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Editorial on the Research Topic
Future Directions in Novel Laser Source Development: Dynamical
Properties, and Beam Manipulation

Lasers, which are ubiquitous in everyday life, have revolutionized the world in the
fields of manufacturing, communication, metrology, sensing, display, directed
energy, and others. Tremendous technological breakthroughs in laser sources
have been reported to meet the ever-increasing demands for improved laser
performance [1]. Today, new trends for laser development are emerging,
including advanced laser sources with specially tailored attributes (such as spatial
patterns, spectral properties, pulse shapes, wavelength coverage, etc.). A variety of
laser applications has called for these new sources. As a result, remarkable progresses
have been made in this direction over the past decades.

Complete characterization and control of laser outputs among multiple domains
and degrees of freedom is the key for practical laser-matter interactions. In this
context, better control over laser properties has a vast range of new laser application
scenarios, such as: adapting spatial beam profiles to achieve super-resolution
imaging of living cells [2], tailoring pulse shapes and wavelength range to
generate optical frequency rulers with unprecedented precision [3], employing
the angular momentum of laser beams to realize contactless and multi-
dimensional motion control of nano-particles [4], to name a few. In addition,
recent technological progress has created new paradigms, such as on-chip lasers
and photonics [5], metasurface lasers [6], topological lasers [7], biological lasers [8],
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and air lasing [9], offering abundant dynamics and enabling
applications to be explored. The goal of this Research Topic is
to take a snapshot of the current frontier of dynamics and
manipulation of novel laser sources. Furthermore, we aim to
build connections between experts from different
backgrounds to gather the current state-of-the-art and to
ensure that researchers in distinct sub-areas can learn from
each other’s progress.

This Research Topic includes thirteen original research
articles covering the laser sources, beam manipulation and
applications. At the cutting edge of newly developed lasers,
Wang et al. demonstrated the broadest tuning range of the
femtosecond Cr:ZnSe/ZnS lasers, which may be applied to
medical diagnostics and molecular spectroscopies. Zhang
et al. reported the generation of the 335.5 nm wavelength
laser based on a home-built resonant cavity, having a high-
peak-power density up to 20.86 MW/cm?®. The source is
ready for the generation of narrow-linewidth 167.75 nm
vacuum ultraviolet (VUV) single-frequency continuous
wave (CW) laser, towards angle-resolved photoemission
spectroscopy (ARPES) with high energy resolution.
Echarri et al. demonstrated results of photo-ionization
experiments driven by a newly developed compact
tunable diamond Raman laser. It exhibited comparable
performance with commonly used Ti:sapphire lasers in
terms of produced ion current. For developing near-
infrared high energy laser source, Jiang et al. reported a
nanosecond single-aperture Nd:YAG laser producing 10]
energy at the repetition rate of 50 Hz. In addition, Lei et al.
introduced hybrid nanosecond laser oscillator and amplifier
with gain crystal combination of Nd:YAG and Nd:LuAG,
and analyzed the influence of overlapping gain spectra. To
obtain multi-beam repetition-rated regenerative amplifiers
with high performance, Gao et al. reported the detailed
design method, and obtained eight-beam output with
uniform energy and high energy stabilities (RMS of 0.
3%-0.9%) over 2 hours.

Several authors presented their recent work on beam
manipulation and propagation properties of laser beam.
Wang et al. studied the distinct characteristics and
properties of optical lattice patterns in transverse mode
locking (TML) and non-TML states, which can be
distinguished by intensity comparison, interferometry, and
beat frequency spectrum. Zhang et al. explored the effect of
thermal blooming induced by the propagation of higher-
order laser mode from fiber array. They investigated the
influence of beamlet arrangement on the energy
focusability under thermal blooming. Liu et al. reported

the propagation properties of a novel twisted Hermite-
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Gaussian correlated Schell-model beam, as a new type of
partially coherent twisted beam. Then they discussed the
enhancement on the self-reconstruction capability by the
twist phase. Lu et al. studied the behavior of partially
coherent beam in nonlinear media, indicating the
threshold condition of coherence size related to the self-
focusing phenomenon.

Finally, we should remember the famous statement from
the early stages of lasers, which was considered a solution
looking for a problem [10]. Applications of laser are
numerous. For this Research Topic, Wen et al. showed
that the advanced laser plasma shockwave cleaning
enhanced the fabrication quality of black silicon, which is
crucial for large-scale industrial preparation. Liu et al.
proposed and verified an augmented reality holographic
stereogram, by simultaneously rendering the obtained
scene model and virtual scene. Peng et al. demonstrated
the imaging through random scatter medium. They carried
out the spatial coherence measurement, and reconstructed
the image information with the help of iterative phase
retrieval algorithm in the Fresnel domain.

In summary, this Research Topic collects a vast range of
latest progresses on the novel laser source development,
serving as a worth reading reference for the researchers in
the related fields.
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Coherence in a light beam has the potential to serve as a degree of freedom for
manipulating the beam. In this work, the self-focusing property of a partially coherent
beam with a non-uniform correlation structure propagating in a non-linear medium is
investigated. The analysis of the evolution of beam width reveals that the coherence
structure plays a vital role in the self-focusing formation. A threshold condition for the
coherence radius is proposed for the first time, and the relation of self-focusing length and
initial coherence radius is studied numerically and analytically. It is shown that a feasible
approach for manipulating the self-focusing length by adjusting the initial coherence radius
is achieved.

Keywords: partially coherent beam, non-uniform correlation structure, optical coherence, coherence radius, self-
focusing length

INTRODUCTION

Spatial coherence is a crucial intrinsic characteristic of light. Optical coherence is now the subject of a
well-developed theory [1]; the laser beam with decreased spatial coherence has been analyzed in
depth, and it has been labeled as the partially coherent beam (PCB) [2]. By adjusting the spatial
coherence of PCBs, novel properties can be exhibited that play a significant role in the light-matter
interaction and have attracted the attention of researchers [1, 3]. In the past few decades, intense
interest has been focused on the design of different types of PCBs and the interaction between PCBs
and various media. To date, many PCBs with uniform or non-uniform correlation structures have
been introduced [4], and their propagation properties in turbulence and uniaxial crystal media have
been studied [5, 6]. Although these works have been extensive and might seem to be complete, the
investigations have not exhausted all possibilities. The non-linear effect can significantly affect the
essence of PCB propagation; in practical terms, the Kerr effect strongly exists when an intense laser
beam is present in non-linear media.

There are several approaches to describe the propagation of PCBs in a non-linear medium, for
example, the coherent density approach [7], multimode decomposition [8], the geometric optics
approach [9], and the mutual coherence function [1]. At present, the Gaussian—Schell source model

Frontiers in Physics | www.frontiersin.org

8 January 2022 | Volume 9 | Article 807542


http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2021.807542&domain=pdf&date_stamp=2022-01-03
https://www.frontiersin.org/articles/10.3389/fphy.2021.807542/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.807542/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.807542/full
https://www.frontiersin.org/articles/10.3389/fphy.2021.807542/full
http://creativecommons.org/licenses/by/4.0/
mailto:yangjiancai@suda.edu.cn
https://doi.org/10.3389/fphy.2021.807542
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2021.807542

Lu et al.

(GSM) of a partially coherent beam propagating in a non-linear
medium is frequently used [10-14]. With a spatially variant
correlation function proposed by Gori et al. [15], PCBs with a
non-uniform correlation structure not only exhibit self-focusing
and self-shifting properties [16-19] but also produce lower
scintillation in turbulence [20, 21] than that of GSM beams.
The self-focusing property of non-uniformly correlated PCBs
(NUC-PCBs) may spark extensive interest owing to their wide
application in many fields, such as laser filamentation [10],
lightening control [22], high-power atmospheric propagation
[23], optical micromanipulation [24], optical communications
[25], and optical coherence encryption [26]. Thus, the
investigation of the self-focusing property of NUC-PCBs has
potential application prospects.

Spatial coherence is regarded as a significant element of a laser
beam, and it is vital to achieve the manipulation of self-focusing
domain, especially for the control of filamentation one. Until
now, the well-known methods for controlling the filamentation
domain are as follows: modulating the laser pulse power [27],
adjusting the divergence angle of initial laser [28], launching
negatively chirped ultrashort pulses [29], and double-lens setup
[23]. It is worth mentioning that the input peak intensity is the
easiest quantity to change and control precisely [30]; however, the
laser power is still limited in the practical scene. If the spatial
coherence can be used to control the self-focusing length, it may
provide an alternative route to realize the manipulation of
filamentation domain. It not only fills in the gap of spatial
coherence to control the length of self-focusing but also
proposes a feasible solution to obtain the long-range filament
propagation. Therefore, it is time to explore an avenue for
achieving the manipulation of self-focusing length by adjusting
the coherence.

In this work, the self-focusing property of an NUC-PCB
propagating in a non-linear medium is investigated.
Combining with the non-linear Schrédinger (NLS) equation
and mutual coherence function, an analytical expression for
beam width is derived. By analyzing the evolution of beam
width, the result illustrates that the coherence structure is a
key element for self-focusing formation. Furthermore, with the
first proposal of the threshold condition of coherence radius, the
analytical formula of self-focusing length is obtained. More
importantly, it is found that a feasible approach for
manipulating the self-focusing length by adjusting the initial
coherence radius is realized. These new findings may provide
a theoretical and numerical basis in optical communication,
optical encryption, optical micro-fabrication, and related areas.

THEORY

The propagation dynamics of laser beams in a Kerr medium is
described by the NLS equation. Under the slowly varying
amplitude approximation, the NLS equation for a two-
dimensional quasi-monochromatic partially coherent beam
is [10]

NUC-PCBs in Non-Linear Media

i—+EV2E+”Lk<EE*>E=0, (1)
oz 2 o

where E = E(r, z) is the amplitude of the electric field, f is the
diffraction or second-order dispersion coefficient, V> = 9*/0x> +
82/8)/2 is the transverse Laplacian, ny (n) is the linear (non-
linear) refractive index, k = 277/A is the wavenumber related to the
wavelength, {e) denotes the statistical ensemble average, and * is
the conjugation operator.

Using a PCB as the laser source, Eq. 1 is unable to correctly
describe the propagation evolution in a non-linear medium.
Spatial coherence refers to the correlation of complex fields at
the same time but at different transverse points r; and r,. To
clarify and emphasize the influence of spatial coherence, the
temporal coherence will not be involved here. If Eq. 1 is applied to
E(r;,z) and multiplied through by E*(r;,z), followed by
subtracting a similar expression, which is the equation applied
to E* (12, z) and multiplied through by E(r}, z), and the statistical
ensemble averaging the resulting expression [10, 12], one obtains

ACE@E (1) p

+ (Vi - V§)<E(l'1)E* (r2)

0z 2
ok (2)
+ = B = [E(r)P[KE(R)E" (12)) =0.
0
Mutual coherence function,
ie, W(r,rj) = {E(r;)E* (r;)) (i,j=1,2), is a common

method to solve PCBs in propagation media [1, 31-34].
Equation 2 can be converted to [10, 12-14]

iaw(rhl'z)

5% " g (V2 =V2)W (11, 12)

3
ok (©)
+ o [W(rs, 1) = W(r, )W (ry, 1) = 0.
0
Considering the PCB with non-uniform correlation function,
i.e., assuming Gaussian weight and kernel functions in the spatial

domain, the mutual coherence function at the source plane is
[17, 18]

W (r,,15,0) = exp[ - (£ +13)/2w}]

x exp{ = [ (12 = 1)’ = (11 = 1)’ ]/},

(4)

with the initial coherence radius ¢y and the maximum intensity
being in the region centered at ry.

By setting u = (r; +r;)/2 and v = r; —r; in Eq. 4, we obtain
from Eq. 3

9] 2iny ki
2 iV, v, + M W (v, 2) = 0, (5)
0z now?

0%

where
W(u,v,z) = I, exp( - v’/w? - v*/w? — 4u*v*/a’ + fuvg,).

Inserting initial conditions (beam width w,- = wy,
coherence radius o, = 0g, phase ¢, , =0, and intensity
I..o=1) into Eq. 5, a set of coupled equations for these
quantities is obtained:
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dw,
dz = ['))(Pzwz’ (6)
do,
dz = ﬁ(PzUZ’ (7)
dg 4 2 4 2
4o = Blwt = Byl ~ 16p/0t ~ 2mkingus, ®)
dI,
dZ = _ﬂ(PzIZ' (9)

Combining Egs. 6, 8, the dynamics of beam width of an NUC-
PCB is

Fw. F(1-y") 2mk

> 10
dz? w3 oW, (10)

with the boundary condition (dw,/dz)|,-y = 0; Equation 10 can
then be formulated as

() roori)

To ensure the NUC-PCB with a minimum beam width
(without collapse), the first and second derivatives of beam
width should satisfy the following requirements: dw,/dz =0

and d*w,/dz*>0, ie.,
1 1 4Bk (w
21—y 5 - 2 In( %2) = o,
Fo-r)a-u) ()

200 2
F-y) puk
2w0 Moy

+ Mln<&> 0. (11)
w;

Ny 0

(12)

Based on Eq. 12, the critical coherence radius for the
formation of self-focusing is given by
_ nzk
16ws  8Pmyw?’

1 1
ot

cr

(13)

Here, the initial coherence radius should be considered as 0 < 0.
With boundary conditions w,-y = wy and (dw,/dz)|,o =0,
an analytical expression for beam width is obtained:

2

2(1-9))z%  2Bmk (1 + 2a)z?
w =+ B ZY)Z-ﬂ"2(+“)Z. (14)
Wy

Ny

Physically, the evolution of beam width is determined
by a competition for two main factors: 1) spreading
induced by free-space diffraction and 2) self-focusing caused
by the non-uniform correlation structure and non-linearity
of the medium. Here, the parameters are recorded as
y = 4w}/o} = 4w?/o?, a=In(0,/00), and the focusing case
with n, >0 is considered.

When the critical coherence radius is satisfied, the self-
focusing length can be expressed as

(9508, 1)

= 2 2 4 2
VB (1= y2)/wf — 2Bnak (1 + 21In (00/0, ) mow?

(15)

where a variable substitution is used, due to the common range of
variables o,/0¢ € (0,1] and oy/0.- € (0,1].
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NUMERICAL CALCULATIONS AND
ANALYSIS

Using the fast Fourier transform split-step method [35], the initial
parameters are chosen as follows: wavelength A = 0.8 um, initial
beam width wy=0.8mm, Rayleigh length for PCBs
zr = kwyoo/2[12], coefficient f = 1/ngk, propagation length
z = 0.6zg, linear refractive index of the medium ny =1,
transverse size 20wy, grid number N =512, and step number
M = 2000.

The self-focusing length for the NUC-PCB in the linear and
non-linear media is investigated numerically, where the non-
linear refractive index is m, = 3% 1072 m*/W, the critical
coherence radius for self-focusing is satisfied with o, = 2wy,
and the initial coherence radius is oy = 0.250,,. Due to the
existence of non-linearity, the self-focusing length in a linear
medium (Figure 1A, i.e, z = 0.1056zp) is shorter than that in a
non-linear medium (Figure 1B, i.e., z = 0.1935z), and the peak
intensity for the linear case is lower than that of the non-linear
one (Figure 1D). It shows that the property of propagation
medium can affect the self-focusing length, and in a medium
with #, > 0, that length can be extended. Besides, the propagation
property for the GSM is mentioned; there is no self-focusing
phenomenon seen in Figure 1C because the peak intensity is
located at the source plane (blue curve in Figure 1D). It may be
predicted that the non-uniform coherence structure plays a vital
role in the formation of self-focusing.

For the analytical expression of beam width (i.e., Eq. 14), it is
obvious that the propagation dynamics are determined by a
balance of three elements, ie., diffraction (or dispersion),
coherence structure of beam, and property of propagation
medium. Similarly, the beam width for the GSM beam is
derived as wd = w? + B> (1 +y)z*/w? - 2Pmk (1 + 2a)2%/n.
The critical coherence radius is 1/0% = mpk/2nyff - 1/4w(2),
which shows that there is no real root in the GSM case,
ie, there is no beam focusing. For the same non-linear
refractive index, the GSM beam spreads (magenta curve in
Figure 2), while the NUC-PCB is focused (green curve in
Figure 2). For NUC-PCBs, a higher non-linear refractive
index causes a more obvious beam focusing (red curve in
Figure 2). It illustrates that the formation of self-focusing is
more affected by the non-uniform correlation structure than by
the non-linearity of the medium. The numerical and analytical
analysis indicates that the coherence structure is the core element
for the self-focusing formation. Besides, with the initial coherence
radius increased, the beam spreading of GSM becomes
significant, and the self-focusing effect for NUC-PCBs is
gradually reduced.

Based on the analysis of the beam width’s dependence on the
coherence structure, it appears that the initial coherence radius
can be regarded as a degree of freedom for manipulating the self-
focusing length. To verify this hypothesis, the numerical and
analytical methods were successively used. In the numerical
calculation, the initial coherence radii are selected as follows:
09 = 0.20., 0.40,, 0.60.,, and 0.80.,; the non-linear refractive
index is #,=3x10"*m?W. Figure 3 shows that the
corresponding self-focusing lengths are approximately 0.085z,

Frontiers in Physics | www.frontiersin.org

10

January 2022 | Volume 9 | Article 807542


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Lu et al.

NUC-PCBs in Non-Linear Media

cross-spectral density) at the source plane.

09

FIGURE 1 | Propagation evolution of three cases: (A) NUC-PCB in a linear medium, (B) NUC-PCB in a non-linear medium, and (C) GSM beam in a non-linear
medium, where (D) shows the corresponding intensity distribution at the locations of maximum intensity in (A=C). The insets represent the mutual coherence function (or
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FIGURE 2 | Dependence of the beam width on the initial coherence
radius.

0.1596zg, 0.2052zg, and 0.2064zy, respectively. With the aid of
numerical results, the initial coherence radius can change the self-
focusing length to some extent, but the specific relation is not
clarified. Therefore, the analytical relation of the self-focusing
length and initial coherence radius was studied. Based on Eq. 15,
the relative self-focusing length z ¢/zp, is investigated. It is shown

that the dependence of the relative self-focusing length on the
initial coherence radius is not monotonic, and the maximum of
the relative self-focusing length is located at oy = 0.710,,. It is
found that the relative self-focusing length can be continuously
controlled by varying the initial coherence radius; thus, the
conclusion that the initial coherence radius may be regarded
as a degree of freedom for manipulating the self-focusing length is
established. In addition, by a modestly sized change in parameters
such as the initial beam width and wavelength, the self-focusing
length may be tunable in the range from microns to kilometers,
and it is even possible to realize controllability from the micro to
macro domains. It is worth mentioning that the correctness of the
analytical expression is verified by comparing numerical and
analytical results, and the results show that two methods have a
good agreement with each other, as shown in Figure 4
(i.e., magenta dots).

CONCLUSION AND DISCUSSIONS

In summary, the self-focusing property of a partially coherent
beam with a non-uniform correlation structure propagating in a
non-linear medium was investigated using numerical and
analytical methods. It is found that the non-uniform
correlation structure plays a core role in the self-focusing
formation. Furthermore, with the threshold condition of initial
coherence radius proposed for the first time, the analytical
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FIGURE 3 | Self-focusing length with various initial coherence radii: (A) oo = 0.20, (B) 00 = 0.40¢r, (C) 09 = 0.60¢, and (D) oo = 0.80¢, where the insets represent

the mutual coherence function (or cross-spectral density) at the source plane.
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FIGURE 4 | Dependence of the relative self-focusing length on the initial
coherence radius. The magenta dots correspond to the cases in Figure 3.

formula for the self-focusing length is obtained. The result shows
that the relation of relative self-focusing length and initial
coherence radius is not monotonic, and it can be continuously
controlled by changing the initial coherence radius. More
significantly, a feasible approach for manipulating the self-

focusing length by adjusting the initial coherence radius
has been realized. These findings may have potential
applications in optical communication, optical encryption, all-
optical signal processing, and related areas. For example, it is
known that the polarization [36-38] and orbital angular
momentum [39] can be used as a carrier basis of signals for
optical communication links. Herein, spatial coherence is
regarded as the degree of freedom of a light beam as well,
and it may provide another dimension for data-coding. In
addition, the self-focusing length can be manipulated by
varying the initial coherence radius of NUC-PCBs, benefiting
for a controllable high-power laser atmospheric propagation for
moving targets.
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Optical lattices (OLs) with diverse transverse patterns and optical vortex lattices (OVLs)
with special phase singularities have played important roles in the fields of atomic cooling,
particle manipulation, quantum entanglement, and optical communication. As a matter of
consensus until now, the OL patterns are generated by coherently superimposing multiple
transverse modes with a fixed phase difference through the transverse mode locking (TML)
effect. There are phase singularities in the dark area of this kind of OL pattern, so it is also
called OVL pattern. However, in our research, it is found that some high-order complex
symmetric OL patterns can hardly be analyzed by TML model. Instead, the analysis
method of incoherent superposition of mode intensity could be applied. The OL pattern
obtained by this method can be regarded as in non-TML state. Therefore, in this article, we
mainly study the distinct characteristics and properties of OL patterns in TML and non-TML
states. Through intensity comparison, interferometry, and beat frequency spectrum, we
can effectively distinguish OL pattern in TML and non-TML states, which is of significance
to explore the formation of laser transverse pattern possessing OL.

Keywords: laser transverse patterns, optical lattice, optical vortex lattice, transverse mode locking, structured light

INTRODUCTION

Optical lattices (OLs) refer to the periodic potential well in the laser standing wave field [1, 2]. The
spatial period of the potential well is the order of laser wavelength, making it available to capture,
cool, and trap atoms in the potential well array [3, 4]. In 1990s, a two-dimensional OL pattern with
spatiotemporal chaos was found in Na, laser, whereas the time-averaged intensity was stable,
wherein the transverse dynamics was ruled by the competition of two modes (each one of them
possessing a cylindrical symmetry) [5]. Then, following the OL patterns generated in CO, laser and
theoretical speculations on spontaneous symmetry breaking phenomena, it was pointed out that the
spatiotemporal behavior of a laser in the low-dimensional regimen crucially depends on symmetries
and that most of the dynamic features can be directly captured as consequences of spontaneous
symmetry breaking mechanism [6, 7]. For the high-dimensional case, patterns in a CO, laser with a
large Fresnel number are characterized by a high degree of complexity and by the absence of zeroes in
the intensity profile [8, 9]. In addition, in the research of OL pattern generated in a Na, laser, the
phase singularities similar to that studied in hydrodynamics [10] were found, which possesses the
same properties as the optical vortex discovered by Coullet et al in 1989 [11], thus naming this kind of
OL with special phase singularities as optical vortex lattice (OVL). The transverse patterns with
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special phase singularities were then found to be generated in
vertical-cavity-surface-emitting lasers (VCSELs) [12]. Here, the
generated low-order OVL is experimentally interfered with the
plane wave. It is found that there were bifurcation fringes in the
dark region, which reveals the existence of phase singularities.
Subsequently, the high-order OVL was found in microchip laser
with large Fresnel number by Chen and Lan [13, 14]. And it is
pointed out that with the inherent nonlinear properties of laser
cavity, multiple transverse modes can be spontaneously locked, so
as to generate high-order vortex lattice. The further generation laws
of OVL are summarized in Refs. [15-17]; that is, by actively
selective pumping and gain distribution such as adjusting the
pump power, pump distance, and the size of pump spot on the
gain crystal, the OVL patterns from low order to high order could
be generated and switched. Optical lattices with special transverse
distribution play an important part in atomic cooling and trapping
[18-20], whereas the OVLs with unique phase singularity have also
broadened the applications in particle manipulation [21-25],
quantum entanglement [26], and optical communications [27-29].

The exploration of the essence of transverse pattern formation of
OL can be traced back to 1970s. By simplifying the laser equations for
the class A case to the complex Ginzburg-Landau (CGL) equation, the
relationship between superfluid and laser dynamics was established. In
view of this common theoretical description, it was expected that the
dynamics of pattern formation in lasers and the dynamics of
superfluid would show identical features [30]. Later, the generation
and spatial stability of special laser transverse patterns were analyzed
through Maxwell-Bloch (MB) equations [31, 32]. Moreover, the
vortex solution was solved through MB equations [11], which
could be applied in the formation of OVL. Subsequently, with the
derivation of laser Ginzburg-Landau equations in class A lasers [33]
and complex Swift-Hohenberg (CSH) equations in class B lasers [34],
vortex solutions could also be obtained, thus generating OVL. It is
worth noting that the numerical analytical solutions of these
spatiotemporal multivariate nonlinear partial differential equations
need to allocate complex parameters in the actual laser system.
Therefore, the method to analyze the output OL patterns by
superposition of some laser modes (such as Hermite-Gaussian
[HG], Laguerre-Gaussian [LG], and Ince-Gaussian [IG] modes) is
proposed [16, 17, 35-38]. There are two main types of superposition
analysis methods. The first is to analyze the output OL pattern through
the superposition of intensities of composed modes alone. It is pointed
that in multi-transverse-mode lasers, the coupling between transverse
modes occurs through their intensity rather than their field amplitude,
and these modes are arranged together according to the principle of
“transverse hole burning” to maximize energy coexistence and
minimize intensity distribution overlap [35]. The OL patterns
though the first analysis method can be observed in CO, laser,
most of which are high-order symmetrical patterns [7, 8]. The
second kind of analysis method involves the transverse mode
locking (TML) effect [31], which includes frequency locking and
phase locking. The output OL pattern is analyzed by superimposing
the electric field of multiple modes with the locking phase. Moreover,
with the assistance of the inherent nonlinearity of the laser cavity, the
frequencies of the composed modes are pulled to the same value [12,
16, 17]. The second TML method is commonly used. Through this
analysis method, the OL with both high order and low order, as well as
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symmetric and asymmetric patterns, could be obtained, which have a
wide range of applications. In addition, it is found that there are phase
singularities in the dark region of OL pattern analyzed by TML
method [12, 16], which could also be called OVL patterns. In contrast,
the OL patterns obtained by intensity superposition alone could be
regarded as the OL pattern in non-TML state. Whether there are
phase singularities in the OL pattern in non-TML state has not been
specially studied. Although the experimental higher-order OL patterns
similar to the analyzed OL patterns in non-TML state have been
generated in VCSEL [12] and microchip lasers [13, 14], the existence
of phase singularity has not been discussed in these researches.
Interferometric observation of the phase singularity in OL is a
common detection method, which introduces a reference beam to
interfere with the measured beam [39, 40], or splits the measured
beam to interfere with each other [41-44]. Then, the existence of the
phase singularity could be determined by observing whether the
interference fringes are misaligned. In recent years, most of the
analyses of OL and OVL patterns are to correspond the
numerically simulation by TML model and the experimentally
measured  patterns. Then, the consistence of intensity
correspondence is used to analyze the properties of the generated
OL patterns [17]. Furthermore, interference experiments are applied
to analyze whether there are phase singularities in the dark area of the
generated OL patterns [12, 16]. However, these analyses are all based
on the premise that OL patterns are in TML state, whereas the
properties of OL patterns in non-TML state are rarely studied in these
years. In our study, OL patterns in TML state and non-TML state are
both analyzed by mode superposition method, rather than by solving
complex nonlinear equations. For the OL patterns in non-TML state
through our method, we not only analyze the numerical transverse
patterns obtained by solving equations, but also obtain the same high-
order symmetrical patterns as the output of CO, lasers [7, 8],
microchip lasers [13, 14], and solid-state lasers [17, 45]. In
addition, if the TML state is satisfied, strictly speaking, the
frequency of the composed modes should be locked to the same
value. Then, measuring the beat frequency spectrum of the output
pattern could also be used as a method to assist in judging the
properties of OL patterns.

Consequently, the aim of this article is threefold. First, we
theoretically analyze the difference through intensity profile
between OL in TML and non-TML states in a more complete and
rigorous way. Numerical simulations reveal that the OL pattern
intensity in TML state varies greatly with the locking phase, and
there are both symmetrical and asymmetrical patterns. For OL in non-
TML states, as only intensity superposition is performed, it has
nothing to do with the relative phase of the composed modes, and
the pattern is always symmetrical. For the two-mode composed
patterns, some intensity distributions of OL in TML and non-TML
states are the same. However, when the composition modes reach
more than two, their patterns produced by the approaches of TML
and non-TML superposition are totally different. Second,
interferometry is applied to distinguish OL patterns in TML and
non-TML states. For OL patterns in TML state, after interfering with a
plane wave, it is shown that all dark zones possess interference
bifurcation fringes, revealing the phase singularities. This is
consistent with previous research results [12, 16]. Nevertheless, for
the interference between OL in non-TML states and a plane wave, we
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find that some dark regions of the pattern possess interference
bifurcations, but some do not. Moreover, the existence of their
interference bifurcation is related to the phase of the composed
modes. Third, a peculiar assistant method is proposed to judge the
states in OL formation through the beat frequency spectra. For the
various beat frequency spectra observed in the experiment, including
null-component spectra, several-spike spectra, two-cluster spectra, and
periodic spectra, we theoretically and experimentally correspond to
each state including TML, non-TML, only-phase-locking, and
prelocking states in OL formation. Therefore, through the three
methods introduced in our article, namely, the intensity
comparison, interferometry, and beat frequency spectrum, the OL
in TML or non-TML states could be effectively distinguished, which is
of great significance for the understanding of the essence of laser
transverse pattern possessing OL.

NUMERICAL CHARACTERIZATIONS AND
THEORIES

Intensity of the OL Patterns
For theoretical analysis of OL generation, the traditional method
is to numerically solve the nonlinear MB equations [31] and the
CGL [33] and CSH [34] equations. As a result, numerical
solutions could be obtained to describe OL and OVL patterns.
However, for this set of space-time multivariate nonlinear partial
differential equations, the solution process is cuambersome, and it
is tough to assign various parameters to a specific laser system.
Furthermore, another analysis method is proposed, which is to
perform coherent superposition of HG, LG, or IG modes with
different locking phases to fulfill the analysis and simulation [37].
By matching the result of the simulation with the actual output
pattern, it can confirm whether the OL is in TML state or not,
which is the previous judging method [12, 16, 17]. In most cases,
this correspondence is unique and can be applied to determine
the TML state. However, we found that for two-mode composed
patterns in TML state with some locking phases, the beam pattern
is similar to that of their non-TML state.

Then, we would like to present the TML theoretical models by
coherent superposition of HG or LG modes with different locked
phases. The expressions of HG and LG modes are as follows [37].

B che X2+ 52
HGm,n (x, Vs Z) = e (z) eXp( - aﬂ(z))Hm
2 2 2 2
<%>Hm<%> exp[ikz + ikQ;R-:j) —i(m+n+ 1)‘1’(2)]
(1)
ClG \/fr 1 2 2p2
_ _pl _ 1
Lon(re:2) =50 (w(z)) exP( e (z))LP <w2 (z)>
exp (il9) exp[ikz + ik 2erz) —iQp+|I+ 1)\P(z)]

@)

where the HG and LG modes are individually expressed with
Cartesian coordinates and cylindrical coordinates. C/S and CL§
are the normalization constants for the HG and LG modes,
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respectively. H,, (-) [or H, (-)] is the Hermite polynomial of
mth (or nth) order. w(z) is the beam half width at position z and
w? = w3 (2% + 2%)/z%. wy is the radius of the beam waist of the
fundamental mode, and zy is the Rayleigh length. R(z) is the
z-dependent radius of curvature, and ¥ (z) = arctan(z/zg) is the
Gouy phase.

For the perspective of the perfect TML state of OL, apart from
the phase locking, the frequencies of the participating transverse
modes are supposed to be locked to a common value to establish
cooperative frequency locking [31]. It is available under the
assistance of nonlinearity in class B lasers [34]. In this case,
the TML progress can be expressed by the coherent superposition
of HG or LG modes with a specific locking phase as follows.

