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Stimulated emission (SE) induced by pulsed two-photon excitation of the 6p’[1/2]y, 6p’[3/2]2,
Tpl1/2]o, Tp[3/2]>, and Tp[5/2], states of the Xe atom has been studied. Spectra of SE were recorded
in the 800-3500 nm region, which covers the 6p’, 7p — 75 (2500-3500 nm), 6p’, 7p — 5d (1000-2000
nm), 7s — 6p (1200-1900 nm) transitions, as well as the near-IR 6p — 65 (800—1000 nm) transitions.
It is shown that excitation of the 7p states results in radiative cascade via the 7s states, 7p — 7s
— 6p, although at least one case of cascading via the 5d states is also observed. Spectra of SE induced
by excitation of the 6p’ states are dominated by the 6p” — 6s’ transitions in the near IR and the 6p’
— 5d[1/2]; — 6p[1/2]; — 65[3/2]; cascade; the 6p" — 7s — 6p cascade is also observed, although the
secondary 7s — 6p emission is rather weak in comparison with excitation of the 7p states. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4977522]

I. INTRODUCTION

Laser excitation of atomic gas near a dipole-allowed two-
photon transition creates favorable conditions for the occur-
rence of various nonlinear optical effects. Typically, one or
more excited states of the atom are lying below the two-
photon pumped state and are coupled with it by strong dipole
allowed transitions. At sufficiently high concentration of the
two-photon excited atoms, the light spontaneously emitted
along the direction of laser beam (including in the opposite
direction) is amplified in the medium. Amplified spontaneous
emission (ASE) may cause significant transfer of the pop-
ulation from the laser-pumped state to lower lying states.
Two-photon excitation may also induce various parametric
processes, including four-wave mixing (FWM), stimulated
electronic Raman scattering, and stimulated hyper Raman scat-
tering (see, in particular Ref. 1 and the references cited therein).
In contrast to ASE, which requires tuning the laser at the
two-photon resonance to create a population inversion, para-
metric processes occur when the laser frequency is detuned
from the two-photon resonance. Another nonlinear process,
which commonly accompanies two-photon excitation, is pho-
toionization. This occurs due to the high density of photon
flux needed for two-photon excitation. Photoionization is espe-
cially efficient when the ionization potential of the two-photon
excited state is less than the photon energy, i.e., the exited
atom is ionized by absorbing one photon. The presence of
photoelectrons at sufficiently high concentrations may sig-
nificantly influence the nonlinear properties of the gaseous
medium.
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This study concerns the generation of highly directional
emissions in Xe gas induced by two-photon excitation of the
Xe 6p’ and 7p states (Xe energy levels diagram is given in
Fig. 1). Further in the text, this emission is called stimulated
emission (SE) without specifying its nature which could be
ASE or Raman or a mixture of both (see below). The first
observation of the SE effect in Xe was reported in Ref. 2. Irradi-
ating a cell containing Xe gas at a pressure of 20 Torr with ArF
A =193 nm and XeF A = 351 nm lasers, the authors observed
stimulated 6p[1/2]p — 6s[3/2]; emission at A = 828.0 nm (the
combined energy of the A = 193 and 351 nm photons matches
the 6p[1/2]p energy). In Ref. 2 Xe gas was excited laterally. The
length of the volume containing excited Xe atoms was deter-
mined by the length of the rectangular laser beams (2.9 cm). In
subsequent studies>* the 6p[1/2]y state was excited with the
use of tunable frequency doubled radiation of a dye laser prop-
agating along the gas cell axis which provided a longer vol-
ume containing excited atoms. Kartazaev? reported stimulated
emission at 828 nm in the backward direction. Rankin et al.*
recorded the 828 nm emission in both backward and forward
directions and observed a linear correlation between emission
intensities. Measurements of the ratio of the backward emis-
sion energy to the forward one gave a value of 0.4 with a factor
of two uncertainty. The maximum intensity was observed when
the laser frequency was tuned exactly at the two-photon reso-
nance. The authors concluded that this bidirectional emission
most closely corresponded to properties of ASE, although the
pressure and power dependences of the signal were some-
what different from theoretical predictions. Their study also
reported on the observation of emission propagating at some
angle to the laser beam (conical emission) upon detuning
the laser frequency by 4-5 GHz to the blue side from the
resonance.

