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Spontaneous and induced emission of XeCl" excimer molecules under
pumping of Xe—CCl, and Ar—Xe—CCl, gas mixtures with a low CCl,
content by fast electrons and uranium fission fragments

A.L. Mis’kevich, J. Guo, Yu.A. Dyuzhov

Abstract. The spontaneous and induced emission of XeCl" excimer
molecules upon excitation of Xe—CCl, and Ar—Xe—CCl, gas mix-
tures with a low CCly content by high-energy charged particles [a
pulsed high-energy electron beam and products of neutron nuclear
reaction 235U(n, )] has been experimentally studied. The electron
energy was 150 keV, and the pump current pulse duration and
amplitude were 5 ns and 5 A, respectively. The energy of fission
fragments did not exceed 100 MeV, the duration of the neutron
pump pulse was 200 ps, and the specific power contribution to the
gas was about 300 W cm3. Electron beam pumping in a cell 4 cm
long with a cavity having an output mirror transmittance of 2.7 %
gives rise to lasing on the B — X transition in the XeCl" molecule
(4 =308 nm) with a gain @ = 0.0085 cm™! and fluorescence effi-
ciency 7 ~ 10%. Pumping by fission fragments in a 250-cm-long
cell with a cavity formed by a highly reflecting mirror and a quartz
window implements amplified spontaneous emission (ASE) with an
output power of 40—50 kW sr~! and a base ASE pulse duration of
~200 ps.

. . . . *
Keywords: active medium, excimer, luminescence, XeCl", nuclear
pumping.

1. Introduction

Nuclear-pumped lasers operate at low specific power con-
tributions to the gas active medium, generally less than
10* W cm™>. Their high energy characteristics are imple-
mented due to the large pump pulse duration (from several
hundreds of microseconds up to cw lasing) and the possibility
of exciting large (up to several cubic meters) volumes of the
active medium [1]. Currently, the specific laser energy output
under nuclear pumping reaches 32 J L~! at a pulse duration of
200 ps and an efficiency  ~ 3% of the energy of nuclear reac-
tion products introduced into the gas medium [2]. The work-
ing characteristics of these lasers can be improved using media
with a high lasing quantum efficiency, which is typical, in par-
ticular, of halogen-containing excimer molecules of inert
gases. An example of such molecules is the XeCl" molecule: the
quantum efficiency of the B—X transition in it (A = 308 nm) is
~27%. The purpose of our work was to establish the possibil-
ity of using XeCl" excimer molecules as an active medium for
nuclear-pumped lasers.
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The radiative lifetime of the B state of XeCl”" is 11 ns, and
the emission band half-width is 1.4 nm [3, 4]. The potential-
well depth of the X state is about 30 mV [5], a value compa-
rable with the energy of atomic thermal motion. In this con-
text, the inverse population of levels for the B—X transitions
in the XeCl" molecule should exist even at very low pump lev-
els. However, experimental results show that the induced
emission on transitions in the XeCl* molecule arises at very
high pump levels: 0.3—3 MW c¢m™ [6—8]. This can be caused
by the large width of the upper lasing level, its low excitation
efficiency, and high intracavity losses.

The most efficient chlorine-containing donor for forming
XeCl" and Xe,Cl" excimer molecules is carbon tetrachloride
CCl4 [9]. Tt was shown in [10] that the excitation efficiencies of
the B state of the XeCl" molecule and the 4°T state of the
Xe,CI" molecule depend strongly on the partial pressure of
halogen-containing donor CCl; in the gas mixture and
increases many times under low (30—50 mTorr) pressures. In
these gas mixtures (with a low CCly content), amplification of
induced emission was revealed in the entire 4°I'-1,2,32T
band of the Xe,Cl" excimer molecule with a width AL =
90nm at a specific power contribution to the gas of about
7 kW cm™ in a laser cell 4 cm long, under pumping by
150-keV electrons [11].