, Lo Xty
Ervy = n%am,nHGm,,, (+) exp<z¢m,n +ikz + ik R(2) - zq\I’(z)>
3)
Or
X+ y?
Erwy = ;bPJLGPJ ) exp<i¢w +ikz + ik o iq‘I’(z))

(4)

where HG,,,, () and LG, (-) are the pure intensity items of
HG and LG modes, respectively. a,,, and by,; are the
coefficients of each mode. ¢, , and ¢,, are the locking
phases of HG and LG modes. q is the total index. For HG
modes,q=m+n+1, m, n=0,1,2..., whereas for LG modes,
q=2p+|ll+1,p=0,1,2...51=0,£1,%2.. ..

Afterward, if we perform the non-TML superposition of the
intensity of HG and LG modes, we can obtain the total
intensity by

InonfTML = Zam,nHGm,n (x’ y Z) ° HG;M (x> y, Z) (5)

m,n

Ton-tvr = pr,lLGp,l (r) ¢’ Z) . LG;J (1’, ¢3 Z) (6)

pil

where HGp,,(x,y,2) and LGp;(r,¢,z) are from Egs 1, 2.
HG;, ,(x, y,z) and LG;J (r,¢,2z) are the conjugate item of
HGp (%, y,2) and LGy (r,¢,2), respectively. And the total
intensity has nothing to do with the phase of each composed
mode. Through the numerical simulation of Eq. 5, we can get the
patterns of OL in non-TML state as shown in Figure 1.

In the first column of Figures 1A-E, it can be found that for
OL pattern in non-TML state composed of total HG modes with
the same order, the intensity of the pattern shows concentric-ring
distribution. In addition, for OL pattern in non-TML state of
partial HG modes with the same order, it can easily form patterns
similar to that simulated by MB equations [31], as well as
experimentally generated in CO, laser [7, 8], microchip lasers
[13, 14], and solid-state lasers [45-48]. Rows A-E, respectively,
show the OL patterns in non-TML state composed of HG modes
with Fresnel numbers from 2 to 6.
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Next, we would like to show the intensity of OL patterns in
TML state, which is obtained by coherent superposition between
the transverse modes. Select one pattern in non-TML state from
Figure 1, and use Eq. 3 to perform TML simulation with different
locking phases by coherently superimposing the corresponding
composed modes; the results can be obtained in Figure 2.

As shown in Figure 2, for the case of the combination of HG3,
HGs;, and HG;, modes, their pattern in non-TML state is a
regular symmetrical pattern, whereas by conducting the
composed modes to TML operations with different locking
phases, it can be found that the obtained patterns are quite
different with each other. In most cases, if the composition
modes reach more than two, their patterns in TML and non-
TML state are totally different, whereas for the two-mode
composed pattern, simulation results based on Eqs 1-6
contrastively show the intensity of OL patterns in TML and
non-TML state in Figure 3.

As shown in Figures 3A-C, abundant beam patterns in TML
states composed of only two HG eigenmodes are simulated with
different locking phases. The patterns in the same ring of Figure 3
are composed of HG modes in the same order, whereas the orders
of HG eigenmodes in different rings are different, with the values
being 1 to 4 from the inner most ring (m + n=1) to the outer
most one (m + n = 4). The patterns located between two rings are
composed of two HG eigenmodes with different but adjacent

orders. a, 3, and y represent the phase items with locking phase of
n/4, /2, and m, respectively. Comparing Figures 3B,C with
Figure 3D, it can be discovered that the patterns in TML state
with locking phase of m/2 are basically the same as the
corresponding patterns in non-TML state when the composed
modes are in the same order, whereas in different orders, the
patterns of two HG mode composed beams in non-TML state are
the same as those in TML state with locking phase of .
Throughout the simulation results, we can find that for most
cases, it is feasible to describe the formation of OL through the
intensity distribution with the coherent superposition of HG
modes in TML state. However, if the output light intensity can
be characterized by TML and non-TML states simultaneously, it
is tough to judge the exact state by the intensity distribution alone.

Interference Method to Distinguish OL
Patterns

In this section, we show the difference between OL patterns in
TML and non-TML states through interference method with a
plane wave. The theoretical analysis of interference between OL
pattern composed of HG modes in TML or non-TML state and a
plane wave is investigated in Supplementary Appendix SA.
Then, we can get the intensity of the interference result as
follows:
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Lion-tML-int = [HG; - exp (i¢) + exp (ikz)] x conj[HG,
- exp (i) + exp (ikz)] + [HG, + exp (ikz)]
x conj[HG, + exp (ikz)]
= RHHG,} + Im*{HG,} + 1

+2\[RHHG,} + Im*{HG, } - sin (kz — ¢ + )
+Re}{HG,} + Im*{HG,} + 1

+ 2\/Re2{HG2} +Im*{HG,} - sin(kz + )
(7)
Itmizine = [HG, - exp(id) + HG, + exp (ikz)] x conj[HG,
- exp (i) + HG, + exp (ikz)]
= Re?’{HG,} + Im*{HG,} + 1

+ 2y[RHHG,} + Im{HG, } sin (kz - ¢ + B)

+R{HG,} + Im*{HG,} + 1 + 2VA? + B*sin(¢ + y)
(8)

where Eqs 7, 8 correspond to Egs. A6, A7 in Supplementary
Appendix SA, respectively. Comparing Eq. 8 with Eq. 7, we find
that the interferences between plane wave and OL in the two
states of TML and non-TML are both related to the phase item of
the composed modes. However, Eq. 8 indicates that there are two
last items related to the phase ¢ in the interference between plane
wave and OL in TML state, whereas there is only one related
phase item 2+/Re’{HG,} + Im*{HG, } sin (kz — ¢ + f8) in Eq. 7 of
interference between plane wave and OL in non-TML state. In
order to observe the influence of phase item on interference
results more intuitively, we make simulations according to Eqs 7,
8, and the simulated interference results can be obtained as shown
in Figure 4.

As shown in Figure 4, although the OL pattern in TML and
non-TML states may have same intensity distributions, their
interference patterns with plane wave are different. The
simulated interference results of the OL pattern in TML state
with a plane wave show that there are bifurcations at all the dark
regions [see Figure 4(al)—-(a9), (d1)-(d5), (g1)-(g4)]. In contrast,
some dark regions of the interference pattern of OL in non-TML
state with a plane wave do not have bifurcations, revealing no
phase singularities there [see Figure 4(b3), (b7), (b9), (el)-(e5),
(h2), (h3)]. These are the main differences between OL patterns
in TML and non-TML states through interference method. In
addition, to further study the interference characteristic of the OL
in non-TML state, we selected two beams from Figure 1 and
performed the interference simulations. Different relative phases
of the HG modes that comprise the OL pattern are also
considered in the simulations. The results are depicted in
Figure 5.

It can be found from the previous discussion that the intensity
distribution of OL in non-TML state is independent of the phase
of combined modes. Therefore, the intensities of OL composed of
HG modes with different locking phases before interference with
the plane wave in Figures 5B-D,F-H are the same as those in
Figures 5A,E, respectively. By comparing the interference

Laser Transverse Pattern Possessing OL

patterns between wave plane and OL in non-TML state under
different phases, we find that the interference bifurcations show
new features. For example, the interference fringes in the case of
Figure 5B show no obvious bifurcation, but only slight relative
displacement between fringe and dark area center can be
observed. In contrast, Figure 5(c1)-(c5), (d1)-(d5) shows clear
interference bifurcation fringes. Similarly, in Figures 5F-H, there
are no forked stripes in the dark area of the beam pattern,
enlarged as Figure 5(f2), (f4), (f6), (g2), (g6), (hl), and (h4),
whereas other dark areas possess interference bifurcations.
Therefore, for the OL in non-TML state, although its beam
intensity distribution is independent of the phase, the phase
item of the composed modes still affects their interference
patterns, which is consistent with Eq. A6 in Supplementary
Appendix SA. This is different from the previous
understanding that all dark areas have phase singularities [15,
16]. For beams with intensity distribution similar to OL, it may be
a non-TML superposition state of several HG modes. In this case,
although there is fringe bifurcation in the interference pattern, it
still comes from the superposition of unlocked modes, so
necessarily there is no vortex phase at this position. In fact,
combining Figures 4, 5, it is seen that the dark zone of OL in TML
state possesses phase singularity, whereas the existence and
distribution of phase singularity of OL in non-TML state vary
with the phases of composed HG modes.

Beat Frequency Spectra Method to
Distinguish OL Patterns

In this section, we propose the method by observing the
characteristic of beat frequency spectra, which could be
applied to further distinguish OL in TML or non-TML state.
First, for OL in TML state, it is assumed that frequencies of the
transverse modes involved in the locking are pulled to the same
value by the cooperative frequency locking effect with the aid of
cavity nonlinearity [31]. As the frequencies are pulled to the same,
it is obvious for no beat frequency components. Then, for the case
of OL in non-TML state, the intensities of composed modes are
superimposed, whereas their frequencies compete with each
other, resulting in several-spike beat frequency spectra.
Actually, in addition to the aforementioned TML and non-
TML states, there are two other states of OL in actual
multi-transverse-mode laser, which we call the only-phase-
locking and prelocking states. The most common case we find
is the only-phase-locking state. In this case, the intensity of OL
pattern is stable, and the phase is locked, generally not /2,
whereas the frequencies of the composed modes are not
completely locked at the same value, resulting in two-cluster
spectra. The prelocking state corresponds to the periodic beat
frequency spectra. It takes place when the frequency interval of
the transverse modes involved in the locking is decreased close to
the value meeting the cooperative locking frequency effect. The
harmonic content of the mode-beat signal strongly increases if its
frequency difference vp is reduced. While v becomes comparable
to or smaller than the homogeneous line width of the gain
medium, the oscillating modes involved share a large part of
the nonhomogeneously broadened population inversion. As a
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FIGURE 4 | Simulated interference patterns between plane wave and OL in TML states (A), (C), and (G) and non-TML states (B), (E), and (H). (C), (F), and (1) are
the corresponding OL patterns selected from Figure 3. The inserts show the enlarged area of the interference fringes.

result, this situation is known to lead to an increase in the effective Z(— _y >| f |z ~0o )
mode pushing. When reaching a prelocking but not perfectly !

locking state, the beat frequency spectra will periodically oscillate

with this frequency difference vp as the interval [49, 50]. The  where w, is the pulled frequency of the nth mode, v, is the
relationship between the intensity of each mode and the  oscillation frequency, and f, is the amplitude of the field. If the
oscillation frequency satisfies the Cooperative Frequency Shift  participating modes are ideally locked to the same frequency v, 7,
law [51], which is expressed by by substituting vy into Eq. 9, we can obtain

n
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FIGURE 5 | Simulated interference results in non-TML states with different phases. The inserts show the enlarged figures of the interference fringes.
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Accordingly, after prelocking state, if the frequencies of the
composed modes are pulled to the same value by cooperative
frequency locking effect, this value would be the average of
frequency weighted by the intensity of each mode, thus
leading no beat frequency components and reaching TML state.

EXPERIMENTAL SETUP AND RESULTS

In order to verify the above theory and simulation analysis, we
carried out experimental verification based on microchip solid-
state laser with large Fresnel number. The schematic diagram of
experimental setup is shown in Figure 6. The designed microchip
cavity for OVL generation is composed of a 0.4-mm-thick 1.0 at%
doped Nd:YAG chip and a 1-mm-thick x-cut LiTO3 chip [52].
The cross-section dimensions of the chips are of 5 x 5 mm?. The
two chips are stacked together to form the laser cavity, with 5%
reflection coating at 1,064 nm on the surface of LiTO; chip, and
high transmission coating at 808 nm and high reflection coating
at 1,064 nm on the surface of Nd:YAG chip. The microchip cavity
is placed in a copper heat sink to transfer the generated heat. In
addition, a 0.01°C temperature controller is applied on the copper
heat sink to keep the cavity under stable thermal conditions.
Besides, a fiber coupled 808-nm laser diode with maximum
output power of 10 W is used as the pump source. Then, the
pump beam delivered from the tail fiber with 100-um core
diameter is focused into the microchip cavity by a 1:1 free

space optical coupler. The coupling system is fixed in the
precise adjustment stage. Under a fixed pump power, OL can
be switched by adjusting the pump angle AB. The beam profile of
the pump beam at the beam waist is a super-Gaussian one close to
a flattop [53]. A Mach-Zehnder interferometer is set up to
observe the interference fringes of the laser beams. After
passing through the beam splitter (BS) 1, the transmitted light
is the generated OL pattern, whereas the reflected light becomes a
plane wave after being modulated by the aperture diaphragm and
lens, and the two beams interfere at BS2. If observing only the
intensity distribution of the generated OL pattern, the obstacle
board in the figure can be lowered to cover the plane wave.
Afterward, the beam passed through BS2 is split into two beams
by BS3. For the transmitted beam, the light intensity distribution
can be observed on the CCD after the attenuation sheet. By
contrast, the reflected beam can be directly detected by a
photodetector to detect the beat frequency. No obvious
difference was found on the spectra when the photodetector
was shifted to measure the mode beat at different positions in a
beam cross section. Furthermore, to ensure the RF range of beat
frequency of the transverse modes in our setup, a 3-GHz
bandwidth photodetector was also used to observe the mode
beats of a quite complex series of transverse modes, showing that
most of the mode-beat frequencies were located at the 0- to 500-
MHz range. Consequently, a 400-MHz bandwidth is enough for
all the modes discussed in this article. Last but not least, it should
be noticed that the microchip cavity we used is quite thin with a
longitudinal interval of about 50 GHz. As a result, it is available
for a near-single longitudinal mode operation to prevent
influence from the longitudinal modes. The whole
experimental setup is shown in Figure 6, with a pump power
of 5 W and the pump angle ranging from 0° to 10°, as well as the
controlled temperature of 22°C.
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FIGURE 6 | Schematic illustration of experimental arrangement used for OL generation and measurement.

r )

A Experiments

7 8
{ Simulations

B

HG00 HGI10 LG00 HG02 HGO02 + HGI12+ HGI12&/
+1)LG02 HG20 + yHG11 1.5¢HG30 + ¢HG30

HG12&/ oHG03+0eHG30 HG21 HGO03+ HG30+ HGI12 HG22 HGO03 & HG40
+¢HG21 +HGI2+ HG21 PHG12 + HG21 & HG04 & HG40 & HG22

FIGURE 7 | (A) Experimental and (B) simulated results of OL patterns versus the change of pump angle A8 ranging from O° to 10°, whereas a = exp (in/4),
B =exp(im/2), y = exp (in3/4), and I = exp (in3/8). The symbol “&/+” indicates that the pattern can be described by both TML and non-TML models.

Abundant OL patterns generated from our microchip laser are In Figure 7, the HGyo mode is generated with a pump beam
investigated by the pump angle tuning. Figure 7 summarizes the ~ diameter of about 100 um in the cavity with a normal pump
experimentally obtained patterns at various pumping angles, as  incident. Afterward, through increasing the pump angle A8 to
well as the corresponding simulated results to show the exact  achieve the enlarged pump area or Fresnel number, OL patterns
mode composition of the OL pattern. can be obtained and switched without increasing the pump
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show the enlarged regions of the interference fringes.

FIGURE 8 | Experimental results of interference between OL patterns in non-TML state and a plane wave, which corresponded to Figures 4G,H, 5. The inserts

power. Therefore, the order of the generated OL increases with
the increase of the pump angle within a certain range. As shown
in Figures 7A,B, the generated convertible OL patterns include
basic single HG modes and other patterns in TML or non-TML
states.

To investigate the states of the obtained OL patterns from the
microchip cavity, the interference characteristic of the OL pattern
is experimentally studied, corresponding to the theoretical
analysis in Numerical Characterizations and Theories. As the
research on the interference between plane wave and OVL in
TML state has been discussed in Ref. [12], and it shows that all the
dark regions have interference bifurcation, so here we mainly
study the interference characteristics of plane wave and OL in
non-TML state. We have selected several OL patterns in non-
TML state from Figures 4H, 5. The beam patterns and
corresponding interference fringes are shown in Figure 8.
Comparing Figures 8B,D,F with Figures 4G,H and Figures
5B-D,F-H respectively, it can be seen that the number and
position of the interference fringes do not correspond to those of
the dark areas of the OL pattern. First, for Figure 8B, it can be
seen that only the dark area in the enlarged area has bifurcation
stripes, but not elsewhere. Then, there is a bifurcated stripe at the
central dark area [enlarged shown in subfigure (d1)] of the
concentric ring pattern in Figure 8D. And for the dark ring of
the beam, a bifurcated stripe appears only at the bottom [enlarged
shown in subfigure (d2)]. In addition, the interference results in
Figure 8F show that two dark regions (f5) and (f6) do not possess
bifurcated stripe. These results indicate not all dark areas of the

OL patterns in non-TML state possess phase singularity, which is
consistent with our theoretical analysis and simulation.

At last, we would like to show the experimentally measured
beat frequency spectra results of the OL patterns in TML, non-
TML, only-phase-locking, and prelocking states in Figure 9.

To begin with, we studied the beat frequency spectra of OL in
TML state in Figure 9B. In this case, the frequencies of the
participating modes were pulled to the same value with the aid of
nonlinearity. For this purpose, the beat frequency spectra in TML
state are supposed to be the same as those of the single mode (see
Figure 9A); that is, there is no extra beat frequency component.
Subsequently, in the process of increasing the pump angle to
switch the OL pattern, we found that it is tough to adjust it to the
state of no beat frequency spectra for the OL in higher order. This
reveals that the high-order OL is not in TML state to a large
extent, but it is in the non-TML state. As shown in Figure 9(c3), a
beat frequency component (approximately 100 MHz) always
exists, which is the frequency difference of the two composed
modes HG,, and HG4, in non-TML state. In addition, the
frequency spectra in Figure 9(d3) are superimposed with three
beat frequency components (approximately 40, 80, and
110 MHz) due to the pairwise beat frequencies of the three
participating modes. Then, for the case when only the phases
of the composed modes are locked, but the frequencies are not, as
shown in Figures 9E,F, there comes the OL in only-phase-locking
state. Comparing the experimentally obtained patterns in
Figure 9(e2), (f2) with the simulations in Figure 9(el), (f1), it
is found that the phase difference of composed modes is locked to
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FIGURE 9 | Simulated and experimental results of OL with complex beat frequency spectra in TML and non-TML states. (A) Single mode. (B) OL in TML state. (C,
D) OL in non-TML state. (E, F) OL in only-phase-locking state. (G, H) OL in prelocking state.
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a constant value 1/4, whereas the frequencies of composed modes
are not perfectly locked together, resulting in the beat spectrum as
shown in Figure 9(e3), (f3). For Figure 9(f3), the multispectra may
be due to the two-order transverse mode families participating in
oscillation. The frequency difference between the two transverse
mode families is relatively large, resulting in two clusters of
frequency spectra, and then the coupling of the modes in two
orders leads to the appearance of multiple frequency spectra. Last
but not the least, we found that in the lower-order OL switching
process, there was a transitional stage from prelocking to locking.
Figures 9G,H indicates the intensities and periodic spectra of OL
in prelocking state, which are the superposition of transverse
modes in the second degenerated family (m+n=2) and the
third degenerated family (m + n =3), respectively. As discussed
in Numerical Characterizations and Theories, the prelocking state
occurs when the frequency interval of the transverse modes
involved in the locking is decreased close to the value meeting
the cooperative locking frequency effect. The harmonic content of
the mode-beat signal strongly increases if its frequency difference
vp is further reduced. When reaching a prelocking but not perfectly
locking state, the beat frequency spectra will periodically oscillate
with this frequency difference v3 as the interval, and v in (g3) and
(h3) of Figure 9 is 20 and 30 MHz, respectively.

CONCLUSION

In summary, we have successfully demonstrated the
distinction methods of OL patterns in TML state and non-
TML state. First, through the intensity, the OL pattern in
TML state varies greatly with the locking phase, and there are
both symmetrical and asymmetrical patterns. Whereas for
OL pattern in non-TML state, as only intensity superposition
is performed, it has nothing to do with the relative phase of
the composed modes, and the intensity pattern is always
symmetrical. Next, through simulations and experiments on
the interference between OL patterns and the plane wave, the
OL patterns in the above two states could be distinguished.
When the OL is in TML state, all the dark zones possess phase
singularity. In contrast, the phase singularity of OL in non-
TML state varies with the phases of the composed modes, and
some dark regions of OL in non-TML state do not possess
phase singularity. At last, an OL state judgment with the beat
frequency spectra is proposed as an auxiliary means. For
TML and non-TML state, our analysis shows that the
corresponding beat frequency spectra are supposed to be
null-component spectra and several-spike spectra,
respectively. In addition, the other two types of OL states
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with beat frequency spectra are summarized; that is, the
extra-component and two-cluster spectra correspond to
only-phase-locking state, and the periodic spectra
correspond to prelocking state. The OL patterns and
interference patterns can be predicted by the established
theoretical model and are in consonance with the
experimental results. With the summarization of such
three ingenious methods including intensity comparison,
interferometry, and beat frequency spectrum to distinguish
OL patterns in TML or non-TML states, it is beneficial for
further rigorously understanding the physical mechanism of
laser transverse pattern possessing OL.
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Optical coherence is becoming an efficient degree of freedom for light field manipulations
and applications. In this work, we show that the image information hidden a distance
behind a random scattering medium is encoded in the complex spatial coherence
structure of a partially coherent light beam that generates after the random scatterer.
We validate in experiment that the image information can be well recovered with the spatial
coherence measurement and the aid of the iterative phase retrieval algorithm in the Fresnel
domain. We find not only the spatial shape but also the position including the lateral shift
and longitudinal distances of the image hidden behind the random scatterer can be
reconstructed, which indicates the potential uses in three-dimensional optical imaging
through random scattering media.

Keywords: optical coherence, optical imaging, random scatterer, spatial coherence measurement, iterative phase
retrieval

1 INTRODUCTION

Spatial coherence is an important characteristic to describe the statistical properties of random light
fields, and it has played a vital role in understanding interference, propagation, and light-matter
interaction of both classical and quantum wave fields [1-3]. Nowadays, the spatial coherence has
already been viewed as an efficient tool for light field manipulations and applications [4]. For
instance, by simply adjusting the spatial coherence width, i.e., decreasing the spatial coherence of a
laser beam, the generated partially (lowly) coherent beams can help reduce the turbulence-induced
signal distortion in free-space optical communication [5, 6], and can restrict speckles in optical
imaging [7] and beam shaping applications [8]. Since the pioneering work by Gori and his colleagues
[9-11], it has been well recognized that by modulating the spatial coherence structure of light source,
the partially coherent beams will display many extraordinary propagation properties [12] including
self-splitting, self-focusing, self-shaping, and self-reconstruction effects. The spatial coherence
structure engineering has found applications in sub-Rayleigh imaging [13], robust microscopy
imaging [14], and robust far-field imaging [15].

The methods for modulating the spatial coherence structure can be divided into two types. The
first type is based on the famous Wolf’s coherent-mode representation [1], in which the partially
coherent beam is viewed as an incoherent superposition of a set of spatially coherent modes. By
controlling the modal weight and the complex field distribution of each mode, the spatial coherence
structure of the synthesized partially coherent beam can be controlled [16-21]. The second approach
is based on the (generalized) van Cittert-Zernike theorem, which indicates that a partially coherent
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secondary source can be generated by propagating a spatially
incoherent source in free space or other media [22]. In this
approach, the spatial coherence structure of the secondary
partially coherent source can be modulated by controlling the
intensity distribution of the incoherent source and the response
function of the optical system [12, 23].

In the second approach, the incoherent source is typically
generated in the experiment by passing a fully coherent
structured light through a dynamic random scatterer, e.g., a
rotating ground glass disk [4, 23]. Based on the van
Cittert-Zernike theorem, the intensity distribution p(v) of the
fully coherent structured light before the random scatterer has a
determinate relation with the complex spatial coherence structure
u(ry, r,) of the generated partially coherent secondary source. For
example, when the optical system between the random scatterer
and the secondary source is formed by a Fourier lens, p(v) and
y(ry, rp) form the Fourier transform pair. Thus, by measuring the
complex spatial coherence structure of the partially coherent
source, the image information encoded in the fully coherent
light hidden behind the random scatterer can be well
recovered. Huang and coauthors showed that both the
transverse position and the spatial shape of a moving object
hidden behind the rotating ground glass disk can be well
reconstructed with the complex spatial coherence
measurement [24]. Later, Dong and coauthors showed that the
polarization properties of the hidden image can be obtained with
the spatial coherence matrix measurement [25]. When the optical
system is formed by a fractional Fourier transform system, it is
found that the image information can be recovered by measuring
the complex spatial coherence structure only when the fractional
order used in recovery is correct, which indicates the potential
application in coherence-based optical encryption and
decryption [26].

However, in the above studies, only the image information
projected on the random scatterer can be recovered by complex
spatial coherence measurement since the restriction of the van
Cittert-Zernike theorem. In other words, only the two-
dimensional (2D) image information hidden behind the
random scatterer can be extracted from the spatial coherence
measurement, which limits the application in three-dimensional
(3D) optical imaging through random media. To solve this
limitation, a question is naturally raised: whether the
information of an image (or object) at a certain distance from
the random scatterer can be recovered? In this work, we show that
with the help of the spatial coherence measurement and the
iterative phase retrieval algorithm in the Fresnel domain, the
image information hidden a distance behind the rotating ground
glass disk can be well reconstructed. Further, it is demonstrated
that not only the spatial shape and the lateral shift but also the
longitudinal position of the hidden image can be well recovered.

We remark that the research on optical imaging through
random media is a historical topic since the early study was
carried out by Goodman et al. in the 1960s [27, 28]. However, this
topic today is still attracting wide attention from the researchers
due to the broad range of its applications from biomedical to
astronomical imaging [29, 30]. Different methods have been
proposed to realize the optical imaging through scattering
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media. The most straightforward approaches utilize ballistic
photons [31-33]. However, strongly scattering media reduce
the number of ballistic photons and lower the signal
tremendously. Thus, these methods are used mostly for
imaging static objects through a weakly scattering medium.
Some methods, such as the wavefront shaping techniques
[34-37] and the transmission matrix measurement methods
[38, 39], require the transmission properties of the random
scatterer itself before imaging. Another approach relies on the
memory effect of light through scattering medium [40, 41].
Within the memory effect region, the intensity autocorrelation
of the scattered light is identical to the autocorrelation of the
object image hidden behind the scatterer [42-46]. Thus, the
object can be reconstructed well by using the phase retrieval
algorithm [47].

However, the above methods are mainly dealt with optical
imaging through a static medium [48, 49]. In this work, we
propose a different method for optical imaging through a
dynamic scattering medium. We remark that a few of
technologies for optical imaging through dynamic scattering
media have been proposed recently [50, 51]. Their methods
are based on the intensity correlations of the speckles. Thus,
the image information can be reconstructed only when the
random fluctuations of the dynamic scatterer obey Gaussian
statistics [52]. For the random scattering media having non-
Gaussian statistics, e.g., the turbulent atmosphere [53], the
proposed method cannot be used anymore. However, our
method is based on measuring the second-order field-field
correlation (spatial coherence) of a partially coherent light
beam. The relation between the image information and the
spatial coherence is independent of the statistics of the
random medium. In other words, the image information
encoded in the spatial coherence structure can be recovered
well for the random media with any statistical properties.
Thus, our coherence-based method shows robustness in the
complex environment, which we have showed in [26].

This work is organized as follows. In Section 2, we present our
basic principle for encoding the image information hidden
behind the random scatterer into the spatial coherence
structure of a random light that generates after the random
medium and we show the iterative phase retrieval algorithm
used in our experiment. In Section 3, we present our
experimental verification and discuss how to measure the
complex spatial coherence of a random light beam with the
intensity-intensity cross-correlations. The experimental results
to demonstrate the feasibility of our method are presented in
Section 4. We summarize our findings in Section 5.

2 PRINCIPLE

The schematic diagram of the encoding system is shown in
Figure 1A, in which the image is hidden a distance z in front
of the scattering medium. The image is illuminated by a fully
coherent light beam. Based on the Huygens-Fresnel diffraction
integral formula, the optical field on the front surface of the
scattering medium is expressed as
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FIGURE 1| Schematic diagram of optical imaging through a random scattering medium. (A) The image hidden a distance z behind a random scatterer is iluminated
by a fully coherent light. The scattered light from the random medium passes through an optical system with response function H (p, r). The complex spatial coherence
structure is measured in the observation plane. (B) The intensity S(p) on the front surface of the random scatterer can be recovered through inverse transform H (p, r) of
the measured complex spatial coherence. (C) The flowchart of the iterative phase retrieval algorithm.

i ) ik , where S(p) = |E(p)|2 denotes the averaged spectral density of the
E(p) = —Eexp (ikz) JJ o (v)exp[ (p-v) ]d v, (D) incoherent source and &(p; — p,) is a Dirac delta function, which
indicates that the fields at two different spatial positions p; and p,
where A denotes the wavelength, k = 271/1 is the wavenumber, and  are uncorrelated. Based on the pseudo-mode representation
O(v) denotes the transmission function of the image. Above, vand  theory [54], the cross-spectral density function in Eq. 2 can be
p are the spatial coordinates of the cross section where the image  expanded as
and the random scattering medium are located, respectively.
After the beam passes through the random scattering medium, W(p1>p,) Z a,E E.(p,), €)
the fully coherent light becomes spatially incoherent if we assume
the beam spot on the random scatterer is larger than the where E,(p) and «,, stand for the modal function and its modal
inhomogeneity scale of the random scatterer [52]. The statistical weight, respectively, for the nth mode. Such pseudo-mode
properties for a spatially incoherent light are characterized by the representation indicates that a incoherent (or partially

cross-spectral density function (in spatial-frequency domain) [1],ie.  coherent) light can be viewed as a superposition of spatially
coherent but mutually uncorrelated modes. For the spatially
W (py.p,) = \S(p,)S(p.)3 (P, — po), 2 incoherent light, the modal distribution can be expressed as
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E,(p) = \/S(p) exp[id, (p)],

where ¢,(p) is a random phase. For a random scatterer obeying
Gaussian statistics [52], we have { exp [i¢,(p)])> = 0and {exp [id,
(p1) — i, (p2)]) = 8(py — p2), where (-) denotes the ensemble
average.

Based on the van Cittert-Zernike theorem, when the
incoherent light from the random scattering medium passes
through a linear optical system with an impulse response
function H (p, r), the spatial coherence of the light will be
improved. The modal function in the observation plane turns
out to be

4

B0 = [ \S()exoli, @IH (). (9)

Taking all the field realizations into account, ie., by using
W (r1, 1) = {Ej (r1)E, (r;)), we obtain the cross-spectral density
of the random field in the observation plane

W) = [[ 50 expl-i8, (p) + i9, p,)])
H' (p,11)H (p,,12)d’p, d’p,.

Using the Gaussian statistics condition for the random phase
¢.(p), the above integral is reduced to

(6)

W (r),1,) = JJ |E(p)’H" (p, r1)H (p, 12)d’p. (7)

It follows from Eqs. 1, 7 that the object information O(v)
hidden a distance behind the random scattering medium is
encoded in the spatial coherence function of a random light
generated after the scattering medium, which indicates that once
the complex spatial coherence structure W (r;, r,) is fully
measured, the object information may be recovered. In the
previous studies, it is showed that only the intensity S(p) on
the front surface of the random scatterer can be measured
[24-26] (see Figure 1B].

