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Population and relaxation kinetics of the 5d[3/2], level
upon pulsed electron-beam excitation of pure xenon

I.A. Denezhkin, P.P. D’yachenko

Abstract. The time dependences of the spontaneous emission
intensity at the 5d[3/2], — 6p[3/2]; and 5d[3/2], —
6p[5/2], transitions at 2.03 and 1.73 pm, respectively, are
studied in the pressure range from 0.1 to 100 Torr upon
excitation by a nanosecond electron beam. It is shown that
the population and relaxation of the 5d[3/2], level under
these conditions is determined by its excitation and quenching
by electrons of a recombining plasma. No plasma-chemical
processes populating this level, in particular, a channel of
formation of a molecular Xe, ion was found. The lifetime of
the 5d[3/2], state of Xe atoms in the pressure range from 0.5
to 5 Torr is about 1 ns.
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1. Introduction

Lasers on the 5d — 6p transitions of atomic xenon, in
which a He— Ar—Xe mixture can be pumped by an electric
discharge, an electron beam or nuclear fission fragments are
widely used to generate radiation in the near-IR region
from 1.73 to 3.65 pm. It is known [1] that the He— Ar—Xe
mixture is considered as a promising active medium for the
development of high-power reactor-laser systems, in partic-
ular, pulsed systems (nuclear-pumped laser amplifiers) [2].
Of most interest are the 5d[3/2], — 6p[5/2],, 5d[3/2], —
6p[3/2], and 5d[3/2]; — 6p[1/2], laser transitions in atomic
xenon at wavelengths 1.73, 2.03 and 2.65 um, respectively.

The emission parameters of these lasers have been
studied in many papers. However fundamental data on
the kinetics and spectroscopic parameters of the correspond-
ing transitions are still insufficient. Thus, the probabilities
(oscillator strengths) of the 5d — 6p transitions have been
calculated in papers [3, 4], and the total lifetime of the
5d[3/2]; level in pure xenon was measured in [5] by exciting
the 5d[3/2]; level by a laser pulse and studying its radiative
relaxation in the VUV range to the ground state.

At the same time, the data on the laser transition
probability, population processes and the lifetime of the
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upper level of the active medium are very important because
they determine the cross section for stimulated emission, the
efficiency and ‘accumulation ability’ of the laser, i.e. the
possibility of its operation in the master oscillator —amplifier
scheme.

It seems that experimental studies in this field have been
impeded so far by the absence of sufficiently sensitive and
fast IR photodetectors required for studying the time
dependence of the luminescence intensity at laser transitions
in xenon.

Recently, certain progress has been achieved in the
development of such detectors. In particular, PD 24-03
and PD 36-03 photodiodes have been fabricated, which can
be used in such experiments. The aim of our paper is to
measure the time dependence of the spontaneous emission
intensity at the 5d[3/2], — 6p[3/2], and 5d[3/2], — 6p[5/2],
transitions at 2.03 and 1.73 um, respectively, upon excita-
tion of pure xenon by an electron beam of short duration for
obtaining the data on the population and relaxation kinetics
of the 5d[3/2]; level of the Xe atom.

2. Experimental

Figure 1 shows the scheme of the experimental setup. The
active medium was excited by a Radan-220 pulsed electron
accelerator [6] emitting 150-keV, 2-ns electron pulses with
the current amplitude of ~ 500 A. The accelerator operated
in the single pulse regime. A cell was a quartz tube with
internal diameter 24 mm and length 150 mm and the
output optical BaF, window. The internal surface of the
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Figure 1. Scheme of the experimental setup: (/) Radan-220 electron
accelerator; (2) cell; (3) accelerator power supply; (4) magnetically soft
iron housing; (5) lens with the focal distance F' = 170 mm and diameter
80 mm; (6) lens with F =40 mm and diameter 40 mm; (7) IKS-1500
optical filter; (8) PD 24-03 photodiode; (9) Tektronix TDS 1012 storage
oscilloscope; (10) personal computer.
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tube was covered with a mirror aluminium coating. The cell
was evacuated with a backing pump through a liquid-
nitrogen trap down to a pressure of 5 x 107> Torr and was
filled with a medium under study.

The influence of electromagnetic interference produced
by the accelerator on the operation of a detector was
reduced by two methods. First, the power supply and
accelerator with the cell fixed on it were placed inside a
housing made of magnetically soft iron. One of the walls of
the housing opposite to the cell window had a hole of
diameter 30 mm to extract optical radiation. Second, a
photodetector was located at a distance of ~ 1 m from the
accelerator. The emission from the cell was focused on the
photodetector by using a special optical system. The output
window of the cell was imaged with a long-focus quartz lens
with aperture ¢80 mm at a distance of ~ 80 cm and then
was projected with a short-focus quartz length through an
IKS-1500 optical filter on the entrance pupil of the photo-
detector.

