Research Article

ADVANCED

PHOTONICS

Second harmonic generation of laser beams
in transverse mode locking states

Zilong Zhang,*>** Yuan Gao,**° Xiangjia Li," Xin Wang®,*** Suyi Zhao,*** Qiang Liu,*' and Changming Zhao*"°
*Beijing Institute of Technology, School of Optics and Photonics, Beijing, China
®Ministry of Education, Key Laboratory of Photoelectronic Imaging Technology and System, Beijing, China
“Ministry of Industry and Information Technology, Key Laboratory of Photonics Information Technology, Beijing, China
Arizona State University, School for Engineering of Matter, Transport and Energy, Department of Aerospace and Mechanical Engineering,
Tempe, Arizona, United States
*Ministry of Education, Key Laboratory of Photonic Control Technology (Tsinghua University), Beijing, China
Tsinghua University, Department of Precision Instrument, State Key Laboratory of Precision Measurement Technology and Instruments,
Beijing, China

Abstract. Nonlinear frequency conversion of structured beams has been of great interest recently. We present
an intracavity second harmonic generation (SHG) of laser beams in transverse mode locking (TML) states with
a specially designed sandwich such as a microchip laser. The intracavity nonlinear frequency conversion
process of a laser beam in a TML state to its second harmonic is theoretically and experimentally investigated,
considering different relative phase and weight parameters between the basic modes in the TML beam.
Comparison between the far-field SHG beam patterns of fundamental frequency transverse modes in
coherently locked and incoherently superposed states demonstrates that the SHG of TML beams can carry
more information. Various rarely observed far-field SHG beam patterns are obtained, and they are consistent
with the theoretical analysis and numerical simulations. With the obtained SHG beams, the characteristics
of the structured fundamental frequency beams can also be conversely investigated or predicted. This work
may have important applications in optical 3D printing, optical trapping of particles, and free-space optical
communication areas.
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1 Introduction mode operation of the TML mode can be achieved for quite
short cavity lengths and the consequent large longitudinal fre-
quency spacing. These two types of cavities share quite similar
outputs of TML beam patterns under large Fresnel number
pumping conditions. So far, the investigations of the TML effect
are limited to the fundamental frequency of the laser cavity.
Its nonlinear frequency conversion phenomenon was rarely re-
ported.

On the other hand, nonlinear frequency conversion of a laser
beam is a quite common and mature technology. The previous
studies were mostly focused on the power, spectrum, and time
domain, and the spatial domain is seldomly considered. For
example, the second harmonic generation (SHG) of the longi-
tudinal mode-locked ultrashort laser pulse, phase, and group
velocity matching are the most important aspects to be consid-
*Address all correspondence to Zilong Zhang, zlzhang@bit.edu.cn ered for an efficient SHG process.'™ The TEM,, mode is

Recently, the transverse mode locking (TML) effect has been
attracting increasing attention, due to its possible use to generate
various beam patterns possessing optical vortices. The TML
effect is mostly focused on the laser physics area to investigate
beam pattern formation and temporal dynamics."® At the same
time, with the wide attention of laser technology scientists, re-
search on extended properties of TML laser beams is a new di-
rection for the laser technology field. Currently, TML is studied
with solid state lasers such as microchip cavities,’ diode lasers
such as vertical-cavity surface-emitting lasers (VCSELSs),* and
fiber lasers for both temporal and spatial mode locking.'® For the
solid-state microchip lasers and VCSELs, single longitudinal

Advanced Photonics 026002-1 Mar/Apr 2022 o Vol. 4(2)


https://orcid.org/0000-0003-3341-4755
https://doi.org/10.1117/1.AP.4.2.026002
https://doi.org/10.1117/1.AP.4.2.026002
https://doi.org/10.1117/1.AP.4.2.026002
https://doi.org/10.1117/1.AP.4.2.026002
https://doi.org/10.1117/1.AP.4.2.026002
https://doi.org/10.1117/1.AP.4.2.026002
mailto:zlzhang@bit.edu.cn
mailto:zlzhang@bit.edu.cn
mailto:zlzhang@bit.edu.cn