In this work, we find that the iterative phase retrieval
algorithm [42-56] can be applied to recover the object
information. We discuss the detail of the algorithm in this
section. The algorithm will be verified experimentally in
Section 3. The flowchart of the algorithm is shown in
Figure 1C. The first step in the iterative phase retrieval
algorithm is that we guess a initiatory amplitude for the
object, e.g., O;(v) = +/S(v). We note other functions, e.g., a
random function can also be used as the initiatory amplitude.
In the second step, we take O;(v) into Eq. 1 and obtain the
corresponding complex field on the front surface of the scattering
medium, which can be expressed as

i ik
Ei (p) = —3, &XP (ikz) ” O, (v)exp[z(p - v)z]dzv. (8)
The third step is extracting the phase 6;(p) from E;(p). We
then combine 0,(p) with 1/S(v) to form a new function for the
field located on the front surface of the scattering medium,
Ei(p) = VS()explifi (p)]. To obtain the object

ie.,
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information, the new field E{ (p) then transmit backwards,
i.e, in — z direction. The field in the plane where the optical
image located can be obtained by

i k
0f(v) = - exp(-ik2) [ [ Ef (p)exp[ :

-—(p- v)2 ] dp. (9

z

We assume that the original image is an amplitude image (i.e.
with no phase information). Thus, O(v) is a real and positive
function. With the restriction of such condition, we first take out
the real part of Of (v) and then let the negative values in the real
part become 0. The new obtained function is then used as the
second prediction, O,(v), for the image information hidden a
distance behind the random scatterer. The function O,(v) is then
taken into the above algorithm and the third prediction image
O;(v) will be obtained. It is found in our experiment that by ~ 70
iterations of the above phase retrieval algorithm, the image
information can be well reconstructed.

3 EXPERIMENTAL VERIFICATION

In this section, we carry out the experiment to verify the feasibility
of the principle and the iterative algorithm. The schematic of our
experimental setup is shown in Figure 2. In our experiment, the
image is an English letter ‘S’, which is generated with a spatial
light modulator (SLM). The random scattering medium is a
rotating ground-glass disk (RGGD). The surface roughness of
the RGGD used in our experiment is 400 mesh number and the
rotating speed can be controlled by the controller of an optical
chopper system. In the experiment, the rotating speed is fixed at
3,000 r/min. The distance between the image (SLM) and the
random scatterer (RGGD) can be adjusted from 35 to 70 cm.
The image is illuminated with a fully coherent beam generated by
passing a He-Ne laser (with wavelength A = 632 nm) through a
linear polarizer (LP) and a beam expander (BE). The optical
system between the RGGD and the observation plane is formed
by a thin lens L1 of focal distance 250 mm and a thin lens L2 of
focal distance 300 mm. The distances between RGGD and L1, L1
and L2, L2 and the observation plane are 250 mm, 600 mm, and
600 mm, respectively. The second thin lens L2 is used to project
the optical field immediately after L1 into the observation plane.
Thus, the response function of the optical system becomes

i

HMﬂ—Aﬂ

where f; denotes the focal length of the thin lens L1. Taking Eq. 10
into Eq. 7, we obtain that the cross-spectral density function of
the random light in the observation plane yields

exp[;;l (p* —2r~p)], (10)

W (r,1,) = #‘” IE(p)I? exp[i/\z—}rp. (r; - rz)]dzp. (11)

It is found from Eq. 11 that the generated partially coherent
beam in the observation place is of Schell-model type, i.e., its
spatial coherence distribution depends only on the position
difference r;—r,. Moreover, we find that the spatial coherence
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LP

BE1

FIGURE 2 | Experimental setup for optical imaging through a random scattering medium via the complex spatial coherence measurement. LP: linear polarizer; BS1
and BS2: beam splitters; HWP1 and HWP2: half-wave plates; QWP: quarter-wave plate; BE1 and BE2: beam expanders; M1 and M2: mirrors; SLM: spatial light
modulator; RGGD: rotating ground-glass disk; L1 and L2, thin lenses; PBS: polarization beam splitter; CCD1 and CCD2: charge-coupled devices; PC: personal

computer.

BS2 PBS CcCD1

function W (ry, r,) and the intensity |E(p)| on the front surface of
the random scatterer form a Fourier transform pair. Thus, |E(p)|*
can be recovered by

1

IE(p)I> = e Jj (rl,rz)exp[—ij;[p (r, - rz)]dzrldzrz.

(12)

Once |E(p)|” is recovery, we take the result into the iterative
phase retrieval algorithm and run 66 loops.

Before discussing the experiment results, we present the details
of the method for measuring the complex spatial coherence of the
generated partially coherent light. The method is based on the
generalized Hanbury Brown and Twiss experiment [24], in which
we introduce a pair of reference waves having a constant phase
difference either 0 or 77/2. In our experiment, the reference waves
with the stable phase difference are generated from a circularly
polarized beam. In the top reference arm of Figure 2, the x-
polarized light beam is transmitted through a half-wave plate
(HWP) and a quarter-wave plate (QWP). The fast axis of the
HWP is set to be 71/8 with respect to the x-polarization direction,
while the fast axis of the QWP is set to be parallel to the x-
polarization direction. Therefore, a right-handed circularly
polarized beam is produced immediately after the QWP. The
beam expander (BE2) after QWP is used to produce a beam of the
effectively uniform intensity distribution. The x- and y-
components of the generated circularly polarized beam are
viewed as the pair of reference waves required for our protocol.

Before combining the reference waves with the partially
coherent light, we place a HWP after the thin lens L1 to
transfer the x-polarized partially coherent light into n/4-
linearly polarized. The x- and y-components of the field
realization after the beam splitter (BS2) is then expressed as

E*(r) = E,\ (r) + E&™ (1), (13)
Ex (1) = Ey (r) + B (1), (14)

where E,,.(r) and E,,(r) denote the x- and y-components of one
random field realization of the partially coherent light, and
Efci” (r) and E;i‘c(r) are the x- and y-components of the
generated circularly polarized reference wave, respectively. The
x- and y-components of the composite field are then split by a
polarization beam splitter (PBS) and imaged, respectively, onto
CCD1 and CCD2 by a 2f imaging system formed by the thin lens
L2. The direct-digital-synthesis signal generator is used as
external trigger for controlling the two CCDs, to
simultaneously capture the random intensities I*¥(r) and
Iﬁg,d (r) of the x- and y-component fields.

We now calculate the cross-correlation of the two composite
field intensities, i.e.,

G (r1,1) = (I ()1 (1)), (15)
where the angle brackets denote the ensemble averaging. Taking
Egs. 13, 14 into Eq. 15, we obtain

G (11, 10) = (L (1) )<L (1)) + [W (11, 1)

21 ()T (0)Im [W (1, 12)].

Above,  L'(r) = Lny (1) + 197 (1), L (1) = Ly (1)+
Ij}rC (1), Ix(r) and I,,(r) denote the intensities of the x- and y-
components of the random field realization, and I$™(r) and
I (r) denote the intensities of the x- and y-components of the
circularly polarized light, respectively. It is found from Eq. 16 that
the imaginary part of W (r;, r,) is encoded in the intensity cross-
correlation function. The undesired background terms,
ie., (Iﬁ;c‘“(rl))(IE;“’r ()Y + |W (r1,12)]> are removed by
doing  the intensity  cross-correlation G‘;’;f‘“ (r1, 1) =
(L (eI (r2)). Finally, the imaginary part of the spatial
coherence function is obtained as

(16)

Gi‘}d (r1,12) = chor (r1,12)

2T (0T (1)

Im[W (ry,1,)] = (17)

Frontiers in Physics | www.frontiersin.org

32

January 2022 | Volume 9 | Article 828487


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Peng et al. Imaging with Spatial Coherence Structure

A recorded speckles B Re[W(Ar)] C Im[W(Ar)]
| . | |
-0.71 0.84 -0.77 0.80
0.40 . . T 0.40
0.20 1 0.20
B
£ 0.00 A 1 0.00} =
BN
<
-0.20 {1 -0.20
-0.40 — -0.40 —
-0.40-0.20 0.00 0.20 0.40 -0.40-0.20 0.00 0.20 0.40
Ax (mm) Ax (mm)
E F
4.00 4.00
2.00 2.00
0.00 \} 0.00
-2.00 -2.00
recovered image original image
6.00 —4.00 —4.00
—6.00-3.00 0.00 3.00 6.00 —4.00-2.00 0.00 2.00 4.00 -4.00-2.00 0.00 2.00 4.00
x (mm) x (mm) x (mm)
FIGURE 3 | Experimental results of optical imaging through a RGGD with complex spatial coherence measurement. The optical image is placed 57.5 cm in front of
the random scatterer. (A) The recorded speckles Indr), Iny/(r), 157 (1), 15 (r), £ (r), and [5° (r). (B) and (C) The recovered real and imaginary parts of the spatil
coherence function from the speckles shown in (a). (D) The recovery intensity on the front surface of the RGGD. (E) The recovery image information with the iterative
phase retrieval algorithm. (F) The original image displayed in the SLM.

The real part of the spatial coherence function, on the other ~ shows the spatial speckles of the six intensities. By using Eqgs.
hand, can be obtained by 17, 18, the complex spatial coherence structure can be recovered.

add ncor We show in Figures 3B,C the experimental results of the real and
Gxx (r, 1) - Gxx (r1,12)

Re[W (11,1;)] = (18)  imaginary parts of the spatial coherence function of the partially

2419 (1) 15" (ry) coherent light in the observation plane after the random scatterer.

Taking the measured W (ry, r) into Eq. 12 and performing the

where Gi‘id (r;, 1) =TI iid (rl)I;‘fCd (r;)) and G (r,1) = fast Fourier transform, we obtain the intensity distribution S(p)

(IInCOr (py )TN (r,)) are the intensity-intensity autocorrelation on the front surface of the random scatterer, which is shown in
functions. In the experiment, the ensemble average in the  Figure 3D. We find from Figure 3D that the image information
intensity cross-correlation and autocorrelation can be replaced  cannot be identified from the diffraction pattern. We now apply
with the spatial average of the speckle field since the partially  the iterative phase retrieval algorithm introduced in Section 2 for
coherent random field is generated with the Fourier  the image information recovery. The initiatory intensity for the
transformation optical system [57]. Thus, the real and  image is assumed to be the pattern displayed in the dotted box of
imaginary parts of the spatial coherence function can be  Figure 3D. The algorithm is iterated 66 times. Figure 3E shows the
recovered conveniently through recording six realizations of  result of the recovered image. For a better comparison, the original
intensity distributions, ie., L(r), I (r), I dre(r), T j’,"c (r), object loaded in the SLM is also recorded (see in Figure 3F]. We
If,id(r), and I;jd (r). find in the experiment that the image information hidden a

distance behind the random scattering medium can be well

reconstructed with the help of the spatial coherence structure

4 RESULTS AND DISCUSSION measurement and the iterative phase retrieval algorithm. The
experimental results are consistent with our predictions.
To show the feasibility of our method, we first place the image Next, we show the ability of our method to retrieve both the

(SLM) 57.5 cm in front of the RGGD and record the six intensity ~ lateral position and the shape of the moving object hidden behind
distributions with CCD1 and CCD2, respectively. Figure 3A° the RGGD. The object image is created again by the SLM and
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FIGURE 4 | Experimental resullts for the recovery of a moving image hidden behind the RGGD with complex spatial coherence structure measurement. The image
moves in the transverse plane where z = 57.5 cm. (A)-(D) and (E)-(H) The measured real and imaginary parts of the complex spatial coherence function for the cases
when the image is located at different lateral positions. (I)=(L) The recovered intensities on the front surface of the RGGD. (M)—(P) The recovery images with the iterative
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placed in the plane having a distance 57.5cm in front of the
RGGD. However, the image can now move freely in the
transverse plane. In the top two panels of Figure 4, the
experimental results of the measured real and imaginary parts of
the spatial coherence functions are presented when the image is
located at different transverse positions. We find with the change of
the image position, the distribution of the complex spatial coherence
for the partially coherent light beam in the observation plane
changes as well. The corresponding recovered intensities on the

front surface of the RGGD obtained by the fast Fourier transform of
measured W (r}, r,) are shown in the third row of Figure 4. We now
assume these intensity distributions as the initiatory inputs for the
iterative phase retrieval algorithm. After 66 times loops, the
recovered image intensities are displayed in the bottom row of
Figure 4. It is found from the experimental results that the image at
different transverse positions is well recovered, which indicates that
the iterative phase retrieval algorithm shown in Section 2 can
preserve well the lateral position information of the image.
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FIGURE 5 | Experimental results of the recovered images with the spatial coherence measurement and the iterative phase retrieval for the case when the image
moves along the longitudinal direction. The real distance z and the recovered distance Ziecover from the RGGD are marked in the figures.
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Finally, we carry out the experiment to show the feasibility of
our method in recovering the longitudinal position of the image
hidden behind the random scattering medium. The image created
by the SLM now moves freely in the longitudinal direction. In our
experiment, the distance between the SLM and the RGGD can be
controlled from 35 to 70 cm. Once the complex spatial coherence
structure is measured in the observation plane, the intensity on
the front surface of the RGGD can be recovered. After that, we
take the recovery intensity as the initial input for the iterative
phase retrieval algorithm and modify the value of the distance zin
the algorithm. The output results for different values of input z
after 66 times iterations are compared with the original image as
shown in Figure 3F. When the recovered and the original images
are matched, the input value of z is recorded as the longitudinal
distance for the image. Figure 5 shows our experimental results of
the reconstructed images at different longitudinal positions. The
recovered longitudinal distances zecover and the real longitudinal
positions z are also shown in the figures. It is found from the
experimental results that the image hidden behind the RGGD
with different longitudinal distances can be well reconstructed
with the spatial coherence measurement and the iterative phase
retrieval algorithm. The experimentally recovered longitudinal
distances agree well with the real distances between the image and
the RGGD.

5 CONCLUSION

In this work, we studied the role of the spatial coherence structure
measurement for the partially coherent scattered light on the
recovery of the image information (especially the image’s
longitudinal position) hidden behind a random scattering
medium. We showed experimentally that the image

information, including its spatial shape, lateral shift, and
longitudinal position, encoded in the spatial coherence
structure can be fully reconstructed with the spatial coherence
measurement and the iterative phase retrieval algorithm in the
Fresnel domain. Our experimental results indicate that a 2D
spatial coherence measurement can find applications in the 3D
optical imaging through the random scattering medium and 3D
object position tracking in complex medium. We remark that the
scattering from randomly inhomogeneous media (stronger than
the rotating ground glass disk used here) does not completely
destroy the spatial coherence of radiation [58], which indicates
that the multiple-scattering media can still act as an imperfect
mirror or lens for coherence-based 3D optical imaging.
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Holographic stereogram comprises a hotspot in the field of three-dimensional (3D) display.
It can reconstruct the light field information of real and virtual scenes at the same time,
further improving the comprehensibility of the scene and achieving the “augmentation” of
the scene. In this paper, an augmented reality-holographic stereogram based on 3D
reconstruction is proposed. First, the point cloud data is generated by VisualSFM software,
and then the 3D mesh model is reconstructed by MeshlLab software. The obtained scene
model and virtual scene are rendered simultaneously to obtain the real and virtual fusion
scene. Analysis of experimental results shows that the proposed method can effectively
realize augmented reality-holographic stereogram.

Keywords: holography, holographic stereogram, optical field information manipulation, augmented reality, 3D
display

INTRODUCTION

Holographic stereogram (HS) [1-3] comprises a research hotspot in the field of three-dimensional
(3D) display, providing a flexible and efficient means of 3D display. HS is widely used in the military,
publicity, commerce, and other fields [4, 5]. Using discrete 2D images with parallax information as
the input, the 3D reconstruction of a scene can be obtained after image processing, stereoscopic
exposure, and development and fixing. An HS cannot show all the information of the scene but is
limited to a certain angle (less than 180°). Moreover, HS does not have the depth information in the
scene space, but people can still perceive 3D clues, which depends on the binocular parallax effect [6].
HS discretizes and approximates the continuous 3D light field, which greatly reduces the amount of
data. In addition, the scene is not limited to real-world objects, but can also be a 3D model rendered
by computer. The diversified scene selection of HS not only enriches its expression ability, but also
makes the realization of augmented reality-holographic stereogram (ARHS) possible.

ARHS reconstructs the light field information of real and virtual scenes at the same time [7]. The real-
scene data are sampled by the camera, and the virtual scene is rendered by computer software or a
program. The organic combination of both can further improve the comprehensibility of the scene and
achieve the “augmentation” of the scene. The key to realizing ARHS is the effective fusion of real and
virtual scenes. There are three methods in AR to prove the realizability of scene fusion. One is the model-
based method, which reconstructs the 3D model of a real scene through a computer, exports the model
data to the virtual scene rendering software, and renders the virtual scene at the same time to achieve the
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fusion effect. This method was first proposed by Breen in 1996 [8],
but it was difficult to realize due to technical limitations at that time.
The second method of proving the realizability of scene fusion is the
depth-based method, which determines the occlusion relationship
according to the depth value of the target point, and usually only
displays the information near the target point. Wloka et al. proposed
a video transparent AR system that can solve the problem of
occlusion between a real scene and computer-generated objects
[9]. The system calculates the pixel depth value through the
stereo matching algorithm and compares the depth value to
determine the position relationship between real and virtual
scenes. The third method used to prove the realizability of scene
fusion is the image-analysis-based method. First, the edge of the real
scene-image is detected, the accurate contour is drawn, and then the
occlusion relationship between the real and virtual scenes are
manually marked and completed. This method makes use of the
advantages of an edge detection algorithm to mark each image
manually. After the continuous development of algorithms,
especially the rise of neural networks, contour extraction has
gradually acquired intelligence, and manual marking has been
automated, which greatly im-proves the practicability of this third
method. Roxas et al. used a semantic segmentation algorithm based
on a convolutional neural network (CNN) to obtain more accurate
fore-ground segmentation results. In addition, according to the
complexity of object boundaries and textures, labels are assigned
to real scenes to improve the automation performance [10].

In other fields, research on the display of real- and virtual-scene
fusion is also underway. Deng et al. used a reflective polarizer (RP) to
realize AR 3D display, which has potential applications in
stomatology and vehicle AR display [11]. Shi et al. demonstrated
a CNN-based computer-generated holographic (CGH) pipeline
capable of synthesizing a photorealistic color 3D hologram from
a single RGBD image in real time [12]. Yang et al. proposed a fast
CGH method with multiple projection images for a near-eye virtual-
reality (VR) and AR 3D display by convoluting the projection images
with the corresponding point spread function (PSF) [13].

Recently, using depth-based and image-analysis-based
method, we proposed a scene fusion coding method based on
instance segmentation and pseudo depth to realize ARHS [14].
However, the scope of application of this method is limited, and
the display of a few examples is required; otherwise, a large
amount of calculation is required.

In the present work, referring to the model-based method in
the AR field, we used VisualSFM and MeshLab software to realize
the 3D reconstruction of the scene, import the model into 3D
Studio Max software, render the virtual scene at the same time,
and then realize the scene fusion. Holographic printing is carried
out using our proposed effective perspective image segmentation
and mosaicking (EPISM) method [15], and the reconstructed
light field is analyzed and discussed, which verifies the
effectiveness of the proposed method.

BASIC PRINCIPLES

In our work, the basic steps of ARHS based on 3D reconstruction
are as follows. First, the 3D model of a real scene was established

Augmented-Reality Holographic Stereogram

by 3D reconstruction. Then, the model was imported into the
computer, the virtual scene information was rendered and added,
and the effective fusion between the virtual and real scenes was
completed according to the preset perspective and occlusion
relationship. Finally, it is processed according to the steps of
sampling, coding, printing, and display of HS, to realize ARHS.

The core of our method is 3D reconstruction. To verify the
effectiveness of the method, we used the 3D reconstruction
technology based on multi-view map, which mainly depends
on two software packages, i.e., VisualSFM and MeshLab. The
fusion of real and virtual scenes depends on 3D Studio Max.

VisualSFM uses a stereo-matching algorithm to detect and
match the image feature points, then uses a structure-from-
motion (SFM) algorithm to calculate the pose of the camera in
space according to the matching data and reconstructs the 3D
point-cloud model of the 3D scene. However, the point-cloud
model is sparse and in-sufficient for 3D reconstruction.
VisualSFM provides the function of calculating dense point
clouds, which can store dense point clouds in the computer in
the form of data. MeshLab is based on the Poisson surface
reconstruction (PSR) algorithm, which can convert dense
point-cloud data into a mesh model of a scene. 3D Studio
Max can import the previous scene model and render the
virtual information at the same time.

Stereo Matching and SFM

Stereo matching refers to the matching of pixel pairs with
identical points on multiple perspectives of the same scene,
estimating parallax and calculating object-depth information,
and preparing for SFM. Before matching, it is necessary to
detect the feature points of the image. The Scale invariant
feature transform (SIFT) operator is used as a feature point
detection tool in VisualSFM.

SIFT has scale and rotation invariance. When the image is
rotated and scaled, it still has good detection effect [16, 17]. In
addition, it has strong robustness, is suitable for extracting feature
point information of scale transformation and various images
with angular rotation and has strong accuracy.

SEM determines the spatial and geometric relationship of
object points by estimating the changes of the camera’s spatial
pose. When the spatial positions of more object points are
determined, a sparse 3D point cloud can be obtained. To
better represent the mapping relationship between pixels and
object points in the SFM process, several coordinate systems must
be considered.

e World coordinate system. A 3D coordinate system, which
represents the actual coordinates of any object point
in space.

e Camera coordinate system. A 3D coordinate system, which
represents the spatial pose transformation of the camera to
facilitate the expression of its motion process.

e Image-plane coordinate system. A 2D coordinate system
with its origin located at the intersection of the camera optical axis
and the image, which can represent the coordinates of any
pixel point.
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e Pixel-plane coordinate system. A 2D coordinate system with
its origin in the upper left-hand corner of the image, which can
represent the coordinates of any pixel point.

SEM process is the process of projecting the pixels in the pixel
plane coordinate system to the world coordinate system. The
projection relation is given directly here. For details, please refer
to Refs. [18, 19].

A [hos ele v ][V
Zvl=|0 f, ¢ [0 1] 20| =KT|
1 0 0 1 . .

where (u, v) represents the coordinates of the image pixel in the
pixel-plane coordinate system, (X,,, Y,,, Z,) the coordinates of the
object point in the world coordinate system, and K the camera
internal parameter matrix, which is determined by the structural
properties of the camera itself. f, and f, are the normalized focal
lengths, s is the tilt factor, and c, and ¢, are the coordinates of the
main point in the image plane coordinate system, both in pixels
and known parameters. T is the external parameter matrix, which
is determined by the position relationship between the camera
and the world coordinate system. R and ¢ represent rotation and
translation, respectively, which are unknown parameters.
Therefore, the solution of R and ¢ becomes the key to SFM.
The calculation of relative pose R and t between adjacent
cameras can be given by singular value decomposition of
eigenmatrix E. Eq. 2 gives the calculation method of E

x'Ex=0 (2)

where x” is the 3D point coordinate in the right-hand camera
coordinate system and x the 3D point coordinate in the left-hand
camera coordinate system. However, the values of their
coordinates are unknown. The second calculation method of E
is given as follows:

E = K'FK, 3)

where K, is the transpose of the internal parameter matrix of the
right-hand camera, K; the internal parameter matrix of the left-
hand camera, and F the basic matrix. Here, K is known, and the
solution method of the basic matrix is

4

where g,” is the transpose of the image-plane coordinates of the
right-hand camera and g; those of the left-hand camera. They can
be calculated directly from the pixel-plane coordinates (u, v).
Thus, the transformation relationship of camera spatial pose
can be calculated, and the spatial position of pixels reconstructed.

q,Fq =0

Computing Dense Point Cloud —Multi-View

Stereo

The 3D point cloud obtained by SFM is composed of feature
points, so it is sparse. To better reconstruct the 3D scene, it is
necessary to densify the sparse point cloud. VisualSFM software
can additionally configure the PMVS/CMVS resource package to
realize the generation of a dense point cloud. The photos are
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- P

image #1 N\~ image#2

FIGURE 1 | Principle of epipolar constraints.

clustered by CMVS to reduce the amount of dense reconstruction
data, and then PMVS is used to generate dense point clouds with
real colors through matching, diffusion, and filtering under the
constraints of local photometric consistency and global visibility.
The basic principle is multi-view stereo (MVS).

The main difference between MVS and SFM in obtaining a
sparse point cloud is that MVS matches all pixels in the image and
reconstructs the corresponding spatial position of each pixel to
achieve the effect of high-definition reconstruction. To simplify
the process of finding homonymous points in two images,
epipolar constraints must be introduced. The epipolar
constraint describes the constraint formed by the image point
and camera optical center under the projection model when the
same point is projected on two images from different
perspectives, which can reduce the search range when feature
point matching.

Referring to Figure 1, the line O;0, connecting the optical
centers of the two cameras is called the baseline, and the
intersection of the baseline and the plane of images #1 and #2
is called the base point i; and i,. The plane O;0,P is called the polar
plane, and the intersections i;P; and i,P, of the polar and image
planes are called the polar lines. If the image point of an object
points in space on image #1 is P;, then the image point on image #2
must be P,. The epipolar constraint simplifies the detection and
matching of all pixels of the image to the matching of a certain line,
which can narrow the search range of feature-point matching and
has a more accurate matching effect.

The consistency judgment function c;i(p) is used to judge the
similarity of the points on the epipolar constraint to complete the
feature matching of all pixels, and then the dense point cloud data
are generated according to these registered feature points.

cii (P) = p(L: (2 (7 (p)). I;(2(m; (p))))

where 71(p) is a function that makes object point p project to a point
on the photograph, Q(x) defines the area around a point x, and I(x)
represent the intensity characteristics of the photo area; p (f, g) is
used to compare the similarity between two vectors. VisualSFM
does not display the dense point cloud on the operation interface
but records it in the computer in the form of a data list.

(5)

Poisson Surface Reconstruction
Poisson Surface Reconstruction (PSR) is a mesh reconstruction
method proposed by Kazhdan et al. in 2006 [20]. It uses the input
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0

FIGURE 3 | Three images in “old school gate of Tsinghua University” dataset.

image position point cloud

FIGURE 4 | Point cloud model and camera spatial pose.

point-cloud data to build a triangular mesh model and represents
the surface reconstruction problem as finding the solution of a
Poisson equation. Its core is that the point cloud represents the
position of the object surface, and its normal vector represents the
internal and external directions. PSR considers all data at the
same time without heuristic segmentation and merging. It is a
global algorithm, which is conducive to generating smooth
surfaces.

By implicitly fitting an indicator function derived from an
object, an estimate of a smooth object surface can be given.
Letting M represent an area and OM be the surface of the area, the
indicator function is

l,xeM

0, x ¢ M ©)

X (X) = ‘[

where x represents the sampling point. The indicator function can
be approximated to OM by estimating the indicator function and

extracting the isosurface. Therefore, the key to the problem is to
calculate the indicator function according to the samples. Here, the
gradient Vy,, (x) of the indicator function must be introduced. The
relationship between sample point set X and dM can be established
through gradient field Vy,, (x) [20], as shown in Figure 2. First, a
vector field V' of the X is created from the period cloud data, as
shown in Figure 2A. Then in Figure 2B, the corresponding
Vx, (x) is generated according to V, and in Figure 2C the
indication function is assigned according to the distribution of
the gradient field. Finally, the surface OM is created according to the
assignment of the point set, as shown in Figure 2D.

First, the smoothing filter function F is used to smooth y ,, (x).
Through the divergence theorem, it can be proved that the
gradient field of the smoothed indicator function is equal to
the smoothed surface normal vector field:

V(s ® F) (x) = J F(x - p)Now (p)dp @)

oM

where ® is the convolution symbol for smoothing, Ny is the
normal vector at the surface (pointing to the inside), and p is the
point corresponding to Ngy. Due to the discreteness of sample
points, Ny is not known for every x near the surface, so it must
be approximated piecewise:

V(XM®I:“)(x) = Z|6X|I:“(x—x-p)x-f\75

xeX

.

\%4 (8)

where x. p and x N represent the position and normal vector of x,
respectively, Ux[0 OM is the surface area near x divided
according to space, and V represents the vector field
composed of the sample set. Assuming that the sample points
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FIGURE 5 | Model generation process (A) Point cloud with miscellaneous points (B) meshing, and (C) reconstruction result.
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FIGURE 6 | Sampling image.

FIGURE 7 | Holographic printing optical scheme.

holographic plate
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FIGURE 8 | Holographic optical reconstruction scheme.
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FIGURE 9 | Horizontal parallax information of reconstructed image (A) Left-hand perspective (B) right-hand perspective (C) detail of (A), and (D) detail of (B).

are evenly distributed, Uy in the above formula can be omitted.
Equations 7 and 8 are simultaneous, and x represents the
smoothed y,, (x); then,

Vi=V )

Using the divergence operator, Eq. 9 can be transformed into a
Poisson equation,

Ay =V.-V (10)

The indicator function can be calculated by solving the
Poisson equation. The solution of Eq. 10 is obtained by
Laplace matrix iteration, which will not be repeated here.

EXPERIMENT AND ANALYSIS

3D Reconstruction and Data Processing
The dataset “old school gate of Tsinghua University” was used in
our experiment [21]. The data were from the State Key

Laboratory of pattern recognition, Institute of Automation,
Chinese Academy of Sciences, who used a Riegl-LMS-Z420i
laser scanner to obtain the data of buildings and take image
data at the same time. The accuracy of the laser scanner within
50 m is 10 mm and the scanning-angle interval 0.0057°. The
experiment only used 68 images in the dataset, with dimensions
of 4,368 x 2,912 pixel. Three images are shown in Figure 3.

The images were batch-imported into VisualSFM. Stereo
matching took 143s, and 2,278 matches were completed.
Matching uses a SIFT operator to form a new intermediate
file, which records the matching information in the form of a
data list. The file is read, and the sparse 3D point cloud calculated.
The point-cloud model and camera spatial pose appear on the
software display interface, which takes 196s, and is shown in
Figure 4. The dense point-cloud data are calculated and stored in
the computer in the form of a model file and a list file, which takes
10.367 min.

The dense point cloud data were imported into MeshLab for
operations such as removing miscellaneous points, meshing,
repairing manifold edges, parameterization, and texturing, to
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FIGURE 10 | Vertical parallax information of the reconstructed image (A) Head up view (B) detail of (A) (C) bottom view, and (D) detail of (C).

FIGURE 11 | Camera focused on Ruler #1.

obtain the model of the real scene, export the model file and store The model file was imported into 3D Studio Max software
it in the computer. The model generation process is shown in  (texture is usually lost in this process) and the spatial pose of the
Figure 5. model adjusted. The tree model (virtual scene) was merged and
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FIGURE 12 | Comparation of depth information (A) Camera focused on Ruler #2 (B) detail of (A), and (C) detail of (B) (D) Camera focused on Ruler #3 (E) detail of

imported to obtain the fusion scene. The scene position
relationship was adjusted, and the geometric center of the
school gate placed at the origin, with the left- and right-hand
trees in front of the gate approximately 1.5 and 3 cm away from
the gate, respectively. The camera was located 13.8 cm from the
origin for shooting and sampling, and the sampling images are
shown in Figure 6. The EPISM method proposed in this paper
was used for sampling and coding. In this experiment, the hogel
size is 4 mm x 4 mm and the printing area is 8 cm x 8 cm. (For
specific details and methods, please refer to Ref. [15].)

Holographic Printing and Reconstruction

The optical experimental scheme was set up as shown in Figure 7.
A 400-MW/639-nm single longitudinal mode linearly polarized
solid-state laser (CNI MSL-FN-639) was used as the light source,
and an electronic shutter (Sigma Koki SSH-C2B) was used to
control the exposure time. After passing through a A/2-wave plate
and a polarizing beam splitter (PBS), the laser beam was divided
into two beams, namely the object beam and the reference beam.
The polarization state of the object beam was adjusted by a A/2-
wave plate to be consistent with the reference beam. The
attenuator of the reference beam was adjusted to attain an
object reference energy ratio of 1:20. The object beam
irradiated the LCD screen after being expanded and reached
the holographic plane after being diffused by the scattering film.
After filtering and collimating, the uniform plane-wave reference
beam was obtained. The object and reference beams interfered
with each other after being incident from both sides, and the
exposure image information was written. The holographic plate
was fixed on a KSA300 X-Y linear displacement platform; the
positioning accuracy of the platform in the horizontal and vertical

directions was 1 pm. The displacement platform was controlled
by an MC600 programmable controller.