The studies discussed above>™ were concerned with the
low lying 6p[1/2]p two—photon resonant state. A detailed study
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FIG. 1. Diagram of Xe atom levels. States are designated in the jl-coupling
notation, nl[K];, where K =j(5p5) +[(nl), J = K + 1/2, and the projection of
the angular momentum of the ion core equals to j(5p°) = 3/2 or 1/2; the j(5p°)
= 1/2 states are labeled with prime. The n/[K]; designation of some 7p states
and all 6d states is omitted because of congestion. The main SE pathways
from the 7p and 6p’ states are shown by solid and dashed arrows, respectively.

of stimulated emission induced by two-photon excitation of
higher lying 6p’, 7p (see Fig. 1), 8p, and 4f states was reported
by Miller.! Spectra of SE induced by excitation of the 6p’ and
7p states displayed direct transitions from the laser excited
states, 6p’, 7p — 6s in the visible and 6p’ — 6s’ in the near
IR region, as well as 6p — 6s transitions in the near IR. The
number of the 6p — 6s lines in the spectrum greatly varied
for different laser-excited states. For example, in the case of
6p’[1/2]p the spectrum of SE displayed seven 6p — 6s tran-
sitions, whereas only one such transition was observed upon
pumping 7p[5/2],.

The presence of the 6p — 6s lines in the SE spectra is
evidence of radiative cascade via 7s or 5d states acting as
intermediates, 6p’, 7p — 7s5(5d) — 6p — 6s. These transi-
tions are in the IR region and were not studied in Miller’s
work because the sensitivity region of the registration system
spanned the visible and near IR (up to A ~ 950 nm). Some of the
results obtained by Miller pointed to more complex radiative
routes. In particular, SE spectrum following excitation of the
6p’[1/2]y state displayed 6p[5/2]3 — 6s[3/2], line at 882 nm;
as noted by Miller, coupling 6p’[1/2]p with 6p[5/2]5 requires
a cascade of four transitions via intermediate 6d, 7p, and 5d
states, 6p’[1/2]g — 6d — Tp — 5d — 6p[5/2]3.

If the spectral width of the laser is larger than the width
of the two-photon resonance, laser excitation can simultane-
ously induce ASE and parametric Raman emission. Such an
effect, in particular, was observed for the 6p[1/2]y — 6s[3/2];
emission at 828 nm excited by two-photon pumping of the
6p[1/2] state.>® Experiments showed that the intensity of
the 828 nm emission in the forward and backward directions
displays different dependencies on laser power and xenon pres-
sure. Excitation spectra of the forward and backward emissions
were different t00.% The excitation spectrum of the forward
emission has a larger spectral width and displays a dip at the

J. Chem. Phys. 146, 094304 (2017)

frequency of the two-photon resonance. The explanation for
the different behavior of the forward and backward emissions
is that the latter is ASE while the forward emission is a mix-
ture of ASE and parametric emission. In fact, the parametric
emission at A = 828 nm in the forward direction does not lead
to population transfer to the 6s[3/2]; state but is accompa-
nied by Vac UV emission in the proximity of the 6s[3/2],
— 5p® resonance transition at 147 nm. The nonlinear processes
of this type, known as parametric (degenerate) FWM, 2hv
— hv; + hvy, where v; is the frequency of the transition
from the two-photon excited state to an intermediate state,
and v, is the frequency of the transition from the intermedi-
ate state to the ground state, are well studied for alkali metal
vapors (for example, Refs. 7-9 reported recent studies of this
effect in Rb with the use of various excitation methods). Only
a few studies of this parametric effect have been performed
in rare gases. Vac UV emission has been reported'®!! upon
excitation of Xe gas by a femtosecond KrF laser. The prox-
imity of this laser wavelength, Ag,r = 248.5 nm, to the wave-
length of the 6p[1/2]g < Sp6 two-photon resonance, 249.6 nm,
greatly enhances the cross-section of the FWM process. Test
experiments aimed at observation of the 6p[1/2]g — 6s[3/2];
— 5p° transitions, A = 828 and 147 nm, respectively, upon
pumping Xe 6p[1/2]y were also performed in Ref. 6. These
experiments required the use of a vacuum monochromator to
separate Vac UV light from the exciting laser emission. Still,
strong stray laser light was a complication. It appears likely
that excitation of Kr 5p[1/2]p would lead to generation of Kr
(5s[3/2]) — 4p6) emission at 124 nm. Owing to its simplic-
ity, such a source of Vac UV emission may be of interest for
several applications. However, a systematic study is needed
for evaluating the conversion efficiency and finding optimal
conditions.

