-
ond harmonic of lasers emitting at lw » 1.3 mm [29]. Blue 
radiation at l3w = 0.446 mm was generated in a DKDP crystal 
(diameter 20 mm, length 60 mm) by summing the frequencies 
of the fundamental (lw = 1.34 mm) and second (l2w = 0.67 mm) 
harmonics of the PC laser. The DKDP crystal has a high 
damage threshold and low losses for the studied optical har-
monics. The crystal faces had no antireflection coatings for 
interacting wavelengths. The pump energy at lw = 1.34 mm 
was measured using calibrated attenuators, i. e., plane mirrors 
with known transmittances; the pump radiation intensity was 
increased using a twofold telescope, which decreased the beam 
diameter from 4 to 2 mm. The telescope transmission was 
80 %. The maximum pulse energy at lw = 1.34 mm at the tele-
scope output was 80 mJ.

Figure 10 presents the dependences of the measured ener-
gies of optical harmonics on the pump pulse energy at lw = 
1.34 mm, and Fig. 11 shows the dependences of the conversion 
efficiency calculated taking into account reflection from the 
crystal faces. One can see that the use of a telescope made it 
possible to increase the radiation energy at l2w = 0.67 mm to 
15 mJ with a conversion efficiency of 25 %, which is almost 
twice as high as in the scheme without a telescope. The energy 
at l3w = 0.446 mm in the scheme with a telescope increased to 
4 mJ at a conversion efficiency of 8 %. The low radiation 
parameters at l3w = 0.446 mm are related, first of all, to a non-
optimal ratio between energies at lw = 1.34 mm and l2w = 
0.67 mm.

Figure 12 shows the oscillograms of red and blue radia-
tion pulses at a pump pulse energy of 80 mJ. The pulse dura-
tion at l2w = 0.67 mm was 90 ns, i. e., decreased by a factor of 
1.3 compared to the pulse duration at lw = 1.34 mm, while the 
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Figure 8.  Dependences of relative instabilities e of ( 1 ) pulse energy, ( 2 ) 
pulse duration, ( 3 ) lasing development time, and ( 4 ) pump pulse ampli-
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Figure 9.  Principal scheme of nonlinear-optical conversion of PC radiation at l = 1.34 mm into visible radiation.
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pulse duration at l3w = 0.446 mm decreased by 1.7 times and 
was equal to 70 ns. The powers of red and blue pulses were 
125 and 57 kW, respectively.

4. Conclusions

Thus, we experimentally studied lasing of a FWM PC 
Nd3+ : YAG laser operating at a wavelength of 1.34 mm in the 
EOQS regime. The maximum pulse energy was 100 mJ at a 
pulse duration of 120 ns. The beam divergence was 0.8 mrad 
at beam quality factors Mx

2  = My
2  = 1.3. It is shown that there 

exist optimal time delays of electro-optic Q-switch opening 
with respect to the pump pulse, at which the relative instabi
lities of the laser pulse energy and duration do not exceed 
11 % and 6 %, respectively. Nonlinear optical conversion of 
PC radiation into visible radiation was performed. The sec-
ond-harmonic (l2w = 0.67 mm) pulse energy was 15 mJ at a 
conversion efficiency of 25 %, while the third-harmonic ( l3w = 
0.446 mm) pulse energy was 4 mJ at an efficiency of 8 %.

References
  1.	 Li M., Zhao S., Yang K., Li G., Li D., An J., Li T. Laser Phys., 

19, 933 (2009).
  2.	 Botha R.C., Koen W., Esser M.J.D., Bollig C., Combrinck W.L., 

Bergmann H.M., Strauss H.J. Opt. Lett., 40, 495 (2015).
  3.	 Liu C., Zhao S., Li G., Yang K., Li D., Li T., Qiao W., Feng T., 

Chen X., Xu X., Zheng L., Xu J. J. Opt. Soc. Am. B, 32, 1101 
(2015).

  4.	 Dashkevich V.I., Shpak P.V., Voitikov S.V., Chulkov R.V., 
Grabtchikov A.S., Cheshev E.A., El-Desouki M., Orlovich V.A. 
Opt. Commun., 351, 1 (2015).

