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ABSTRACT

We propose a model explaining polarization effects in laser-induced plasma lasers (LIPLs) of the 13th group elements, pumped by a linearly
polarized laser beam. The model is based on considering optical transitions between magnetic sublevels involved in the pumping-generation
cycle. The model reproduces experimentally observed LIPL polarization features under the np 2Py, 3/, — n's 2Sy,, pumping. On the other
hand, polarization-resolved collisional-radiative modeling appears to be required for a quantitative explanation of the LIPL polarization

when the np 2Py, 3, = n'd *Dy;, pumping is used.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031063

I. INTRODUCTION

The lasing effect was demonstrated in laser-induced plasmas
(LIPs) of elements from the 13th and 14th groups as well as Ca, Ti,
Zr, Fe, Cu, Ni, and V plasmas.l’3 The unique generation mecha-
nism of LIP lasers (LIPLs) allows one to study a variety of LIP
properties and fundamental laser plasma physics problems.

LIPLs based on elements from the 13th group having small
spin-orbit splitting of the ground term (Al, Ga, In) under resonant
pumping from the ground-term levels (np 2Py, and np *Ps,), lase
according to the three-level scheme (transitions ns %S, n p P
or ns 28y, — n'p 2p,,,.'~® Thallium (Tl), the heaviest element of
this group, possesses a large spin-orbit ground-term splitting
(about 1eV) and generates differently from other 13th group ele-
ments.” The generation scheme for Al LIPL is presented in Fig. 1.
The scheme does not include infrared direct generation from
55 28, to combined 3s° 4p ’p, /2:372 and 3s% 3d 2D3/2;5/2 levels.® The
inverse population of the upper lasing levels is created through a
cascade of collisional and radiative processes from higher excited
states (the curved dashed lines).”” It was also shown that pumping
from np 2Py, leads to unpolarized radiation while pumping from
np 2Ps/, leads to a strongly polarized generation with a degree of
polarization (DOP) and the polarization direction dependent on
the pumping transitions.” For example, in Al LIPL (Fig. 1),
pumping 3p 2P, — 55 281, (266.039 nm) leads to generation at
396.15nm with DOP = 1 and the polarization vector Eg parallel to

the pumping light polarization E,, while pumping to 3d *Dsss/»
(309.28 nm) leads to the same generation wavelength but with
E, L E, and DOP = —0.7.” A similar effect of polarization conser-
vation in collisional processes was found in the generation of the
optically pumped alkali atoms lasers.””"" The Tl LIPL generation is
not polarized at all.”

The effects of LIPL polarization were studied in the absence of
an external magnetic field and were also manifested in polarized
stimulated emission (SE) in the absence of an optical resonator.' ™

A previous study’ proposed that the observed polarization
effects were caused by self-generated electric and magnetic fields,
which break the magnetic sub-level degeneracy.''”™” Here, we
present a different model, based on fewer assumptions, explaining
the polarization that considers magnetic sublevels m in the
pumping-generation cycle.

Il. EXPERIMENTAL SETUP

The experimental setup is similar to that described else-
where"*” and is schematically shown in Fig. 2. In brief, a transverse
pumping scheme is used.

5% 20 x 2mm° metallic aluminum (Al), indium (In), gallium
(Ga), and thallium (T1) as TIBr crystal (KRS-5)) samples were
placed inside flat-flat optical resonator. The Al coated mirrors are
used. The rear mirror has a 99.9% reflection, and the output mirror
has about 10% reflection. The resonator was optimized for
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FIG. 1. A simplified scheme of the Al LIPL pumped at 265.30 nm, 266.04 nm,
308.20 nm, and 309.28 nm. The navy blue and blue arrows indicate pumping
from the ground-term 3p 2p,, and 3p 2p,, levels, respectively (the spin-orbit
splitting 0.014 eV). The black dashed arrows designate collisional transitions,
leading to a population of the 4s Sy, level, from which a lasing occurs to the
3p 2Py or 3p 2Py, levels (the dashed navy blue and blue arrows, respectively).