Zhang et al.: Second harmonic generation of laser beams in transve

5€ mode locking states

usually taken as the input and output transverse pattern, to make
the study of laser beams in spatial domains unnecessary.
However, the transverse pattern variation in the nonlinear fre-
quency conversion process of structured laser beams is of great
interest, due to booming research on the spatial properties of
laser beams in recent years. The nonlinear frequency conversion
process of the structured ultrafast laser beam was investigated
gradually.”™"® In addition to the structured ultrafast lasers, inves-
tigations of the nonlinear frequency conversion property of
Laguerre-Gaussian (LG) beams or vortex laser beams have
emerged in the last ten years. Four-wave mixing'** and sum
frequency,” or other frequency upconversion methods,” were
studied by external cavity orbital angular momentum (OAM)
modulations and nonlinear interactions. These investigations
were focused on the variation of OAM in the nonlinear process.
Generally speaking, the relationship between the OAMs of
input beams [;,/,... and output beam [ follows the law of
l=1+1,+ ...+, Thatis, OAM is conserved in the nonlin-
ear process. For SHG of two photons with angular frequency w
and single OAM, respectively, if the OAMs are equal, the OAM
variation has I,, = 21, or it has l,, = I/, + " *™®

All these above studies on nonlinear processes were explored
based on external-cavity structured mode generation. In terms of
the SHG process, the cost of applying high-energy pulses (or
ultrafast pulses) and phase plates (or spatial light modulators)
is greatly increased due to the high peak power intensity require-
ment. Compared with the aforementioned approaches, intracav-
ity generation of a second harmonic beam provides a promising
method to obtain the SHG of complex transverse modes with
relatively low energy or power consumption.”® Even the SHG
of some on-demand complex basic transverse modes” and
the SHG of some transverse modes with optical lattices*® were
investigated recently; there were rarely clear investigations of
the SHG of laser beams in TML states. Different from the tradi-
tional study on the nonlinear frequency conversion of a longi-
tudinal mode-locked ultrafast laser beam, the variation of spatial
structure information is focused on nonlinear frequency conver-
sion of a TML beam. Moreover, compared with the nonlinear
frequency conversion of external-cavity generated structured
modes, conversions of much more complex transverse patterns
can be achieved with low power consumption. The complex
transverse patterns formed by TML effects can be composed
of different basic modes with different weight coefficients and
different locking phases, which make the spatial information of
the fundamental frequency mode and its harmonic modes quite
abundant.

In this paper, the concept of the SHG of a TML beam is
clearly demonstrated and proved, as well as its difference from
the SHG of a single transverse eigenmode or incoherent super-
position of transverse eigenmodes. Based on fundamental fre-
quency beams in TML states, the structured SHG beams are
obtained successfully using a nonlinear crystal chip contained
passively Q-switched microchip laser cavity. Pairs of a funda-
mental frequency beam and its SHG beam are obtained with a
temporal pulse duration of 2 ns and a repetition rate of tens of
kilohertz. The generation of these TML laser modes, especially
for their frequency converted ones, opens up intriguing new ave-
nues for obtaining various structured beams with the intracavity
method. We believe that this work will be helpful to promote
the applications of structured beams in optical 3D printing,***°
optical trapping of particles, and free-space optical communica-
tion areas in the future.
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2 Theoretical Analysis and Simulations