Along with the parametric emission, ASE is also of inter-
est for several applications. ASE from two-photon excited
states has been proposed and successfully used for the pop-
ulation of atomic states that are otherwise difficult to access
optically due to technical reasons or restrictions imposed by
selection rules.® The ASE method was used to populate the Xe
6s[3/2]1,%1%14 Xe 657[1/2]1,0 Xe 5d[3/2];," and Kr 55[3/2],'°
resonance states in mixtures with foreign gases for kinetic stud-
ies. ASE on the 5p[3/2], — 3d[5/2]3,3d[3/2],, and 5s[3/2] IR
transitions in Ar has been suggested (although not observed
directly) as an explanation of a fast population transfer fol-
lowing optical excitation to the Ar 5p[3/2], state from Ar
4s[3/2]1; the resonance state was excited in an electric dis-
charge.!” Tt is relevant to mention in this context the recently
proposed optically pumped rare-gas metastable laser.'® The
population inversion in this device is created by optical excita-
tion of metastable Rg (ns[3/2],, n =4, 5, and 6 for Ar, Kr, and
Xe, respectively) atoms (generated in an electric discharge)
by an array of diode lasers into a higher lying np-state fol-
lowed by collisional relaxation to the lowest np[1/2]; level,
which decays radiatively to the ns[3/2],, states. Another area
of applied interest specifically to studies of optical processes
induced by two-photon excitation of Xe concerns the use of
this gas as a propellant for electric spacecraft thrusters. Two-
photon excitation has been used as a technique for diagnostics
of the thruster plume plasma.'®
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In this work we report on a study that was mainly aimed
at establishing intermediate states involved in the cascading
SE effect resulting in 6p — 6s emission upon excitation of
the 6p’ and 7p states. For this purpose, we recorded SE spec-
tra in the 800-3500 nm region, which covers 6p’, 7p — 7Ts
(2500-3500 nm), 6p’, 7p — 5d (1000-2000 nm), and 7s — 6p
(1200-1900 nm) transitions; the 6p — 6s transitions in the near
IR region (800-1000 nm) were recorded as well. The exper-
iments showed that excitation of 7p states results in radiative
cascade via the 7s states, 7p — 7s — 6p, although at least
one case of coupling via the 5d state was also observed. In
turn, the SE spectra upon excitation of the 6p’ states are dom-
inated by the 6p” — 6s’ transitions in the near IR region and
the 6p” — 5d[1/2]; — 6p[1/2]; — 6s[3/2]; cascade; the 6p’
— 7s — 6p cascade is also observed, but the 7s — 6p lines
are rather weak in comparison with excitation of the 7p states.
Analysis of the spectra showed that in most cases the pref-
erence of a given SE cascade over others can be explained
on the basis of available ab initio data’® on Einstein coeffi-
cients Aj and line strengths S (square of the transition dipole
moment).

Il. EXPERIMENTAL METHOD

Xe atoms were excited by UV radiation from the
frequency-doubled output of a Lambda Physik LPD3002 dye
laser pumped by Lambda Physik LEXTRA excimer laser. The
excimer laser repetition rate was 10 Hz. Coumarin 120 dye was
used to obtain tunable UV radiation in the 222—-226 nm region
for two-photon excitation of the 6p’ and 7p states. The energy
of the UV laser pulses was 0.1-0.5 mJ and the FWHM was
about 15 ns. The optical cell was constructed from standard
CF65 parts (Leybold) including cross-shape vacuum connec-
tors and CF65 flanges with quartz window and had a length
of 25 cm. The pressure in the cell was monitored by a Bara-
tron manometer and a Pirani gauge. Before use the cell and
gas handling system was evacuated using a turbomolecular
pump. The laser beam was mildly focused using a 50 cm
focal length lens. SE co-propagating with the UV laser beam
was dispersed by a 0.3 m Acton monochromator and recorded
using a PbSe photodiode (Hamamatsu P9696-02). The pho-
todiode signal was digitized by a Tektronix oscilloscope and
transferred to a computer using LabVIEW software. Because
SE covers a broad spectral region, spectra were recorded
using a rather fast scanning speed, which reduced the spec-
tral resolution. The spectra presented in this work have not
been corrected for the spectral response of the photodetection
system.

lll. RESULTS
A. Excitation of the Xe 7p states

Study of the SE spectra shows that excitation of the Xe
7p states leads to 7p — 7s — 6p — 6s cascading SE. The
7p — 7s transitions are in the 2900-3500 nm region. The SE
spectra in this region following excitation of the 7p states and
the 6p’[3/2], state are shown in Fig. 2. Assignment of lines is
given in Tables I and II.
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FIG. 2. Spectra of stimulated emission in the 2400-3600 nm region induced
by two-photon excitation of the 7p[1/2]y, 7p[5/2]2, 7p[3/2]2, and 6p’[3/2],
states of Xe at Px. = 115 Torr. The assignment of the transitions is given
in Table I. The SE spectrum following excitation of 6p’[1/2], state at Px.
= 115 Torr was not measured; at Px = 270 Torr the spectrum did not have the
6p’[1/2], — 7s transitions.

Figure 3 shows SE spectra in the 750-1750 nm region
following excitation of the three two-photon resonance 7p-
states. The specified region includes the 7s — 6p transitions
(1200-1700 nm) and the 6p — 6s transitions (800-1000 nm).
In terms of the number of 7s — 6p lines, excitation of 7p[1/2]
gives the simplest spectrum, because this state is coupled only
with the J = 1 state of the 7s[3/2]; » pair. In turn, 7s[3/2]; is
optically coupled with five 6p states. Three of these transitions
are seen in the SE spectrum (Fig. 3(a), lines labeled i, 1, and m).
The 7s[3/2]; — 6p[1/2]; transition at 1224 nm is not observed
presumably because of its comparatively weak strength
(Table I). Another missing transition is 7s[3/2]; — 6p[1/2]
at 1879 nm. Its strength is comparable with the strength of
transition m, which is the weakest among the three observed
transitions (Table I) and disappears as the xenon pressure is
increased (Fig. 3(a)). One may expect that similar to transition
m, the 7s[3/2]; — 6p[1/2]y transition is sensitive to the exper-
imental conditions and may appear at higher excitation energy
or optimized Xe pressure.