In this paper we report the implementation of low-thresh-
old quasi-cw lasing on the B—X transitions in the XeCl* mol-
ecule under pumping of Xe—CCl,; and Ar—Xe—CCl, gas mix-
tures with a low CCly content by high-energy particles. The
gas mixtures were excited by a pulsed high-energy electron
beam at a specific energy contribution to the gas of less than
10 kW cm™3 (E, = 150 keV, beam current 5 A, pulse duration
5% 107%s) and products of neutron nuclear reaction 2*U(n, f)
with an energy of ~100 MeV (*¥U fission fragments) at a
specific power contribution of ~300 W cm™ to the gas and
neutron pump pulse duration of about 200 us.

2. Experimental setup

Electron-beam experiments were performed on a setup
schematically shown in Fig. 1. Xe— CClyand Ar—Xe—-CCly
gas mixtures of different compositions (Ar, Xe, and CCl, par-
tial pressures were, respectively, 1140, 10-150, and
0.038 — 2 Torr) were fed into a stainless-steel cell (7) (3110 x
130 mm). The cell had two flanges (2) on the lateral surface
for mounting quartz windows or laser mirrors (¢40 x 10 mm).
An IMA-150E pulsed tube ( 3) with an explosive-emission
cathode, forming a pulsed high-energy (150 keV) electron
beam with an FWHM ~5 ns, was mounted on the lower end
face of the cell. The electron beam was introduced into the cell
perpendicular to the optical cavity axis; the length of the
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excited active laser medium was ~4 cm. Figure 2 shows the
shape of the current pulse for the pump electron beam intro-
duced into the cell (measured by a plane probe) and the spa-
tial distribution of the beam current density on the cavity axis
at the beginning of the pump pulse action. Due to the strong
transverse and longitudinal beam inhomogeneities and the
large path length of 150-keV electrons in the gas mixture,
which exceeds the transverse sizes of the active laser medium,
the specific energy contribution to the active laser medium
was less than 10 kW cm for a 5-ns pump pulse.

Figure 1. Schematic of the experimental setup: (/) chamber; (2) flange
with a quartz window or mirror; (3) IMA-150E pulsed tube; (4) upper
quartz window; (5) MAYA-2000Pro spectrometer; (6) RigolDS5022
digital oscilloscope; (7) FEU-106 (FEU-62) photomultiplier; (&)
MDR-23 monochromator; (9) circulation pump; (/0) titanium filter;
(11) IBM PC; (12) quartz optical guide with an input lens; and (/3)
Arina-2 electron beam accelerator.

Two quartz windows or two narrow-band spherical mir-
rors on a quartz substrate with multilayer dielectric coatings
having a high reflectance (p; = 99.8% and p, = 97.3%) at a
wavelength of 308 nm were mounted on the lateral flanges of
cell (2). Being appropriately aligned, these mirrors formed an
optical cavity. The quartz windows were used to measure the
spectral and temporal characteristics of spontaneous emis-
sion of Xe—CCly and Ar—Xe—CCl, gas mixtures. There was
the third quartz window (4) on the upper lid of the cell,
through which spontaneous radiation from the gas mixture
during lasing could be measured by an MAY A-2000Pro spec-
trometer (5) with a CCD array.

Time signals were recorded by an RIGOL DS 5022ME
fast digital oscilloscope (6) using an FEU-106 or FEU-62
photomultiplier ( 7), mounted on the output slit of MDR-23
spectrometer (8). When carrying out experiments, the gas
mixture purity was thoroughly controlled. To this end, before
the final preparation stage (i.e., before leaking CCly), the
xenon-containing buffer gas was purified from the molecular
impurity gases (N,, O,, CO,) desorbed from the cell walls.
Purification was performed directly in the cell via multiple gas
circulation [using a circulation pump (9)] through a filter
(10) with a titanium sponge heated to 700°C. The designs of
the circulation pump and gas purification system were
described in [12].