maximal lasing output. Nd:YAG 1.06um laser (LQ215-D,
(pulse duration about 7 ns, pulse energy from 40 to 90 m]/pulse)
produces a plasma strip of about 5mm in length and 0.5 mm
diameter (irradiance from 1.5 to 3J/cm?) on a sample surface
through a cylindrical lens. After a delay of 5-10 us, (depending on
the sample used), the plasma plume is pumped by an optical para-
metric oscillator (OPO) (RADIANT 355 LD-UV, 5 ns duration, the
spectral linewidth is about 5 cm™, irradiance on plasma plume of
about 0.1 J/cm” at resonant wavelengths of the plasma species. The
plasma electron temperature T, and electron density n, reach about
5000 K and 10'®cm™, respectively, at this time.”’ Unlike the
previous experiments, the plasma radiation is transmitted to the

1.06pm Laser beam

OPO Pumping beam
Al Flat
mirror
Al R=10 %
Mirror
R 100%

Sample

Plasma strip

FIG. 2. Experimental setup.
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Shamrock SR 750-A spectrometer (grating 2400 1/mm), equipped
with a fast ICCD camera (Andor DH320-18U-03) through a custom
fiber bundle (round (SMA) to the ferrule (sleet) with a 500 um core
and 1 m length). It was checked that the fiber also works as a polari-
zation scrambler to eliminate spectrometer-induced polarization
effects. The spectral and time resolution is about 0.01 nm and 1.5 ns,
respectively. The line polarization is measured using the Thorlabs
GL-10 calcite polarizer, placed before the optical fiber entrance. The
DOP is defined as DOP = (I;;—1,)/(I;; + I, ), where I;; and I, are the
generation line intensities with E, parallel and perpendicular to Ej,
respectively. A A/2 plate alters the direction of the pumping polariza-
tion vector. The geometry of the polarization measurements is
shown in Fig. 3. There, k;, and kg are the pumping, and LIPL beams
wave vectors, respectively, E, and E, are the pumping and generation
polarization vectors. The yellow cylinder is the plasma plume above
a sample surface.

lll. RESULTS AND DISCUSSION

As mentioned above, the upper lasing levels’ population inver-
sion is formed by collisional and radiative processes from the
pumped levels.”” For Al LIPL, e.g., these levels may be 5s S, 3d *D,
or 4528 (see Fig. 1). On the other hand, the plasma density is too
low for efficient mixing of the ground-term 2p,,, and 2Ps, levels
(see also Ref. 15). Therefore, it is evident that a resonant pumping
from the *Py,, level will leave *P;, strongly populated, and vice
versa. Accordingly, the lasing can occur only for transitions to the
same level from which one pumps as indeed, it has been experi-
mentally observed.' ™

The following discussion is for Al LIPL; however, the same
considerations apply to the other 13th group elements as well.
Tl needs some additional considerations and will be discussed
in Sec. III C.

It was found that any resonant pumping from the ground
level 3p >Py,, leads to generation at 394.40 nm, which is not polar-
ized (DOP = 0), while pumping from the 3p >Ps/, level leads to gen-
eration at 396.15 nm, the DOP of which depends on the pumping
transition and its polarization direction.” Figure 4 presents exam-
ples of the Al LIPL generation line spectra, measured under
pumping at 266.04 nm (a) and 309.28 nm (b). In both cases, black
lines are the generation with E, parallel to the E,, and red lines are
the generation with E, normal to the E,,.

Table I lists measured DOP of Al LIPL for parallel (DOPy)
and normal (DOP,) direction of the pumping light polarization
vector E,, relatively to the lasing direction k,. Line notations are
taken from Refs. 16 and 17.

The polarization effects can be explained, considering magnetic
sub-levels and assuming they practically do not mix due to collisions
with the plasma electrons during the pumping -generation cycle.

From now on, we assume the quantization axis to lie
along with the polarization of the pumping laser E, (Fig. 3).
Figure 5 shows Al energy levels, including the magnetic sub-levels
(it must be emphasized that there is no actual Zeeman splitting; the
magnetic sub-levels are shown separately for the sake of clarity.
The 7 and o polarizations are due to transitions with AM =0 and
AM==1, respectively. Here, M is the projection of the total
angular momentum J.
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FIG. 3. The polarization measurements’ geometry with the pumping beam polarization vector E, normal (a) and parallel (b) to lasing direction vector k. The yellow

cylinder is the plasma plume.