In addition to the three 7s — 6p transitions, the spectrum of
SE emission following excitation of 7p[1/2]y state (Fig. 3(a))
also shows several 6p — 6s transitions. This implies occur-
rence of a cascading 7s[3/2]; — 6p— 6s effect. As is seen
from Table II, transitions i and m can be viewed as “precur-
sors” of transitions f and ¢, respectively. However, transition m
completely disappears at increased Xe pressure, whereas tran-
sition ¢ does not, although its intensity decreases (Fig. 3(a)). A
possible explanation of this result is that the upper state of tran-
sition ¢, the 6p[3/2], state, is coupled with the laser pumped
Tp[1/2]p state by an alternative route. Considering that the
intermediate state should lie below the laser pumped state and
be coupled with it, the possible intermediate transitions are
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TABLE 1. Strongest transitions from 6p’[1/2]y, 6p’[3/2]2, Tp[1/2]o, 7p[3/2]2, 7p[5/2], states and some 5d states. Transitions observed in the present work
are labeled with letters (see Figs. 2—4). Information about the transitions was taken from Ref. 20.* Theoretical results on the transition probabilities were also
reported in 21; a comparison of theoretical results of Refs. 20, 21 for the 6p, 6p’, and 7p states with experimental values was reported in Ref. 22.

Transition A (nm) S, (aoe)? Aj, 100 571 Transition A (nm) S, (ape)? Aji, 106571
Tpl172]o 6p'[1/2]o
7pl1/2]g — Ts[3/2]; u 2939 454 3.61 6p'[1/2]p — Ts[3/2]; 2262.4 8.66 1.51
Tp[1/2)y — 5d[3/2]; 2019 1.99 0.49 6p'[1/2]p — 65'[1/2]; [ 788.9 5.28 21.70
Tp[1/2]p — 5d[1/2]; g? 1129 1.93 2.71 6p’[1/2]g — 5d[1/2]; q 1013 4.2 8.14
Tpl1/2]p — 65'[1/2]; 858 1.46 4.67 6p'[1/2]g — 5d[3/2]; 1675 1.53 0.66
7p[1/2]y — 6s[3/2]; 481 0.281 5.10 6p’[1/2]p — 6s[3/2]; 458.4 0.144 3.02
Tpl3/2], 6p'[3/2]2
7p[3/2], — Ts[3/2]; v 3080 111.0 1.54 6p’(3/2], — Ts[3/2], S 2516 26.5 0.67
7p[3/2], — s[3/2], t 2859 160.0 2.77 6p'[3/2], — 5d[5/2]3 1485 1.21 0.15
Tp[3/2], — 5d[5/2]3 m' ? 1598 17.3 1.71 6p’[3/2], — 5d[1/2]; r 1089 20.5 6.41
7p[3/2], — 5d[1/2]; 1149 1.08 0.29 6p’[3/2], — 65'[1/2]; P 835 38.0 26.40
7p[3/2], — 65'[1/2]; 869.4 1.67 1.03 6p’'[3/2], — 6s[3/2]; 473.6 0.28 1.06
Tp[3/2], — 6s[3/2]; 484.4 0.21 0.75 5d — 6p
7p[3/2], — 6s[3/2], 462.6 1.22 4.98 5d[3/2]; — 6p[5/2], 1733 2.34 0.30
p[5/2] 5d[3/2]; — 6p[3/2]; 2027 30.4 2.46
Tpl5/2], — 7s[3/2]; X 3434 185.0 1.85 5d[3/2]; — 6p[1/2]y 2 652 352 1.27
7pl5/21, — 1s[3/2], y 3162 105.0 1.35 5d[1/2]; — 6p[1/2]; 3680 20.6 0.28
Tpl5/2], — 5d[7/2]3 1355 8.73 1.42 5d[1/2]; — 6p[3/2], 12917 5.23 0.002
p[5/2], — 5d[1/2]; 1195 2.4 0.57 5d[712]3 — 6p[5/2], 3508 110 0.74
7pl5/2]; — 65'[1/2]; 895.5 1.94 1.09 5d[7/2]3 — 6p[5/2]3 3 895 20.8 0.1
7p[5/2], — 6s[3/2]; 492.5 0.17 0.58 5d[5/2]3 — 6p[5/2]3 24383 253 0.48
Tp[5/2], — 6s[3/2] 469.8 0.315 12.30 5d[5/2]3 — 6p[3/2], w 3108 119 1.14

2The values of line strength S (square of transition dipole moment) and Einstein A;x coefficient in this table were calculated in Ref. 20 using the length operator formulation. Ref. 20

also reports results for the same transitions obtained using the velocity operator formulation.