Intensity distributions of most complex laser beam patterns can
be expressed by a combination of some modes in two basic
series, LG modes or Hermite—Gaussian (HG) modes. The for-
mation of the Ince—Gaussian (IG) mode can be an example of
it.3! The combinations could be coherent or incoherent, accord-
ing to the optical frequency and phase of the transverse modes.
When both the phase and frequency of the basic modes are
coupled, which is a common phenomenon in microscale cavities
with a large pumping Fresnel number,***>** the combination of
them can be coherent. For some strict conditions, such as the
small transverse mode frequency spacing Avr and close nearest
neighbor separation between two vortices,* both the frequency
and the phase difference of the transverse modes in a cavity can
be locked.** The locking of the phase difference between
two transverse modes in a microcavity is a spontaneous process
once the transverse modes are in strong coupling under a small
frequency difference.”*® Each transverse mode possesses a
frequency value to generate mode beats in the radio frequency
(RF) domain. However, it is possible for frequencies of trans-
verse modes in the nearly degenerated families to be locked to-
gether with the intrinsic nonlinearity of the microcavity; then
these transverse modes can be regarded as in a good TML
state.”***>*7 Considering a laser cavity with a relatively large
Fresnel number, several basic modes can be generated simulta-
neously. It gives the advantage to the locking of multiple single-
frequency transverse modes, and the electric field of a beam in
the TML state can be given as

Emvp, = Z{am,nXGm,n(')

m,n

2 2
X exp {id)m,n + ikz + ik% - iql//(z)} } (1)

where XG represents LG or HG polynomial, the subscript
m and n are the order indexes of corresponding basic modes,
.., 1s the weight of each basic mode, exp(...) is the phase item,
@ is the initial phase, and qy/(z) is the Gouy phase.

Some examples of the TML modes expressed by Eq. (1) are
shown in Fig. 1. Both simulations and experimental results of
the beam patterns are demonstrated to show the possibility of
the generation of the TML modes, and all measured beam pat-
terns were obtained by microchip cavities in our lab. The exam-
ples shown in Fig. 1 are just a small section of the various TML
modes obtained, and they are all composed of two basic modes
with the same order. For the types of TML modes shown here, a
mode beat frequency with the value of tens of MHz usually can
be detected by a photodetector. The transverse mode beat fre-
quency comes from the interval of the optical frequencies of the
two transverse modes. It is the cavity asymmetry that induces
the optical frequency difference of two transverse modes on the
same order.” This asymmetry can be nearly eliminated by a pre-
cise adjustment of the relative location between the pump beam
and the cavity, so that the two transverse modes have quite close
optical frequencies. When the asymmetry is small enough, as
well as the mode beat frequency, the optical frequencies of the
two modes can be pulled together by the intrinsic nonlinearity of
the microcavity,*”****> which can eliminate the beat frequency.
In this paper, we investigate the SHG phenomenon of the TML
beam composed of two basic modes whose order is less than 3
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a) Simulated patterns

(b) Measured patterns
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Fig. 1 Several examples of the fundamental frequency beam patterns in TML states to show the
possibility of the generation of TML beams by a microchip cavity. (a) Simulations of the far-field
beam pattern of TML modes; (b) corresponding experimental results of the far-field beam
patterns of TML modes. Here, a = exp(iz/2) and g = exp(iz/4).

for HG modes and less than 4 for LG modes. TML beams with
higher-order basic modes or more than three basic modes re-
quire very precise adjustments of the pump and cavity.

The SHG process of the fundamental frequency beam in the
TML state can be described by the coupling wave function,
which is the same as that of a Gaussian beam. For small signal
approximation and the phase matching Ak = 0 condition, the
SHG wave at its beam waist (z = 0) is determined as

dEspc

dz iKEmy ExmLe™® — Esug o Envy - Enw, (2)

where Eqy represents the wave function of the fundamental
frequency beam in the TML state expressed by Eq. (1) and
Eqyg represents the wave function of the SHG beam.