A. Pumping polarization vector E, normal to the
lasing direction kg

Let us start with pumping from 2Py, [see Fig. 5(a)], which is the
simplest case to consider [experiments geometry is shown in
[Fig 3(a)]. Indeed, the entire 2p,, will be depleted, through the
*Pua; —12 = “S1s3; —172 OF *Pyjp,0/2 = “Depayy (for brevity, not shown in
the figure), and similarly for the negative M’s: 2Pi —1p = 2S1 —12s

etc. (AM =0 transitions). Hence, 2P1/2, w1 and 2P, J2, —172 are equally
depleted, i.e., there is no preferred directionality in the system, and
the lasing may occur with any polarization (DOP =0). In other
words, there should be no polarization. It is exactly what is
observed in the experiments (see Table I).

We now consider pumping from np *Ps/, to n' s %Sy, with
lasing from n” s %Sy, to np *Ps, [Fig. 5(b)]. In this case, *Psj; 1172

35. (a) Al LIPL; Pump 266,04 nm 10 (b) Al LIPL; Pump 309.28 nm
3,0 —EIlE,
- ; 8 e Eg ] Ep
3 2,5 g EyJ'Ep
2 2 g
= 2,0 7]
2 c
o 3
T 1,54 =
— ’ - 4 -
1,0 -
24
—/N
0,5
395,5 396,0 396,5 397,0 395,5 396,0 396,5 397,0

Wavelength (nm)

Wavelength (nm)

FIG. 4. Example of the Al LIPL generation line: (a) pumping 266.04 nm and (b) pumping 309.28 nm. Red curves Ej are normal to Ej, and black curves Eg are parallel to Ep,
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TABLE I. Polarization of the Al | LIPL for the pumping polarization vector E, normal (DOP,) or parallel (DOPy;) to the lasing vector kg, 2D.,, means closely spaced 2Dy, and

2Dsyy levels.
Polarization
Pumping transition, wavelength (nm) Lasing transition, wavelength (nm) DOP, DOPy;
3p 2P3y), = 65 28y, 237.84 45 %81/, = 3p *Ps35 396.15 0.8 No generation
3p 2Py, — 4d *D*), 256.8 45 28y, = 3p %Py, 394.4 0 0.0
3p 2Py, — 4d 2D*;, 257.51 4528, = 3p 2Py, 396.15 —0.6 0.0
3p 2Pyjy — 55 28y, 265.25 45 %Sy, = 3p *Py 5 394.40 0.0 0.0
3p 2Py, — 3d 2Dy, 308.21 45 281, = 3p *Py, 394.40 0.0 0.0
3p *P3/, — 55 281/, 266.04 45 %81, = 3p %P5 396.15 1.0 No generation
3p 2Ps, — 3d *D*), 309.28 45 %81/, = 3p *Ps3; 396.15 —0.7 0.0

become depleted through the np *Psj; s10—=# s 2Sis 212
pumping, while np *Ps,, 13/, remain populated. In principle, there
could be lasing with the linear polarization CSi2, 212 = 3p2P3/2; £1/2
AM=0) and the circular ones (*Si5. s10 = “Psj, w120 AM=%1).
However, each circularly polarized photon would be absorbed through
the 2P3,2’ 32— 251/2, +172 processes. Thus, only the linearly polarized
(AM = 0) photons survive and lase. The polarization degree is indeed
close to unity in the corresponding experiments (see Table I).

Finally, let us discuss the scheme with pumping >Ps, to
2D3/2,5/2 (hereafter D, ,,) with the lasing occurring from <S;/,
to — 2Psy; it is the most complicated case.

At first glance, it appears that there should be no polarization
at all since all *Ps, projections should be depleted through
2P3/2, ¢1/2—’2D*/2, +1/2 and 2Ps/z, +3/2 —’ZD*/z, +3/2- However, we
need to consider the “next order” corrections, namely, excitations
and de-excitations due to the plasma electrons (which, besides,
might be preferably oscillating in one direction due to the laser
field present, further breaking the symmetry).'® This effect is well
known in x-ray lasers.”™' A detailed polarization-resolved

collisional-radiative (CR) model is likely required to explain the
observations in this case.