Tp[1/2]g — 5d[1/2]; and 7p[1/2]y — 5d[3/2];. These transi-
tions indeed have reasonable strength (Table I). However, the
secondary 5d[1/2]; — 6p[3/2], and 5d[3/2]; — 6p[3/2], tran-
sitions, which terminate at the 6p[3/2], state, are weak. As can
be seen from Table I, 5d[1/2]; — 6p[1/2]; is far stronger and
appears preferable for the cascading radiative process. The
6p’[1/2]g (or 6p’[3/2]2) — 5d[1/2]; — 6p[1/2]; — 6s[3/2],
cascades were indeed observed. In particular, lines q and r in
Figs. 4(d) and 4(e) are transitions from the laser excited state
to 5d[1/2];. In contrast, the 7p[1/2]y — 5d[1/2]; transition
is weak (line g; see discussion below concerning assignment
of this spectral feature). Thus, explanation of the origin of

line ¢ upon excitation of the 7p[1/2] state requires additional
experiments.

The 7p[3/2], and 7p[5/2], states are coupled with both
7s[3/2]; and 7s[3/2], states. The corresponding transitions
have comparable strength and both are present in the spec-
tra: lines t and v in Fig. 2(c) and lines x and y in Fig. 2(b). In
the t/v and x/y pairs the short wavelength line is more intense.
This result may be explained on the basis of line strength val-
ues: as is seen from Table II, the short wavelength transitions
are stronger both in terms of the Einstein Ajx coefficient and
the line strength S (or, in fact, the Einstein Bj coefficient
for stimulated emission, which, similar to A coefficient, is

TABLE II. The strongest 7s — 6p — 6s transitions. Information about the transitions was taken from Ref. 20 (see footnotes to Table I). Lines observed in the

present work are labeled with letters (see Figs. 2—4).

s — 6p 6p — 65

Transition A (nm) S, (aoe)? Aj, 100 571 Transition A (nm) S, (aoe)? Ajx, 100 571
7s[3/2]; — 6p[1/2]; 1224 15 0.54 6p[1/2]; — 6s[3/2]; 1084.1 49 261
7s[3/2], — 6p[1/2] h 1263 225 4.54 6pl[1/2], — 6s[3/2]> e 980 433 31.0
7s[3/2]1 — 6p[5/2]» i 1366 315 8.34 6pl5/2]> — 6s[3/2]; f 993 473 19.6
7s[3/2], — 6p[5/2]» j 1415 16.2 231 6p[5/2]> — 6s[3/2], 905 19.6 10.7
7s(3/21, — 6p[5/2]3 k 1474 73.8 9.35 6pl5/2]3 — 6s[3/2]> b 882 93.0 39.2
7s[3/2], — 6p[3/2], 1 1542 31.2 5.74 6p[3/2], — 6s[3/2] d 917 36.0 31.6
7s[3/2], — 6p[3/2] 1604 25 0.24 6p[3/2]; — 6s[3/2], 841.2 1.62 184
7s(3/2]; — 6p[3/2]» m 1606 19.9 3.24 6pl[3/2], — 6s[3/2], ¢ 895 18.8 10.6
7s[3/2], — 6p[3/2]» n 1673 43.6 3.77 6p[3/2], — 6s[3/2]> a 823 342 249
7s(3/2]; — 6p[1/2]o 1879 16.1 1.64 6p[1/2]y — 6s[3/2] 828.2 125 445
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FIG. 3. Spectra of stimulated emission following two-photon excitation of
Xe Tp[1/2]y, Xe Tp[5/2],, and Xe Tp[3/2], states. Solid line—Px, = 115 Torr,
dashed line—Px, = 270 Torr. The assignment of the transitions is given in
Tables I and II Spectra are not corrected for the spectral response function of
the registration system.

proportional to the line strength but does not depend on the
transition wavelength).

In addition to the 7p — 7s transitions, the spectrum
in Fig. 2(c) displays an extra line assigned to the 5d[5/2]3
— 6p[3/2], transition (line w). The presence of this transition
points to a cascading effect. The parent 7p[3/2], — 5d[5/2]3
transition at 1598 nm is rather strong (Table I). As is seen
from Fig. 3(c), the SE spectrum indeed shows a line labeled
m’ that matches the wavelength of this transition. Due to the
insufficient resolution and closeness to the 7s[3/2]; — 6p[3/2],
transition at 1606 nm (line m), the assignment of line m’ is
tentative.