Holographic plate is a silver salt dry plate. After holographic
printing, it is developed, fixed, and bleached. The holographic
plate can reconstruct 3D images in the conjugate of original
reference light after developing and bleaching. As shown in
Figure 8, the reconstructed image was taken with a Canon
camera and a macro lens with a focal length of 100 mm,
which was placed approximately 30cm in front of the
holographic plate.

Results and Analysis

In this subsection, we show and analyze the 3D information of the
obtained hologram, including horizontal parallax, vertical parallax,
and depth information. It should be noted that although our
experimental system can display +19.8° horizontal and vertical
field angles, the actual displayed field angle cannot meet this
standard to display the main part of the fusion scene.

Figure 9 shows the horizontal parallax information of the
reconstructed image at the same vertical position, in which (C)
and (D) show some details in the yellow rectangles of (A) and (B),
respectively. As can be seen from the information in the white
elliptical curves in (C) and (D), the tree in (D) on the left-hand
side of the middle door blocks most of the doorway, and the tree
on the right-hand side fails to block the doorway, while (D)
depicts the opposite. This shows that the perspective of (A) is on
the left and that of (B) is on the right. The angle between them is
approximately 10°.

Figure 10 shows the vertical parallax information of the
reconstructed image in the same horizontal position, where
(B) and (D) show some of the details in the yellow rectangles
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of (A) and (C), respectively. For ease of observation, the edge
contour at the logarithmic root is depicted in the figures. From
information in the white elliptical curves in (B) and (D), the
bottom of the tree root in (B) is nearly parallel to the bottom of
the school gate, while the bottom of the tree root in (D) is higher.
This shows that (A) is a head’s-up view and (C) is a bottom view.
The angle between them is approximately 5°.

Figures 11,12 show the depth information of the reconstructed
image. Here, only the left-hand side of the fusion scene is of
importance. To facilitate analysis, three rulers are placed in the
reconstructed light field, one is in the hologram plate, one is
13.8 cm away from the hologram, and the other is 15.3 cm away
from the hologram. When the camera focuses on Ruler #1, as shown
in Figure 11, the grid shape of the hogel is clearly visible, and the
reconstructed image cannot be observed.

When the camera focuses on Ruler #2, as shown in Figure 12
(A-C), the details of the tree circled by the white elliptical curve
are blurred, but an incomplete part of the school gate in the yellow
box is clearly displayed. When the camera focuses on Ruler #3, as
shown in Figure 12 (D-F), the opposite is true. This shows that
the scene protrudes from the holographic plate display, and that
the distance is equal to the sampling distance; in addition, the
depth information between the scenes also conforms to the preset
relationship during sampling. The depth information of the scene
can be expressed effectively.

CONCLUSION

In this paper, an augmented reality-holographic stereogram
based on 3D reconstruction is proposed that provides an
effective means for augmented holographic 3D display of a
scene. The relevant research results can be applied to medical,
military, and other fields. In the 3D reconstruction, two software
programs were used—VisualSFM and MeshLab. The basic
principle of the 3D reconstruction algorithm employed in the
software is introduced, and the 3D reconstruction completed by
using an image dataset depicting the “old school gate of
Tsinghua University.” We rendered, sampled, and encoded
the 3D model and the virtual scene at the same time, and
then holographic printing was carried out to obtain the
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We introduce a novel type of twisted partially coherent beams with a nonconventional
correlation function, named the twisted Hermite-Gaussian correlated Schell-model
(THGCSM) beam. The condition that a twist phase can be imposed on a partially
coherent beam is addressed for Schell-model fields endowed with rectangular
symmetry. Further, the analytical formula for the THGCSM beam propagating in free
space has been derived with the help of the generalized Collins formula. The propagation
properties, such as the spectral density and the spectral degree of coherence (SDOC) of
the THGCSM beam, also have been studied in detail by some numerical examples. The
numerical results show that the twist phase plays a role in resisting beam splitting,
caused by the correlation structure, and induces the rotation of the distribution of the
SDOC on propagation. Moreover, it is interesting to find that when the beam carries a
twist phase, this will endow the beam the ability to maintain its distribution of the SDOC
on propagation and enhance the self -reconstruction capability of the SDOC. Our results
may provide new insights into nonconventional partially coherent beams with twisted
phase and may be useful in some applications, such as optical communications and
information recovery.

Keywords: self-reconstruction, spectral degree of coherence, twist phase, propagation properties, partially
coherent

INTRODUCTION

Coherence is one of the most notable features of a laser beam. These light beams (i.e., partially
coherent beam) have attracted intensive attentions due to their wide applications in inertial
confinement fusion, ghost imaging, sub-Rayleigh imaging, particle trapping, free space optical
communications and optical scattering [1-8]. Furthermore, Gori et al. [9, 10] proposed the
sufficient conditions for designing a real genuine cross-spectral density function or matrix of a
partially coherent beam. Based on the above works, a variety of partially coherent beams with
nonconventional correlation functions (i.e., the correlation function doesn’t satisfy the Gaussian
distribution) have been introduced theoretically and generated experimentally [11-27]. It is
found that beams with nonconventional correlation functions will exhibit unique properties on
propagation, such as self-splitting, self-reconstruction, locally sharpened and laterally shifted
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intensity maxima [13, 22, 27], which are useful in multi-
particles trapping, atoms guiding, image transfer and
recovery. Moreover, the beam profiles in the focal plane (or
far fields) can be controlled by endowing the beam with a
specific correlation function [15-19, 26], for example, dark-
hollow beam profiles (or an optical cage) can be formed near
the focal plane when the correlation function satisfies a
Laguerre-Gaussian distribution [18]. A Multi-Gaussian
correlated Schell-model beam would generate a rectangular
intensity profile in the focal plane, and a ring-shaped beam
and controllable intensity lattices also can be achieved with the
help of the correlation functions [15, 26]. In addition,
partially coherent beams with prescribed correlation
functions can be applied to reduce scintillation in
turbulence [28], overcome the classical Rayleigh diffraction
limit [29], coherence-based optical encryption [30], robust
microscopy imaging [31], robust far-field imaging [32], and
optical beam shaping [33].

On the other hand, partially coherent beams with a twist
phase (i.e., twisted partially coherent beam) carry orbital
angular momentum (OAM) [34]. Twist phase as a
“genuinely two-dimensional” phase can’t exist in a
coherent beam and its value is bounded in strength. Twist
phase was introduced by Simon et al. in 1993 and has been
demonstrated in an experiment by Friberg [35, 36]. Due to the
intrinsic chiral property of the twist phase the rotation of the
beam spot on propagation is induced, and both the
distribution of the SDOC, the degree of polarization and
the state of polarization of the beam on propagation are
affected [37, 38]. Besides, light beams with a twist phase
have advantages in resisting coherence (or turbulence)-
induced degeneration, depolarization and overcoming the
classical Rayleigh limit [37, 39]. It is shown in [40, 41] that
using a twist phase can greatly increase the amount of OAM of
a partially coherent vortex beam and enhance its self-
reconstruction capability.

Recently, some new ways have been introduced to generate
twisted Gaussian Schell-model beams and measure their
orbital angular momentum [42, 43]. The problem of when
a twist phase can be imposed on a partially coherent beam,
generated from a Schell-model source with axial symmetries,
was explored in [44, 45]. Two approaches have been proposed
to devise genuine twist beams with and without symmetry [46,
47]. In this paper, we devised a newly twisted partially
coherent beam named the twisted Hermite-Gaussian
correlated Schell-model (THGCSM) beam. The condition
that the THGCSM beam will be bona fide is met, and the
propagation properties of the THGCSM beam have been
investigated in detail. Our results show that the twist phase
plays a role of preventing deterioration of the intensity
distribution and induces rotation of the distribution of the
SDOC around the axis on propagation. Furthermore, the twist
phase also will enhance the ability of the beam to maintain the
distribution of the SDOC and its self-reconstruction
capability, which will be useful for optical information
processing and recovery.

Twisted Hermite-Gaussian Correlated Schell-Model Beam

THEORY OF THE TWISTED
HERMITE-GAUSSIAN CORRELATED
SCHELL-MODEL BEAM

Twisted Schell-Model Beams With

Rectangular Symmetry

Based on the unified theory of coherence and polarization, the
statistical properties of a partially coherent beam can be
characterized by the cross-spectral density (CSD) [48]. For
Schell-model fields, endowed with rectangular symmetry, the
cross-spectral density (CSD) of the beam can be expressed as

Wy (r,12) = 77 (r)7(r2) u(]x; - x3) u(lyl —sz), (1)

where r; = (x1, y1), r2 = (x, ¥,) are two arbitrary transverse
position vectors, 7 (r;) denotes the transmission function of an
arbitrary (complex) amplitude filter and u (|x;-x2|)u (|y1-y2]) is
the spectral degree of coherence. When the beam carries a twist
phase, the CSD is defined as

Wou (r1,12) = 7" (r1) 7 (r2) u (|1 — x2) M(|)’1 - J’2|)

exp( —ikpyry X 13), 2

where the last exponential term represents the twist phase, with yg

being the twist factor. According to the Refs. [44, 45], the CSD

will be bona fide, if and only if the corresponding uniform source,

defined as

W, (r1,1r2) = u(|x, — x,|) u(|y1 - y2|)exp( —iky,ry X 12),

3)

is bona fide too. Then, we find that the uniform source satisfies

the following formal integral relationship

[ ) T(pr) = [EoTu(pWa (o). @)

for any pair (ry, 12), p = (px, py) is an arbitrary transverse position
vector, and T, = exp (—iku,r, x r,) denotes the twist phase. To
prove this, on substituting Eq. 3 into Equation 4, the l. h. s of Eq.
4 reads as follows

/dszu (rup)Tu(pora) = /dzp u(lx = p) |y - p,|)

exp( —iku, (ry —12) x p), (5)

For the r. h. s of Eq. 4 we obtain:
/dszu (rp)W.(p.12) = /dzp u(lp, - xal) u(fp, - 32|
exp( —iku, (ry —12) x p), (6)
Then, taking into account that exp [—iky, (r1 — r2) x p] = exp
[~ikpy (r1 = 12) x (p— (r2 —11))],

Eq. 6 can be expressed as follows

[T rpWalpr) = [dEpu(lp, - (2= x0) -3

”(|Py— ()’z—yl)—)’lD
x exp| — ikp, (1, — 12)
x (p- (r2—-11))]

7)
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On letting p = p —

/dszu (ri,p)W,
®)

Thus, the Equation 4 has been proved. Moreover, it has been
mentioned in [45], when the Equation 4 is satisfied, the uniform
source W, defined by Eq. 3 and the twist phase T, share the same
coherent modes, defined as

(r,—ry), Eq. 7 can be recast as

dpu(lp, - xi)
exp[ -

u(p12) = “('Py - )’1')

ikp, (1, — 12) x p|.

o 1712

D, (r) = %[%] (r\/ﬂ)zlm‘exp(ingo)L?"‘"rL‘( %)
ur?

exp| = ): 9)

with u = kug, k = 271/) is the wavenumber with wavelength A, and
j=0,1/2,1,...,m=-jj+1, ..., j. Here, L 'ml‘ is the Laguerre
polynomials w1th the radial index j-|m| and the angular index
2|m|, while exp (i2m¢) represents the vortex phase.

If the uniform source W, is bona fide, the sufficient condition
is that the eigenvalue sequence {\;,} should be nonnegative.
These eigenvalues are defined as

N = [[Errsw, ()0, ()0, (). (10

On substituting equations 3 and (9) into Equation 10, and on

letting r; —r, = r, we have
Ajm

dru(x)u(y) /d2r2

exp (= ikpor X 1)@, (r + rz)(D;m (ry).  (11)

Use the Following Expression [45]

/dzrz exp (- ikpyr X 12) @, (r + rz)d);m (r2) = Ljom (ur?),
(12)

with L, (x) = L,(x)exp(~x/2) , and Aj; = djym = Ap. After
some operation, we have

Ay = Z / u (%)Ll (ux? )exp<——>dx

k0=0

12 uy’
x [u(y)L (uy*) exp 5 dy. (13)
Eq. 13 is one of the main results of this paper, which can be
used to assess the conditions when the Schell-model beams

with rectangular symmetry can carry the twist phase.

Analytical Formula for a Twisted
Hermite-Gaussian Correlated Schell-Model
Beam

In this section, we introduce a new kind of twisted partially
coherent beam with nonconventional correlation function,
named the twisted Hermite-Gaussian correlated Schell-
model (THGCSM) beam. As a natural extension of the

Twisted Hermite-Gaussian Correlated Schell-Model Beam

Hermite-Gaussian correlated Schell-model (HGCSM) beam
[22], the CSD in the source plane (z = 0) is defined as

T2 + 1y
W(rl, rz) = exp( >
40?
-x) y
28;

7()/ 2}/1) ]exp( —ikpyry X 13), (14)
28

Hy, [ (%2 - xl)/ﬁ50]
H2m [0]

[

H2n [0]

(%,

exp[ -
exp[ -

where r; = (X, ¥1), 12 = (X2, ¥») are two arbitrary transverse
position vectors in the source plane, 6, and 8, represent the beam
width and the spatial coherence width, respectively. H,,,, and H,,
are the Hermite polynomial of order 2m and 2n, respectively.
After some algebra, Equation 14 can be expressed in the
following alternative form

_ mlym nlyn UREATED
Wlrer) = 5 ) T s 12) exp( 402 )Fm
(x2- %) (x2 - %) ()/2_)’1)2
R e K B o
28, , 28, 28,
exp[ - 7()}2262}}1) } exp( —ikpyry X 13). (15)
0

As mentioned in section 2.1, the THGCSM beam will be
bona fide, if and only if the corresponding uniform source,
defined as

- (x; = x1)° (% - x1)°
2 2
< 12| (2—») exp| - (2= )
" 28] 28;
exp(—iky,ry x 12). (16)

is bona fide too. On substituting Equation 15 into Equation 10,
and after some tedious integrations and algebraic manipulations,
we have

A _i 28, T(m+kO+1/2)[(n+b—-k0+1/2)
' a1+ ud milklnl (b - k0)!
2 m+n _ 2\ b
udy N (LZu0Np n —koy - ko
1+ ug; 1+ ud;
2
> (“”‘Sz) o Fy | —=mk0—b:kO—b-n
(1-us;)
1 (1+us))
) bl 17
"2 1—u62:| 17

where ,F; is a hypergeometric function. So, in order for W, to
be bona fide (i.e., A; ,, should be nonnegative), the parameter
u = kpo in Eq. 17 must be bounded by the following
inequality:

ud; < 1. (18)
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FIGURE 1 | Density plot of the normalized spectral density of a focused THGCSM beam with m = 1, n = O for different values of the twist factor o at several
propagation distances.
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FIGURE 3 | Modulus of the SDOC between two points p and—p of the THGCSM beam with m = 1, n = O for different values of the twist factor ip at several
propagation distances.
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propagation distances.
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Thus, the THGCSM beam will be bona fide, if and
only if the Equation 18 is satisfied. Then, the propagation
of the THGCSM beam through an ABCD optical system can
be investigated with the help of the generalized Collins
formula [38, 40].

ikD

(P} _Pg)]‘/;/jmw("b"z)

k
- ri)] exp[% (r-p,—12 ~p2)]d2rld2r2,
(19)

where p; = (px1, py1) and p; = (pxa, py2) are two arbitrary transverse
position vectors in the observation plane, and A, B, C, D are the
transfer matrix elements of an optical system. On substituting
Equation 14 into Equation 19, we obtain the analytical formulae
for the CSD of a THGCSM beam in the output plane as follows:

1
W(py,p,:2) = W”P -

X exp[ S22 (r

ikD

s Bi+h, K
Wpy,pyi2) = MEXP{*TJ EXP[ “ 2B (P} *Pi)] exp[ *W(Pl *Pz)z]

e S e mvE alym (2ky) (2k)  (-DhR
Xk;)k;,pgo P;,r(m 172) T(n+172) (2ki - 2p)ipi! (2 —2p2)ipsl Kotk
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1 1 1 Ku:  K*A?
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20% 803 2§, 4 4 B?
. 2
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x 2B 204B 20,B2
. 2
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FIGURE 7 | lllustration of a THGCSM beam self-healing process.

The spectral density of the THGCSM beam at point p in the
receiver plane is defined as

S(p,z) =W (p.p-2).

The spectral degree of coherence (SDOC) of the
THGCSM beam at a pair of transverse points with
position vectors p; and p, in the output plane can be
expressed by the formula

(24)

Wipipsiz
1(py>p3 2) = (propi2)
VW (p1:p1: 2)W (s, 23 2)

Based on the obtained formulae above, we can study the
propagation properties of a THGCSM beam in a convenient way.

(25)

NUMERICAL SIMULATION OF A THGCSM
BEAM

Paraxial Propagation of the THGCSM Beam
Through an ABCD Optical System.

In this section, we study the paraxial propagation of the
THGCSM beam through an ABCD optical system by applying
the formulae derived in section 2. In the following examples, we
consider the beam propagating in free space after passing through
a lens with focal length f=400mm, which is located atz = 0. The
parameters of the beam and the transfer matrix are defined as A =
632.8nm, 0p = 1mm, §o = 0.5mm, A = 1-z/f,B=2z,C =
-1/f , and D = 1. According to Equation 24, we calculate the
normalized spectral density of a focused THGCSM beam at
several propagation distances with different values of the twist
factor yo, as shown in Figures 1, 2. One can find that when y, =
0m™! (see the first row), the THGCSM beam reduces to a
HGCSM beam, and with the increase of the propagation
distance, the intensity distributions of the HGCSM beam
gradually change from one beam spot into two spots or four
beam spots as expected [22]. From the second and third rows of
Figures 1, 2, it is interesting to find that a twist phase does not
seem to cause the beam to rotate during the transmission, no
matter what the value of the parameters m n is. This result is
quite different from that obtained in former works [37, 38],
where it was shown that the twist phase would induce the beam
to rotate on propagation. This phenomenon will be explained
in Figure 8, by investigating the self-reconstruction
characteristics of the beam spectral density. In addition, the
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FIGURE 8 | Density plot of the normalized spectral density of a focused THGCSM beam with m = 1, n = 1 obstructed by a SSOO with center angle a = /3 for
different values of the twist factor Ly at several propagation distances.

twist phase has the effect of hindering the beam spot to spliton 2 in the focal plane. These phenomena can be explained by the
propagation, and the larger the value of the twist factor is, the  fact that the twist phase imposes angular momentum on the
beam spot will split more difficult. This means that the twist ~ beam. Further, one can still determine the structure of the
phase plays a role preventing deterioration of the intensity =~ SDOC even in the focal plane. Thus, the twist phase can be
distribution. Thus, the twist phase can be used to control the  used to maintain the beam’s information of the correlation
intensity distribution of a THGCSM beam on propagation in  function.
free space. In order to investigate the influence of the spatial coherence
Then, the evolution properties the SDOC of a focused  width and the twist phase on the beam propagation properties,
THGCSM beam on propagation also have been investigated.  the density plots of the normalized spectral density and the
Figures 3, 4 show the modulus of the SDOC between two  modulus of the SDOC have been studied, as shown in Figures
points p and -p (ie, |f(p,-p)|), at several propagation 5, 6. In Figure 5, we calculated the density plots of the
distances with different values of the twist factor yy. The first ~ normalized spectral density and the modulus of the SDOC
row of the Figures 3, 4 show the variation of the SDOC of a  (|5(p,—p)|) of a focused HGCSM beam (i.e., THGCSM beam
focused HGCSM beam versus the propagation distances z. It is  with gy = 0) for different values of the spatial coherence width
found that the distribution of the SDOC of the HGCSM beam  §, in the focal plane. One can find that with the increase of the

exhibits an array distribution in the source plane (i.e., z=0mm),  spatial coherence width, the beam profile of the HGCSM
and the number of the beamlets increase as the values of thebeam ~ beam will evolve from the original array beam shape to a
order m or n increase. Gaussian beam profile (i.e., the self-splitting properties of the

When the propagation distance z increases, the profile of =~ HGCSM beam on propagation gradually disappear) as
the SDOC firstly remains invariant, and then becomes one expected in [22].
beam spot in the focal plane. This means that the information Moreover, regardless of the value of the spatial coherence
regarding the SDOC is increasingly lacking with increasing  width, the distribution of the SDOC is always maintained as a
propagation distance. The second and the third rows of the  beam spot. Therefore, the ability to obtain information about the
Figures 3, 4 show the influence of the twist phase on the  correlation function of the beam in the far field (or focal plane)
evolution properties of the SDOC. We find that the twist phase ~ cannot be improved by changing the coherence length or the
induces a rotation of the SDOC on propagation, such that  order m n of the beam.
when po > 0, the distribution of the SDOC rotates anti- Further, we calculated the modulus of the SDOC (Ju(p,-
clockwise, and when po < 0, the distribution of the SDOC p)|) of the THGCSM beam in the source and focal plane,
rotates clockwise. The SDOC rotates faster with increasing  respectively. It is interesting to find that with the increase of
twist factor uo, and the rotation angle varies between —m/2 or 7/ the twist factor, the strength of the sidelobes of the SDOC are

Frontiers in Physics | www.frontiersin.org 55 February 2022 | Volume 10 | Article 847649


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Liu et al.

Twisted Hermite-Gaussian Correlated Schell-Model Beam

po=0.1m

p=0.2m"

0.14 a4 0.0
X (mm)

SSOO for different values of twist factor pjg and center angle a in the focal plane.

0.14

FIGURE 9 | Density plot of the normalized spectral density and the modulus of the SDOC (|5 (p,—p)|) of a focused THGCSM beam with m = 1, n = 1 obstructed by a

(
0.14

S04 0.0 0.0
X (mm) X (mm)

enhanced. This exciting new finding may help us to find a
new way to improve the reliability of the correlation
function.

Self-Reconstruction Characteristics of the
THGCSM Beam

In this section, we focus on the Self-reconstruction behavior
of the THGCSM beam when the THGCSM beam is partially
blocked by a sector-shaped opaque obstacle (SSOO) in the
source plane. Figure 7 shows the illustration of a THGCSM
beam self-healing process. A beam in the input plane (z = 0)
is disturbed by a partially opaque obstacle in the input plane
and is propagating through an ABCD optical system
consisting of a lens and the free space behind the lens.
Figure 8 shows the changes of the density plot of the
normalized spectral density of a focused THGCSM beam
obstructed by a SSOO for different values of the twist factor
at several propagation distances. From the first row of the

Figure 8, one can see that with the increase of the
propagation distance z, due to the effect of the correlation
function, the beam splits into four beamlets as expected in
[22]. The second and third row of the Figure 8 show the effect of
the twist phase on the normalized spectral density. By
comparing the condition g, = 0.2 m™" and the condition g, =
—0.2m™", we can find that the twist phase would induce the
rotation of the beam on propagation: the distribution of the
spectral density rotates clockwise when p > 0, the distribution
of the spectral density rotates anti-clockwise when p < 0. This
phenomenon is consistent with former results [37, 38].
Therefore, the twist phase actually still causes the beam to
rotate during propagation, but it is not noticeable when the
beam is intact (Figures 1, 2).

Moreover, Figure 9 shows the Self-reconstruction
characteristics of the normalized spectral density and the
modulus of the SDOC (|5p,—p)|) when the beam is obstructed
by a SSOO for different values of the center angle « in the focal
plane. To assess the influences of the twist parameter on the self-
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reconstruction capability quantitatively, a parameter named the

degree of self-reconstruction Dp
2
[ J] s <t <p>>d2p}
ie, Dy = , with I,,; and I, stand for
(e Dy [J tutorsee [ | o rap e

the beam intensities without and with obstruction, respectively) is
used to characterize it [41]. It is interesting to find that even if the
beam has been obstructed by a SSOO, one still can determine the
information of the correlation function of an obstructed THGCSM
from its SDOC distribution in the focal plane. In addition, with the
increase of the center angle, the self-reconstruction capability also
decreased (see the evolution of the quantity Dp in the left upper
corner of the figure). Our results can find application in
information transmission and recovery.

CONCLUSION

In summary, we have introduced a new class of partially coherent
twisted beam, named twisted Hermite-Gaussian correlated Schell-
model (THGCSM) beam, and investigated its propagation
properties through an ABCD optical system. The problem of
when a twist phase can be imposed on Schell-model source
fields with rectangular symmetries was solved. Based on the
derived assessment condition, the condition that the THGCSM
beam will be a bona fide one, also has been explored. The analytical
expression for the CSD function of the THGCSM propagation
through an ABCD optical system has been derived with the help of
the generalized Collins integral formula. Based on the derived
formula we have examined the evolution properties of the
THGCSM beam. Our simulation results indicate that the
evolution properties of the beam are closely related to the twist
phase, e.g, with an increasing twist phase, the self-splitting
properties of the beam gradually weaken on propagation.
Further, the evolution of the SDOC also has been studied.
Apart from inducing the rotation of the SDOC on propagation,
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Black silicon is a promising and effective candidate in the field of photoelectric devices due
to the high absorptance and broad-spectrum absorption property. The deposition around
the processing area induced by the pressure of SFg, gravity, and the block of the
processing chamber interferes the adjacent laser ablation and hampers uniform large-
scale black silicon fabrication. To solve the problem, femtosecond laser- induced black
silicon assisted with laser plasma shockwave cleaning is creatively proposed in our study.
The results showed that higher, denser, and more uniform microstructures can be
obtained than the conventional laser-induced method without laser cleaning. The
average absorptance is 99.15% in the wavelength range of 0.3-2.5pum, while it is
more than 90% in the range of 2.5-20 pm. In addition, the scanning pitch dependence
of surface morphology is discussed, and the better result is obtained in the range of
25-35 pm with 40-um laser spot. Finally, a large-scale 50-mm x 50-mm black silicon with
uniform microstructures was prepared by our method. It has been demonstrated that the
deposition is effectively eliminated via our method, and the optical absorption is also
enhanced significantly. It is of great significance for realizing large-scale preparation of
photoelectric devices based on black silicon and lays the foundation for the development
of laser-inducing equipment and industrial application.

Keywords: large scale, laser cleaning, deposition, black silicon, laser inducing

INTRODUCTION

Light-trapping structures can improve the local resonance modes of light and the propagating light
wavelength range in the material, which not only enhances absorption of light from near-
ultraviolet to the near-infrared and improves photocurrent but also reduces materials used.
Currently, various nanoscale light-capturing methods, including photonic crystals, plasmonic
nanostructures, and nanoscale lines and gratings [1-3], have been investigated. Black silicon is
fabricated with micro-, nano-, or micro-nano-scale structures [4, 5]. While the absorption of
silicon is reduced abruptly due to the forbidden bandwidth when the light wavelength is more than
1,100 nm [6], a better optical absorption property is showed on the black silicon due to the multiple
reflections between the microstructures and impurity doping, especially in the near-infrared band
ranging from 1,100 nm to 2,500 nm [7, 8]. Since the first research about black silicon was reported
from Harvard University in 1998 [9], extensive research has been conducted on this promising
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material. Consequently, black silicon is an effective and low-cost
candidate compared with the other photoelectric materials.

Due to the high absorptance and broad-spectrum absorption
property, black silicon is applied in many fields. About
photocatalysis and photo-electrocatalysis [10, 11], B. Wang
et al. [12] fabricated a plasmon-enhanced black silicon
material to synthesize ammonia using photo-electrocatalysis in
2020. About photodetection [13, 14], Z. Qi et al. [15] fabricated a
gold nanoparticle-modified silicon pyramid-shaped material that
was able to enhance thermal electron NIR light detection in 2017.
About solar cell [16-19], L. Putra et al. [20] made a B-Si solar cell
by performing a silver-assisted chemical etching of the micro-
pyramid on a silicon wafer to form a finer nanocolumn structure
on the micro-pyramid in 2019. In short, black silicon has great
potential in the field of optoelectronic devices.

Furthermore, how to fabricate the micro-nano structures to
get a good optical property is a great challenge in the field of
photoelectric devices. In the past several decades, there were
many methods reported about the preparation of black silicon,
including metal-assisted chemical etching (MACE) [21, 22], wet
chemical etching [23], reactive ion etching (RIE) [24, 25], and
laser processing [26-29]. The absorption result of samples treated
with femtosecond laser in SFq was superior to the results of
samples using other methods [30]. Sulfur-hyperdoped silicon
processed by ultrafast laser led to a wide continuous impurity
band, which has a wide contribution of energy levels and gives
rise to infrared absorptance. In addition, the laser technology was
compatible with the CMOS processing and has the advantages of
flexibility, simplicity, and precision. However, there was a
problem in the processing industrially that a large amount of
powder deposited on the processing area after the laser
irradiation [31]. The particles splashed from the surface due to
the laser energy deposit mostly on the sides of the processing row.
It deteriorated microstructure morphology on the next row,
leading to a worse optical property of the whole large-scale
black silicon.

Currently, research related to black silicon mainly centers on a
small point. It is attributed to the difficulty to realize large-scale
uniformity of microstructures by femtosecond laser and the high
cost of the laser-processing equipment. Laser cleaning is a novel
surface cleaning technology, with the advantages [32] of
environmental protection, non-contact, wide range of
applications, high cleaning accuracy, etc. The laser cleaning
technology is applied in many fields, including the removal of
paint [33], rust, compounds [34], particles [35], and the
protection of artifacts [36]. In our study, laser cleaning was
used to remove the deposit and enhance the uniformity of
large-scale black silicon.

In our study, to solve the problem of deposition and prepare
large-scale black silicon, a method of laser induction assisted with
laser plasma shockwave cleaning was investigated. Compared
with the conventional process method, the addition of the laser
cleaning technology was helpful to remove the deposition so that
a better optical property of the microstructures was achieved. A
series of experiment were conducted. Then the morphology and
the absorption property were obtained. The results indicated that
laser induction assisted with laser cleaning was an effective and

Laser Cleaning Assisted Laser Inducing

low-cost method which could be applied to the preparation of
large-scale black silicon industrially, especially for the application
of solar energy sells and optoelectronic devices.

MATERIALS AND METHODS

The N-type silicon wafers (111) with a thickness of 200 um were
used as samples in our experiments. The wafers were polished
before laser processing. A 25-W, 515-nm femtosecond laser
system with a duration of 400 fs and a repetition rate of
200kHz was used to fabricate black silicon. In addition, the
processing position of the samples was controlled precisely by an
xyz motion platform and affiliated software.

Figure 1A shows the schematic diagram of the whole
processing system used in our study. The laser beam was
focused through the lens (with a focal length of 75 mm), and
the laser spot with a diameter of 40 um was irradiated on the
silicon wafer. The sample was set in SF¢ with a pressure of 67 kPa.
The scanning speed was 20 mm/s, with a laser fluence of 7.96 J/
cm?® during the inducing process, while it was 100 mm/s with a
laser fluence of 3.98 J/cm® in the laser cleaning process. In order
to fabricate large-scale black silicon, several fixed spacing rows
were designed via affiliated software first as shown in Figure 1A.
The laser-inducing process and laser-cleaning process were
conducted alternatively. The detailed process was as follows: 1)
first, laser scans in a certain direction forming one laser-induced
black silicon; 2) second, the adjacent scanning by laser cleaning
with the same spacing row was conducted; 3) third, the laser-
inducing process was repeated along the same path as the second
step; and 4) finally, large-scale uniform black silicon was formed
by repeating the aforementioned steps. Figures 1B,C show the
difference between our method and the conventional laser
induction method. In our experiments, different distances
between the processing rows were tried to find better
performances of the large-scale black silicon.