The detector was an PD 24-03 photodiode with the
entrance pupil and photosensitive area diameters of 7 and
0.3 mm, respectively. The detector operated in the photo-
voltaic regime (with a load of 50 Q). The output signal of
the detector, corresponding to a luminescence pulse (sponta-
neous emission) was fed to a Tektronix TDS 1012 storage
oscilloscope connected with a PC.

A number of auxiliary and control measurements were
performed before the main measurements. First, we studied
the spectral response function of the detector system.
Figure 2 shows the relative spectral sensitivity of the PD
24-03 photodiode [7] and the transmission spectrum of an
IKS-1500 filter recorded with a Cary-500 spectrophotom-
eter. One can see that the system is sensitive in the
wavelength range from 1.3 to 2.5 um. The photosensitivity
of the system outside this range is close to zero. Measure-
ments performed with an MDR-23 monochromator (with a
300-lines mm " diffraction grating and an PD 24-03 photo-
diode) showed that pure xenon excited by an electron beam
emits in this spectral range only lines at 2.03 and 1.73 pum,
corresponding to the 5d[3/2], — 6p[3/2], and 5d[3/2], —
6p[5/2], transitions, respectively. The intensity of the first
line is approximately an order of magnitude higher than that
of the second one. The detection of the total emission in
these lines enhances the effective light-gathering power of
the spectrometer approximately by 10 %. Such a detection
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Figure 2. Wavelength dependences of the spectral sensitivity n of a PD
24-03 photodiode and transmission spectrum 7" of an IKS-1500 optical
filter.

does not distort the measurements of excitation and
relaxation of the 5d[3/2]; level because these transitions
share the same upper level.

Second, we verified the linearity of the spectrometer with
the help of attenuating filters. A light source was a working
cell with pure xenon at a pressure of 20 Torr excited by an
electron beam. The operation stability of the accelerator was
controlled by detecting visible radiation with a surface-
barrier silicon photodetector [8]. The spectrometer was
found to be linear within +10% in the pulse amplitude
range from 0.5 to 30 mV used in experiments.

We also measured the temporal response function of the
spectrometer. A single 2-ns pulse from a G5-59 generator
(the pulse shape was controlled with a C-75 oscilloscope)
was fed to a detector and recorded with a Tektronix TDS
1012 oscilloscope operating in the same regime as upon
detecting the emission of xenon. The pulse FWHM was
4 4+ 0.5 ns, corresponding to the time constant RC ~ 3 ns of
the system, which is consistent for the load 50 Q with the
certificated values of the capacities of the PD 24-03 photo-
diode and a connecting cable equal approximately to 40 and
20 pF, respectively.

We found also that the possible presence of quenching
impurities in the medium under study does not affect
experimental results. For this purpose, we compared the
amplitude and half-width of luminescence pulses under
different experimental conditions, in particular, by using
vessels with spectrometrically pure xenon obtained from a
production plant at different times, working cells made of
different materials (quartz, stainless steel) and also after
different hold times of the medium in the cell (up to 16
hours). No noticeable differences in the pulse shape were
found within the experimental error. Nevertheless, during
measurements at different xenon pressures, the cell was
evacuated each time and filled with fresh gas.

The experimental method is described in more detail in

1.

3. Experimental results and discussion

The experimental results are presented in Figs 3—5. Oscil-
lations observed at the trailing edge of luminescence pulses
in Fig. 3 are caused by the electromagnetic interference
produced by the accelerator. The errors shown in Figs 4
and 5 are obtained from the scatter of the results of a series
of measurements and characterise mainly the reproduci-
bility of the parameters of a pulse of the electron
accelerator.

The shape of the luminescence pulse weakly depends on
the xenon pressure and the rise and decay times of the pulse,
for example, at a pressure of 1 Torr are 3 and 10 ns,
respectively (see Fig. 3a). It follows from this, without a
detailed analysis of the pulse shape, that the lifetime of the
5d[3/2]; level does not exceed 10 ns. This approximately an
order of magnitude shorter than the lifetime observed upon
excitation of the 5d[3/2]; level by a laser pulse [5].

Such a considerable difference between the lifetimes of
the 5d[3/2]; level in these two cases can be explained by the
fact that upon excitation of xenon by an electron beam,
unlike excitation by a laser pulse, this level is efficiently
quenched by electrons of a recombining plasma. This
confirms a hypothesis [10] about electron mixing of laser
levels explaining the delay of the Ar—Xe laser pulse
observed upon electron-beam pumping.
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Figure 3. Luminescence pulses of pure xenon excited by an electron
beam at pressures p=1 (a), 16 (b) and 70 Torr (c). Solid curves:
experiment; dashed curves: calculation.
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Figure 4. Dependence of the luminescence pulse amplitude U, on the
xenon pressure p. Squares: experiment; the dashed curve: calculation.
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Figure 5. Dependence of the luminescence pulse half-width Az on the
xenon pressure p. Squares: experiment; the dashed curve: calculation.