By substituting Eq. (1) into Eq. (2), the exact formula of
Esug can be obtained, which is a summation of various products
between the two basic modes composing the fundamental fre-
quency beam. Take a TML beam composed of XG,, ,; and
XG,,p.no modes as an example, where XG,,; ,; represents the
electric field of the HG or LG modes with indexes of mi and
ni, respectively, and these modes are frequency degenerated
or near degenerated.”*® According to Eq. (2), the electric field
of the SHG beam of the XG-mode-composed TML beam at
beam waist (z = 0) can be expressed as
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Esug(r, @) & [XGy i (1, @) + €9XGp (7, 9)]
X [XGpi i (@) + €9XGpp (7, )]
= XGﬁu,nl (r, @) 4+ 2¢XG,p1 i (1, ©)XG,p.0 (1, @)
+ e?XG, 0 (r.9), 3)

where r and ¢ are the radial and azimuthal coordinates, respec-
tively, and ¢ is the phase difference between the two locked
basic modes.

When fundamental frequency beams are not in TML states,
the intensity distribution of the SHG beam is the direct intensity
superposition of each composition mode. In Figs. 2(a) and 2(b),
the first and second rows show the patterns of two fundamental
frequency eigenmodes (in the first column) and their SHG
beams in the near field (in the second column) and the far field
(in the third column), respectively. The third row shows the pat-
terns obtained by the incoherent superposition of the above two
rows. And in Fig. 2(c), the experimentally obtained SHG beam
patterns (in the third column) are given to make a comparison
with the simulations (in the second column). When the funda-
mental frequency beams are in TML states, the phase difference
between two basic modes is a constant, which makes the pattern
of SHG beam no longer the simple intensity superposition but a
coherent superposition of items in Eq. (3) related to the phase
difference ¢. As shown in Fig. 3(a), far-field patterns of funda-
mental frequency beams in TML states can be represented by
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Fig. 2 The mode compositions in (a),
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HG 1®HG, . Here, @ represents the incoherent superposition of the modes. The first and second
rows are far-field patterns of two basic HG modes and the third row is the direct intensity super-

position of the above two rows.

the Poincaré sphere. The north and south points indicate two
basic modes that are composing the TML beam, angle 6 repre-
sents the amplitude ratio, and angle ¢ represents the phase dif-
ference of the two modes. The TML beam represented by the
point (6, ¢) on the Poincaré sphere is given as

- explih).

cos <Z> ' + XGyoumn | SIN <§)
“)

Figures 3(b) and 3(c) show the far-field SHG beam patterns
of a TML beam composed by HGj; + HG;, and HG(,+
HG,, with different phase differences ¢ and amplitude ratios
0. It can be seen that the far-field pattern of the SHG beam varies
according to the phase differences ¢. With the change of ¢,
beam patterns of the SHG have gradual variations, to generate
a series of similar profiles.

For some special compositions of the fundamental frequency
beams in TML states, the electric field of the SHG beam can be
calculated by Eq. (3) directly. Some theoretical analyses about
the nonlinear conversion processes of LG}, modes, HG,), ,, and
I1G,, , modes have been reported in previous research work.**™"
However, when the compositions become more complex, the

Ervi (9’ ¢) = XGyorn

analytical expression of the SHG beam is quite complex and
hard to calculate. The general method to obtain the far-field
beam pattern of the SHG beam is numerical simulations based
on Eq. (3) and the ABCD transfer matrix for propagation.”*
Here, all the far-field beam patterns are simulated by this
method. Figure 4 shows the simulated beam patterns of SHG
beams corresponding to different fundamental frequency beams
in TML states. With the variation of the locking phase difference
¢, the far-field SHG beam patterns change gradually. More
specifically, the changes in the far-field beam patterns generated
by the SHG of the HG-mode-composed TML beam are rela-
tively larger, with a variation of ¢ [as shown in Figs. 4(a)—4(g)],
than those of the LG modes, whose patterns just have a counter-
clockwise rotation on the angular orientation as shown in
Figs. 4(h)—4(j). Two valuable aspects can be summarized based
on the simulation results shown in Fig. 4. First, the intensity
distribution transformation from a TML beam to its SHG beam
can be predicted. Second, the exact state of the TML beam can
be well established by matching the experimentally obtained
far-field SHG beam pattern with the theoretical simulation.
The patterns of TML beams sometimes look quite similar to
each other, though their formation or locking phase is slightly
different. With the help of the predictions by these simulations,