The morphology of the microstructures was characterized by
the scanning electron microscope (SEM) and the laser-scanning
confocal microscope. The 3D optical image was obtained from
the laser-scanning confocal microscope to observe the whole
morphology and calculate the RMS value. The color bar
corresponded to the height of the model built in the 3D
images. Furthermore, the absorptance of the treated samples
in our study was analyzed wusing an ultraviolet
spectrophotometer (for the wavelength range from 0.3 to
2.5pum) and a Bruker Tensor-Fourier transform infrared
(FTIR) spectrometer (for the wavelength range from 2.5 to
20 um), both equipped with integrating spheres.

RESULTS AND DISCUSSION

It was verified that the conical microstructures can be formed on
the silicon material after pulsed laser processing in the gas of SF.
The powder splashed from the surface deposited on the sides of
the processing line subsequently because of gravity, gas pressure,
and the block of the glass cover. Figure 2 indicates the schematic
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FIGURE 1 | (A) Schematic diagram of the femtosecond laser processing system. (B) Laser induction assisted with laser cleaning and (C) conventional laser
induction.
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FIGURE 2 | Deposition on the single row fabricated with laser inducing process. (A) 3D image of the processing row and (B) schematic of the deposition laterally.

diagram of the deposition laterally and the 3D image of a single ~ were influenced. In order to remove the deposition, laser cleaning
row after the conventional laser-inducing process. The optical ~ was conducted. The laser plasma shockwave cleaning has been an
property and the microstructure of the fabricated black silicon  advanced and effective method to remove particles in recent
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FIGURE 4 | Surface morphology processed (A) without laser cleaning and (B) with laser cleaning.

years. Under the irradiation of the intense pulsed laser, the
powder and the plasma plume were created [37]. The
phenomena of gasification and ionization occurred in the
plasma plume. Then, the plasma plume expanded rapidly with
high temperature (>104 K) and high pressure (>1 GPa). Finally,
the laser-heated plasma exploded and led to the formation of
laser-supported detonation waves [38] to remove nanoparticles.
The schematic diagram of the laser plasma shockwave cleaning is
shown in Figure 3A. The detailed mechanism of laser cleaning is
still a major research point. Figure 3B shows the result of
Figure 2A processed after laser cleaning. The RMS value
obtained from the laser scanning confocal microscope, which
was the root mean square height for the evaluation area, was
widely used to characterize the surface roughness. The RMS value
for the non-cleaned region marked in red line in Figure 2A was
0.114 pm, while it was 0.054 um for the cleaned area marked in
Figure 3B. It is obvious that the deposition was eliminated
effectively.

Figure 4 demonstrates the processed morphology prepared by
laser-inducing process without laser cleaning and assisted with
laser cleaning. The conical structures were formed in both
processing methods. The microstructures in Figure 4B were
denser and higher than the structures in Figure 4A. The RMS
value for the area processed without laser cleaning was 1.71 pum,

1.00
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9
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FIGURE 5 | Absorption curves of samples processed without laser
cleaning and with laser cleaning.

while it was 1.95 pum for the sample processed with laser cleaning.
It is known that the better absorption property was attributed to
the larger deep-to-width ratio and the multiple reflections

Frontiers in Physics | www.frontiersin.org 62

March 2022 | Volume 10 | Article 862605


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Wen et al.

Laser Cleaning Assisted Laser Inducing

50-mm black silicon.

FIGURE 6 | 3D images of samples with different pitches between rows, including (A) 5 um, (B) 15 pm, (C) 25 um, (D) 35 pm, and (E) 45 pm. (F) Image of 50-mm x

between the conical structures [39]. The absorption curves of the
processing area over the wavelength ranged from 300 nm to
20 um and are illustrated in Figure 5. It is obvious that the
absorptance of the samples prepared with laser cleaning was
enhanced experimentally in the regions of ultraviolet, visible,
near-infrared, and mid-infrared. In the wavelength range of
0.3-2.5 um, the average absorption of the samples treated with
laser cleaning was improved from 95.72 to 99.15%, while in the
range of 2.5-20 pm, an average absorption of more than 90% was
achieved in our experiments using the laser cleaning technology,
which is the highest absorptance achieved on silicon by laser
technology as far as we know.

In order to realize the industrial application of optoelectronic
devices, it is necessary to improve the processing performance of
large-scale black silicon prepared by the laser-inducing process
assisted with laser cleaning. In our experiment, the different
distances (5, 15, 25, 35, 45 um) between adjacent rows were
analyzed to improve the whole processing morphology. The
3D optical images of the samples are shown in Figure 6. The
surfaces were ablated obviously, while the distance between rows
was 5 pm or 15 um because of the large overlapping laser energy,
as shown in Figures 6A,B. Figure 6E shows that the energy
deposited on the side of the rows was too little to induce the
microstructures somewhere. As shown in Figures 6C,D, the 3D
optical images show that the better microstructure morphology

was obtained when the distance of rows was between 25 and
35um. The laser spot used in our study was 40 um. In the
fabrication of large-scale black silicon, different scanning
pitches led to different overlapping rates of the laser spot and
different energy irradiated on the silicon surface. An extremely
small scanning pitch causes excessive laser energy on the
irradiation area, while an extremely large pitch contributes too
little energy to get the undesirable surface microstructure and
worse optical properties. Therefore, an appropriate scanning
pitch, which is related to the diameter of the laser spot and
the laser fluence, should be selected in the laser processing of
large-scale black silicon. Finally, the image of 50-mm x 50-mm
black silicon prepared by femtosecond laser-inducing process
assisted with laser cleaning is shown in Figure 6F. The scanning
pitch between the adjacent rows was 25 pm. The processed area is
shown in black completely due to its perfect light trapping.
The method of the laser-inducing process assisted with laser
plasma shockwave cleaning was certified previously to improve
the optical property of large-scale black silicon. The laser cleaning
technology was effective in removing the deposition beside the
processing line and enhancing the density and uniformity of
microstructures. In addition, the method assisted with laser
cleaning was helpful in promoting the widespread application
of photoelectric devices based on black silicon, especially in the
field of mid-infrared. It also laid the foundation on the
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development and industrial application of laser-inducing
equipment. However, the powder generated from the laser-
cleaning and laser-inducing processes may redeposit on the
previous processed area. The processing chamber prevents the
powder from splashing out of the processing area. Further
investigation is needed to reduce the influence of redeposition on
the laser-induced surface and absorption property of black silicon.

CONCLUSION

In our study, the method of laser induction assisted with laser
plasma shockwave cleaning in ambient SFq to fabricate large-scale
black silicon has been put forward. About this method, the
femtosecond laser plasma shockwave cleaning technology was
used to remove the deposition on the sides of processing rows
before the next laser inducing.

In the laser-induced large-scale preparation of black silicon
industrially, the particles deposit around the processing area
induced by the gas pressure, gravity, and the block of the
processing chamber. A set of experiments has been carried out
to confirm the effectiveness of our method. In our experiments,
the analysis of the SEM images and the 3D optical images
indicated that the microstructures prepared by our method
were denser and more uniform than the traditional laser-
inducing process. The RMS value of the microstructures with
this method was approximately 0.2 um higher than the result
without laser cleaning. Furthermore, great enhancement of the
absorptance over a broad range was achieved significantly. In the
wavelength range of 0.3-2.5um, the average absorption was
99.15%, and in the range of 2.5-20 um, an absorptance of
more than 90% has been realized experimentally. The
absorptance is the highest compared with the results reported
in other research as far as we know. Different scanning distances
including 5, 15, 25, 35, and 45 pm with a 40-um laser spot were
conducted to get better microstructures. The best morphology
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was obtained with the processing pitches of 25 and 35 pm.
Excessive overlapping laser energy led to the ablation of the
surface of silicon, while too little overlapping laser energy induced
to an undesirable morphology between the adjacent rows.
Moreover, high-performance black silicon with a size of
50 mm x 50 mm was fabricated in our experiments.

The laser-inducing process assisted with laser plasma
shockwave cleaning provides an effective and low-cost solution
to eliminate the deposition in laser-induced large-scale black
silicon. It is helpful to the development of optoelectronic
devices, especially in the field of photocatalysis and photo-
electrocatalysis, near-infrared and visible light photodetection,
solar cell, sensing, antibacterial materials, and so on. Also, the
method promotes the development and widespread application
of femtosecond laser equipment.
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Continuous wave (CW) laser at a vacuum ultraviolet (VUV) range with the narrow-linewidth
is an ideal optical source in angle-resolved photoemission spectroscopy (ARPES) for the
research of superconductors with a narrow band gap. In this study, we present an eighth-
harmonic-generation (EHG) laser scheme for CW laser generation at the VUV range, in
particular at 167.75nm, based on the cascaded power enhancement cavities. An
intracavity second-harmonic generation (ICSHG) 671nm laser with the narrow-
linewidth and active frequency stabilization is built as the first stage, delivering the
2.55W output power. A resonant cavity for fourth-harmonic-generation (FHG)
constitutes the second stage, which generates the 335.5nm laser with the output
power of up to 1.25W. The third stage is designed for the EHG of 167.75 nm based
on the KBBF crystal. To realize the efficient CW laser generation at 167.75 nm, a theoretical
analysis concerning the enhancement factor and the conversion efficiency of the KBBF-
based EHG is carried out. The results show that it is possible for mW-level 167.75 nm
generation if the transmittance of the KBBF prism-coupled device is increased to 97%. A
59 W circular intracavity power is observed in the 335.5 nm enhanced cavity experiments,
corresponding to the peak power density of up to 20.86 MW/cm?. This work paves a solid
way for CW VUV laser generation with the narrow-linewidth, which would be an ideal tool
for the extremely high resolution ARPES.

Keywords: vacuum ultraviolet, resonant enhancement, second-harmonic generation, narrow-linewidth, KBBF,
ARPES

INTRODUCTION

Angle-resolved photoemission spectroscopy (ARPES) is the most direct and powerful method to
study the electronic structure of materials and plays an important role in the fields of advanced
materials including high temperature superconductors, topological materials, and quantum
materials. The higher the photon energy of the drive sources is, the larger the Brillouin zone
can be measured, which is preferred for the research of superconductors with a narrow band gap.
With the traditional vacuum ultraviolet (VUV) pulsed lasers as the drive sources, the energy
resolution of the ARPES is limited to meV and the space charge effect affects the reliability of the
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obtained spectroscopy. The narrow-linewidth continuous wave
(CW) VUV lasers can be utilized as an alternative drive source to
improve the energy resolution to neV and eliminate the space
charge effect [1-6]. The narrow-linewidth continuous wave lasers
have also revolutionized the fields of precision metrology through
atomic and molecular spectroscopy. The 167.079 nm narrow-
linewidth CW laser corresponds to the transition from 1S, to °P,
of ’Al*, used for achieving the Doppler cooling of the aluminum
ions optical clocks [7]. So it is important to develop > 7 eV VUV
narrow-linewidth CW laser sources.

There are several methods to generate VUV lasers such as free
electron lasers, high harmonic generation and synchrotron
radiation, and so on, which are all pulsed lasers and very
expensive scientific facilities [8-10]. The excimer lasers are the
most common deep ultraviolet lasers, which are key elements in
the fields of lithography. However, they are mostly pulsed lasers
with a single repetition frequency and have a poor beam quality,
which brings inconvenience to the scientific application [11]. The
VUV generation based on nonlinear frequency conversion has
attracted great attention because of the good beam quality, high
compactness, high robustness, and the flexible parameter
adjustability [12]. Several reports have classified the ultraviolet
nonlinear crystals through the generated photon energy limit and
absorption edge, showing that the KBe,BOsF, (KBBF) crystal is
the only transparent medium supporting the > 7 eV second-
harmonic generation (SHG) [13]. A number of ultraviolet laser
results based on the KBBF nonlinear crystal have been reported
including femtosecond, picosecond to quasi-CW microsecond
pulse durations generation, joule to microjoule pulse energies
generation, 170-210 nm tuning wavelengths generation, which
have also been used to drive the ARPES, photoemission electron
microscopy, and revolutionized many frontier research studies
[14-18].1In 2015, S. B. Dai et al. demonstrated a 65 yW 167.75 nm
picosecond pulse laser generation based on the eighth-harmonic
generation (EHG) of the 1,342 nm picosecond fundamental
frequency laser [19]. In 2018, J. J. Li et al. present the 1.5 pJ
167.79 nm laser output with the linewidth of 0.025 pm, which was
also generated from EHG of a 5Hz 1,336 nm fundamental
frequency quasi-CW laser [20].

When it comes to VUV narrow-linewidth CW laser
generation, the conversion efficiency of the single-pass
nonlinear process such as SHG and sum-frequency generation
is extremely low as the focused power density hardly reaches
MW/cm?. The resonant enhanced cavity is generally used to
improve the SHG efficiency of the CW lasers. However, it is still
difficult to generate VUV through cavity-enhanced SHG based
on the KBBF nonlinear medium. There are three main obstacles:
first, the loss of the ultraviolet resonant cavity is hard to control,
which mainly comes from the unmature ultraviolet coating
technology and the complex structure of the KBBF prism-
coupled device (KBBF-PCD) [21]. The former limits the
reflectivity and adds the transmission loss of the cavity
mirrors. Every time passing through the KBBF-PCD, the laser
beam suffers the Fresnel reflection loss, unpredictable scattering,
and absorption losses due to the uneven optical-contact interface,
making it difficult to enhance the fundamental laser. Second, the
fundamental ultraviolet output power is also much lower than the

Towards VUV CW Laser Generation

common visible and near-infrared wavelength and there are few
commercial products. Third, cascading resonant cavities with the
Pound-Drever-Hall (PDH) techniques make it challenging to
keep the compactness and long-term operation [22]. In 2012, M.
Scholz et al. reported a 1.3 mW 191 nm VUV laser generated
from the fourth-harmonic generation (FHG) of a commercial
764 nm semiconductor laser with the power of 1.6 W and the line
width of 50kHz [23]. In 2013, they utilized 3W 772 nm
semiconductor lasers as the fundamental source and generated
the 193 nm CW VUV laser with the stable output power of
4mW [24].

In this report, we present the theoretical and experimental
results ready for the 167.75nm VUV CW laser generation. A
narrow-linewidth Nd: YVO, single-frequency CW laser based
on the intracavity second-harmonic generation (ICSHG) is
utilized as the fundamental source with the output power of
2.55W at 671 nm. The active frequency stabilization is built to
suppress the frequency jitter. The second cavity-enhanced FHG
stage is based on a BBO crystal, delivering a 1.25 W 335.5 nm
laser. The third SHG stage is designed to employ the KBBF
crystal. A theoretical analysis is carried out, showing that the
prerequisite of the mW-level 167.75nm VUV CW laser
generation is the transmittance of the KBBF-PCD increased
to more than 97%. A 59 W circular intracavity power of the
3355 nm is experimentally observed in the resonant EHG
cavity, laying a good foundation for the 167.75 nm VUV CW
laser generation.

LASER SYSTEMS FOR 335.5NM
GENERATION

A high power all-solid-state single-frequency CW laser with the
active frequency stabilization system is used as the fundamental
source, as shown in Figure 1. An 880 nm laser diode is used to
pump the Nd: YVO, gain medium, and a TGG device is inserted
to keep the direction of optical beam. An LBO nonlinear crystal is
placed between the concave mirrors to convert the 1,342 nm
radiation to the 671 nm laser, synchronously choosing the
resonant wavelength and maintaining the sing-frequency
operation [25]. The output power of the 671 nm laser is
2.55W with a peak-to-peak variation of 0.69%, as shown in
Figure 2A. The M factor is measured to be 1.14 in the x direction
and 1.09 in the y direction respectively, exhibiting a good beam
quality.

To further suppress the short-term and long-term frequency
drift, an active frequency stabilization system based on the
Pound-Drever-Hall (PDH) method is built as shown in
Figure 1. A 10 cm-long Fabry-Perot cavity made of indium
steel material is chosen as the reference for the pre-
stabilization stage. The leakage of the 1,342nm single-
frequency laser, the line width of which is measured to be
115kHz, is led to the Fabry-Perot cavity after frequency was
modulated using an electro-optic modulator (EOM). A
photodetector is placed at the end of the Fabry-Perot cavity to
get the transmitted signal, which is then demodulated in the
phase detector and processed using a PID controller. The control
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FIGURE 1 | Fourth harmonic laser system. M1-M8: cavity mirrors. L1-L3: focused lens. LD: Laser diode. EOM: Electro-optic modulator. PD: Photodiode.
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FIGURE 2| (A) Stability of the output power of the 671 nm laser, the inset: beam quality. (B)The stability of the 335.5 nm single-frequency laser, the inset: the beam

signal of the PID output is added to the piezo transducer (PZT)
glued on the cavity mirror. The short-term frequency drift is
suppressed from 100 MHz/2 min to less than 17.5 MHz/2 min,
and the long-term frequency drift is suppressed by a factor of 2.
The pre-stabilization cavity helped control the high frequency
noise of the 671 nm single-frequency laser, benefiting the locking
state of the cascading resonant cavity stages.

The second stage is designed to generate the fourth harmonic
of the 1,342 nm single-frequency radiation. A 671 nm resonant
cavity based on the nonlinear BBO crystal is built with the PDH
locking system. After proper mode matching, the 2.55W
671 nm laser is injected into the bow-tie resonant cavity with
a conversion efficiency of 49%. The output power of the
335.5 nm ultraviolet laser is 1.25W with a rms variation of
0.9% within 5 h because of the environmental disturbances, as
shown in Figure 2B. Due to the walk-off effect, the beam spot of
the 335.5 nm laser is elliptical even after being shaped by the
cylindrical mirror, as shown in Figure 2B, bringing trouble to
the mode matching of the next resonant stage. We estimate the
line width of the second-harmonic at 671 nm to be < 163 kHz
and the linewidth of the fourth-harmonic at 335.5nm to be
230 kHz, as the SHG process increase the spectral linewidth
with a factor of /2 [23].

VUV LASER GENERATION

Theoretical Background

According to the theory of G. D. Boyd, D. A. Kleiman, and A.
Ashikin, when the fundamental frequency laser passes through a
nonlinear crystal in a phase-matched direction, the output power
P, of the SHG is as follows:

P, = Egyg - P3, (1)

where P; is the power of the fundamental frequency laser
[26-28]. The nonlinear efficiency Egyg is written as follows:

20d> )
L ke b,

2

Esu = e NN,
where w; and k; are the angular frequency and wave vector of the
fundamental frequency respectively, n; and n, are the indices of
refraction of the fundamental frequency and the second
harmonic respectively, dg is the effective nonlinear coefficient
at the fundamental frequency, and I is the optical path in the
nonlinear medium. &' = a'! + 1/2a?, where a! and o’ are the
absorption coefficient for the fundamental and second harmonic
respectively. The function h is expressed as follows:
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FIGURE 3 | Experimental setup of the resonant cavity based on the
KBBEF crystal. M1-M5: cavity mirror, PD: Photodetector, PZT: Piezo electric
transducer, EOM: electronic-optical modulator.
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& (14)
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2n

& (1-p
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1 ; T (4)
) (T +ir))*[1+i(eT, + A)]?

The focus position is g = li?f x

beam waists are A = Z(I{T;{y ). The ellipticity of the Gaussian beam
is e Z—;, and the phase mismatch is ¢ = 1/2
klw}z,Ak +4spw.ki /2. k= 1/2(a! - 1720k w?.

Since the nonlinear efficiency of a type-I phase-matched
crystal is low and the fundamental power of a CW laser is not
comparable with high-peak-power narrow-duration pulsed
lasers, the output power of the single-pass nonlinear process is
usually at less than pW-level. A bow-tie resonant cavity is
designed to enhance the fundamental power and improve the
SHG conversion efficiency, as shown in Figure 3. Mirror M1 and
M2 are plane. The former is the input coupler with the reflectivity
of r; and the transmission of #; corresponding to the fundamental
frequency, and the latter is mounted on two PZTs to stabilize the
cavity length to the resonant wavelength. The mirror M3 and M4
are concave and the nonlinear crystal is placed at the focus
between them. The reflectivity of the mirror M2-M4 is
assumed as r, r3, and r4. The mirror M4 is usually chosen as
the output coupler of the second harmonic, but for the > 7 eV
VUV lasers present coating technology can hardly maintain the
high reflectivity of the fundamental frequency and high
transmission of the second harmonic synchronously. As a
result, a reflective output coupler is inserted with high
transmission of fundamental laser and high reflection for the
harmonic generation with a transmission of 5. The KBBF-PCD is
the nonlinear medium as mentioned before with a transmission
Of tpcp.

When the fundamental laser is coupled into the cavity and
circling around, the main losses it suffered are the transmission

, and the astigmatic distance

Towards VUV CW Laser Generation

TABLE 1 | Parameters related to the KBBF crystal.

Crystal length 1 mm
Phase-matching angle (335.5-167.75 nm) 73.2°

n4 (335.5 nm in the KBBF) 1.5007
ny (167.75 nm in the KBBF) 1.4993
derf (335.5 nm in the KBBF) 0.14 pm/N/
o 0.1 cm™
o 10cm™’
Walk-off angle 38.83 mrad

and scattering loss of cavity mirrors r;, the transmission loss of
the KBBF-PCD (1-tpcp), and the nonlinear conversion loss
(1-tspg). Therefore, the equivalent reflectivity of resonator
cavity can be expressed as r=r,r3ryts-tpcp - tsug, and
tsug = 1 — Egug - Pc. As the resonant cavity enters a steady
state, the incident fundamental power P;, the reflected power
of the input coupler P,, and the total circulating power P, in the
cavity have the following relationship

P, _(yA -vF) 5)

P (- )

P, 3 _ 4
P, [1—\/m]2_ [1-ri - rarsrats - tpep - (1— Ey - Pc]”
(6)

when the reflectivity of the input coupler is consistent with the
equivalent reflectivity of the cavity, r; =r, the impedance
matching is fulfilled, which means the most efficient input
coupling of the fundamental laser.

Simulation Results

The cavity is designed as shown in Figure 3. The reflectivity of the
cavity mirrors M2-M4 is designed as r, = r3 = r4 > 99.8% at
335.5nm, which is the highest reflectivity present coating
technology can get. The output coupler M5 is designed as t5 >
99.5% at 335.5nm and r5 > 94% at 167.75 nm. The parameters
related to the KBBF device are listed in Table 1. The conversion
efficiency is Esye calculated to be 1.41 x 1075/W.

Assuming that the mirrors are ideal and the input beam of the
fundamental laser is circular and optimal mode matching, the
input power of the fundamental laser is about 1.1 W. According
to Eqs 1-6, simulations of the resonant cavity is carried out and
the results are shown in Figure 4.

First, when the transmittance of the KBBF device is determined,
the intracavity circulating power varies with the reflectivity of the input
coupler and there is an optimum corresponding to the impedance
matching state. For instance, when tpcp = 99%, the impedance
matching appears at r; = 97.9%. In this condition, the intracavity
power P. of the fundamental 335.5 nm laser is 5258 W and the
generated harmonic 167.75 nm is 3.89 mW theoretically, the nonlinear
efficiency of which is only 0.35%.

Second, as the transmittance of the KBBF-PCD decreases from
99% to 97%, the optimal intracavity circulating power also
decreases significantly from 52.58 W to 25.06 W and the
impedance matching reflectance of the input coupler drops
from 97.9% to 95.9%. The theoretically generated harmonic
laser drops from 3.89 mW to 1.03mW and the nonlinear
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FIGURE 4 | (A) Intracavity circular power, (B)second-harmonic generation output power, and (C) nonlinear conversion efficiency versus input coupler.

0.96 0.98

conversion efficiency reduces from 0.35% to less than 0.09%,
indicating that the transmittance of the KBBF-PCD is the key
factor for the generation of the 167.75 nm harmonic laser. As the
KBBF crystal is difficult to grow in the z-direction and cannot be
cut along the phase-matching angle, a PCD structure was
invented by C. T. Chen et al. to fix the crystal between prisms.
The inhomogeneous optical contact introduces scattering loss at
the interfaces of the KBBF medium and prims. The large phase-
matched angle 73.2° makes the Fresnel reflection loss larger than
12%. These technical problems make it very challenging to
control the transmission loss of 335.5nm fundamental laser
passing through a phase-matched KBBF-PCD less than 3%,
which is predicted as the prerequisite for the generation of
mW-level of the 167.75 nm VUV CW single-frequency laser.

Experimental Results

A bow-tie resonant EHG cavity is built according to the previous
calculations and designs as shown in Figure 3. Since the VUV
laser is absorbed seriously by the oxygen in the air, the whole
cavity is built in a large vacuum chamber.

The distance S1 between plane mirror M1 and M2 is about
120 mm, and the beam waist between the plane mirror M1 and
M2 is calculated to be 185 um. The radius of the concave mirrors
is 100 mm and the distance between them is adjusted to be
115mm. The total length of the cavity is 493 mm. The
reflectivity of the input coupler is designed to be 97%, and the
others are 99.8% reflective. In order to efficiently couple the
fundamental laser into the EHG resonant cavity, mode matching
of the fundamental laser with the resonant mode is of great
importance. As a result, after changing different groups of lenses,
we chose a lens with the focal length of 1-m to shape the
fundamental laser to 173 x 207 um?, which is the optimal
mode-matching conditions as the walk-off effect leading to an
elliptical beam spot.

In order to achieve the PDH stabilization, two PZTs with the
displacement of 2 um and 10 pm were used for the fast-loop and
slow-loop stabilization respectively. The size of the plane mirror
M2 is ¢6 x 2mm? to reduce the load of the PZTs. A
photodetector PD1 is placed behind the input coupler M1 to
detect the reflective signal. Another photodetector PD2 is placed
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FIGURE 6 | Transmitted signal (blue) and error signal (red) of the PDH locked resonant cavity.

behind the concave mirror to detect the leakage. The locking
electronics are from Toptica electronics.

The laser is first phase modulated using an EOM with the
modulation frequency of 20 MHz, the detected reflected signal
and transmitted signal are shown in Figure 5A. The positions of
the focusing lens and the cavity mirrors are carefully adjusted
according to the detected signals to suppress the high-order
modes and improve the amplitude of the circulating power.
The reflected signal is optimized as shown in Figure 5A,
about 26% power was reflected at the resonant position, which
is attributed to the mode mismatching and the impedance
mismatching.

The reflected signal is then demodulated by the phase detector
and the error signal is shown in Figure 5B. Two PID modules also
from Toptica electronics are used to stabilize the cavity to the

resonant wavelength. Once the locking state is activated, the error
signal becomes zero and the transmitted signal stays at the high
level, as shown in Figure 6. The leakage power of the concave
mirror with a transmittance of 0.206% is measured to be 121 mW,
and the circulating intracavity power is inferred to be 59 W.
According to Eq. 6, under certain conditions the reflectivity of the
input coupling is 97%, then the enhanced factor would be 90. The
difference is attributed to the unperfect mode mismatching and
the other scattering losses.

CONCLUSION

We have demonstrated the generation of the 335.5 nm laser with
a high-peak-power density ready for the generation of the
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narrow-linewidth 167.75nm VUV single-frequency CW laser,
based on a home-built resonant cavity. The cascading resonant
harmonic generation systems are designed, delivering the 671 nm
single-frequency CW laser with the output power of the 2.55 W
and the 335.5 nm single-frequency of 1.25 W. The EHG resonant
cavity is preliminarily verified with the circulating power of 59 W
and the peak power density of 20.86 MW/cm®. A theoretical
analysis is carried out, indicating that improving the
transmittance of the KBBF-PCD to larger than 97% is the
prerequisite for the mW-level generation of the 167.75nm
VUV narrow-line width single-frequency CW laser.
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The influence of thermal blooming on the propagation properties of higher-order mode
(HOM) fiber laser array is studied by using the algorithm for simulating the laser beam
propagation in the atmosphere. Based on the multiphase screen method and finite-
difference method, the four-dimensional (4D) computer code of time-dependent
propagation is designed to simulate the propagation of HOM fiber laser array through
the atmosphere. In this study, the laser energy focusability of the LP41 mode beam array is
investigated in detail for different beamlet arrangements, transverse wind speed, and the
content of LPy1 mode under the conditions of thermal blooming. In free space, the focal
shape of the LP;1 mode beam array depends on the arrangement of the second circle of
the initial beam array, whereas the influence of the central beamlets is weak. The number of
side lobes can be tailored by changing the arrangement of the beamlets. In contrast, under
the conditions of thermal blooming, the central beamlet has a significant effect on focal
beam shape. It is demonstrated that the laser energy focusability can be improved by
rotating the central beamlet or increasing the transverse wind speed. As the content of the
LPy1 mode increases, the energy is gradually concentrated from the side lobes to the
center lobe. Furthermore, the effects of initial beam array arrangements on the energy
focus and focal shape are investigated. The optimal arrangement for obtaining high energy
focusability is discussed in detail. These results could provide useful references for
applications of the HOM beam array.

Keywords: thermal blooming, atmospheric propagation, higher-order modes, coherent beam combining, wave
optics simulation

INTRODUCTION

The large mode area (LMA) fiber is remarkable for its advantages in suppressing a number of
nonlinear effects [1-3]. In recent years, higher-order modes (HOM:s) with specific spatial intensity,
phase, and polarized distributions have been widely applied in many practical applications, such as
optical tweezers, optical communication, micro-machining, and material processing [4-8]. Driven
by these demanding applications, the methods of generating HOMs in fiber lasers have been
demonstrated widely [9-12]. HOMs can be generated based on the active mode control system, and
various methods have been successfully demonstrated, including spatial light modulator (SLM) [13],
long-period fiber gratings [14, 15], fiber Bragg grating [16], random fiber lasers [17], polarization
control [18, 19], and mode-selective couplers (MSCs) [20, 21]. Notably, You et al. demonstrated a
kilowatt (kW)-level HOM laser beam based on the master oscillator power amplifier (MOPA)
configuration [22]. These advancements of HOMs can be beneficial for further power scaling.
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The power scaling of the output laser beyond the kilowatt
(kW) level can be achieved by the coherent beam combining
(CBC) technology as well [23-25]. In last decades, the coherent
combining of laser beams has been widely used in high-power
systems and inertial confinement fusion due to the advantages
such as efficiency, compactness, and reliability [26-28].
Recently, high output power [29-31] and a large number of
channels [32, 33] based on the coherent combining of the fiber
amplifier array have been reported. In addition, the structured
light beams can also be generated from the beam array [34].
Until now, various structured light beams based on CBC
technology have been demonstrated theoretically and
experimentally [35-38].

When a high-power laser beam propagates through the
atmosphere, the propagation characteristics of the laser
beam could be affected by nonlinear effects such as thermal
blooming, self-focusing, stimulated Raman scattering, and etc.
The thermal blooming effect is one of the most important
nonlinear effects, which is caused by the energy of the laser
beam absorbed by molecules and aerosols in the atmosphere
[39]. Thermal blooming leads to decreasing of the peak
irradiance, and the presence of a transverse wind will
further cause the shift of the peak irradiance, which will
result in the degradation of beam quality and limit the use
of high-power laser delivery [40, 41]. Over the last decades, the
study of the effect of thermal blooming on high-power laser
beams propagating in the atmosphere has gained considerable
attention. For example, Gebhardt and Smith developed a
theoretical model to predict thermal blooming distortion in
the atmosphere [42]. Fleck et al. proposed a four-dimensional
(4D) computer code of the time-dependent propagation of
high-power laser beams to investigate the thermal blooming
effect [43]. Moreover, the effect of thermal blooming on
annular beams, airy beams, Hermite-Gaussian beams, and
vortex beams has been studied in detail [44-47]. With the
development of the CBC technology, the studies of the effect of
thermal blooming on the beam array have also been carried out
inrecent years [48-51]. To the best of our knowledge, the effect
of thermal blooming on the HOM beam array has not been
investigated yet.