At the same time, the dependences of the amplitude and
half-width of the luminescence pulse on the gas pressure are
somewhat unexpected at a glance. In particular, the fact that
these parameters almost do not change with increasing the
xenon pressure almost by two orders of magnitude. How-
ever, taking into account the finite duration of the
accelerator pulse and the time resolution of the spectrom-
eter, these experimental dependences can be explained
within the framework of a rather simple model.

It is known that the population N(¢) of the 5d[3/2]; level
during its excitation and relaxation can be described by the
equation

dN(¢)

o = RO -=". M

where R(z) and t are the excitation rate and lifetime of this
level, respectively. The excitation rate R(f) and voltage
pulse U(#), which is proportional to the spontaneous
emission intensity Q(¢), can be written in the form

R(1) = A, exp (—%), 2
p
Uls) = k(1) :k%), 3)

where 4, and 7, are the pump rate at the 1n1t1a1 moment
and its relaxanon time constant; rrdd =1 s r2 ;71 and 1,
are the radiative time constants for the 5d[3/2], — 6p[5/2],
transition at 1.73 pm and the 5d[3/2], — 6p[3/2], transition
at 2.03 pm, respectively; k is the calibration constant
connecting oscilloscope readings with the spontaneous
emission intensity. By substituting expressions for R(?)
and U(¢) into (1), we obtain

du(r)  k t U(r)
dt T4 4 exp( ‘Cp> o @)

The solution of this equation, taking into account the
accelerator pulse duration 7, and the time resolution 7, of
the spectrometer, has the form
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The dashed curves in Figs 3—5 are calculated by (5) by
using the best-fit parameters t,, =3 ns, 1p = 6 ns, 1, =
4x10%, t'=09x10°"% and A4, fl 1 x 104 32
where 7, and t are expressed in seconds A, in em® s 1,
and the xenon pressure in torr. One can see that the
calculated curves are consistent as a whole with exper-
imental data, except the regions of very low (p < 0.5 Torr)
and large (p > 70 Torr) pressures in Fig. 4. This can be
explained by the fact that the given model neglects the
resonance nature of the 5d[3/2]; state of the Xe atom, which
is manifested at low pressures, and the saturation of the
energy input of the electron beam into the medium at high
Xenon pressures.
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Note that the optimal time resolution of the spectrom-
eter proved to be 1y = 6 ns rather than 3 ns, as in the
control experiment with the use of the generator. This is
explained by the fact that in the latter case the charge
accumulation time in a photodiode, which was probably
~ 5 ns in our case, was neglected.

The power dependence of the parameters t and A4, on
the xenon pressure is explained by the fact that the electron
density in the recombining plasma increases with pressure as

1/2
p ' [10].

Thus, we can say that the population and relaxation of
the 5d[3/2]; level upon excitation of pure xenon by an
electron beam is mainly determined by the excitation and
quenching of this level by electrons of the recombining
plasma, the time constants of these processes being very
small. Thus, at xenon pressures of a few torr used in the
laser, the lifetime of the 5d[3/2]; level at least in the time
interval comparable with the pump pulse duration is almost
completely determined by electron quenching and is ~ 1 ns.

At the same time, it can be shown that the electron
density required to produce efficient quenching with the rate
constant, for example, of 2 x 1077 cm® s™! [10] considerably
exceeds the estimate of the density based on the calculation
of the energy losses of the electron beam in xenon. Because
these losses in the given case are small, we can assume that a
considerable increase in the electron density under our
experimental conditions can be caused, in particular, by
the secondary electron emission from cell walls.

Note also that luminescence pulses (Fig. 3) are well
described by the model proposed above and do not contain
long-lived components. This means that excitation of pure
xenon does not initiate plasma-chemical population of the
5d[3/2], level. In particular, the level population proceeding
via the formation of molecular Xe, ions does not occur.
This result is of interest because the dissociative recombi-
nation of the Xe," ion is considered in papers devoted to the
kinetics of processes in pure xenon [l1, 12] as the main
pumping channel of a xenon laser.

4. Conclusions

We have measured the time dependences of the sponta-
neous emission intensity at the 5d[3/2]; — 6p[3/2], and
5d[3/2], — 6p[5/2], transitions at 2.03 and 1.73 um,
respectively, upon excitation of pure xenon by a short-
pulse electron beam in a broad pressure range. Analysis of
our results has shown that the population and relaxation of
the 5d[3/2]; level are mainly determined by its excitation
and quenching by electrons of the recombining plasma. The
characteristic time constants of these processes are very
small and do not exceed 2 ns. Thus, at pressures of a few
torr used in a Ar—Xe laser, the lifetime of the 5d[3/2]; level,
at least in the interval comparable with the electron pulse
duration, is almost completely determined by electron
quenching and is ~ 1 ns.

Upon excitation of pure xenon by an electron beam, no
plasma-chemical processes of population of the 5d[3/2];
level have been found. In particular, population via the
formation of molecular Xe2+ ions, which is considered as an
important pumping channel of a xenon laser, is absent.
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