(a) (b) 6 XCnorth = HCos (C) § XGporth = HGo2
- -
ErML=XCnorth |cos (0/ 2)| XGporth: XGsouth #* -« - - T - -
+XGgouth |sin (0/2)|-exp(i¢) =21 a ’ Q o § X g o,
Gnr 208 ity
- AGnorth
// WQ
ey
- L

XGgouth———

' o . XGgouth = HGy0

' .o. ¥ XGyouth = HGzo

Fig. 3 Far-field SHG beam patterns of various TML beams marked on the Poincaré sphere.
(a) The point (9,¢) on the Poincaré sphere represents a particular TML state of Eqy. =
XGiortn| €0s(8/2)|+XGsgoutn| SiN(0/2)| - exp(ig). (b) and (c) The corresponding far-field SHG beam
patterns of different TML states with HG, 1®HG o and HG, ,®HG, 5, respectively.
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Fig. 4 Simulated far-field beam patterns of SHG beams corresponding to different TML beams. In
column VI, the TML beams’ equations based on Eq. (1) are given. In rows (a) to (g) and rows (h)
to (j), different far-field patterns of SHG beams of transverse mode locking states with two HG and
LG modes are given, respectively. Here, n = exp(i¢). In row (k), the exact values of the locking

phase difference ¢ are given.

the differences of the states of TML beams can be enlarged by
the far-field SHG beam patterns.

Though the SHG beam pattern is stationary in the far field,"
it changes fast from beam waist to the position of several times
the Rayleigh length. Figure 5 shows the variation process of the
SHG beam pattern in the near field. The SHG beam pattern near
the beam waist is similar to the fundamental frequency beam
pattern. After a rapid changing in about three times Rayleigh
length, the beam pattern will be stabilized to the one that is quite
similar to that of its far field.
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3 Experimental Setups

The schematic diagram of the experimental setups is shown in
Fig. 6. The designed microchip cavity for SHG conversion of
TML beams is composed of a 500-ym-thick 1.0% (atomic frac-
tion) doped Nd:YAG chip, a 200-um-thick 100-cut Cr:YAG chip
as the saturable absorber, and a 500-um thick a-cut LiTaO;
(LTO) chip as the nonlinear crystal. The cross-section dimensions
of the chips are all of 5 mm x 5 mm. The three chips are stacked
together to form the laser cavity, with a partial reflection coating

Mar/Apr 2022 o Vol. 4(2)
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Fig. 5 Variations of two SHG beam patterns of TML beams in the near field. The upper one is the
SHG beam of the TML beam of HG, ; 4 exp(i - 37/8)HG; ;, and the lower one is the SHG beam of

TML beam of LGy 3+LGg 3.
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Fig. 6 Diagram of (a) the experimental principle and (b) setup of the SHG process of TML beams.
In panel (a), 1: Nd:YAG microchip; 2: Cr:YAG microchip; 3: LTO, LiTaO; microchip; 4: DBS, di-
chroic beam splitter; 5: 532 nm filter; 6: 1064 nm filter; and a, b, ¢ represent the crystallographic
axes; cis also the optical axis. (b) The experimental setup and some beam patterns of both the

fundamental frequency and SHG beams.