The aim of the study is to study the influence of thermal
blooming on the propagation properties of a coherent beam
combined with the high-power continuous wave HOM beam
array in the atmosphere. The mathematical model of the HOM
beam array and 4D computer algorithms are presented in the
Theoretical Model section. The LP;; mode beam array is
considered in this study. In the Numerical Simulations Results
and Analysis section, the changes of focal shape in free space for
different beamlet arrangements are studied. In addition, the
influence of the beamlet arrangement and content of the LPy,
mode on the energy focusability under the conditions of thermal
blooming is investigated in detail. In the Conclusion section, the
main results obtained in this study are summarized.

Theoretical Model
At present, the step-index fiber is taken as the gain medium for
most high-power fiber laser systems. Without loss of generality,

HOM Array Through the Atmosphere

FIGURE 1 | Schematic diagram of a HOM beam array.

the HOM:s excited from a step-index fiber is investigated in this
study. It is considered that the coordinate z-axis is parallel to the
geometrical axis of the fiber with the core radius a. In the weakly
guiding approximation, the field distribution of the LP,,,-mode
can be expressed as [52].

(r,¢) = Ry (1) cos (ng), (1)

where (r, ¢) are the polar coordinates. The radial dependence of
the approximately transverse field amplitude in Eq. 1 is defined as
follows

Enm

,
k1]”<Um;) 0<r<a
Run (1) = . : @
kK n(Wm—) r>a
a

where k1], (U,,) = k;K,,(W,,) and ], and K, are the n-order
Bessel function of the first kind and the modified Bessel function
of the first kind, respectively. U,,, and W, are the solutions of the
characteristic equations (53).

U]n+1 (Um) WKVPrl (Wm)
and
U +W?=V (4)
The normalized frequency V is defined as
2ma
V= T Meore — nglad’ (5)

where 714, and n,q are the core refractive index and cladding
refractive index, respectively. The numerical aperture (NA) can be
written as NA = [n2, . —n%_,. The exemplary fiber that will be
considered here has an ideal step-index profile with a core/inner-
cladding diameter of 20/400 pm and an NA of 0.06.

The HOMs excited in the fiber are magnified 200 times by a

large diameter collimator and then combined in the beam
combiner system. It is assumed that a HOM beam array
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consists of seven beamlets located as z = 0, which are arranged in a
tiled hexagonal architecture by coherent beam combining, as
shown in Figure 1. The distance between the centers of
neighboring sub-aperture is ry and the diameter of the whole
beam array is D. The optical field of each beamlet is E!, . The
electric field distribution of the HOM beam array with a hard
aperture is expressed as

N
E= AcerEim [r? + 1] +2rrgcos (¢ — ¢,)] x circ[r* + R?

=1

+2rRcos(¢ - ¢,)] (6)

where ¢; = nl/3. The circ(e) denotes the hard aperture truncated
function with a diameter of R. The coefficient A.,. can be
obtained according to the well-known relationship between
power P and the electric field Efml [54].

2 oo

p= J d¢j|E|2rdr,

0 0

@)

In the parabolic approximation, the electric field E satisfies the
Maxwell wave equation (43).

OoE 2
2ik— = V2E + k2<”—2— 1>E,
0z n?

(®)

where V2 = 0%/0x? + 0°/0y* and n, and n, are the refractive
indices of the atmosphere with and without disturbance,
respectively. k =2n/A is the wave number related to the
wavelength A. According to the hydrodynamic equation, the
atmospheric density p; with disturbance caused by thermal
blooming can be obtained [43].

ot

+v-Vp, = —YC§ al, 9)
where v, y, ¢, and « are the wind speed, specific heat, sound speed
capacity ratio, and absorption coefficient in the atmosphere,
respectively. The intensity I is given by I = |E|* exp (az).

Based on Eqs 1-9, we designed a 4D computer code to
simulate the time-dependent propagation of a HOM beam
array propagating through the atmosphere by using the
multiphase screen method and finite-difference method [43].
A lens with focus z; = 5km located at z = 0 is considered in
this study. In the following calculations, the parameters are taken
as a = 50 pm, R = 4.5 cm, A = 1.064pum, ny = 1.00031, v = 2 m/s
along x-axis, py = 1.30246 kg/m’, ¢, = 340 m/s, & = 0.07/km, P =
l1kw,and N =7, z=5km.

NUMERICAL SIMULATION RESULTS AND
ANALYSIS

Linear Propagation of the HOM Beam Array
In this section, the propagation properties of the LP;; mode
beam array propagating in free space are demonstrated. As we
all know, the intensity distribution of the LPy; mode is circular

HOM Array Through the Atmosphere

symmetry, and the far field intensity distribution of the LPy;
mode coherent beam array is comprises a central lobe with a
number of side lobes. But for the LP;; mode, the intensity
distribution is axial symmetry, and therefore, the arrangement
of the LP;; mode has a significant impact on the focal intensity
distributions.

The intensity distributions of the LP;; mode beam
array with centrosymmetric arrangement are shown in
Figure 2. It is assumed that the angle of the LP;; mode
around the central beamlet in Figure 2A is set as 8 = 0, and
the different rotation angles for the initial beamlet
arrangement are shown in Figures 2B-D. It can be seen
that the beam shapes of the LP;; mode beam array at the
receiver plane are quite different from those of the LPy; mode
beam array. The beam shapes of the LP;; mode beam array are
a radial spot beam array without a central lobe. As 6 changes
from 0 to 90°, the number of side lobes gradually changes from
6 to 12. By comparing the beam shapes at the initial plane, it is
clearly seen that the focal intensity distributions are consistent
with the first ring of the hexagonal mesh of the fiber laser array
(see the red circle highlight in Figures 2A-D). These
observations indicate that the desired beam shape of the
focusing spots can be obtained by simply rotating the
surrounding beamlets.

Effect of Thermal Blooming on the HOM

Beam Array

It can be clearly seen that different focal spots can be obtained by
changing the initial arrangement of the LP;; mode beam array as
mentioned in the Linear propagation of HOMs beam array
section. Therefore, the impact of thermal blooming on the
LP;; mode beam array can be quite different for different
arrangements. In this section, based on the results in the
Linear propagation of HOMs beam array section, the effects of
thermal blooming on the special arrangements of the LP;; mode
beam array are investigated in detail.

The intensity distributions of the LP;; mode beam array for
centrosymmetric arrangement under the conditions of thermal
blooming are shown in Figures 3, 4. From Figures 4I-L, it can be
observed that the influence of thermal blooming on the LPj;
mode beam array can be quite different for different rotation
angles. In addition, the focal beam shapes are not symmetrical
except for the arrangement of Figure 3A. The difference between
Figure 3 and Figure 4 is that the initial central beamlets in
Figure 4 are rotated by 90 degrees. It can be seen that the focal
beam shapes under thermal blooming are quite different,
although the focal beam shapes in free space are the same.
The phenomena illustrates that the arrangement of the central
beamlet has little influence on the focal beam shapes in free space
but has a significant effect on the focal beam shapes under
thermal blooming.

It is assumed that the directions of the central beamlet in
Figures 3A-D are parallel to that of the wind and that in Figures
4A-D are vertical to that of the wind. Generally, the power of the
bucket-based beam width is used to describe beam spreading and
energy  focusability, ~which is expressed as [55]
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FIGURE 2 | Intensity distributions of the LP;y mode beam array for different rotation angles of beamlets. (A-D) Intensity distributions at the initial plane. (E-H)
Intensity distributions at the receiver plane in free space.
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FIGURE 3 | Intensity distributions of the LP;1 mode beam array for different rotation angles of beamlets. (A-D) Intensity distributions at the initial plane; (E-H)
Intensity distributions at the receiver plane in free space; (I-L) Intensity distributions at the receiver plane under thermal blooming.
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FIGURE 4 | Intensity distributions of the LP;1; mode beam array with different rotation angles of beamlets. (A-D) Intensity distributions at the initial plane; (E-H)
Intensity distributions at the receiver plane in free space; (I-L) Intensity distributions at the receiver plane under thermal blooming.
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FIGURE 5 | Variation of beam width wgg 59, With rotating angle 6 for
different arrangements of the central beamlet.

J‘g)" Irdr =g f;m Irdr, where w, is the bucket half-width chosen.
The beam width wge sy is adopted in this study. On the other
hand, the beam centroid position is changed due to the effect of
thermal  blooming,  which is defined as [55]
j= ” dexdy/” Idxdy, where j = x and y. The center of the
bucket is taken as (X, y) in the following calculations. The

changes of the beam width at the target for different values of
rotation angles are shown in Figure 5. It can be seen that the value
of beam width wge 59, of the parallel direction is lower than that of
the vertical direction. Thus, the beam focusability of the parallel
direction is higher than that of the vertical direction. That means
the thermal blooming becomes more severe for the vertical central
beamlet arrangement, especially when 6 = 20°. As the 0 increases,
the difference of the beam width wsssy between parallel and
vertical directions decreases. Thus, the laser energy focusability
can be controlled simply by rotating the central beam.

Here, we choose four arrangement types of initial beamlets
(see Figures 6A-D) to investigate the influence of transverse
wind speed on the energy focusability. As can be seen
from Figure 6E, the beam width decreases and becomes closer
as the wind speed increases. The physical reason is that the
absorbed energy in the propagation path is carried away more
quickly as the wind speed increases. That is to say, increasing the
transverse wind speed can help increase the energy focusability.
In addition, the beam width of Figure 6A is the largest for
different values of wind speed. Thus, the arrangement of
Figure 6A should be avoided in order to improve the energy
focusability.
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Impact of Fundamental Mode Content on
the HOM Beam Array

In practical applications, it is difficult to obtain the pure LP,
mode even at relatively high conversion efficiency. Therefore, the
case of the mixture of LPy; and LP;; modes is worth studying.
Considering that the model superposition states comprise
different admixtures of the LPy; and LP;; modes, the initial
field can be expressed as

N

Ennix Z{\/ALP“EH r* 415+ 2rrocos (¢ — ¢,)]

4T Aupy Bl [ + 73+ 2rmy cos (¢ - 9]},

where Ajp,, is the power fraction of the LP;; mode and the value
of ALp“ is 0 SALp“ <l

The intensity distributions of the mixed-mode beam array are
shown in Figures 7-9. It can be seen from Figures 7-9 that in free
space, as the content of the LPy; mode increases, the energy is
gradually concentrated from the side lobes to the center lobe.
That is to say, the energy distribution between the central lobe
and side lobes can be controlled by changing the content of the
LPy; mode. The difference in Figures 7-9 is that the initial
arrangement of the outer-ring beamlets is different. As can be

—

(10)

seen from Figure 7, the focal beam shape of the pure LP;; mode
beam array comprises six radial spots, and the energy is
concentrated in the central lobe for the pure LP,; mode
beam array.

As we rotate the outer-ring beamlets 180 degrees on the basis
of Figure 7, the intensity distributions of the mixed mode beam
array under different conditions are shown in Figure 8. It can be
clearly seen that when the mixed-mode beam array propagates
in free space, the energy of the central lobe in Figure 8 is more
concentrated than that in Figure 7. The physical reason is that
the beam distribution at the initial plane is more compact in
Figure 8. However, the intensity distributions under thermal
blooming in Figure 8 are more dispersive than those in
Figure 7. Thus, the arrangements of beamlets at the initial
plane in Figure 7 are more resistant to the degrading effect of
thermal blooming.

As we rotate the outer-ring beamlets 90 degrees on the basis
of Figure 8, the intensity distributions of the mixed-mode
beam array under different conditions are shown in Figure 9.
As mentioned previously, the focal intensity distribution
comprises 12 radial spots when the initial intensity
distribution is shown in Figure 9A. However, the number
of side lobes decreases as the content of the LP,; mode
increases, that is, the side lobes are six when the content of
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FIGURE 10 | Variation of beam width wgg 59, With LPg4 fraction for different values of wind speeds.

the LPy; mode is 0.6. In order to compare the energy
focusability under the three conditions more intuitively, the
beam width wgg 59, versus the LPy; fraction for different initial
beamlet arrangements is investigated in Figure 10. It can be
seen from Figures 10A-C that the beam width decreases as the
wind speed increases. Thus, increasing the value of wind speed
can be helpful in increasing energy focusability. On the other

hand, the beam width in Figure 8 is the smallest under the
same wind speed. Thus, the initial beamlet arrangements in
Figure 8 can also be helpful in increasing energy focusability.
In addition, the beam width in Figure 9 is smaller than that in
Figure 10 when the wind speed is small. However, when the
wind speed increases, the beam width in Figure 9 is larger than
that in Figure 10. It indicates that compared with Figure 9, the
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effect of wind speed has a greater impact on the focusability of
Figure 10.

CONCLUSION

In this study, the propagation properties of high-power HOM
beam arrays propagating in the atmosphere are studied in
detail. Based on the multiphase screen method and finite-
difference method, a 4D computer code of the HOM beam
array propagating through the atmosphere under the
conditions of thermal blooming is designed. In particular,
the LP;; mode is considered in this study. The propagation
characteristics of the pure LP;; mode beam array in free space
and in the atmosphere are investigated. It has been found that
the focal intensity distributions in free space are consistent
with the arrangement of the second circle of the initial beam
array. The desired beam shape of focusing spots can be
obtained by rotating the surrounding beamlets. In addition,
the arrangement of the central beamlet has little influence on
the focal beam shapes in free space but has a significant effect
on the focal beam shapes under the conditions of thermal
blooming. Thus, the energy focusability can be improved by
rotating the central beamlet. When the transverse wind speed
increases, the thermal blooming effect decreases and the
energy focusability increases. Moreover, the influence of the
content of the LPy; mode is investigated in this study, and three
kinds of arrangement of the initial beam array are considered.
The results show that as the content of the LP;,; mode
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Tunable 2~3-um femtosecond lasers are of high interest in various applications, such as
medical diagnostics and molecular spectroscopy. Cr:ZnSe/ZnS is extremely suited for
broadband tunable femtosecond lasers due to its excellent emission bands. In this article,
we demonstrate a wavelength-tunable Kerr-lens mode-locked Cr:ZnS laser by utilizing a
birefringent filter. The group delay dispersion of the operation and the thickness of the
birefringent are finely optimized. With the rotation of the birefringent filter, the scheme offers a
tuning bandwidth of over 300 nm from 2,220 nm to 2,520 nm. To the best of our knowledge,
it is the broadest tuning range among the reported femtosecond Cr:ZnS lasers.

Keywords: Kerr-lens mode-locking, mid-infrared, femtosecond laser, tunability, Cr:ZnS

INTRODUCTION

Broadband mid-infrared (MIR) laser sources are in great demand for a plethora of applications,
including biological identification, medical diagnostics, and molecular spectroscopy, due to the
presence of strong fundamental and overtone vibrational absorption lines of different gases [1,
2]. To be more specific, the range between 2 and 3 um covers the absorption lines of NH,, CO,
CO,, and water related to typical biological tissue absorption [3]. Femtosecond laser sources
covering 2-3 um could be used for time-resolved spectroscopy of such molecules [4]. Besides,
such sources can be also used for remote sensing and driving various nonlinear processes, such as
MIR supercontinuum generation [5] and high-harmonic generation [6]. Compared to untunable
broadband MIR sources, wavelength-tunable femtosecond lasers are more attractive due to the
better matching of their wavelength range with detected molecules or various nonlinear
processes.

Cr:ZnSe/ZnS is an ideal material for generating tunable femtosecond mode-locked lasers in
2-3 um. Cr:ZnSe/ZnS with ultrabroad emission bands provides the accessibility of broadband
femtosecond lasers and a large range of tunability. The broad absorption bands of the gain media
cover some sufficient and reliable pump sources, such as commercial fiber lasers or laser diodes.
Furthermore, Cr:ZnSe/ZnS provides no excited state absorption, provides room temperature
operation, and is close to a four-level energy structure. Hence, with their favorable physical
characteristics, these materials have been considered as “Ti:sapphire” in the MIR [7].

Femtosecond oscillators are commonly achieved by Kerr-lens passively mode-locked schemes
or saturable absorber passively mode-locked schemes based on semiconductors or graphenes
[8—11]. The first mode-locked Cr:ZnSe/ZnS laser was based on a semiconductor saturable absorber
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Kerr-Lens Mode-Locked Femtosecond Cr:ZnS Laser
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FIGURE 1 | Kerr-lens mode-locked Cr:ZnS oscillator. FL, focusing lens (f = 100 mm); DM, curved dichroic mirror (ROC = 100 mm); EM, end mirror (the same as
HR, high reflection, at 2,150-2,700 nm); OC, output coupler, T = 10% at 1,700-2,700 nm; H, hard aperture; BRF, birefringent filter.
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mirror (SESAM) reported in 2005 [12]. Several advantages, such
as enabling self-starting and low-noises, offered by SESAM
mode-locking schemes are appealing. However, the
bandwidth of the SESAM restricts the realization of few-cycle
pulses and the range of tunability. Compared to saturable
absorber passive mode-locking, Kerr-lens mode-locked
oscillators break through these restrictions and become more
attractive to fulfill broadband femtosecond lasers with a large
tunable bandwidth.

Cr:ZnSe/ZnS has been demonstrated as an excellent material
for tunable continuous wave laser, which could be tuned from
1880 to 3,350 nm [13, 14]. Meanwhile, some tunable femtosecond
oscillators based on Cr:ZnSe/ZnS are reported, in which a
birefringent filter (BRF) or a pair of prisms is used [15-17].
Although the first tunable femtosecond Cr:ZnSe laser is achieved
by adjusting a slit working with a prism pair [16], the space chirp
induced by the prism pair has a severe negative influence on beam
quality. In Ref. [17], the tunable range is expended to 180 nm
achieved by the BRF. Until now, the broadest tunable range in
femtosecond Cr:ZnSe/ZnS laser has been from 2,120 nm to
2,408 nm [15]. All these works only offer pulses with the

1000

-1000 '
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FIGURE 2 | Round-trip net group delay dispersion curve in Kerr-lens
mode-locked Cr:ZnS laser.

wavelength below 2,400 nm and tunable bandwidth below
300 nm.

In this letter, a widely tunable femtosecond Cr:ZnS
oscillator is reported. The KML Cr:ZnS laser operating at
2347 nm allows the generation of stable126-fs pulses with
an average output power of 344 mW at a repetition rate of
72.6 MHz. A BREF offers less loss, a broadband tunable range,
and better beam quality. By utilizing a 0.5-mm-thick BRF with
a broad free spectral range, we achieved more than 300 nm
tuning bandwidth from 2,220 to 2,520 nm. Large negative
dispersion compensation was set for ideal soliton mode-
locking operation and a broad tunable bandwidth. To the
best of our knowledge, it is the broadest tuning range in
femtosecond Cr:ZnSe/ZnS oscillators and fills the gap in the
long-wave range beyond 2,400 nm. This tunable wavelength
range not only contains the absorption lines of NH, and CO
(below 2,400 nm) but also contains the absorption lines of HF
and COS (beyond 2,400 nm) [18]. This work has unique
potential applications in molecular spectroscopy and
nonlinear processes.

EXPERIMENTAL SETUP

The experimental setup is depicted in Figure 1. The 2 X 2 x 9-
mm? polycrystalline Cr:Zn$S was used as the gain medium of
the oscillator, which is AR-coated at both 1908 nm and
2,100-2,600 nm, with 10% low-signal transmission ratios at
a wavelength of 1908 nm. The gain element is mounted in a
copper heat sink, and its temperature is maintained by thermal
electric coolers (TECs) to 20°C. A 1908-nm linear polarized
Tm-doped fiber laser system with an output power of 5.4 W is
used to pump the Cr:ZnS. The Cr:ZnS is placed in the middle of
the first stability zone of an X-folded cavity. The two dichroic
mirrors (DMs) are coated with high reflection over 2.1-2.7 um
and high transmission around 1.91 pm with a radius of
curvature (ROC) of —100 mm. All the plane mirrors are
high reflection coated from 2,100 to 2,700 nm. The output
coupler (OC) is a plane mirror based on 6-mm-thick fused-
silica (IR) with a transmission of 10% from 1700 to 2,700 nm.
A hard aperture arranged close to the end mirror was used to
stabilize Kerr-lens mode-locking operation. The whole cavity
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FIGURE 3 | Measured output power and operation mode versus
incident pump power at 2,347 nm center wavelength. CW, continuous wave;
Q-switched ML, Q-switched mode-locking; CWML, continuous wave mode-
locking.

length is 2066 mm, corresponding to a pulse repetition rate of
72.6 MHz.

In order to optimize the group delay dispersion (GDD) in
the cavity, three 5-mm-thick sapphires were placed near the
end of the short arm at Brewster’s angle (59.95%), providing
-4,250 fs* negative GDD at 2,400 nm. The 9-mm-thick Cr:Zn$
leads to 1,080 fs> positive GDD at 2,400 nm. The round-trip
net GDD curve of the asymmetric cavity shown in Figure 2
indicates that the anomalous dispersion condition is provided
from 2,000 to 2,700 nm. A MgF, BRF inserted in the cavity at

Kerr-Lens Mode-Locked Femtosecond Cr:ZnS Laser

Brewster’s angle (53.77°) allowed a tunable output center
wavelength from 2,220 nm to 2,520 nm under anomalous
dispersion conditions in the soliton KLM regime. The
thickness of the BRF was selected as 0.5 mm, corresponding
to the transmission range (FWHM, full width at half
maximum) of 740 nm for a central wavelength of 2.4 pm.

RESULTS AND DISCUSSION

The resonator was at first adjusted for maximizing the CW
output power. Then fine alignment of the position of DM2 and
the EM is needed to realize Kerr-lens mode-locking operation,
which was initiated by shaking the EM. The operation mode of
the oscillator varied with pump power. It is under CW
operation at low pump power (3 W), transferred to
Q-switched ML when further increasing pump power, and
converted to continuous wave mode-locking (CWML) with
sufficient pump power (over 4.26 W). The output power versus
incident pump power under varied operations is shown in
Figure 3 when the center wavelength is at 2,347 nm.

The laser routinely produced pulses of 126 fs, whose center
wavelength is 2,347 nm, at the highest pump power of 5.4 W.
The average output power is 344 mW, corresponding to a pulse
energy of 4.7 n] with a peak power of 38 kW. The optical
spectrum is measured by an APE waveScan spectrometer. As
shown in Figure 4A, the sidebands distributed at both sides of
the center wavelength are called Kelly sidebands. Kelly
sidebands are often observed at soliton mode-locked
schemes with large abnormal dispersion. The sidebands are
induced by dispersion and nonlinearities when pulses produce
energy beyond the restriction of soliton area [19, 20]. The
center wavelength of the left sideband is at around 2,236 nm,
and the right one is at around 2,459 nm with a similar
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FIGURE 4 | Measured spectrum and autocorrelation trace at 2,347 nm center wavelength. (A) Optical spectrum. (B) Interferometric autocorrelation trace.
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FIGURE 5 | Radio frequency spectrum of the mode-locked pulses at
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frequency shift. As shown in Figure 4B, the interferometric
autocorrelation trace is measured with an APE. pulseCheck. By
assuming a sech®-pulse shape, a spectral bandwidth of 48 nm
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(FWHM) and a pulse duration of 126 fs demonstrated a time-
bandwidth product of 0.328, near the Fourier transform
limitation of 0.315. Figure 5 shows the radio frequency
spectrum of the fundamental frequency at 72.6 MHz,
measured by a frequency spectrum analyzer with a
resolution bandwidth of 1kHz. The mode-locking stability
is confirmed by the clear single peak with a high extinction
down to 68 dBc without any side lobes at fundamental cavity
repetition.

By rotation of the 0.5-mm-thick MgF, BRF, the central
wavelength of the mode-locked Cr:ZnS laser at a pump power
of 54 W shifts from 2,220nm to 2,520 nm, as shown in
Figure 6A. The tuning range is over 300 nm, and to the
best of our knowledge, it is the broadest one in Cr:ZnS/
ZnSe mode-locked lasers ever reported. In a similar
situation, the CW laser could be tuned from 2,155 nm to
2,623 nm by rotating the BRF, equal to a 500 nm tuning
range. The tuning limit of the short wavelength is affected
by HR, whose high reflection range is from 2,150 nm to
2,700 nm. At the central wavelength below 2,220 nm, the
stable pulses are not accessible. Besides, the experimental
setup was operating in the air, so the long-wave tuning
range was restricted by absorption lines of vapor
(Figure 6A with dash lines). The output power of the CW
laser reduced sharply, induced by strong absorption of vapor
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FIGURE 6 | Measured details with the tuning of the central wavelength of KLM laser. (A) Various mode-locked optical spectrums at different tuning wavelengths
(solid lines) and water absorption lines (dash lines). (B) CW output power (gray triangle), CWML output power (blue square), and pulse duration (red circle) versus central
wavelength.
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(depicted in Figure 6B with a gray line). In our experiment,
some absorption peaks also appeared at the spectrum curve of
2,520nm in CWML operation, and mode-locked pulses
disappeared when further rotating the BRF to a longer
wavelength. Therefore, the tuning range can be expanded if
we use mirrors with a broader coating range or operate the
scheme in vacuum to avoid strong absorption of vapor.

The various average output powers of CWML operation and
duration times of pulses are depicted in Figure 6B with blue and
red lines. The widening duration of the pulse is attributed to the
increasing abnormal dispersion at a long wavelength range
(Figure 2).

CONCLUSION

In conclusion, we demonstrated a high-performance broadly
tunable femtosecond KML Cr:ZnS laser over a 300-nm tuning
range. We use three 5-mm-thick sapphires to adjust the GDD
of the resonator to realize stable soliton mode-locking in a
wide spectral range. Kerr-lens mode-locked operation without
the extra restriction of bandwidth allows a short pulse duration
(126 fs, 2,347 nm) and a wide tuning range from 2,220 nm to
2,520 nm. We believe a broader tuning range could be achieved
in a vapor-free atmosphere. To the best of our knowledge, this
operation offered the widest tunable bandwidth among the
reported femtosecond Cr:ZnSe/ZnS lasers. It is the first time
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Hybrid Nd:YAG/Nd:LUAG Nanosecond
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We demonstrate an active mirror Q-switched laser with Nd:YAG/Nd:LUAG hybrid gain
media, achieving a laser output of 1J, 10 Hz, 8 ns. Using this hybrid oscillator as well as
Nd:YAG and Nd:LUAG amplifiers, the difference in extraction efficiency of hybrid
amplification was measured and analyzed, which is useful for high-energy hybrid
amplification chains.

Keywords: hybrid gain medium, nanosecond laser, active mirror, Nd:LUAG, spectral mismatch

INTRODUCTION

The high-energy diode-pumped nanosecond laser is gaining attention because of its excellent
performance. In a face-cooled multi-slab configuration based on cryogenic gas-cooled Yb:YAG
disks, the DiPOLE100 system has first obtained an output energy of 105 J at 10 Hz [1]. Recently,
the output level was raised to 150 J at 10 Hz [2]. Another efficient laser configuration is the active
mirror (AM) because of its round-trip extraction structure. In 2013, Lucia achieved 14 J at 2 Hz
laser output using a Yb:YAG AM [3]. In 2021, a 9.3 ], 33 Hz output was achieved using the Yb:
YAG cryogenically-cooled active-mirror amplifier [4]. Our group obtained room-temperature
10] level at 10 Hz using Nd:YAG and Nd:LuAG AMs [5, 6]. High-energy AM oscillator
configuration has also been studied [7, 8], but few results have been reported for the
Q-switched laser.

For laser systems operating at room temperature, one of the most commonly used gain media is
Nd:YAG, but its relatively low saturation fluence limits its scaling performance to high energy
level. Nd:LuAG has recently been demonstrated with excellent scaling performance [6, 9], as its
saturation fluence of 1.93J/cm? is three times that of Nd:YAG [10]. Therefore, a hybrid
amplification chain which uses Nd:YAG at low fluence and Nd:LuAG at high fluence is an
effective method for high-energy lasers. However, the fluorescence spectrum of Nd:LuAG has a
small red shift compared to Nd:YAG, so it is necessary to investigate the gain characteristics in
detail in the case of spectral mismatch.

THEORY

When the injected laser is not the center frequency of the gain, the ratio of the emission cross-section
of the laser frequency and the center frequency needs to be known in order to perform the calculation
of the output energy. The ratio is expressed as follows:

Oscillator and Amplifier. 021 (V)
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Hybrid Nd:YAG/Nd:LUAG Laser

FIGURE 1 | Schematic diagram of the Nd:YAG/Nd:LUAG hybrid
Q-switched laser oscillator. OC, output coupler; HR, high reflective mirror;
PBS, polarizing beam splitter; PC, Pockels cell; QWP, quarter-wave plate.

Then the saturation fluence can be expressed as follows:

hv. hvwy  E(wm)
You () you () k(v

E,(v) = (2)

where E; (vp) is the saturation fluence of the center frequency of

gain medium; hv is the photon energy; y is the degeneration

factor. The output energy can be calculated from the
E; (%) Ein

Frantz-Nodvik equation (11):
= Inq1 k -1 Edo k(v)! (3)
"Bk T E 00 ) T P E

where E;, is the injected energy fluence, E;, is the energy storage
per unit volume, and [ is the path length of the laser in the gain
medium. According to Eq. 3, it is known that the enhancing the
energy storage of the gain medium leads to higher energy loss due
to the spectral mismatch. In this case, increasing the injected
energy fluence E;, to obtain a high extraction efficiency is an
effective way to reduce the loss; thus, the active mirror
configuration with round-trip energy extraction has an
advantage over the single pass straight-through configuration.

G)

EXPERIMENTAL SETUP

The schematic diagram of the hybrid Nd:YAG/Nd:LuAG Q-switched
laser oscillator is shown in Figure 1. The gain medium of the hybrid
laser consisted of two pieces of Nd:YAG crystal slabs and two pieces
of Nd:LuAG crystal slabs with the AM configuration. The Nd:YAG
crystal slabs were 0.6 % doped, with dimensions of 30 x 20 x 8 mm”,
while the Nd:LuAG crystal slabs were 0.8 % doped, with dimensions
of 30 x 20 x 7 mm™ The front surface of each slab was anti-reflection
(AR) coated at 1,064 nm and high-reflection (HR) coated at 808 nm
relative to air, and the back surface was HR coated at 1,064 nm and
AR coated at 808 nm relative to water. The laser at the incidence angle
of 45° was reflected on the back surface and then passed through the
gain medium for the second time. Cooling water flowed through the
1-mm-thick channel on the back of the slabs at a speed of 5 m/s to
efficiently take away the heat.

Each slab was pumped from the back surface by a laser diode
(LD) array which consists of 30 laser diode bars and can provide a
peak output power of 6.4 kW with an emitting area of 12.5 x

Power detector

N\,
BE

“—— Oscillator output

FIGURE 2 | Schematic diagram of the measurement setup for
investigating the amplification efficiency. BE, beam expander; SA, serrated
aperture; PBS, polarizing beam splitter; QWP, quarter-wave plate; HR, high
reflective mirror.
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FIGURE 3 | Fluorescence spectra and laser spectra of Nd:YAG and Nd:
LUAG.

10 mm?. After being collimated using a microlens, each diode bar
has the divergence angles of 8 and 5° along the slow and fast axes,
respectively. Therefore, without optical coupling optics, a
maximum peak intensity of 3.6 kW/cm” can be obtained at the
pump surface of the slabs. Each LD can be driven independently
so that the oscillator can be operating in the hybrid mode with
both types of gain media or in the pure mode with a single type.

A KD*P Pockels cell (PC), a polarizing beam splitter (PBS),
and a quarter wave plate (QWP) were inserted in the cavity acting
as the Q-switcher. A planar-planar cavity was used for the
oscillator, and the output coupler (OC) with the transmittance
of 60, 70, 80, and 90% was tested. The pump duration of LD was
set as 280 ps at the repetition frequency of 10 Hz.