Relative to the SE spectrum following excitation of
Tp[1/2]o (Fig. 3(a)), the spectra corresponding to excitation
of 7p[5/2], and 7p[3/2], (Figs. 3(b) and 3(c)) display addi-
tional lines labeled h, k, and n corresponding to the three
strongest transitions from 7s[3/2], (Table II). The results of
our experiments indicate that variation of the Xe pressure
has a stronger effect on the 7s[3/2]; — 6p lines in com-
parison with the 7s[3/2], — 6p lines. For instance, in the
case of excitation of 7p[3/2],, the 7s[3/2]; — 6p lines com-
pletely disappear as Xe pressure increases (Fig. 3(c)). A likely
explanation is “switching-off” the parent 7p[3/2], — 7s[3/2];

o p eq r h i j k 1oy Pu

» | A

P \ ! b L 6p'[172]y
SR/ NS\ Y/ \

A I P L ®

. B R

. JAE - N L
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Wavelength, nm

FIG. 4. Spectra of stimulated emission following two-photon excitation of
Xe 6p’[1/2] and Xe 6p’[3/2],. Solid line—Px. = 115 Torr, dashed line—Px.
=270 Torr. The assignment of the transitions is given in Tables I and II Spectra
are not corrected for the spectral response function of the registration system.
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transition (line v in Fig. 2(c)), which is weaker than the
Tp[3/2], — 7s[3/2], transition (line t). At conditions well
above the threshold of the 7p — 7s SE, the pressure depen-
dence of secondary 7s — 6p lines can be distinct for each
individual transition determined by its radiative characteris-
tics. Examples of pressure and power dependences for several
transitions in the SE spectra are given in Ref. 5. No measure-
ments of this kind were performed in the course of this work.
As noted in the Introduction, spectrographs allowing simulta-
neous observation of several lines are better suited for such a
study.

Concluding this section, we discuss the feature labeled g
in Figs. 3(a) and 3(b). This feature is in close proximity to
the 7p[1/2]p — 5d[1/2]; transition. When the 7p[1/2], state
is pumped, the presence of this transition in the SE spectrum
might have a natural explanation considering its significant
line strength and rather large Ajx coefficient, although the
spectrum shows no 7p[1/2]g — 6s’[1/2]; transition, which
is characterized by a comparable line strength and a signif-
icantly larger Ajc coefficient (Table I). However, it should
be also noted that in one of the two spectra shown in
Fig. 3(a) this line is significantly shifted from the position
of the 7p[1/2]p — 5d[1/2]; transition. Furthermore, the spec-
trum following excitation of 7p[5/2], also shows a line in this
region. Although 7p[1/2]y and 7p[5/2], are coupled optically
via close-lying 6d states, cascading radiative effect involv-
ing 7p[1/2] is prohibited because the laser pumped 7p[5/2],
state lies 490 cm™! below. The origin of line g cannot be
unambiguously explained on the basis of available experi-
mental data and is one of the questions addressed to further
studies.

B. Excitation of the 6p’ states

The spectra of stimulated emission following excitation
of the 6p’ states show a different intensity distribution pat-
tern in comparison with the 7p states. As is seen from Fig. 4,
excitation of the 6p’[1/2]y and 6p’[3/2], states yields strong
SE to the 6s'[1/2]; state (lines o and p). Yet another fea-
ture for both states is the presence of a strong transition from
the laser-pumped state to the 5d[1/2]; state (lines q and r in
Fig. 4) and the 6p[1/2]; — 6s[3/2], transition (line e). The
latter points to the 6p” — 5d[1/2]; — 6p[1/2]; — 65[3/2],
cascade. As is seen from the data presented in Tables I and
II, all transitions involved in this cascade are characterized
by large values of S and Ajx. This mechanism was confirmed
by recording the 5d[1/2]; — 6p[1/2]; transition at 3680 nm
(spectrum not shown).

Similar to the 7p states, excitation of the 6p’ states results
in SE to the 7s states. This is illustrated by the spectrum in
Fig. 2(d) showing the 6p’[3/2], — 7s[3/2], transition (line s).
However, the secondary 7s — 6p lines in the 1200-1800 nm
region (Fig. 4) are weak in comparison with the 6p’ — 6s’
and 6p’ — 5d[1/2]; lines. The result can be readily explained
considering that the latter transitions are significantly stronger
than the 6p’ — 7s transitions (Table I). Also, the SE spec-
tra in Fig. 4 show no secondary 6p — 6s transitions in the
800-1000 nm region, indicating that the threshold condition
for the last transition in the 6p’ — 7s — 6p — 6s cascade
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is not fulfilled. It should be noted in this respect that sev-
eral lines corresponding to the 6p — 6s transitions, including
lines a—d, were observed following excitation of the 6p’ states
in Ref. 1. It cannot be excluded, however, that the 6p states
couple with the 6p” states via 5d states and not via the 7s
states.