CR model should account for multiple levels of the neutral
and at least singly ionized charge state of the atom, with all levels
resolved to their magnetic sub-levels in order to account for polari-
zation effects to be inferred. The atomic processes accounted for
must include electron impact excitation and de-excitation, electron
impact ionization and recombination, radiative recombination, and
radiative decay (including stimulated one in the presence of the
pumping laser field and later, the LIPL radiation). Also, collisions
with the heavy particles (neutral atoms and ions) are likely very
important in relaxation of the atomic state alignment by mixing
magnetic sub-levels belonging to the same level.”” Furthermore, the
motion of the free plasma electrons in the laser field’s presence
acquires a directionality, which in turn introduces alignment effects
in the atomic level populations on its own. Building such a compre-
hensive computational model is a formidable task, which is beyond
the scope of the present study. There are no existing general-
purpose CR codes with all the features listed above implemented to

a) b)
’s
12 S —— +1/2 S1/2 - - +1/2
- - -1/2 - — - -1/2
’s \ ! 2 ! :
12 —t= 112 S ek 4112
‘ I L —1/2 | L | L} '1/2
I | (I
! [
o y! 1! +3/2
2 . T 3
Py, L ' +1/2 Py < T 1 L4172
y | ~ 12 iy T— 12
T m® o = n o= 32

FIG. 5. Energy schemes for pumping from 2Py, (a) and 2Py, (b), including the magnetic sublevels. The red lines are the (z-polarized) pumping, and the blue solid and
dashed arrows are the 7 and o* circularly polarized generation, respectively. The blue dashed curves are the collisional processes.
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TABLE Il. Polarization of In LIPL when pumping polarization vector Ej, is normal (DOP,) to the lasing direction vector k, direction.

Pumping Lasing

Transition Wavelength (nm) Transition Wavelength (nm) Polarization DOP
5p Py — 85 %Sy 246.01 65 %Sy, — 5p *Pijp 410.17 0.0
5p %Py, = 6d *Ds)s 256.01 65 %S1, = 5p *Pyja 410.17 0.0
5p 2Py — 75 2Sin 275.39 65 281, — 5p 2Py 410.17 0.0
5p 2Py — 5d *Dss 303.93 65 281/, — 5p 2Py 410.17 0.0
5p >Ps; — 85 %Sy, 260.17 65 %Sy, — 5p *Ps)y 451.3 1.0
5p *P3, = 6d Dy 271.39 65 %S1/,—= 5p *Pspa 451.3 -0.9
5p %P3, — 6d *Dsys 271.03 65 21/, — 5p *Ps)s 4513 0.75
5p %P3y — 75 Sy 293.26 65 %Sy, — 5p *Ps)y 451.3 1.0
5p P35 = 5d *Ds)y 325.86 65 %Sy — 5p *Ps)y 4513 —0.85
5p *Ps;, = 5d *Dss 325.61 65 *S1/, = 5p *Ps)a 451.3 —0.65

the best of our knowledge. We hope the experimental results pre- polarized pumping. Table II lists measured DOP, of In LIPL for

sented in this study will serve as an incentive to implement such a the pumping light polarization vector E, normal to k.

model, which will certainly be important for analyzing radiation’s We note that the lasing polarization properties are retained even

polarization properties in the course of laser-matter interactions in when pumped to higher S;,, or *D.,, states (see Tables I and II).

a broad context. Apparently, during the longer times required for forming the inver-
sion population through a cascade of collisional-radiative processes in

B. Pumping polarization parallel to the lasing this case, the ground-term levels remain aligned.

direction

It has been found that in this geometry [see Fig. 3(b)], similar
to the normal pumping discussed above, pumping from the 3p *P;/, vV — 8s 2S12
level leads to an unpolarized generation at 394.40 nm. However, ¢
when pumping 266.04 nm (3p 2P3/2 —5s5 25,,,), the lasing entirely
disappears, while pumping at 309.28 nm (3p 2Ps, — 3d *D.y,) the
generated light is unpolarized. 4

In the case of pumping from 2P, ,, the same as in Sec. III A,
considerations apply, with no polarization expected.