Pumping by products of neutron nuclear reaction
25U(n, f) was performed using the laser element of facility B
of the BARS-6 nuclear reactor. It had a length of 250 cm, a
diameter of 4.8 cm, a 5-um-thick layer of metallic >>*U on the
inner surface, and two multilayer dielectric mirrors (playing
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Figure 2. (a) Oscillogram of a pump pulse of electron beam current /
introduced into the cell and (b) the spatial distribution of the electron
beam current density J along the cell axis at the beginning of the pump
pulse action. The dashed line shows the averaged value of pump elec-
tron beam current density on the laser axis (/=4 cm).

the role of windows) [13]. The laser element was pumped by a
neutron pulse (FWHM ~200 ps) from the BARS-6 reactor;
the volume of the excited active medium was 4 L at a specific
power contribution to the gas up to 300 W cm~. When mir-
rors were mounted or replaced, the laser element was evacu-
ated by a turbomolecular pump to a residual pressure of 3 x
1072 Torr and filled with a gas from a balloon with a previ-
ously prepared gas mixture without additional gas purifica-
tion. The laser element was not refilled after each pump pulse.

3. Results and discussion

The spontaneous emission spectra of Xe—CCl, and
Ar—Xe—CCl, gas mixtures of different compositions are
shown in Fig. 3. The blue-green spectral range (430—650 nm)
contains a continuum, assigned to the 4°I'— 1%, 2%, 3°T" transi-
tions in the Xe,Cl" molecule and relatively narrow bands at
A = 308, 345, and 282 nm, which are assigned to the B-X,
C-A, and D—X transitions in the XeCl" molecule. All spectra
were recorded under identical conditions of electron-beam
excitation.

XeCl" excimer molecules are formed in the Xe— CCl binary
gas mixture via the ion—ion recombination channel [14],

Xe* + CI" + (M) = XeCl* + (M), k; =5x 102 em®s™!, (1)

and in the reaction with participation of CCly molecules and
metastable Xe"(6s°P,) atoms [15],
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Figure 3. Spontaneous emission spectra of XeCl" and Xe,Cl" molecules in (a, b) Xe—CCl, and (c, d) Ar—Xe—CCl, gas mixtures of different com-
positions upon excitation by a pulsed high-energy electron beam with an energy of 150 keV.

Xe*(6s3Py) + CCl, — XeCl" + CCls,

ky=8x 10" cm3 s, ()

Xe* ions and excited Xe" atoms are formed directly by a pri-
mary charged high-energy particle during its moderation in
the gas medium. Among all possible excited states of Xe
atom, the low-lying levels, optically coupled to the ground
state of the atom, have the highest excitation probability [16].
Negative Cl~ ions are formed in the reaction of dissociative
attachment of low-energy electrons to CCl, molecules [17]:

CCl, + e — CCl; + CI-. 3)

CCly, ions are not formed because the dissociation energy in
the reaction

CCl; — CCl, + Cl- (4)

is 0.5 eV below the energy of the ground state of the CCl,
molecule. Being attached, high-energy (few electronvolts)
electrons can more efficiently destroy CCl; molecules and
form CCly, CCl, and Cl; ions[17, 18]. According to the data
of [18], the attachment cross section of electrons with an
energy E, = 0.05 eV to CCl, molecules is 2.22 x 1014 cm?. This
value corresponds to the attachment rate constant k, ~ 2.2 X
107 cm?® s, At a partial pressure of halogen-containing
donor of 30 mTorr, the electron attachment time amounts to
few nanoseconds.

XeCl" molecules in a Xe—CCl, gas mixture are quenched
during their collisions with CCl; molecules and Xe atoms. At
low donor pressures (below 1 Torr), the reaction constant
rates for XeCl* quenching by CCly molecules and Xe atoms
are, respectively, 1.98 x 102 and 1.4 x 1072 cm? s7! at py. =
500 Torr [10]. An increase in the Xe pressure leads to an
increase in the conversion rate of atomic Xe™ ions into molec-
ular Xe?* ions [3]:

Xet +2Xe = Xef + Xe, k3 =2.5x 103 cm® s, (5

This channel leads to a decrease in the concentration of
Xe* ions in the mixture and, therefore, to a decrease in the
concentration of XeCl" molecules produced in reaction (1).

Thus, to implement efficient lasing on the B—X transition
in the XeCl" molecule (4 = 308 nm) using a Xe—CCl, binary
gas mixture, one should maintain low partial pressures of
CCly (pccy, << 1 Torr) and Xe (px, << 100-200 Torr) in it. To
increase the energy contribution to a gas mixture with a low
xenon content, it is necessary to introduce a buffer gas (Ne,
Ar) at a pressure of few atmospheres.