Concluding this section, we note another interesting
observation. Figure 4(e) shows SE spectra recorded at two
Xe pressures. As seen, lines e, i, and 1 corresponding to the
secondary transitions disappear at high Xe pressure indicating
that the threshold conditions for these transitions or preced-
ing transitions in SE cascade are not fulfilled. However, a less
expected result is the absence of line o corresponding to the
direct 6p’[1/2]g — 6s’[1/2]; transition because this transition
is stronger than 6p’[1/2]g — 5d[1/2]; (line q) both in terms
of § and Ajx (Table I). It should be noted in this respect that
if SE is triggered by spontaneously emitted photons, then for
a pair of transitions with comparable line strength, the transi-
tion with a larger Ajx coefficient is expected to have a lower
threshold because SE is triggered by spontaneously emitted
photons. However, the discussed result obviously contradicts
this simplified picture.

IV. DISCUSSION

A detailed study of stimulated emission following two-
photon excitation of Xe was reported by Miller.! In com-
parison with Miller’s work, we observed less secondary
6p — 6s transitions. One reason is the limited spectral res-
olution of our study, not allowing an unambiguous assign-
ment of some transitions in the SE spectra. In particular, this
concerns the close lying 6p[3/2], — 6s[3/2]; and 6p[3/2];
— 65[3/2]; transitions, which are overlapped in our spectra
(lines ¢ and d in Fig. 3) but were resolved in study.! It also
cannot be excluded that some of the lines observed by Miller
were not observed in the present work due to their weakness
combined with the large spectral width associated with the
poor resolution. However, in most cases the larger number of
the secondary 6p — 6s lines in the SE spectra reported by
Miller most likely is determined by the threshold condition.
For instance, in the case of excitation of the 6p’[1/2]y state,
we observed no 6p — 6s transitions in the 820-950 nm region,
whereas seven (!) such transitions were observed in Ref. 1
including the three transitions observed upon excitation of the
Tp[1/2]y state. The latter result is discussed in some detail
below.

Besides the 6p[3/2], — 6s[3/2]; and 6p[3/2]; — 65[3/2];
transitions (¢ and d in Fig. 3), exciting the 7p[1/2], state Miller
also observed the 6p[3/2]; — 6s[3/2], transition at 841 nm,
but no 6p[1/2]g — 6s[3/2]; transition at 828 nm, which is char-
acterized by significantly larger values of S and A, (Table II).
This indicates that the threshold condition is not fulfilled
either for the second or third step of the 7p[1/2]y — 7s[3/2];
— 6p[1/2]g — 65[3/2]; cascade. Interestingly, the 828 nm tran-
sition was among the seven lines observed in Ref. 1 upon
excitation of 6p’[1/2]y. It appears unlikely that the threshold
condition is fulfilled for all steps of the 6p’[1/2]y — 7s[3/2];
— 6p[1/2]y — 6s[3/2]; cascade upon excitation of 6p’[1/2]y
but not fulfilled when the 7p[1/2] state was excited. Indeed, as
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shown in the present study, the dominant pathway in the former
case involves the 6p’[1/2]y — 5d[1/2]; transition, whereas it is
the 7p[1/2]g — 7s[3/2]; transition in the latter case. However,
5d[1/2]; lies below 6p[1/2]y and cannot be an intermediate
step for a cascade terminating by 6p[1/2]y — 6s[3/2];. A
likely candidate is the 5d[3/2]; state: both transitions in the
6p’[1/2]p — 5d[3/2]; — 6p[1/2], cascade are strong in terms
of S and Ay (Tables I and II). On the other hand, upon exci-
tation of the 6p’[1/2] state Miller also observed the 6p[5/2]3
— 6s[3/2], transition at 882 nm (labeled b in Fig. 3(a)). As
noted by the author, coupling 6p’[1/2]y with 6p[5/2]3 requires
a cascade of four transitions 6p’[1/2]g — 6d — 7p — 5d
— 6p[5/2]5. It cannot be excluded that the presence of the
6p[1/2]g — 6s[3/2]; line is also the result of a more complex
mechanism.

Stimulated emission is very sensitive to the experimen-
tal conditions, which is not surprising for a nonlinear phe-
nomenon with threshold-type dependence on the experimen-
tal conditions. It is interesting to note in this respect that,
although we observed fewer secondary 6p — 6s lines than
in Miller’s study, the experimental conditions including the
energy of exciting laser pulse, Xe pressure, cell length, and
focal distance of the lens were similar (even the laser sys-
tems were from the same manufacturer). Obviously SE is
sensitive to such parameters as detuning from the two-photon
resonance, the spectral width of the laser emission, and
other characteristics of the laser that are determined by its
alignment.