for 1064 nm and a high transmission coating for 532 nm on the
surface of the LTO chip, and a high transmission coating for
808 nm and a high reflection coating for 1064 and 532 nm on
the surface of the Nd:YAG chip. The microchip cavity is placed
in a copper heatsink to transfer the generated heat. A fiber-
coupled 808-nm laser diode with a maximum output power of
10 W is used as the pump source. The experimentally used power
is 3 to 6 W for the safety of the microchips, and the pump beam
delivered from the tail fiber with a 100 ym core diameter is
focused into the microchip cavity by a 1:1 free-space optical
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coupler. The beam profile of the pump beam at the beam waist
is a super-Gaussian-like one. As the beam propagates, the beam
profile changes to a ring with a central dot, and then it changes
to a ring after a few millimeters. The relative location of the
microchip cavity and the pump beam waist can be adjusted
in the experiment. A temperature controller with 0.01°C preci-
sion is used to maintain the cavity in a stable thermal condition
for stable generation of both fundamental frequency beam and
SHG beam, and it is found that 25°C is the relative perfect
temperature for the stable operation of our system.

Mar/Apr 2022 o Vol. 4(2)
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In this microchip cavity, due to the passive Q-switch regime,
a pulsed beam with a temporal duration of 2 ns, repetition rates
of tens of kilohertz, and a peak power of several kW is obtained
through the gain medium Nd:YAG and nonlinear saturable
absorber Cr:YAG chips. Then, a Q-switched fundamental beam
passes through the nonlinear crystal LTO to achieve the SHG
output. As the optical axis of the used birefringent LTO crystal
is parallel to the interface of the crystals, the fundamental mode
is o-polarized or e-polarized. Different wavelengths and beam
patterns can be obtained for the two different polarizations.***
So type-I phase matching is used for the SHG process. As LTO
crystal is a positive uniaxial crystal, two e-polarized 1064 nm
fundamental photons will generate one second harmonic
532 nm photon. Stable operation of the SHG of the TML beams
should require the fundamental frequency beams in e-polariza-
tion, and this could be controlled by the temperature adjustment
of the laser cavity to make the e-polarized fundamental beam
have a higher gain than the o-polarized one. By adjusting the
incident angle, beam waist inside the chip, and power of the
808-nm pump beam, various 1064-nm TML beam patterns
composed of different basic transverse modes along with differ-
ent locking phases can be obtained. If the pump light is incident
perpendicular to the microchip, TML beam patterns composed
of LG modes are produced by the circularly symmetrical pump-
ing intensity. With the adjustment of the pump beam waist,
topological charges of the LG modes could be changed. TML
beam patterns composed of HG modes can also be produced by
adjusting the incident angle of the pump light. A dichroic beam
splitter is placed after the microchip to split the output 532-nm
SHG beam and 1064-nm fundamental frequency beam. The far-
field beam patterns of the fundamental frequency beam are mea-
sured by a CCD camera directly, and its SHG is recorded by
taking pictures of the screen for a better intensity presentation.
A photodetector with a bandwidth of 400 MHz was used to
monitor the mode beat of the TML beam. In the experiment,

QG Tated QG Tated

Experimental
patterns

patterns

LG03+LGo,-3 LG0.2+LGo,2

LG04+LGo4

TML Beam

the photodetector was shifted to measure the mode beat at differ-
ent positions in the beam cross section, and no obvious differ-
ence on the spectra was found. Once the fundamental frequency
beam is in a good TML state, there should be no spectrum to be
measured. To make sure the RF range of beat frequency of the
transverse modes in our microchip, a 3-GHz bandwidth photo-
detector was also used to observe the mode beats of a quite com-
plex series of transverse modes under high pump power, and it is
shown that most of the mode beat frequencies are located in the
0 to 500 MHz range, and a 400-MHz bandwidth is enough for
all the modes discussed in this paper. What should be noticed is
that the microchip cavity we use has a longitudinal mode inter-
val of about 50 GHz, and within the pump power (6 W) we use,
only one longitudinal mode can oscillate for each transverse
mode. The generated beam patterns of fundamental frequency
(from left to right) and the corresponding SHG (from top to
bottom) are shown at the bottom and the right side of Fig. 1(b),
respectively. Here, different conditions for the fundamental
frequency beams are listed, including single mode beam, TML
beam, and incoherently composed beam.