For pumping from 2p,,, to 28, and lasing from 28/, to
%P5, we again repeat the same arguments as in Sec. Il A.
However, the quantization axis is now the same as the laser beam 3
propagation direction. Since a photon may have only M=+1
projection in its direction, it immediately follows that there
should be no lasing at all. In fact, for the very same reason, it can
be concluded that for any combination of the pumping and 2
lasing transitions, only AM =+ 1 transition would emit photons
propagating along the line of sight in this (pumping parallel to
the lasing direction) configuration. If everything is perfectly
aligned, there should be no difference between AM=+1 and 1
AM =-1, and thus, the lasing should be unpolarized when
allowed at all. Indeed, this is observed in our experiments. This
concludes the discussion of Table I.

C. Other species from the 13th group 0 > 652
S ns
It must be emphasized that all considerations above are valid 6s np
only for small spin-orbital splitting A;¢ of the ground np levels
(n=3, 4, and 5 for Al, Ga, and In, respectively), such that A;g« T, FIG. 6. A simplified scheme of the lasing levels of Tl LIPL pumped at 258 nm.
under our experimental conditions. For these elements, the ground- The solid arrow is the pumping transition starting from the ground 65 3p P,

level. The curved dashed arrows are collisional transitions. The dashed blue

2 .
term “Pyj,; 3/, levels are about equally populated, which prevents arrows are the generation to the 3p 2P;, and 3p 2Ps;, ground levels.

the o generation in n's 2812 — np2P3/2 transitions under linearly
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In the case of In LIPL, we were able to pump 5p *Ps, — 6d
’Dsy,, and 2Dsy, separately. It is found that in In LIPL under the 5p
2p,,, = 6d *D., pumping, the DOP sign changes from (—) to (+).
It needs additional theoretical considerations on the base of the CR
model.

However, in the Tl atom case, the ground configuration
splitting is significant (4.5 =0.98 eV, see Fig. 6), and, therefore,
the 6p °Ps, states are populated very weakly. Consequently,
pumping 6p 2p,,, — 8s 281, (258.00 nm) leads to direct generation
85 281/, = 6p 2Py, (323.97 nm), and 7s 28/, — 6p *Ps, (535.05 nm);
this is a four-level lasing scheme. By repeating arguments in
Sec. 111 A, all magnetic sublevels of 6p >P;,, are equally depopu-
lated, and the reabsorption of the ¢* photons, contrary to the Al
LIPL, is absent. Therefore, according to the proposed model,
both generations should not have been polarized, and it is exper-
imentally confirmed.

IV. CONCLUSIONS

We studied polarization properties of the 13th group (Al, Ga,
In, and T1) LIPLs, pumped by resonant, linearly polarized light
pulses in the absence of the external magnetic field. Measurements
were done in the transverse pumping geometry with the pumping
beam polarization E, normal or parallel to generation direction k.
For atoms with the spin-orbit splitting A;s « T, (Al, Ga, In) genera-
tion occurs according to the three-level generation scheme. The
polarization effects were explained, considering magnetic sub-levels
and assuming that they practically do not mix due to collisions
with the plasma electrons during the pumping-generation cycle.
The absence of the polarization in the generation #'s 28/ +1/> = np
’p 12,4172 under the pumping np ’p 1/2,#1/2 ™ n' s Sizx1/2 18
explained by equal depletion of the magnetic sublevels of np Py,
by the linearly polarized pumping light and equally probable
transitions to these sublevels, giving m and o generation
and as a result nonpolarized generation. Accordingly, pumping
np Py, w172 s32 = 1's “Sipa, 1172/ leaves the 2P, 13, states fully
populated, preventing the o* transitions (°Sis, 1172 = “P3zs1/2
AM=AM=%1) due to the self-absorption. As a result, only =
polarization transitions (251/2, i1/2—>3p2P3,2, +12 AM=0) lase.
The absence of polarization in the Tl LIPL generation, predicted
by these considerations, confirms the proposed model in the Al,
Ga, and In LIPL. Polarization properties of the 13th group

ARTICLE scitation.org/journalljap

elements pumped to the 2D.,, states need additional theoretical
consideration, likely requiring a polarization-resolved collisional-
radiative model.

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material.
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