Concluding this section, we note that the intensity of SE
seems to be much less influenced by the quenching of the laser
excited 7p and 6p’ atoms by collisions with Xe than would be
expected considering that the quenching rate constants of the
7p and 6p’ states by Xe are in the region of kq ~ (4-5) 10710
cm?/s.52% The spectra in Figs. 2—4 were recorded at Px. = 115
and 270 Torr; and the corresponding quenching rate, kq [Xe]
~ (1-2) 10° s7!, is much larger than the spontaneous radia-
tive decay rate of the 6p’ and 7p states (radiative lifetime of
the 6p’ states is ~35 £ 5 ns and ~70-130 ns for the 7p states,
see Refs. 5 and 22 and the references therein). One may think
that the decrease in the concentration of the excited atoms due
to quenching is compensated by the increase in the excita-
tion rate, which is also proportional to the concentration of the
ground state atoms, kex [Xe], where ke is the coefficient char-
acterizing two-photon absorption at a given laser power (and
other experimental conditions except Xe pressure). However,
as shown in Ref. 6 adding up to 20 Torr of gases such as CHa,
N;O, and SFg has little effect on the SE intensity. Quenching
rate constants of the 6p” and 7p states by these molecules are
in the range of kq ~ (2-4) 107 cm®/s and, thus, at P ~ 20 Torr
the quenching rate is comparable with that at few hundred Torr
of Xe.

The influence of gas pressure on SE signals is expected
to be less for Raman type processes than for ASE, because
the latter requires the accumulation of enough excited atoms
to reach the threshold concentration. It should be noted in
this respect that experiments performed in Ref. 6 showed that
the cascade 6p — 6s emission induced by excitation of the
6p’ and 7p states propagates only in the forward direction.
Although not conclusive, the available experimental results
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suggest that the cascade SE is probably a parametric Raman
emission.

V. CONCLUSIONS

The main aim of the present study was to establish the
intermediates involved in the cascading SE effects that give
the 6p — 6s lines. Experiments showed that excitation of 7p
states results in radiative cascade via the 7s states, 7p — 7s
— 6p, although at least one case of coupling via the 5d state,
Tp[3/2], — 5d[5/2]3 — 6p[3/2],, was also observed. In turn,
the SE spectra upon excitation of the 6p’ states are dominated
by the 6p’ — 6s’ transitions and 6p’ — 5d[1/2]; — 6p[1/2];
— 6s[3/2]; cascade; the 6p” — 7s — 6p cascade is also
observed but the 7s — 6p lines are rather weak relative to
excitation of the 7p states.

The present study answered several questions, but also
raised new questions. One question concerns the role of the
line strength and the Aj coefficient in triggering SE. For at
least one example, a transition characterized by smaller val-
ues of S and A has a lower threshold than a transition having
larger values of these parameters. Another question concerns
the role of experimental conditions. Although we observed
far less secondary 6p — 6s lines than in Miller’s study,' such
“macroscopic” experimental conditions as the energy of excit-
ing laser pulse, Xe pressure, cell length, and focal distance of
the focusing lens were similar. Apparently some other exper-
imental parameters, perhaps including the spectral width of
the exciting laser radiation and the value of detuning from the
two-photon resonance, play a key role in fulfillment of the
threshold conditions of the SE effect.

Stimulated emission induced by two-photon excitation of
high lying states of Xe atom with its variety of competing radia-
tive decay channels from a given laser pumped state including
cascading IR emission is an interesting system for further
study. In the present study we used a scanning monochroma-
tor to record the SE spectra. Measurements in a broad spectral
region using a monochromator are time demanding and, what
is more important, experimental conditions may change during
the scan (small changes in the laser wavelength and alignment
of doubling crystal due to vibrations and heating of equipment
during operation, etc). For these reasons, dependences of the
SE on the pressure and laser power were not measured. A
systematic study of the power and pressure dependences for
various lines in the SE spectra would require an experimental
setup equipped with several spectrographs enabling simulta-
neous recording in a broad spectral region from the visible (7p,
6p’ — 6s transitions) to IR (7p, 6p” — 5d transitions). Record-
ing emission in the backward and forward direction would
allow distinguishing ASE from parametric Raman emission.
It should be also noted that because Xe has nine stable iso-
topes including two isotopes, '>°Xe and 3! Xe, with nonzero
nuclear momentum, the structure of an optical transition in Xe
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is rather complex and includes single lines of seven isotopes
with zero nuclear momentum and lines corresponding to tran-
sitions between hyperfine levels of '°Xe and '*! Xe. The total
bandwidth, which spans a region of several GHz (an example
of the hyperfine structure of an Xe line is given in Ref. 23), is
less than the width of a dye laser operating without etalon
(~20 GHz) and, therefore, all nine isotopes are excited.
Nonetheless, the rich hyperfine structure of Xe transitions may
complicate studies of nonlinear effects. In particular, due to the
different abundances, ASE threshold for different isotopes is
reached at different pressures of Xe gas consisting of a mixture
of stable isotopes; in turn, in the case of excitation of the Raman
emission, the detuning from the two-photon resonance at a
given laser wavelength is different for different hyperfine struc-
ture transitions. The influence of these effects weakens when
the spectral width of the pressure-broadened ASE emission or,
in the case of excitation of the Raman emission, detuning the
laser frequency from the resonance is significantly larger than
the characteristic width of the hyperfine structure.
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