  5.	 Song T., Li P., Chen X., Ma B., Dun Y. Optik, 127, 10621 (2016).
  6.	 Yong W., Ge Z., Chenghui H., Lingxiong H., Hongyuan S. 

Infrared Phys. Technol., 51, 91 (2007).
  7.	 Ma J., Li Y., Sun Y., Hou X. Laser Phys., 18, 393 (2008).
  8.	 Basiev T.T., Basieva M.N., Gavrilov A.V., Ershkov M.N., 

Ivleva L.I., Osiko V.V., Smetanin S.N., Fedin A.V. Quantum 
Electron., 40, 710 (2010) [ Kvantovaya Elektron., 40, 710 (2010)].

  9.	 Li Y.F., Zhao S.Z., Sun Y.M., Qi H.J. Laser Phys., 20, 1312 
(2010).

10.	 Jelínek M., Kitzler O., Jelínková H., Sulč J., Němec M. Laser 
Phys. Lett., 9, 35 (2012).

11.	 Dashkevich V.I., Orlovich V.A. J. Appl. Spectrosc., 79, 975 (2013).
12.	 Anan’ev Yu.A. Opticheskie resonatory i lazernye puchki (Optical 

Cavities and Laser Beams) (Moscow: Nauka, 1993).
13.	 Basiev T.T., Kravets A.N., Fedin A.V. Quantum Electron., 23, 513 

(1993) [ Kvantovaya Elektron., 20, 594 (1993)].
14.	 Basiev T.T., Kravets A.N., Krainov A.S., Fedin A.V. Quantum 

Electron., 28, 510 (1998) [ Kvantovaya Elektron., 25, 525 
(1998)].

15.	 Zel’dovich B.Ya., Pilipetskii N.F., Shkunov V.V. Obrashchenie 
volnovogo fronta (Phase Conjugation) (Moscow: Nauka, 1985).

16.	 Kulagin O.V., Gorbunov I.A., Sergeev A.M., Valley M. Opt. 
Lett., 38, 3237 (2013).

17.	 Gorbunov I.A., Kulagin O.V., Sergeev A.M. Quantum Electron., 
46, 863 (2016) [ Kvantovaya Elektron., 46, 863 (2016)].

18.	 Bel’dyugin I.M., Zel’dovich B.Ya., Zolotarev M.V., Shkunov V.V. 
Sov. J. Quantum Electron., 15, 1583 (1985) [ Kvantovaya Elektron., 
12, 2394 (1985)].

19.	 Bel’dyugin I.M., Berenberg V.A., Vasil’ev A.E., Mochalov I.V., 
Petnikova V.M., Petrovskii G.T., Kharchenko M.A., Shuvalov V.V. 
Sov. J. Quantum Electron., 19, 740 (1989) [ Kvantovaya Elektron., 
16, 1142 (1989)].

20.	 Eremeykin O.N., Antipov O.L., Minassian A., Damzen M.J. Opt. 
Lett., 29, 2390 (2004).

21.	 Basiev T.T., Gavrilov A.V., Ershkov M.N., Smetanin S.N., 
Fedin A.V., Bel’kov K.A., Boreisho A.S., Lebedev V.F. Quantum 
Electron., 41, 207 (2011) [ Kvantovaya Elektron., 41, 207 (2011)].

22.	 Soulard A., Brignon S., Raby E., Durand R., Moncorge R. Appl. 
Phys. B, 106, 295 (2012).

2

4

6

8

10

20 40 60 80 W1.34/mJ0

3

6

9

12

15

0

1

2

4

3

W
0.
44
6
/m
J

W
0.
67
/m
J

Figure 10.  Dependences of laser pulse energies ( 1, 3 ) W0.67 at l2w = 
0.67 mm and ( 2, 4 ) W0.446 at l3w = 0.446 mm on pulse energy W1.34 at 
lw = 1.34 mm in schemes ( 1, 2 ) without and ( 3, 4 ) with a telescope.
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