Lasing experiments with mixtures having a low content of
CCl, donor were performed using pumping of Xe—CCl, and
Ar—Xe-CCly gas mixtures by a pulsed low-power electron
beam; Ar—Xe—CCl, mixtures were also pumped by U fis-
sion fragments. We used mixtures of the following composi-
tions: Xe (152 Torr)—CCl (36 mTorr) and Ar (1140 Torr)-
Xe (12.5 Torr)—CCly (37 mTorr) for electron beam pumping
and Ar (1000 Torr)—Xe (15 Torr)-CCl, (50 mTorr) for
pumping by 2°U fission fragments.
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3.1. Experimental data on pumping XeCl" excimer molecules
by a high-energy electron beam

The distance between the mirrors in the laser cell (Fig. 1) was
19 cm, while the length of the active laser medium was only
4 cm. The amplitude value of the fast-electron current density
on the laser-cell axis, averaged over the active-medium length,
was ~0.4 A cm~2 (Fig. 2b). The input lens of the optical guide
of Maya-2000Pro spectrometer was located on the cavity
optical axis at a distance of 100—200 mm from the output
mirror. The spectrometer recorded the radiation passing
through the output mirror, with the resonator either tuned or
untuned. The spectrometer resolution was 1 nm.
Simultaneously with measuring the radiation spectral compo-
sition using an RIGOL DS 5022 ME oscilloscope and an
MDR-23 monochromator, the shape of 308-nm pulse was
recorded. The corresponding spectrograms and oscillograms
are shown in Figs 4 and 5.

5000 !
] i a
. 4000 i
g i
= : Pxe = 152 Torr,
Z 3000 - : pcci, = 36 mTorr
3} '
E i'
2000 1
1000F i
0 1 1 1 l il
200 400 600 800 1000
Wavelength/mm
6000
b

wn

(=

(=3

(=]
T

par = 1140 Torr,
L i pxe = 12.5 Torr,
[ pcc14= 36 mTorr

Intensity (rel. units)
W B
(== (=]
(=] (=)
(=} (=)
T

2000 |
1000 - i
0 Y ’ — PRDSEY |V TR l
200 400 600 800 1000
Wavelength/mm

Figure 4. Emission spectra at a wavelength of ~308 nm in (a) Xe—CCl,
and (b) Ar—Xe—CCl, mixtures for (dashed lines) tuned and (solid lines)
untuned resonators (pumping by a pulsed high-energy electron beam
with an energy of 150 keV and a pulse duration of 5 ns at a specific
power contribution to the active laser medium of ~7 kW cm™3).

The experiments revealed low-threshold lasing at A = 308 nm
on the B-X transition in the XeCl" molecule using mirrors
with reflectances 0of 99.8 and 97.3% at A = 308 nm and a trans-
mittance of 60%—80% beyond this wavelength. The lasing
time for Ar—Xe—CCl, gas mixtures was about 120 ns, a value
greatly exceeding the pump pulse duration (5 ns) and the radi-
ative time of the B—X transition in the XeCl" molecule (11
ns). This fact indicates the possibility of implementing quasi-
cw lasing on the B—X transition in the XeCl" molecule under
pumping by a long pulse.
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Figure 5. Oscillograms of radiation pulses with a wavelength of ~308 nm
in (a) Xe—CCl, and (b) Ar—Xe—CCly mixtures for (/) tuned and (2)
untuned resonators (pumping by a pulsed high-energy electron beam
with an energy of 150 keV and a pulse duration of 5 ns at a specific
power contribution to the active laser medium of less than 10 kW cm™.