For the subsequent experiments on scaling efficiency, large-
size Nd:YAG and Nd:LuAG AMs were used as amplifier modules,
as shown in Figure 2. The seed laser output from the oscillator
was expanded using a telescope and apodized using a serrated
aperture (SA) with a diameter of 28 mm to ensure uniform
amplification. Then, the laser double passed through three
pieces of Nd:YAG AMs or Nd:LuAG AMs for investigation.
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RESULTS AND DISCUSSIONS
Spectra of Nd:YAG and Nd:LUAG

The measured fluorescence spectra and lasing spectra of Nd:YAG
and Nd:LuAG are shown in Figure 3. The central wavelengths of
Nd:YAG and Nd:LuAG were 1,064.42 nm and 1,064.60 nm,
respectively, and both of them have the same laser bandwidth
of 0.1 nm (FWHM) and the fluorescence bandwidth of 0.6 nm
(FWHM). The fluorescence spectra of the two crystals overlap for
most portions, which allows efficient scaling of hybrid master
oscillator power amplifier (MOPA) structure combing two types
of gain media. Furthermore, when the two crystals are inserted in
one oscillator and operate together, their mixing gain remains as
single-peaked as the output laser wavelength that was measured
as 1,064.46 nm. Since Nd:YAG has a higher gain than Nd:LuAG,
the spectrum of the hybrid output is more biased toward
Nd:YAG.

The shape of the fluorescence spectrum is consistent with the
shape of the emission cross-section of 0;; (v) [12]. Therefore, the
ratio of the emission cross-sections of Nd:YAG and Nd:LuAG can
be obtained from the measured fluorescence spectra as marked
with stars in Figure 3:

_ 0y (Viw) _
o1y (Vy)

021,00 (Vy)
ky=—"""=
UZI,Lu (vLu)

k, 0.8,

(4)
0.84

where 0,1y and 05y 1, are the emission cross-sections of Nd:YAG
and Nd:LuAG, respectively, and vy and v, are central
frequencies of Nd:YAG and Nd:LuAG, respectively. It can be
seen that the variation in the shape of the fluorescence spectra of
Nd:YAG and Nd:LuAG leads to k; > ki, which implies that the
Nd:LuAG amplifier with a Nd:YAG seed laser has a higher scaling
efficiency than the opposite case.

Oscillator Output
The output characteristics were measured with three modes of
Nd:YAG slabs pumped only, Nd:LuAG slabs pumped only, and

FIGURE 5 | Measured oscilloscope trace of hybrid Q-switched laser
pulsed output.

four slabs fully pumped, with the results demonstrated in
Figure 4A. In addition, the output characteristics under
different transmittance (60, 70, 80, and 90%) were compared
in Figure 4B.

With the optimum OC transmittance of 80%, a maximum
output energy of 1.08 ] was obtained at the pump energy of 7.3 J,
corresponding to an optical-optical efficiency of 14.8%. Figure 5
shows the measured oscilloscope trace of the Q-switched pulse
shape, with the pulse width of 8 ns. The spot size of the output
beam is 10 x 11 mm®. When Nd:YAG and Nd:LuAG slabs were
pumped separately, the maximum energy obtained was 540 and
490 m], respectively, at the optimum OC transmittance of 70%.

Comparison of Amplification Efficiencies

The laser output from the Q-switched oscillator was expanded
using a telescope and then entered the amplifier stage of Nd:YAG
or Nd:LuAG. Figure 6 compares the gain of Nd:YAG amplifier
with different seed lasers. By fitting the gain data, k; and k, were
obtained as 0.85 and 0.91, respectively. We claim that the values
fitted, which are larger than those obtained by fluorescence
spectra as presented in Section 4.1, are considered to be closer
to the actual values. The measured fluorescence spectrum of the
gain medium, which was used to infer the emission cross-section
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versus injected laser fluence.

in Section 4.1, was actually narrower than the real fluorescence
spectrum due to a gain narrowing effect that the fluorescence near
the center of the gain gets amplified more effectively, leading to
the underestimate of k; and k, in Section 4.1.

Figure 7 shows the ratio of the gain of the Nd:YAG amplifier
with Nd:YAG and Nd:LuAG seed injected, versus injected laser
fluence at the same pump energy. When the incident fluence
increased, the extraction efficiency increased, and the ratio of the
gain increased. Therefore, to reduce the loss due to spectral
mismatch, a large incident fluence is required to keep the
amplifier operating at a heavily saturated condition.

CONCLUSION

In this study, we reported a Q-switched oscillator with a hybrid
gain media of Nd:YAG and Nd:LuAG, producing a laser output of
1.08 ], 10 Hz, 8 ns. Furthermore, the ratios of the emission cross-
section for two types of gain medium were obtained via a hybrid
scaling experiment, which can be used to calculate the amplified
output energy in the case of spectral mismatch. The results
indicate that the overlapping gain spectra of Nd:YAG and Nd:
LuAG makes it possible to obtain high gain even when the spectra
are mismatched.
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Multi-Beam Large Fundamental Mode
Neodymium Glass Regenerative
Amplifier With Uniform Performance

Song Gao, Xudong Xie, Jun Tang, Chen Fan, Xuejun Fu, Zhifei Chen and Ke Yao*

Research Center of Laser Fusion, CAEP, Mianyang, China

In this study, the designing method of multi-beam regenerative amplifiers with the repetitive
rate was proposed and demonstrated. To obtain multi-beam regenerative amplifiers with
uniform performance, the disparities in output energy, energy stability, and mode size were
analyzed, and the detailed optimizing method was presented. With the designs, eight-
beam regenerative amplifiers were developed. The output performances of eight-beam
regenerative amplifiers were uniform. The output energies were in the range of
25.4-28.8mdJ, and the energy stabilities over two hours were in the range of
2.4%-5.1% (PV) and 0.3%-0.9% (RMS).

Keywords: regenerative amplifier, Nd:glass, laser beam characterization, multi-beam uniformity, diode-pumped

1 INTRODUCTION

Neodymium glass (Nd:glass) is the best gain medium so far for inertial confinement fusion (ICF)
lasers, such as the SG-series in China, the National Ignition Facility (NIF) in American, and the
Megajoule in France [1-4]. The Nd:glass has good optical homogeneity, broad gain bandwidth (more
than 20 nm), and the potential for large size and high doping concentration [5-7]. However, as the
stimulated emission cross (o) is small, the single-pass small-signal gain coefficient is small (g = no) at
the same stored energy. Thus, in order to achieve sufficient total gain, multi-pass amplifiers are
strongly preferable. Among them, the regenerative amplifier is a good candidate. First, the
amplification pass can be several tens or more, and the total gain is very large (>10°). Second,
gain saturation induced by multi-pass amplification is particularly beneficial to improve the
extraction efficiency and pulse-to-pulse energy stability [8-10]. Third, owing to the mode self-
reproducing of the regenerative cavity, the beam quality is excellent, typically the fundamental mode.
Therefore, the regenerative amplifier is commonly served as a high-gain compact module in the
preamplifier of ICF lasers [11].

To date, numerous researches on the regenerative amplifier design have been conducted. In 1983,
Magni et al. theoretically derived the general properties of resonators containing a variable lens and
investigated the mode spot sizes, the dynamical stability, and the misalignment sensitivity [12]. This
method was widely used in the regenerative amplifier design [13, 14]. Afterward, to overcome high
misalignment sensitivity of the amplifier, a method was proposed for analyzing the impact of cavity
misalignment on the mode drift of the gain media [15]. With these aforementioned methods, the
regenerative amplifier can be designed and developed. However, in the situation that multi-beam
lasers are required to simultaneously irradiate onto the target (e.g., ICF), in order to obtain the best
laser-matter interaction results, the performances of multi-beam are desired to be uniform,
including output energy and temporal waveform. This is generally called energy/power balance
across multi-beam lasers [16-19]. Therefore, as a part of ICF lasers, the uniformities of multi-beam
regenerative amplifiers are strongly desired. Since the laser is amplified many times in the
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FIGURE 1 | Simplified regenerative amplifier concept. CM1 and CM2: cavity mirrors; LH: laser head; P: thin-film polarizer; L: lens; PC: Pockels cell; QWP: quarter-
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regenerative amplifier, slight parameter differences of optical
components or weak focal lensing can contribute to large
changes in mode radius and energy, ie., disparities across
multi-beam lasers. This will influence the power balance of
ICF lasers.

In this study, the designing method of multi-beam
regenerative amplifiers with the repetitive rate was proposed
and demonstrated. The disparities in output energy, energy
stability, and mode size were analyzed with the practical
optical component parameters and operating conditions. The
detailed designing and optimizing method was presented to
obtain a multi-beam regenerative amplifier with uniform
performance. With the designs, eight-beam regenerative
amplifiers were developed. The output performances were
measured. The output performances of eight-beam
regenerative amplifiers were uniform. The output energies
were in the range of 25.4-28.8 mJ, and the energy stabilities
over two hours were in the range of 2.4%-5.1% (PV) and
0.3%-0.9% (RMS). The results were in good accordance with
the design results.

2 MULTI-BEAM REGENERATIVE
AMPLIFIER DESIGN

2.1 Regenerative Amplifier Model

The simplified regenerative amplifier concept is shown in
Figure 1. The amplifier contains two cavity mirrors (CM1 and
CM2), a laser head (LH), a Pockels cell (PC), a quarter-wave plate
(QWP), a thin-film polarizer (P), and a lens (L). The L, CM1, and
CM2 are used to determine the mode size. The PC and QWP are
used to control the amplification pass. The cavity length is
6750mm, which corresponds to 45 ns round trip. Thus, a laser
pulse with a maximum of 25 ns temporal width can be amplified,
considering the 10 ns rising edge of the PC.

The input laser with s-polarization is injected into the
amplifier cavity from P. When the input laser first passes
through the PC, the PC is powered off. After a round trip, the
laser turns to be p-polarization with the help of QWP. After the
laser passes through the PC for the second time, the PC is
powered with a quarter-wave voltage, and the function of the
PC and QWP is similar to that of a half-wave plate. The laser
polarization state keeps constant during a round trip, and the
laser can be amplified successively until the PC is powered off.

The output laser with s-polarization is outputted from P. The
total amplification pass is fix(txc/), where t is the voltage width of
PC, c is the speed of light, [ is the cavity length, and the function
fix(x) is obtaining the maximum integer of x.

2.2 Energy and Energy Stability Design
In practical multi-beam regenerative amplifiers, due to the
parameter differences of optical components (e.g., reflectivity
and transmission), the total loss of the cavity is different.
Moreover, in laser—matter interactions with multi-beam lasers,
the moments of multi-beam lasers arriving at the target must be
the same. Thus, the amplification pass (or the voltage width of
PC) should be identical. In this circumstance, the output energy
and energy stability exhibit obvious differences from beam to
beam. Here, the typical parameters of optical components are
shown in Tablel. In this table, four configurations of parameters
are included. The design baseline is the typical parameter of the
optical component. The minimum value, maximum value, and
mean value are obtained by actually measuring the minimum,
maximum, and mean parameters from over 100 real components.
With these parameters in Tablel, the energy curves of
different configurations are calculated theoretically. In the
theoretical calculations, the Avizonis—-Grotbeck model is
adopted [20]. Compared with the commonly used
Frantz-Nodvik model [21], the Avizonis—Grotbeck model
involves the loss of gain medium, which is important,
especially for rod-shaped gain medium and multi-pass
amplification, which makes the theoretical simulations more
exact. Here, the static loss and dynamic loss of Nd:glass are
0.12% cm™' and 0.36% cm ™", respectively, which are obtained
from the Nd:glass factory. The static loss and dynamic loss are the
loss without and with LD pumping, respectively. Combined with
the input energy of ~0.1 pJ, the theoretical energy curves are
calculated, as shown in Figure 2. In the figure, the small-signal
gain and the amplification pass are chosen to be 1.269 and 96-
pass, respectively, so as to satisfy the output energy of 25 mJ and
excellent energy stability at design baseline (black line in
Figure 2). Due to the different losses, the energy and energy
stability of the four configurations show undesirable disparities.
For configurations of the minimum value, mean value, and
maximum value, the output energy is far larger than 25m]
before the laser is exported from the regenerative amplifier.
The optical damages are probably induced and affect the safe
operations. Moreover, the performances of energy stability are
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TABLE 1 | Typical parameters of optical components.

Optical component Design baseline (%)

Minimum value (%)

Multi-Beam Nd:Glass Regenerative Amplifier

Maximum value (%) Mean value (%)

Lens 99.6 99.860 99.930 99.90
Quarter-wave plate 99.6 99.700 99.900 99.80
Pockels cell 97.0 97.020 98.307 97.66
Nd:glass 98.5 98.511 98.906 98.71
Polarizer 99.6 99.730 99.930 99.83
Reflecting mirror 99.8 99.845 99.880 99.86
50 T T T T T Nd:glass Rod
3 —— Baseline ||
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FIGURE 2 | Energy curves of different configurations.
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FIGURE 3 | Optimized energy curves of four configurations.

also different. For design baseline, the curve at 0.1 pJ is nearly flat.
It means that the output energy is extremely insensitive to the
fluctuations of input energy. However, for the minimum value,
mean value, and maximum value, the output energy varies with
the fluctuations of input energy, which will influence the power
balance of multi-beam lasers.

FIGURE 4 | Profile of the laser amplifier.

In order to obtain uniform energy stabilities of multi-beam
lasers and avoid optical damage, an active method of controlling
the product of gain and loss is adopted. Here, by slightly adjusting
the small-signal gain, the products of gain and loss of multi-beam
regenerative amplifiers are uniform. With this method, the
optimized small-signal gain of four configurations are 1.269,
1.254, 1.233, and 1.242, respectively. The optimized energy
curves of four configurations are shown in Figure 3. From the
figure, the output energies of four configurations are all in the safe
operating range of 25-35m]. The energy stabilities are nearly
uniform and not sensitive to the fluctuations of the input laser.

2.3 Laser Head Design

The laser head is a diode-side-pumped circular Nd:glass rod with
a 1 Hz repetition rate. The profile is shown in Figure 4. The laser
head consists of Nd:glass, cooling fluid, quartz tube, and pump
ring module. The geometric size of the rod is @5 mm x 100 mm.
The gain medium is N31 Nd:glass whose Nd** concentration is
22wt% [22, 23]. The ends of the rod are tapered to stifle
unwanted whispering gallery parasitic modes. The quartz tube
is 1 mm thickness, which is used to separate the cooling fluid from
the diode. The pumping ring module is a 5-side ring-pumping
scheme with a pumping power of 2.5 kW, and two pumping ring
modules are incorporated. The center wavelength of the diode is
802 nm.

In order to obtain excellent beam quality, the pumping is
required to be uniform[24]. The simulated pumping uniformity
with the aforementioned parameters is shown in Figure 5 using
the ray-tracing method. The uniformity in the center 3 mm x
3 mm region is 91.8%.

The small-signal gain is estimated according to the energy-
transfer mechanism [25], including the pumping transfer
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FIGURE 5 | Pumping distribution of LH.

efficiency, absorbing efficiency, quantum efficiency, Stokes
efficiency, and storage efficiency. In this case, the total energy
transfer efficiency (#) is 26%. The maximum small-signal gain
is estimated to be 1.95 using Eq. 1. It is slightly larger than the
aforementioned required small-signal gain.

Pt
GO - exp(rltot P P) (1)

EA
where P, is the pumping power; t, is the pumping width, which is

500 ps; E; is saturated fluence (4.97 J/em? for N31 Nd:glass); and
A is the section area of the gain medium.

2.4 Cavity Design of the Regenerative
Amplifier

Due to the long cavity length, even weak focal lensing can
contribute to large changes in mode radius for non-optimized
cavity configurations, i.e., undesired disparities across multi-
beam lasers. For multi-beam regenerative amplifiers, on the
one hand, as mentioned previously, in order to obtain
uniform output energy and energy stability, the small-
signal gain of each beam is strongly dependent on the
optical loss. This means the pumping power and induced
thermal lensing are different. According to the laser head
design and thermal analyses, at the small-signal gain of 1.269
(design baseline in Section 2.2), the corresponding thermal
lensing is about 25 m. Furthermore, one can easily estimate
the thermal lensing for the other three cavity loss
configurations, which are 23.75m (minimum value),
22.74m (mean value), and 21.98m (maximum value),
respectively. On the other hand, the diode pumping

5 T T ™= T T T T T T
« CM1
L2
. * Laser Head
CM2

w
o IS
T T
W den v Fre
.
L

w
T

251

Radius of Fundmental Mode (mm)

0 L L . . . . . L .
-3 -2 -1 0 1 2 3 4

Thermal Focal Power (1/mm)

FIGURE 6 | Optimized stability zones of the regenerative cavity.

fluctuations induced by power supply and the machining
errors of optical components such as CM1, CM2, and L
will also cause mode radius changing. Thus, the cavity
should be stable over a large range of the thermal lens.

The cavity design is developed by utilizing an analytic ABCD
description [20]. By varying the end mirror and cavity lens radius
and the distance of optical components in Figure 1, the stability
zones for each cavity parameter were evaluated. Only the cavity
parameters meeting the following constraints were analyzed: first,
the mode radius in the rod is ~1.5mm, so as to obtain large

Frontiers in Physics | www.frontiersin.org

98

June 2022 | Volume 10 | Article 923402


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Gao et al.

Multi-Beam Nd:Glass Regenerative Amplifier

Mode Radius (m)

CM1

o

(] 1 2 3

FIGURE 7 | Mode size of the regenerative cavity.

Distence (m)

yi

4
CM1 PC \
L

Pl
L}

[ 1 |
A/4WP '\

@__0

FR1 _\F  FR2 0
= l_\_A‘_¥

v L4
L1 A2 WP L2
N *
LH
’
' ‘a
M2
FIGURE 8 | Schematic diagram of the regenerative ampilifier.
energy without damage risk. Second, the cavity should be stable
with the thermal lensing changing from 21.98 to 25 m or more. TABLE 2 | Output energy and energy stability of eight-beam regenerative
- . . . . amplifiers.
This is necessary when changing the small-signal gain for multi-
beam lasers. Third, the mode radius on the other optical = Beam Output energy (MJ) Energy
components is larger than 0.5mm to avoid optical damages. stability (two hours)
With these criteria, the optimized cavity parameters are as 26.9 PV = 4.2%: RMS = 0.4%
follows: the radii of the curvature of CM1 and CM2 are Lo 26.8 PV = 4.0%: RMS = 0.8%
-10,000 and 10,000 mm, respectively. The focal length of L is L3 27.6 PV = 2.7%; RMS = 0.3%
2,430 mm, and its position is at the center of the cavity. The  L* 28.8 PV =3.1%; RMS = 0.4%
— [/ — o)

distance between LH and CM2 is 2,750 mm. The corresponding g; gg'j Ex - j’l [f ' Emz - 8‘;;’

. =4.1%; = 0.6%
stability zones are shown in Figure 6. In the figure, the x-axisis g3 285 PV = 5.1%: RMS = 0.9%
the thermal focal power, which is reciprocal to thermal lensing, R4 25.8 PV = 2.4%; RMS = 0.3%
and the y-axis is the mode radius. From the figure, at the thermal
focal power of 4 x 10 mm™" (i.e., 25 m for thermal lensing), the
cavity mode size is insensitive to the thermal lensing variations.
When the thermal focal power varies by £20%, the mode radiusat ~ changes are small. This is negligible. With the parameters, the
Nd:glass changes to smaller than 0.1%. Considering all the factors ~ mode size of the regenerative cavity is calculated, as shown in
that may result in mode size changes including the diode Figure 7. The mode radii in the laser head (LH), lens (L), and
pumping fluctuation, the thermal lensing variations, and  cavity mirrors (CM1 and CM2) are 1.5, 1.75, 0.98, and 0.65 mm,
machining errors of optical components, the total mode radius ~ respectively.
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FIGURE 9 | Energy stabilities of eight-beam regenerative amplifiers over two hours.
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FIGURE 10 | Typical beam of the regenerative amplifier.

3 EXPERIMENTAL RESULTS

Based on the regenerative amplifier design, eight-beam
regenerative amplifiers were developed, named L1-L4 and
RI-R4. The eight beams were installed on a 4 x 2 truss. The
L1-L4 and R1-R4 were image-mirrored. The schematic diagram
of the regenerative amplifier is shown in Figure 8.

The amplification pass is 112-pass, which is larger than the
designed 96-pass. It is mainly due to the imperfect mode

matching between the input laser mode and cavity mode. At
112-pass amplification, the output energy and energy stability of
eight-beam regenerative amplifiers are shown in Table 2. The
output energies are in the range of 25.4-28.8 mJ, and the energy
stabilities over two hours are 2.4%-5.1% (PV) and 0.3%-0.9%
(RMS). This is in good accordance with the designed results. The
corresponding energy stability curves are shown in Figure 9.
From the figure, some slow variations can be seen, which mainly
come from the slight misalignment induced by temperature
changes of environment and energy fluctuations of the
input laser.

The output beam is measured by CCD positioned after the
polarizer P. The distance between the CCD and the lens L2 is
identical to the distance between the laser head LH and the lens
L2. Hence, the measured beam size is equivalent to that on LH.
The typical beam is shown in Figure 10. The beam quality of
eight beam lasers is good and uniform, exhibiting Gauss
distribution. The beam size at 1/¢* is about 3 mm, which is in
good accordance with the designed value.

4 CONCLUSION

In this study, the designing method of multi-beam regenerative
amplifiers with the repetitive rate was proposed and
demonstrated. To obtain multi-beam regenerative amplifiers
with uniform performance, the disparities in output energy,
energy stability, and mode size were analyzed, and the detailed
optimizing method was presented. With the designs, eight-beam
regenerative amplifiers were developed. The output performances
are measured including the output energy and energy stability.
The output performances of eight-beam regenerative amplifiers
are uniform. The output energies are in the range of 25.4-28.8 mJ,
and the energy stabilities over two hours are in the range of
2.4%-5.1% (PV) and 0.3%-0.9% (RMS). The results are in good
accordance with the design results.
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In this letter, we report a diode-pumped nano-second laser with the output energy 10 J,
the repetition rate 50 Hz, and the average power 500 W. The main amplifier was made up
of eight amplify modules. Each amplify module was pumped by an 808 nm laser diode and
cooled by water from the back end of the Nd:YAG slab. To our knowledge, this represents
the highest pulse repetition rate for the 10 J class nano-second single-aperture Nd:YAG
laser. The beam quality was controlled by means of mechanical design and adjustment
and compensation by a home-made deforming mirror. The beam quality was controlled
well with the beam quality of the laser 2.61DL.

Keywords: re-frequency pulse laser, high-energy laser, high conversion efficiency, thermal management, Nd:YAG
laser

INTRODUCTION

Diode-pumped re-frequency high-energy nano-second laser is one of the developing directions of
the new generation of lasers and has a wide range of application prospects. It can be used for
industrial applications and laboratory research, such as laser peening, pump source of Ti:sapphire
femtosecond laser, high-energy density physics, strong field physics, high-energy and high-
brightness X-ray source, or high-energy and high-brightness particle beams. Many industrial
applications require high repetition of laser frequency to realize high processing rate.

In recent years, 10 Hz nano-second laser has developed rapidly, and the output energy had
increased from 10 J to 100 J [1-7]. However, at that energy level, higher frequency just as 50 Hz or
even 100 Hz was not realized before 2020. In 2018, we used Nd:YAG crystals as laser media and
obtained 12 J-10 Hz laser output [8]. Taking the advantage of the low pumping intensity, the laser
system has a large potential to increase the operation frequency to 50 Hz in 2020 [9]. In this paper, we
introduce the details of the laser system to readers. We present the configuration of the laser,
introduce the key problems of thermal management and ASE inhibition, and give the experimental
results in this paper.

EXPERIMENTAL SETUP

Figure 1 shows the schematic diagram of the laser system. A Q switch cavity with a side face
pumped Nd:YAG rod was the seed. Two side face pumped rods were used as pre-amplifiers.
The maximal output energy was 375 m]. The beam was shaped by a glass diaphragm to a square
with the output energy of about 190 mJ. The main amplifier was composed of eight water-
cooled laser amplifier modules which were pumped from the back end by 808 nm LD arrays.
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FIGURE 1 | Schematic diagram of the 10 J-50 Hz laser system. HR is the high-reflection mirror. P is the polarization mirror. L is the lens. M4 is the 1/4 wave plate. FRis the
Faraday rotator. /2 is the 1/2 wave plate. DM is the deformable mirror. DH is the diaphragm. WF-Detector is the wave front detector. PB is the sampling mirror with obliquity.
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The laser beam run double passes in the main amplifier and
then output from the polaroid plate (P5). A deformable
mirror (DM) was used to compress the phase aberration of
the laser beam after the output polaroid plate (P5).

KEY ISSUES OF THE LASER SYSTEM

Thermal Management of the Amplifier

Under 50 Hz pumping, the thermal effect of the amplifier was
significant. We present the thermal management in detail with
theory and numerical simulation in our earlier paper [10]. The
surface temperature of each crystal was measured, and the results
are shown in Figure 2. The average surface temperature of each
crystal was about 48-49°C. The surface temperature modulation
in the pumping area of a typical surface was 1.05. The defocus of
the double pass amplifier chain from thermal was as large as 35\,
which is shown in Figure 3. The defocus was pre-compressed by
the image transfer lens (L4 and L5) before the laser seed injecting
to the main amplifier. The focal length of L4 and L5 was 500 and
1500 mm, respectively, and we set the distance of them to
2400 mm to pre-compress the defocus. The astigmatism from
each amplifier module was about 0.9\. We adjusted the
astigmatism at the laser head by mechanism. The residual
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FIGURE 7 | Output energy and average power in 6000 shots.

astigmatism after adjustment was less than 0.1A, which is
shown in Figure 4. The depolarization of the amplifier chain
was measured, and the result was 16% on a single pass. To
compensate the depolarization, we put a 90° quartz rotator (R90)
in the middle of the amplifier chain. We use 120 m] energy as the
measurement beam, and the minimum energy of the energy
meter was 100 pJ. After compensation, the depolarization could
not be measured by an energy meter, which means the
depolarization must be lower than 0.1%.
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ASE Control of the Laser Amplifier

The Nd:YAG crystal has a large emission cross area which makes
the ASE very remarkable in a large area amplifier. The size of the
Nd:YAG crystal was 60 mm x 40 mm x 8 mm, which was larger
than that we used in 2018 [6]. Although the aperture was larger,
the thickness was increased from 7 to 8 mm, which was a benefit
to reduce ASE. The simulation results of different thicknesses and
doping concentrations are shown in Figure 5. To obtain high
energy conversion efficiency, we use a relatively high pumping
power with a relatively short duration. The pumping current was
360 A, and the pumping duration was set to 140 ps with a rise
edge of 20 ps. To absorb the ASE light, we use Cr*":YAG as the
edge cladding. The absorption coefficient and the width of Cr**:
YAG were 8/cm and 8 mm, respectively. In this condition, the
small signal gain was measured and is shown in Figure 6.

On the contrary, the edge cladding was used as a thermal
balance method to obtain a good beam quality. The principle has
been described in [7]. Figure 7 shows the near field of one pass of

an amplifier without edge cladding and double pass of eight
amplifiers with edge cladding.

OUTPUT PARAMETERS OF THE LASER

The output parameters of the laser were measured. The output
energy was 10 J with the stability of 0.8% (RMS@6000shots).
The output energy is shown in Figure 7. The far field was
compensated by adaptive optics (AO). The far field of the laser
before and after compensation is shown in Figure 8. The beam
quality of the laser was 11 diffraction limited (DL) and 2.6 DL
before and after compensation, respectively. The origin of the
side-lobes was the marginal residual high-frequency
component which could not be compressed by AO. The
near field is shown in Figure 9. The overall outline of beam
distribution was supergauss with thin modulation on the top
due to polishing of the crystal. The total modulation of the near
field was 1.9.

CONCLUSION

In this letter, a laser beam of energy 10 J with the repetition rate of
50 Hz was realized. For such a high repetition rate, the thermal effect
was controlled by uniform pumping and cooling, adjustment of
astigmatism and compensation of defocus, and compensation of
AO. The beam quality less than 3DL was realized. This confirms the
viability of active mirror Nd:YAG amplifier concept, which is
scalability to the kilowatt level. Further increases in the average
power to 1000 W are expected at the frequency of 100 Hz.
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Tunable diamond raman lasers
for resonance photo-ionization
and ion beam production

Daniel T. Echarri *2, Katerina Chrysalidis *,
Valentin N. Fedosseev !, Reinhard Heinke ?, Bruce A. Marsh?,
Bianca B. Reich ! and Eduardo Granados *

ICERN, Geneva, Switzerland, 2Universidad de Navarra, Tecnun, Spain

Lasers with wide tunability and tailored linewidth are key assets for
spectroscopy research and applications. We show that diamond, when
configured as a Raman laser, provides agile access to a broad range of
wavelengths while being capable of efficient and selective photo-excitation
of atomic species and suitable spectroscopic applications thanks to its narrow
linewidth. We demonstrate the use of a compact diamond Raman laser capable
of efficiention beam production by resonance ionization of Smisotopes in a hot
metal cavity. The ionization efficiency was compared with a conventional Ti:
sapphire laser operating at the same wavelength. Our results show that the
overall ion current produced by the diamond Raman laser was comparable -or
even superior in some cases-to that of the commonly used Ti:sapphire lasers.
This demonstrates the photo-ionization capability of Raman lasers in the
Doppler broadening-dominated regime, even with the considerable
differences in their spectral properties. In order to theoretically corroborate
the obtained data and with an eye on studying the most convenient spectral
properties for photo-ionization experiments, we propose a simple excitation
model that analyzes and compares the spectral overlap of the Raman and Ti:
Sapphire lasers with the Doppler-broadened atomic spectral line. We
demonstrate that Raman lasers are a suitable source for resonance photo-
ionization applications in this regime.

KEYWORDS

diamond, lasers, tunable lasers, Raman scattering, photo-ionization, resonant
ionization, spectroscopy

1 Introduction

Over the years, the capability of light to interact with matter has been widely exploited.
In the field of nuclear research, photo-ionization of atoms is one of the key processes for
selective and efficient delivery of ion beams. Tunable lasers play a crucial role providing
photons that resonantly match the electronic transitions of the atoms. By using multiple
resonant steps, sometimes in conjunction with a last, non-resonant excitation step, the
ionization potential (IP) can be surpassed and the atom thus ionized. Moreover, for
efficient resonance laser ionization, the effective linewidth of the atomic transitions in the
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experimental environment requires a spectrally matched light
source. Thus, lasers are a suitable tool for the research of
molecular and atomic structures [1].

At CERN, experiments involving isotope production with the
ISOL (Isotope Separation On-Line) method of extraction directly
from a high energy proton beam-impacted production target,
typically rely on several approaches for ionization, with
resonance laser photo-ionization being one of the most
convenient and widely applied techniques. This method is
applied in what is called the resonance ionization laser ion
source (RILIS)
selectively ionize the desired (radiogenic) elements in a hot

[2]. The laser sources are employed to

cavity, after which the ions are extracted and guided through
a mass separation system to select the particular isotope of
interest. The main purpose of this infrastructure is to provide
the Isotope Separator On-Line Device (ISOLDE) facility with
pure ion beams for the subsequent study of radioactive isotopes
and exotic particles at dedicated experimental setups [3].
Alternatively, atomic and nuclear structure effects can be
directly investigated on very low production rates by
performing laser spectroscopy directly in the ion source [4].

