Spatial rogue waves in a Q-switched solid-state laser with transverse mode
locking
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Spatial rogue waves represent hot spots with extremely high intensities in transverse cross-section
of the laser beam. Here, we study theoretically the generation of spatial rogue waves in an actively Q-
switched solid-state laser with several transverse modes. We show that in the absence of nonlinear mode
interaction and other nonlinear effects in the cavity spatial rogue waves in the output laser beam can be
generated as a result of coherent superposition of the transverse modes. The probability of rogue wave
emergence depends on the laser mode configuration and is higher in the case of highly anisotropic mode
distribution and reduced frequency spacing between the modes.
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[IpocTpaHCTBEHHBIC aHOMaJIBHBIE BOJHBI PEICTABIISIOT COOON «TOPSYHE TOUKWY C OKCTPEMATIBHO
BBICOKMMH MHTEHCUBHOCTSIMU B IIONIEPEYHOM CEUECHHWH JIa3epHOro Mydka. B nanHoi pabore Mbl nccie-
JlyeM T€OPETHYECKN FE€HEpaLMI0 IPOCTPAHCTBEHHBIX aHOMAIIBHBIX BOJIH B TBEPAOTEIBHOM JIa3epe ¢ He-
CKOJIbKUMH ITOTIEPEYHBIMH MOJIaMH, pabOoTaIOIIEeM B PeKMMe aKTUBHON MOAYJISLUH 100poTHOCTH. B city-
Yyae OTCYTCTBHS HEIMHEHHOTO B3aMMOJACHCTBHS MOJ M APYIHX HEJIMHEHHBIX 3((PEKTOB B pe3oHATOpE
MIPOCTPAaHCTBEHHBIE AHOMAJIBHBIE BOJIHBI B TIONEPEYHOM CEYEHUHU BBIXOJHOTO JIA3€PHOTO IMy4dKa MOTYT
BO3HUKATh B Pe3yJIbTaTe KOT€PEHTHOHN CYTEPIIO3HUIIMHU TIOMIEPEYHBIX MOJl. BEpOosSTHOCTh TeHepanuy aHo-
MaJIbHBIX BOJIH 3aBHCHUT OT MOJIOBOW KOH(UTYypalliy j1a3epa U yBEIWYMBaeTCs B ciiydae Ooyiee aHU30-
TPOITHOTO paclpeneieHNs MOl U MEHBIIEN Pa3HOCTH YaCTOT MEXY MOJIaMHU.

Kntouesvie cnosa: anoMalibHas BOJHA; CHHXPOHH3AITHS TIOMIEPEUHBIX MOJI; aKTUBHAS MOIYJISIIIHSI
JIOOPOTHOCTH; MHOTOMOJIOBBIH J1a3ep.

Introduction

The phenomenon of rogue waves (RWs) generation has been observed in different
complex optical systems including laser systems [1-3]. Spatial rogue waves represent one
of the RWs types that can emerge in multi-mode optical systems and correspond to hot
spots with extremely high intensities in the transverse cross-section of the beam [4]. Spatial
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rogue wave formation in lasers can be governed by different factors such as spatial and
nonlinear effects, gain, dispersion, and cavity configuration [2, 5, 6]. In the case of reduced
or negligible nonlinearity in the cavity, one of the possible mechanisms that can lead to the
onset of RWs generation is spontaneous mode-locking [4, 7].

As follows, we discuss a theoretical model that allows for simulating the spatial RWs
generation in a Q-switched solid-state laser as a result of the spontaneous transverse mode
locking assuming negligible nonlinear effects in the cavity.

1. Theoretical model

Transverse mode locking in lasers is a well-known effect that results in a confined
pattern in the transverse cross-section of the beam [8, 9]. By analogy with the longitudinal
mode locking, the dynamics of the beam profile is defined by the frequency spacing
between the transverse modes [8, 10].