Lasing pulse oscillograms (Fig. 5) make it possible to esti-
mate the active-medium gain. Considering the successive light
beam passage between mirrors in an amplifying medium, one
can show that, under unsaturated-gain conditions, the pulse
current amplitudes U; and U,, recorded by the photodetector
at the initial instants of lasing development, #; and ¢,, are
related as follows:

UilUy = (p1p2)" exp(2mkL). (6)

Here, p; and p, are, respectively, the reflectances of the highly
reflecting and output mirrors; « is the active-medium gain;
m = c(t; — t,)I2L is the number of light beam passes between
the mirrors per a time interval ¢; — ¢5; L is the active-medium
length; and L is the distance between the mirrors. Thus, we
have

& = [In(U\/Up) = min(p p2)//(2mL). (N

For our experimental conditions, p; = 0.998, p, = 0.973, L =
4 cm, Ly =19 cm, and U,;/U, ~ 1.207 (for the instants ¢; =
15 ns and 7, = 10 ns after the lasing onset; the range #; — 1, =
5 ns corresponds to four cavity passes). Hence, k = 0.0085 cm™.

The induced-emission cross section for the B—X transi-
tion in the XeCl” molecule is determined by the molecular
properties and amounts to [3]

(308 nm) = (1/4m)(In2/m)*SAA%4(cAL) = 7.275 x 10716 cm?.(8)

Here, A =3.08% 10 cm, Al =1.4x 107 cm, and 4 = 10%11
=9.09 x 107 s71.
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Since k¥ = 0(308 nm)AN, one can determine the inverse
population AN of the upper working level of XeCl* molecule:

AN = k/o(308 nm) = 0.0085/7.286 x 10710 =1.16 x 103 cm3.

©
The specific power contribution to the Ar—Xe—CCl, gas
mixture is w = I, Ey/R(E,), where I,, = 0.4 A cm~ is the aver-
aged current density on the laser-cell axis (Fig. 2b), E, =1.56
x 103 eV is the electron-beam energy, and R(E;) = 8.51 cm
is the electron path length in the Ar—Xe—CCl, gas mixture
(par=1.5atm, px.=12.5 Torr, and pcc, = 0.036 Torr). Using
these values, we obtain w = 7.05 kWem™. Hence, the fluores-
cence efficiency on the B—X transition in the XeCl" molecule is
n = ANAhviw = 668/7.05 x 103 = 9.48 %. (10)
These experimental results make it possible to design an
excimer nuclear pumped laser, because the specific power
contribution to the gas medium that is necessary for its opera-
tion (less than 10 kW cm) can be attained with the existing
pulsed nuclear reactors. To verify this suggestion, we per-
formed experiments on pumping an Ar—Xe—CCl, gas mix-
ture by products of nuclear reaction 2*U(n, f) using the
BARS-6 nuclear reactor.

3.2. Experimental data on pumping XeCl" excimer molecules
by 235U fission fragments

The laser element was placed near the active cores of the two-
core BARS-6 nuclear reactor at a distance of 45 cm from their
lateral surface [13]. The peak specific power contribution to
the active laser medium for a nominal neutron pulse of the
reactor (2 x 10'7 divisions in both reactor regions), averaged
over the laser-element length, was 300 W cm—. The laser-ele-
ment resonator was formed by narrow-band mirrors with
multilayer dielectric coatings, which had a maximum reflec-
tance in the vicinity of 308 nm. We used three sets of these
mirrors with the following reflectances: (1) 99.5% and 99 % at
A =308 nm with an output-mirror transmittance 7= 0.3% at
A =308 nm and a transmittance of 60%—80% beyond this
wavelength, (2) 99.5% and 98.25% at 4 = 308 nm with an
output-mirror transmittance 7= 1.4%, and (3) 99.5% at i =
308 nm and a quartz window used as an output mirror with a
transmittance 7= 91.3%.

The spectral composition of the radiation was recorded
on an MAVYA-2000Pro spectrometer. An MDR-52 mono-
chromator with a photomultiplier was used for temporal
measurements of 308-nm radiation intensity. Both instru-
ments were located at a distance of ~20 m from the laser-
element output mirror. A thermocouple meter of radiation
energy with a narrow-band reflection filter tuned to A =
308 nm was mounted at a distance of 2 m from the output
mirror. The shape of the reactor neutron pulse in the neutron
moderator was recorded in a KNT-5 fission chamber.