In general, lasers capable of fulfilling the demanding
requirements for high precision atomic studies are hard or
expensive to come by. For high efficiency in the ionization
process and in non-linear frequency conversion techniques to
enlarge the available wavelength range, lasers with a high
repetition rate and a high peak power, are required. At the
same time, the spectral laser linewidth should match the
effective transition linewidth in the experimental environment
to address the complete atomic ensemble. For applications at
ISOLDE, nanosecond pulse lasers at tens of kHz repetition rate
range exhibiting linewidths between 1-15GHz (for Doppler
broadened transitions in hot cavity ion sources at around
2000°C are suitable. Additionally, wide-range tunability is a
key attribute, since it allows to access a large variety of
transitions of most chemical elements [5]. In the RILIS laser
setup, light covering the UV to blue and near-IR spectral regions
is provided by solid-state Ti:sapphire (Ti:Sa) lasers, while the
visible range and part of the UV range is covered by dye lasers [6].
In contrast to solid-state lasers, dye lasers maintenance is an
operationally more challenging task and continuous operation is
constrained by regularly required dye changes [7]. Overall, the
laser system used at RILIS covers the UV to mid-IR spectrum
well, except for the range around 532 nm, which is the
wavelength used for pumping of the tunable lasers. Thus, the
development of efficient and broadly tunable solid-state laser
sources for the visible spectral range entails an interesting
challenge since it would on the one hand offer the possibility
to replace the spectral range provided by the dye lasers and on the
other hand increase the total coverage of accessible wavelengths.
The possibility to finally meet these requirements has recently
enlivened the exploration of alternative solid-state light sources
for ionization experiments.
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A proposed solution consists of a continuously tunable
diamond Raman laser capable of generating a frequency shift
from a Ti:Sa pumping laser, gaining access to the visible spectral
range [8]. Furthermore, a compact version of the resonator is able
to diversify the spectral coverage by producing multiple Stokes
orders while preserving the linewidth of the pump. This laser
source was characterized and tested for resonant ionization
spectroscopy experiments, by exciting the atomic transition
4515y — 4s4p'PY of calcium at 422.79 nm. The Ca* isotopes
were produced inside an atomic beam unit in cross-beam
geometry, where a time-of-flight spectrometer was used to
measure the ion signal [9]. The results showed that the
technology has great potential to cope with the demanding
requirements of resonantly exciting atomic transitions of
different elements. A pivotal feature here is that the laser
operates in what is called the “coherent Raman scattering
the Stokes
approximately the same as for the pumping light [9].

regime”, where achievable linewidth is

More detailed evaluation shows that—even if the Raman
resonator replicates the average linewidth of the Ti:Sa
laser—the spectral lineshape and distribution of the axial
the lasing bandwidth

substantially different. Thus, the performance of the Raman

longitudinal modes within is
laser system to efficiently ionize atoms in the typical
application environment required further investigation.
Moreover, the arrangement of the cavity produces a specific
spectral content, for instance a simple hemi-spherical setup
compared to a z-fold design with a longer length, will generate
substantially lower number of spectral modes but with an
increased axial mode linewidth due to noise. Hence, studying
the spectral performance of laser pulses with varied spectra
would allow the construction of more efficient ionization
sources.

In order to understand the interplay between the laser
spectral features and the atomic transition of interest we have
developed a computational model that simulates the excitation
process of lasers with arbitrary spectral content. This enables us
to compare the different laser technologies for producing the
We the
experimentally demonstrating the performance of Raman
applications,

most convenient pulses. complete study by

ionization
the
compared to the Ti:Sa laser when operating in the ionization

lasers for efficient showing a

comparable performance in ion current produced
saturation regime.

We also study the behaviour of Raman lasers considering
their dependency on operating wavelength. The computational
model also calculates the effect of the polarization angle in terms
of accessibility to the maximum Raman gain [10]. In
combination with the aforementioned spectral model, the
behaviour of a Raman resonator can be predicted and
optimized, being able to calculate key designing parameters
for Raman laser construction, such as the lasing threshold or

the slope efficiency.
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Needless to say, the diamond Raman laser applicability is not
reduced to spectroscopy experiments. The combination of
outstanding optical and thermal properties makes them
particularly interesting for a variety of applications; such as
construction of high power lasers [11, 12], or integrated
photonic devices [13, 14] at extended wavelength ranges [15,
16] providing wide tunability [17], and quantum applications
[18, 19]. In fact, selective and efficient ionization is interesting in
quantum technologies as it provides means for producing atomic
quantum states with high fidelity [20, 21].

In this work, we present the different tools developed for
Raman laser design and characterization, along with the latest
improvements towards wavelength diversification thanks to
efficient cascading, narrow linewidth preservation, and
ionization efficiency depending on the spectral properties of
the We the

mathematical model with results from photo-ionization

laser pulses. compare results from our
experiments, where samarium (Sm) atoms were resonantly
ionized in a two-step ionization scheme, consisting of a
resonant first step at 433.9 nm and a second step for non-
resonant ionization above the IP at 355 nm. With this setup
saturated ion beam efficiency measurements were performed, to
compare the performance of the Raman and Ti:Sa lasers for the
excitation of "**Sm* isotopes, willing to verify the suitability of the

new technology.

2 Widely tunable diamond Raman
laser design

For constructing Raman lasers functional across a broad
spectral range, it is important to consider the dependency of the
Raman gain with the wavelength as well as the spectral response
of the optical elements used in the resonator. We present a multi-
Stokes Raman scattering simulator that takes this wavelength
dependency into account, by appropriately modifying the
standard coupled differential equations for steady-state Raman
processes proposed in the literature [22]. For nanosecond pulses,
this theory reproduces with enough accuracy the dynamic
nonlinear Raman process. Mathematically we have that

dI w
TZP = _wlgRlIPIsl —aply,
s1

dl, W

= gulela ~ gt Lol — aala, (1)
52

dl, Wy

dzz = gRZISlISZ - ngiszISZISZv - “sZISZa

where Ip refers to the pump intensity, while I, defines the Stokes
intensity with x donating the order of the Stokes. In the same way,
w is the angular frequency and gz the Raman gain at the pumping
frequency. Finally, gz, refers to the Raman gain associated to each
Stokes order and «, to the corresponding loss coefficients.
Assuming that cavity losses predominate over the system, it is
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FIGURE 1

Wide-range fit of a diamond Raman gain model according to
[25] (blue) on experimental data (red) from the literature [15, 24].

reasonable to consider the loss coefficients «, from Eq. 1 to be
negligible, especially since their effect is often not perceivable for
diamond in the visible spectral range [22]. The Raman gain for
higher Stokes orders gg; is calculated as follows [23],

Wyi
gri = gr (wp) o (2)

P
where wg; corresponds to the angular frequency of the higher
Stokes orders and wp the angular frequency of the pump. To
determine g for each of the simulated wavelengths a fit across a
broad spectral range was computed based on the experimental
data obtained from the literature [15, 24]. It is important to
remark that the expected theoretical value for g in the UV was
considerably higher than the measured one [15]. The resulting fit
is depicted in Figure 1 and it is based on the wavelength
dependant Raman gain formula found in [25]:

A(wp — B)
(C-wp)”
where in our case for diamond, the value for each constant was

A =976 -10* B =251-10" and C = 169 - 10"
The obtained Raman gain parameters were adjusted

gr(wp) = (3)

depending on the pump polarization state of both the pump
and Stokes, by using the adequate Miiller matrix for each
particular case. Here, the light propagation occurs through
the <110> crystallographic axis as explained in [10]. Under
these conditions, the polarization angle that maximizes the
cascading process is +54.7° with respect to the [001] direction,
since it produces Stokes orders with polarization states parallel to
the <111> crystallographic axis, maximizing the gain. We refer to
cascading as the process in which not only the photons from the
pumping light are Raman shifted to produce a first Stokes, but
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FIGURE 2

Schematic of the hemi-spherical diamond Raman cavity
simulated in the Stokes generation mathematical tool, where all
the elements depicted and the spacing between them are variable
and considered in the simulator.

when this process is replicated in order to produce a second
Stokes and higher Stokes orders consecutively.

In order to design a Raman converter that is wavelength agile
and provides a useful output at a broad spectral range, we have
opted for a minimalist hemi-spherical cavity design composed
uniquely of a Raman medium and a curved retro-reflector as
depicted in Figure 2. In this arrangement, the output coupler is
the uncoated surface of the diamond, while the coatings of both
the second diamond surface (anti-reflection) and the curved
mirror (high reflector) are broadband and operating in the
450-850 nm range. The pump was focused into the diamond
by means of a focusing lens, producing a spot size of
approximately 50 ym diameter (1/€?). The separation between
pump and Stokes beams is provided by a dichroic mirror that can
be chosen according to the pumping wavelength and is not part
of the resonator. The spectral output produced (in terms of
number of longitudinal modes) by such a resonator depends on
the cavity length and the pumping conditions, which will be
discussed in section 3 in more detail.

Specifically, the previously presented differential equations
Eq. I are resolved for the cavity illustrated in Figure 2 by dividing
the diamond bulk into differential slabs and neglecting
dispersion and diffractive effects through the diamond thanks
to its relatively small size compared to the Rayleigh length of the
cavity modes. The pump light travels through the crystal twice,
while the Stokes orders resonate in the cavity. We only
considered here cascading up to the second Stokes order.
Computationally, the equations were solved by employing a
fixed-step finite differences method, with a grid fine enough
to accurately reproduce the temporal dynamics of the Raman
process. Regarding the boundary conditions of the diamond, in
the anti-reflection coating we assumed non-perfect behaviour so
the transmission was set to a value of 0.95. While for the uncoated
side reflected light into the resonator was calculated by the Snell
law in combination of the Sellmeier equation for diamond.
Additionally, a loss factor was applied to the re-injected light
since not all the reflected light in the uncoated surfaces
necessarily resonates back. In particular the value for the re-
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Example of the simulated depleted signal (dotted red) of a
nanosecond laser pulse (solid red), along with the calculated first
(blue) and second (green) Stokes generation.
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FIGURE 4

(A) Simulation results of Stokes output power for different
pump laser wavelengths (450 nm, 650 and 850 nm) under same
conditions and alongside a range of different pump powers. (B)
Required pump power to produce first and second Stokes
(lasing threshold) at a broad spectral range in the visible.

injected pump light was negligible and this is why we considered
that it just propagates twice through the crystal.

The simulated pumping pulse resembles the one used in the
experiments produced by a gain-switched Ti:Sa laser described in
section 4. For the simulated cavity parameters the length of the
crystal is selected to be 5 mm, the output coupler corresponds to
the uncoated side of the crystal and the high reflector concave
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mirror is assumed to be ideal (100% of reflectivity). A 50 ns pulse
is focused into the Raman medium with an intensity exceeding
0.1 GW/cm?, the
represented as a solid red line in Figure 3. Here it can also be

corresponding temporal envelope is
appreciated the depleted pump (discontinuous red line), along
with the produced first and second Stokes pulses. As the pump
pulse increases in intensity, it reaches the lasing threshold and the
first Stokes is produced. The growth rate of the Stokes pulse is fast
thanks to the small resonator dimensions, quickly depleting the
available pump. A similar dynamic is observed when the lasing
threshold for the second Stokes is reached, represented by the
pronounced depletion in the first Stokes lineshape. The fast
dynamics observed in the temporal pulse shapes are a
consequence of the relatively high losses and compactness of
our laser resonator. The resulting Stokes pulses have non-
Gaussian envelopes and a duration that is considerably
shorter than the pump pulse. Such effect was experimentally
observed also in [9].

The laser dynamics depend on the pump pulse intensity. In
order to study the energy transfer dynamics, we simulated a scan
scanned the pump power producing different cascading
conditions, as shown in Figure 4, where we compare the
produced Stokes output powers for three different pumping
wavelengths (450, 650, and 850nm) at the same pump
intensity and maintaining the spot size. It is obvious that
thanks to the wavelength dependency of the Raman gain,
Raman lasers will be more efficient at shorter wavelengths,
and they should require a lower power for reaching the lasing
threshold. Particularly, Figure 4A shows the different output
powers for the first and second Stokes orders depending on the
pumping power at different wavelengths. The first Stokes output
power is capped whenever the second Stokes lasing threshold is
reached, which is also observed in Figure 3. Figure 4B illustrates
the calculated lasing threshold of the Stokes as a function of the
wavelength. The cascading process can be optimized in terms of
necessary cavity reflectivity and pump intensity with the
relatively simple model presented here.

The spectral content of the laser pulses plays a crucial role in
the efficiency of the atomic photo-ionization process. In our
laser, the spectral properties of each pulse strongly depend on the
resonator length, round-trip reflectivity, and Raman gain. In
particular, the number of longitudinal modes and the linewidth
of each of them must be considered to assess the ultimate
performance of Raman lasers for photo-ionization efficiency
and spectroscopy applications.

3 Spectrum dependant excitation
model

The interaction of light with atomic orbitals, and subsequent
photo-ionization processes, has been widely studied in the
literature,

including the description of multi-step laser
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ionization processes [1]. The most simple and general case is
to study the two-level atom interaction. Here we will refer to the
two states as |1) and |2) with resonance frequency v,, = (E; —
E;)/h and pumping frequency vp with detuning & = vp — 7,;.
Under steady state conditions and following [26] the excited state
population p is given by

So/2

Tles a0 )8 @

p

where & is the spontaneous decay rate of state |2) and S, is the
resonant saturation parameter defined as Sy = I/Is with the
saturation intensity Ig given by

mhe

= 5)

Here Ap is the center wavelength of the ionizing laser and 7
the lifetime of the excited state. However, the calculation of p is
not taking into account the effect of the spectral content in the
ionization process. In this work, we aim at quantifying this effect
by proposing a laser spectrum-dependant excitation model.

Our simulation tool calculates the spectral overlap of defined
laser-like spectra with the spectrum produced by a heated cloud
of Sm atoms (although the same formalism applies to any atomic
species). This spectrum would have a Gaussian envelope
stretched by the Doppler broadening of the atoms ruled by
the oven temperature and given by [27].

2 kT
e \’21112—,
Cc my

where w, is the central frequency of the Sm atom transition, k is the

(6)

Aa)DoP pler =

Boltzmann constant, T is the temperature of the oven, ¢ is the speed
of light and m is the atomic mass of Sm. The Gaussian lineshape is
given by the fact that each of the atoms presents a Lorentzian natural
linewidth at a random frequency normally distributed across the
whole spectrum defined by the Doppler effect. As determined by the
central limit theorem, the summation of a high enough number of
Lorentzian lineshapes results in a Gaussian one [28]. The computed
Gaussian lineshape for Sm at the experiment temperature of 2000°C
presented a full width half maximum (FWHM) linewidth of
1.81 GHz. Which lineshape would be defined as

)
Agi (v) = € Toorri,

%

where v, is the central frequency of the transition and the
lineshape is normalized in amplitude. Note that in general, in
the excitation process, the atoms are individually ionized, and
therefore during the saturation process the spectral shape of the
absorption will vary accordingly. This is similar to what is known
in laser systems as “spectral hole burning”.

Along with the atoms spectral distribution, we also define the
spectral modes of two ideal laser sources similar to the ones
employed in the experiment, based on theoretical models [29]
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FIGURE 5

The different generated spectra for simulations, including the
Sm Doppler broadened Gaussian and the Ti:Sa and Raman laser
spectra, both presenting Lorentzian truncated modes.

and selecting envelope linewidths better matching the Doppler
broadening than the real ones. The calculated spectrum to
resemble the Raman laser behaviour was defined as a
of 64GHz FWHM linewidth with
300 MHz linewidth longitudinal modes separated by a free

Gaussian envelope
spectral range (FSR) of 2 GHz. For the laser modes modeled
here, we generated the spectrum by summing truncated
Lorentzian lineshapes, where the offset is determined by the
lasing threshold as was proposed in [30]. For comparison
purposes we generated a similar spectrum but with Gaussian
axial mode lineshapes, in order to quantify the effect of the modes
spectral distribution. Regarding the Ti:Sa laser representation,
the generated envelope had a FWHM linewidth of 3.1 GHz with
20 MHz linewidth modes separated by a FSR of 300 MHz, as we
assumed Fourier-limited modes. The resulting spectra can be
observed in Figure 5, where we present together the Gaussian
envelope for the Doppler broadened transition of the Sm atoms,
and the spectra for the Raman and Ti:Sa laser with truncated
Lorentzian modes.

To mathematically construct the laser spectrum S(v) we first
need to compute the product of the laser emission spectral
bandwidth A(v) with the cavity longitudinal modes. Since we
evaluate the spectra for two different modal lineshapes, for the
Gaussian lineshape axial modes mj; (v) we will have a resulting
laser spectral shape S°(v) of

SE(v) = A() - Y m$ (v)
j

(Y ®)

=Age ; -Ze 275
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and for the Lorentzian lineshape axial modes mJL-(v) a
resulting laser spectral shape S*(v) of

St =A@)- Y, m; ()

e s _nln ©)
Tr-) e

where y, is the half width half maximum (HWHM) linewidth of the
envelope and v the central frequency. y,,, is the HWHM linewidth of

the mode, and the central frequency of the modes is defined as v, =
vy + jAv, with j=0, 1,2 ... with Av,, equal to the corresponding
free spectral range (FSR). T} accounts for the lasing threshold of the
longitudinal modes which we take as 0.1 in our simulations.

The super-index defines the distribution employed for the
modes (G for Gaussian, L for Lorentzian), and the sub-index will
define the specific laser (T for Ti:Sa, R for Raman). Thus, SIL2 (»)
will refer to the Raman laser spectrum with Lorentzian lineshape
axial modes, whereas Sg () will refer to Gaussian lineshape axial
modes; correspondingly, Sk(v) will refer to the Ti:Sa laser
spectrum with Lorentzian and S? (v) will refer to the Ti:Sa
laser spectrum with Gaussian lineshape axial modes.

In order to compare laser pulses with the same energy, we set
IVST(V) = I,,SL(V). The relative scaling of the Raman and Ti:Sa
laser spectra is taken such max (A4(v)) = 1, meaning that the
amplitude of the spectral envelope of the Ti:Sa laser is at the
threshold for the saturation of the ionization process.

The resulting ion current is then proportional to the integral
of the overlap of the Raman and Ti:Sa lasers spectra with the Sm
absorption distribution. To calculate the excitation ratio ®g:%
approximated by the overlap we have

[ As (v) - Sg (v) dv
IVASV" (v) dv '

Ofr = (10)

To obtain a relative performance of the excitation process and
the theoretical saturation curves of each laser spectrum, a power scan
of the overlap between their spectra (SE, Sg, SIY: and S?) and the Sm
Doppler broadened Gaussian envelope (Ag,,,) was simulated. For this
computation, the amplitude of all the simulated spectra were
multiplied by a scaling factor k ranging from 0.1 to 100, which is
a broad enough range to determine the saturation point and the
behaviour of the lasers in experimental conditions, as will be seen in
section 5. All the calculations were performed over 20,000 laser
pulses with uniformly distributed v}’ values and therefore the
average results for all of the simulated pulses were calculated at
all the different powers. Note that for k values of less than 1, the
result resembles non-saturated ionization conditions, whereas for
k > 1, the saturation process starts for the Ti:Sa laser, although not
necessarily for the Raman laser.

The model agrees well with the obtained experimental data in
terms of the slope behaviour and saturation point for both lasers,
as will be shown in section 5. For our particular case, we consider
the saturation effect by capping the increment of the signal power
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Saturation curves simulated by the model based on the

overlap of the laser spectra with the Doppler Gaussian spectrum of
the Sm atoms As,,, (rate of ionized atoms) depending on the scaling
factor k that emulates the laser power.

to a fixed spectral amplitude. After computing the ionization
signal for a wide laser power range by applying a scaling factor to
the laser spectra, the laser spectral function is capped to one to
reproduce the effect of ionization saturation. We consider that
this approximation is good enough to verify the points of interest
in this work, although the effect of spectral hole burning is not
considered in this model [30]. Thus, by introducing the
aforementioned function capping [Sg,’% (v) - k] (1) (which limits
the function between 0 and 1), the rate of ionized atoms
defined in Eq. (10) will result in

[ Asn () - [SGE () - K], dv
LAS,,, (v) dv '

Ofr = (1n)

Employing Eq. 11, we can then calculate the relative
ionization efficiency for both lasers assuming Lorentzian and
Gaussian axial modes. The results using the spectra shown in
Figure 5 are depicted in Figure 6. Here, it can be seen that wider
spectral modes, as the ones generated for the Raman spectrum,
enhance by nearly a factor of two the excitation capability
of the
assumption of axial mode spectral shape. Meaning that non-

comparing equivalent laser powers, regardless
ideal, thus noisy, laser sources with broadened spectral modes are
more suitable for excitation or ionization processes based on the

spectral overlap approach presented in this work.

4 Experimental setup

In order to determine the ionization efficiency of the
diamond Raman laser, its performance was compared with
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the ionization capabilities of a Ti:Sa laser, which is commonly
used at RILIS. This comparison was carried out in a laser
ionization setup similar to the one used at ISOLDE. After
ionization of the Sm atoms with the ionization scheme and
setup depicted in Figure 7 the Sm was mass separated and the
ions detected by a Faraday-cup (FC).

The Offline-2 facility at CERN provides a testbed for the
technology to be subsequently used in the ISOLDE facility
and here our experiments took place. The frontend is
equivalent to the one in the ISOLDE facility, details about
this facility can be found in [3]. The process by which atoms
are resonantly ionized can be followed by observing
Figure 7A. The laser beams are focused into the ion
source, where a cloud of atoms is formed in a hot cavity,
which consists of a refractory metal tube, with an internal
diameter of 3 mm and a length of 34 mm, for further details
see [4]. The atoms are ionized by the photons. The produced
ions are then extracted as a beam by an extraction electrode at
a potential difference of 30 kV, and the beam is transported
through a system of ion beam optics. This beam can be
characterized by an instrumentation setup composed by a
Faraday-cup and a beam scanner. Afterwards, an isotopically
pure ion beam is obtained by selecting only the isotopes of
interest ('**Sm™) with a mass separator dipole magnet. Again,
the ion beam intensity can be obtained from measurements
with a Faraday-cup and the beam shape can be investigated
with a beam scanner set.

The laser light in charge of the ionization process is delivered
from an adjacent laser lab. The setup employed for this
experiment is depicted in Figure 7B, while the two color
ionization scheme followed to ionize the Sm atoms is
illustrated in Figure 7C. The first step transition 4f °6s> — 4f
*(6F °)5 d6s” is provided by the two different laser sources for
comparison. On the one hand, we have a frequency-doubled
grating tunable Ti:Sa laser presenting an output maximum power
of 900 mW at 433.9 nm wavelength and 10 kHz repetition rate. It
is arranged in a Z-fold geometry and the intra-cavity doubling
was obtained with a Beta Barium Borate (BBO) crystal, cavity
mirrors were conveniently coated for the operation range, for
further information see [31]. On the other hand, we have the
hemi-spherical diamond Raman cavity composed by a 6 mm
diamond crystal acting as the Raman medium and a 50 mm ROC
concave mirror. A half-wave-plate (HWP) was used to control
the polarization of the pump, a 150 mm focusing lens to pump
the diamond, and a dichroic crystal to separate the pump from
the output first Stokes. The resonator was encompassed this way
by the uncoated side of the crystal (approximate reflectivity of
17%) and the broad high reflectivity (~99%) concave mirror,
presenting a consequent FSR of around 2 GHz. The laser
presented a maximum output power of 400 mW at 433.9 nm
and 10 kHz repetition rate. The Raman laser was pumped by a
tunable Ti:Sa cavity frequency-doubled by a BiB;Os (BiBO)
crystal and producing a 1 W maximum pump power at
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FIGURE 7

(A) Sketch of the Offline-2 beam line with Sm atoms heated in the hot cavity, which are consequently ionized by a laser beam, producing a pure

ion beam after the mass separator. In the experiment the final measurements of the ions were performed in the second FC, meaning that the
elements shown in transparent depiction were not used. (B) Laser setup presenting the Nd:YAG laser for non-resonant ionization into the
continuum, the grating Ti:Sa used for generating the first step and the diamond Raman laser, pumped by the birefringent Ti:Sa, also used for the

first step. Additionally, the power control system for adjustment of the pump laser power composed by half-wave-plates and a polarizing cube is
shown. The first and second step laser beams were combined with a dichroic mirror. (C) The two steps color scheme employed for the experiment
including the resonant first step and the non-resonant second step surpassing the ionization potential.

409.3 nm. Frequency stability was equal and below 0.005 cm™ for
both Ti:Sa lasers, and consequently identical for the Raman laser.
For further details regarding the Raman resonator see [9]. Both
lasers performed separately the first resonant excitation step of
the Sm atoms. In order to be able to measure the ion production
saturation curves for these lasers, a second non-resonant step was
required. For this purpose, a high power frequency-tripled
Q-switched InnoSlab Nd:YAG laser from Edgewave © was
utilized, with a maximum power of 10W at 355nm
wavelength. The output was synchronized in time and
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optimized for each of the two lasers to be able to suitably
perform the ionization scheme presented in Figure 7C.

The beam characterization was performed by measuring on-
line the center wavelength and linewidth (of the spectral envelope
of the modes) of the lasers using a HighFinesse/Angstrom WS/6
'. The
obtained data was checked by measuring the generated ion

wavemeter with a resolution better than <0.066 cm™
current while performing a frequency sweep, obtaining the

resulting linewidth of the convolution between the lasers’ and
the transitions linewidth, since the measurement was taken below
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FIGURE 8
Normalized values of the measured ion current for the
Raman and the Ti:Sa lasers depending on the output power of
each laser along with their corresponding fits and the obtained
saturation point.

the saturation point. In addition, the spot size of each laser was
measured by utilizing a Basler acA1920-40 gm CMOS camera and
post-analysis of the image.

5 Results

As mentioned before, in this experiment ion beams were
produced by using the presented two lasers in combination with a
frequency-tripled Nd:YAG laser. The generated ion current of
'*Sm ions in the Faraday-cup was measured for different output
powers of the Raman and Ti:Sa resonators within a range of
~0.15-100 mW. The obtained results are depicted in Figure 8,
along with their corresponding fits.

For comparison purposes and to corroborated the
mathematical model presented here, it is known from the
literature [32] that the measured ion current F(p) in an

ionization process can be approximated as

F(P)OCIO +C1 +C2P, (12)

1
1+ (P/Ps)
where p is the absorbed laser power, Pg the saturation power, I,
the background ion current, C; is a constant and C,P the linear
term for the non-resonant photo-ionization contribution. Which
for our measurements I = 339.4 for the Raman fit, I, = 158.1 for
the Ti:Sa fit, C; = —329.7 for the Raman fit, C, = —154.7 for the Ti:
Sa fit, Pg=13.54 mW for the Raman fit, Pg = 13.97 mW for the Ti:
Sa fit, C, = 0.0286 for the Raman fit and C, = 0.2566 for the Ti:Sa
fit. The obtained curves follow the predicted behaviour in the
simulation as can be observed in Figures 8A,B. However, the

measurements were performed under unstable conditions,
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Measured spectra for the excitation of the transition while
performing a frequency sweep with the Raman and Ti:Sa lasers
wavelength and the resulting linewidths for both convolutions.

meaning that the obtained values for each laser can not be
compared in terms of absolute ion current. Charging and
discharging effects of the ion optics could be observed
through instabilities in the delivered ion beam, leading to the
total ion current changing over time. This problem has been
possible to solve only after the experiment, meaning that the total
observed ion current in each of the data sets is different. The
dataset depicted here was selected among multiple different
measurements, as it presented the smallest deviations between
the first and last point measured at the same power of the laser for
which the saturation was measured. Thus, for comparison
purposes we normalized the obtained data by the maximum
ion current measured ofr each laser as can be seen in Figure 8.
The values obtained here and in the fits parameters provide then
comparable information, as the saturation power Pg is
independent of the absolute measured ion current. The
presented results not only demonstrate that the diamond
Raman laser is a suitable tool for efficient photo-ionization,
but the performance is at least comparable to the current
technology. To provide further evidences about the spectral
advantage that the model suggests, additional research is
required under more stable conditions with constant ion
beam intensities.

Regarding the spectroscopic measurements of the Sm
transition line using both lasers, Figure 9 shows a comparison
resulting from frequency sweep scans, representing the
convolution between the lasers’ spectral envelopes and the Sm
transition’s linewidth. For Gaussian linewidths the total
measured linewidth is approximately y, = ‘,Awlzjoppler +9y2
Which is 8.3 GHz for the Raman convolution, this is around
8.1 GHz for the Raman linewidth and 5.9 GHz for the Ti:Sa
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convolution, meaning that the laser linewidth itself is around
5.6 GHz.

Moreover, the model assumes that the beam spot size is
identical for both laser sources. The ion current was optimized
for each of the laser beams by optimization of the focal position
inside the ion source. The spot size measurements showed that
when removing the ion source after the experiment and placing
the camera in the same position, the spot size of the Raman laser
was around 50% bigger than the Ti:Sa in the horizontal axis.
Nevertheless, the area of interaction is smaller than both beams
spot size (3 mm of interaction against over 5 mm of beam size),
meaning that performing a fair comparison of the ionization
efficiency for both lasers, within the experiment and with respect
to the theoretical results, is more complex. In spite of these
difficulties, the results appear to be promising and suggest that
the presented simple model is a convenient tool for laser source-
selection and optimization of their spectral characteristics.

6 Conclusion

In this work we consider the aspects that affect diamond
Raman laser performance as resonance ionization sources for ion
beam production. We presented two mathematical tools that try
to bring some detailed explanation into what was observable
during not only this experiment, but also previous studies. The
main results are the demonstration of the wide and continuous
tunability of these kind of lasers, which at the same time preserve
the pump’s spectral linewidth and exhibit a theoretically more
convenient modal distribution for atomic photo-ionization than
some other conventional sources. These findings could in
consequence lead to a consideration of alternative photonic
sources for nuclear and quantum applications which are
better matched to the requirements of excitation of the
electronic transitions.

The herein presented models show that laser cavities with
broader spectral modes, which have specific spectral features that
have an impact in the efficiency of resonance ionization
processes. This is due to the fact that the better the spectral
overlap with the transition is, the better the excitation capability
becomes, suggesting that a rather noisy pulse will better match
the Doppler-broadened transition than a source with a cleaner
spectral profile. Since the modal lineshape is broadened and the
effective overlap area is increased. This is particularly appreciable
when ionizing in the saturation regime, where the spectral
overlap integral is two times higher for the proposed noisy
spectrum than the cleaner one. The Stokes generation
simulator provides useful designing approaches for Stokes
generation and cascading efficiency maximization, such as the
optimal pump polarization angle or the most suitable parameters
to reduce the lasing threshold.

In fact, the presented results provide useful information for
the design of optimal Raman resonators, as key parameters to be

Frontiers in Physics

116

10.3389/fphy.2022.937976

considered when efficient Stokes generation and cascading are
desired have been proposed. Moreover, parametric simulations
such as the ones depicted in section 2, suggest that it is overall
more efficient to perform frequency alterations, like frequency
doubling, to the pumping light rather than to the Raman shifted
output, which is an important aspect to consider when
developing a Raman laser system.

The experiment showed that the presented hemi-spherical
diamond Raman cavity followed the models predictions, being
able to efficiently ionize Sm atoms. Since the Raman laser can
extend the Ti:Sa laser spectral coverage while preserving the
linewidth and its continuous tunability, the technology serves as
an all-solid-state solution to less convenient laser sources for
nuclear and atomic experiments. Moreover, the results suggest
that the overall ionization performance of the current light
sources can be improved by selecting light sources with
particular spectral properties, meaning that other fields such
as quantum technologies, could benefit from this enhancement.
Particularly, its spectral properties could improve the fidelity of
the quantum states of ions as it can perform atomic excitation
with higher probability. The technology can also bridge in a
simple manner the gap between 450 and 650 nm, which is
otherwise hard to reach by using other available solid-state
light sources based on nonlinear frequency conversion.
Allowing atomic manipulation of desired isotopes like '**Ba*
[21] in a simplified way. In conclusion, this work provides
evidence of the capabilities of diamond Raman lasers in the
field of efficient resonance photo-ionization.
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