The total field inside the laser cavity can be described through the superposition of
individual mode fields [11]:

E(x’ y’ t) = Zq,m,nAqmn(t) Umn(x' y)eznivqmnt-i-i(pqmn (1)

where Agmn(t), vgmn, and @qmn Stand for the slowly varying amplitude, frequency, and phase
of the mode with a longitudinal index g and transverse field distribution Umn(X, Y).

Considering an actively Q-switched solid-state laser, the time dependence of modal
amplitudes Aqmn(t) is calculated using the rate equations under the approximation of a point
model of the laser cavity [12] adapted for the multi-mode case. The nonlinear gain
competition is neglected in the model as well as other nonlinear effects, corresponding to
a linear superposition of the laser modes.

In the case of a cylindrical symmetry of the cavity, the laser modes can be
approximated by Laguerre-Gaussian (LG) modes [13, 10]. In the following analysis, we
consider one longitudinal mode (g = 0) and 15 transverse modes that are defined using the
basis of LG modes. The modes are characterized by different losses in the cavity, which
results in specific spatially anisotropic configurations of the output laser beam. The
frequency separation between the modes depends on the cavity configuration and is
considered a free parameter in the simulation.

The time-averaged intensity distribution at the laser output (as captured
experimentally by the camera [4]) is given by:

1 (T 2
Iaverage (X’ y) = T_,[Oexp kOUt |E(X’ y1t)| dt (2)
exp
where Kout is the fraction of photons emitted through the output mirror, Tesp is the camera

exposition time that is equal to the Q-switched pulse duration.

2. Results

To analyze the spatial rogue waves generated in the time-averaged output laser beam
and investigate their statistical properties, we calculated a number of output beam profiles
given by (2) for different realizations of random initial phases of the modes @qmn. In the
described laser system, the number of lasing modes is fixed and the probability of RWs
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generation depends on the frequency spacing between the modes and anisotropy of the
mode configuration, which is governed by the mode-dependent losses. Figure 1 shows
example intensity statistics and output beam profiles for the frequency spacing between the
modes equal to 2 MHz for two limiting cases of the laser mode configuration. The first
case corresponds to an isotropic configuration, when all modes are characterized by equal
losses, while the second case describes the most anisotropic configuration, when the group
of modes with sin-like angular dependence of the phase has losses much higher than the
other group of modes with cos-like phase patterns.
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Fig. 1. Statistics of a) 2D intensity and b) peak intensity over the beam profile for isotropic and
anisotropic mode configurations; example output beam profiles (intensity relative to average) for c)
isotropic and d) anisotropic mode configurations (beam profiles with spatial RWs are shown in the

rightmost columns). Dashed lines indicate the rogue wave limits

It is seen that in the latter case, the 2D intensity statistics has more pronounced
L-shaped form and maximal values of 2D and peak intensity are higher, indicating that
spatially anisotropic mode configuration provides more favorable conditions for spatial
RWs generation. In the example shown in Fig. 1, the frequency spacing between the modes
corresponds to the period of beating of 500 ns, which is much larger than the Q-switched
pulse duration (about 100 ns). This allows for the spatial rogue waves emergence in time-
averaged beam profiles for specific values of the modes’ initial phases which correspond
to constructive interference of the transverse modes. For larger values of frequency spacing
(>5-10 MHz) that correspond to the period of beating comparable or smaller than the
Q-switched pulse duration, the spatial rogue waves were not generated as the beating
effects between the modes were averaged out in the output beam profiles.
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Conclusion

We simulated theoretically the spatial rogue waves generation in the time-averaged
output laser beams as a result of coherent transverse mode superposition in a multi-mode
Q-switched solid-state laser. In the absence of nonlinear effects in the cavity, the main
parameters affecting the rogue wave statistics are the frequency spacing between the
transverse modes and spatial anisotropy of the laser mode configuration. The reduced
frequency spacing and more spatially anisotropic mode configuration are favorable for the
increased probability of the rogue waves emergence.
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