4 Experimental Results and Discussion

With the designed sandwich-like microchip cavity laser system,
the SHG of various beams formed by the TML state of LG or
HG modes has been successfully achieved. Since the TML state
is a spontaneous process under proper pumping conditions,’
it can be obtained relatively easily using our proposed setups.
Different TML beams can be achieved by simply adjusting the
pump beam’s incident angle, while larger changes for the inci-
dent angle can bring the variation of the order of the basic trans-
verse modes that compose the TML beam. The experimental
results with the TML state of paired LG modes are shown
in Fig. 7. Three cases are shown here, and the LG modes in
the TML states have the azimuthal index [/ be 2, 3, and 4,

Simulated
phases

Simulated
patterns

Experimental
patterns

(a4)

(a5)

SHG Beam

Fig. 7 The experimental and simulated results for the SHG of TML beams that are composed
of LGg1 + LGy, modes. (a)-(c) The combinations are LG, + LGg_o, LGg3 +LGg_3, and
LGo4 + LGy _4, respectively. (a1)-(c1) and (a4)-(c4) Experimentally measured far-field beam
patterns of TML beams and SHG beams. (a2)-(c2), (a3)-(c3) and (a5)-(c5), (a6)-(c6) are the
corresponding simulated far-field patterns and phases.
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Simulated
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Simulated
patterns

Experimental
patterns

HG2.0+2aHG1,1 HG2,0+6HGO2 HG2,0+BHGo.2 HG20+yHG1,! 2HG20+aHG1,1 HG2.0+2HGo2

HGo3+yHG30

TML Beam

Simulated
phases

Simulated
patterns

Experimental
patterns

(a4) | 7

-

SHG Beam

Fig. 8 The experimental and simulated results for the SHG of TML beams that are composed of
HG,, , modes. The exact combinations of basic modes for each TML state are shown on the left
side of each row. Here, a = exp(iz/2), f = exp(ir/4), y = exp(i3x/8), and & = exp(i38z/4).

respectively. The first and fourth rows of Fig. 7 show the exper-
imentally measured fundamental frequency and the SHG beam
patterns in the far field. The second, fifth and third, sixth rows of
Fig. 7 show the simulated patterns and corresponding phases of
the fundamental frequency or SHG beam. Figures 7(al)-7(cl)
are petal-like far-field patterns of the TML beams, with the
number of petals being 21. This means the coherent superpo-
sition of LGé and LGy 1 while whether they are locked should
be referred to the RF spectrum measured by the photodetector.
In the experiment, the RF spectrum from the transverse mode
beat can be eliminated by precise adjustment of the pump
beam to minimize the cavity asymmetry along with the cavity
intrinsic nonlinearity. Comparing the experimentally obtained
far-field SHG beam patterns with the simulated ones, the good
agreement proves the correctness of the theory and simulations.
No rotation phenomenon of both beam patterns is observed
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without manipulation. It also proves a stable locking phase ac-
cording to Fig. 4.

Along with the TML beams of different combinations of
basic HG modes, corresponding SHG beams were also obtained
successfully. Figure 8 shows seven different cases with the
combinations of HG,,,, modes, where m +n =2 or 3. The
parameters, including indexes of HG modes, weight ratios, and
locking phase differences required in the calculation of Eq. (1),
are listed on the left side of each row. The basic HG modes com-
posing the seven TML beams include HG,, HG,y, HG, ;,
HG;y, and HG 3. The weight ratios between two basic modes
canbe 2:1, 1:1, and 1:2, and the locking phase difference has the
values of z/4,73/8, /2, or z3 /4. The relative phase between
two basic modes can be changed by slightly tuning the incident
angle of the pump beam to adjust the gain distribution, due to
the TML beam pattern, and the locking phase will be affected by
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the intracavity gain. The degree of these adjustments is much
smaller compared with what may induce the beat frequency
change. Experimentally measured far-field beam patterns of
fundamental frequency and corresponding SHG beams are
shown in Figs. 8(al)-8(gl) and 8(a4)-8(g4), respectively.
Simulations of the far-field beam patterns and phases of them
are listed in Figs. 8(a2)-8(g2), 8(a3)-8(g3) and 8(a5)-8(g9d),
8(a6)-8(gb), respectively. By comparing the simulation results
[refer to Figs. 8(a4)—8(g4)] with the experimental results [refer
to Figs. 8(a5)-8(g5)] of the far-field SHG beam patterns, good
agreement can be seen between them. For the far-field SHG
beam patterns shown in Figs. 8(a5)-8(g5), the corresponding
simulations can also be verified in the first five rows of Fig. 4.
Though it does not show the results for the combinations among
HG; ,, HG; ;, and HGy 3, the corresponding far-field patterns of
SHG are also obtained, which can be seen in the Supplemental
Material.