The main results are presented in Figs 6 and 7. The oscil-
lograms of the thermal-neutron pump pulse and laser-element
radiation pulse (A = 308 nm) under pumping by uranium fis-
sion fragments are shown in Fig. 6, and the spectrogram of
output radiation of the laser element with cavities of three
aforementioned types are presented in Fig. 7. Note narrowing
of the emission band width at A = 308 nm and an increase in
its intensity with an increase in the output mirror transmit-
tance. The highest intensity of output radiation is obtained

when a quartz window is used as an output mirror (Fig. 7c).
In this case, the output radiation is formed mainly during two
passes through the laser element; its intensity differs only
slightly from the intracavity radiation intensity, determined
from the spectra presented in Figs 7a and 7b (with allowance
for the transmittance of highly reflecting mirrors). This fact
indicates that enhanced spontaneous emission occurs in the
250-cm-long laser element pumped by uranium fission frag-
ments. This radiation power, measured with a quartz window
and recalculated with allowance for the measurement geom-
etry, was found to be 40—50 kW sr~! with a base pulse dura-
tion of ~200 s, at a fluorescence efficiency on the B—X tran-
sition in the XeCl" molecule of ~10%.
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Figure 6. Oscillograms of (a) a pump neutron pulse from the BARS-6
reactor and (b) the 308-nm laser pulse.

Questions concerning the stability of the properties of gas
mixtures with a low CCl; donor content, possible burning out
of this component under pumping, and its radiation resis-
tance may arise. Three experimental studies [19-21] devoted
to these problems did not reveal any obstacles for using CCly
donor in low concentrations (~30 mTorr) under pumping by
uranium fission fragments [19] and products of nuclear reac-
tion *He(n, p)*T [20, 21]. Our experiments confirmed the long-
term (30 days) stability of the Ar—Xe—CCl, gas mixture and
the possibility of using it multiply under pumping by a pulsed
electron beam and products of nuclear reaction >>U(n, f).

4. Conclusions

The experimental study of the luminescence of Xe—CCl, and
Ar—Xe—-CCly gas mixtures pumped by a pulsed high-energy
electron beam showed that a necessary condition for efficient
lasing on the B—X transition in XeCl" molecules (4 = 308 nm)
in Ar—Xe—CCl and Xe-CCl, gas mixtures is to maintain
a low partial pressure of chlorine-containing donor CCly
(pcci, << 1Torr) and low Xe partial pressure (px. ~ 12 Torr)
in the working mixture. Pumping of these CCly-poor gas mix-
tures by a pulsed high-energy electron beam of moderate
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Figure 7. Output radiation spectra for a laser element 250 cm long, with
a cavity formed by a totally reflecting mirror (R = 99.5%) and an output
mirror with 7= (a) 0.3, (b) 1.4, and (c) 91.3% (pumping by uranium
fission fragments with a specific power contribution to the gas mixture
of ~300 W cm™). The spectra in panels (a) and (b) are mutually nor-
malised.

power (E, = 150 keV, I,, = 0.4 A, T, = 5 ns) and a specific
power contribution to the gas mixture of less than 7 kW cm™
in a cell 4 cm long yielded quasi-cw lasing on the B—X transi-
tion in the XeCl" molecule (4 = 308 nm) with a gain a =
0.0085 cm™! and fluorescence efficiency 7 ~ 10%. Pumping of
Ar—Xe—-CCly gas mixtures by uranium fission fragments
formed as a result of irradiation of an uranium layer by
a thermal-neutron pulse with a power contribution of
~300 W cm™3 to the gas mixture in a cell 250 cm long in a cav-
ity with a totally reflecting mirror and a quartz window pro-
vided amplified spontaneous emission on the B—X transition
in the XeCl" molecule (1 = 308 nm), with an output radiation
power of 40— 50 kW sr~! and a base pulse duration of ~200 us
at fluorescence efficiency 7 ~10%.

Our experimental results open a possibility of designing
an efficient excimer nuclear-pumped laser on the B—X transi-
tion in the XeCl* molecule (4 = 308 nm), because the mini-
mum specific power contribution to the gas medium that is
necessary for lasing (less than 10 kW cm™) can be attained
using the existing pulsed nuclear reactors.
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