We have shown that the SHG of the TML beams can be
achieved by a thin sandwich-like microchip cavity. This phe-
nomenon was seldomly studied before, and the reason comes
down to two aspects. For the first aspect, in the laser technology
field, the TML beam is not easily obtained with large-scale crys-
tals for the demand of high power nonlinear frequency conver-
sion output. With a large-scale crystal, the long cavity due to the
crystal thickness makes it difficult to achieve a high Fresnel
number pumping for the classical diode laser end pumped laser
systems. What is more, the thermal effect in the long medium
will also result in serious phase distortions to prevent the effi-
cient locking of transverse modes and obtain a time averaged
super Gaussian-like intensity distribution. For the second as-
pect, in the laser physics field, quite a short cavity length is
needed to study the TML phenomenon, which limits the power
and energy for nonlinear frequency conversion. Concluding the
previous works,*”"* the thickness of the experimentally used
crystal is no larger than 2 mm (considering the refractive index
of the crystal to calculate the cavity optical length, it is no larger
than 5 mm). High power and high energy output are difficult
with such a short cavity length, to make external frequency
conversion impossible. Even the intracavity SHG is not easy
to achieve, considering that both the gain and the cavity length
should be guaranteed. By designing the geometry and selecting
the parameters of the microchip cavity reasonably, we realized
the intracavity SHG process of the fundamental frequency
beams in TML states. The total power of the SHG beam is
relatively low currently, ~200 W for the SHG beams in Figs. 7
and 8. Considering the ~20 mW power of the fundamental fre-
quency beams, the nonlinear frequency conversion efficiency is
also low. The increase of the SHG power can be considered by
a thicker gain medium and new nonlinear crystals. However,
the large Fresnel number pumping condition should also be sat-
isfied with the longer cavity, so the high-order TML mode can
still be achieved efficiently. The stability of the beam patterns
relies on the thermal condition of the cavity, and we could
achieve the stable SHG beam patterns for a few minutes to tens
of minutes under the current thermal controlling mechanism.
With further improvement of the engineering work on thermal
controlling, better stability of both the power and beam pattern
is promising to be obtained.

5 Conclusions

We have described a new approach to generate structured TML
beams and their SHG beams simultaneously with a sandwich-
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like microchip laser. Various paired TML beams and their
SHG beams can be experimentally obtained by the proposed
approach. The beam patterns generated in our approach can be
predicted by the established scientific theoretical model and
are in consonance with the experimental results. Moreover, fun-
damental frequency beams in different TML states will result in
quite different far-field SHG beam patterns. The pattern of the
TML laser beam generated by intracavity can be tuned by easily
altering the pumping parameters, including pumping region
area, incident angles, and power. With the obtained far-field
SHG beam patterns, we can also conversely investigate or
predict the characteristics of the input fundamental frequency
beams. The results reported here will be helpful to further under-
stand the effect of complex transverse mode states on SHG beam
formation. In addition, the generated laser beams will have pro-
spective applications in optical 3D printing, optical trapping of
particles, and free-space optical communication areas.
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