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Influence of water vapor impurities and gas temperature on the 1.73 pm atomic xenon laser
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High power Ar-Xe laser devices often face the problem of premature termination of laser output power with respect to the
pumping pulse. Several reasons, including temperature effects, outgassing of impurities from walls as well as electron induced
effects have been discussed. Here, two experiments, elucidating the influence of water vapor contents in the lasing gas mixture on
laser output power and laser threshold, and the effect of temperature rise in the laser gas on amplitude and shape of the laser output
pulse, have been performed at the Munich Tandem accelerator, using 100 MeV *S°* beams for pumping, thus simulating nuclear
pumped laser (NPL) experiments at a pumping power density of ~100 W/cm®. To study the influence of water vapor on laser
parameters, highly purified 500 mbar Ar gas containing 0.5% Xe was used with well defined amounts of water vapor added. A
continuous decrease of laser power was observed with increasing water concentration. A simple model is used to explain the data.
Rate constants for quenching the upper level (ngo), and a ratio of the rate constant for electron attachment to water vapor to the

total recombination rate of 410~ cm’/s and 6-107'® cm®, respectively were obtained from this model. A second experiment has been
performed, using ultra-high purity laser gases to measure the temperature dependence of laser output. The laser gas mixture,
containing of 327 mbar Ar and 3 mbar Xe at room temperature, was pumped using rectangular 50 ps pulses (rise time ~100 ns) of
100 MeV *?S°" ions. In a pure Ar—Xe mixture, a decrease of laser output power with increasing temperature could be observed.
Extreme afterglow lasing, reaching more than 20% of the entire energy in the 50 ps laser output and lasting for more than 20 pus was

observed in the temperature range between 400 K and 570 K.

1. Introduction

Laser operation on the 1.73 pm transition in xenon atoms
has been studied extensively.'® Recently a very compact, low-
energy electron beam pumped Ar—Xe laser’ has been developed
which may find application in atmospheric optics research, e.g.,
as a seeding laser in lidar systems. Up to now Ar—Xe lasers have
mainly been studied as high power electron beam and so called
nuclear pumped laser (NPL) systems.® This laser has a high
efficiency (max. 8%)°'' and a low threshold."”™ It is a
potentially high energy (up to about 100 kJ) NPL with pulse
lengths of ~10 ms."* Despite the promising characteristics such as
high efficiency a problem of atomic rare gas NPLs has become
apparent since the early times of these lasers. Often, when high
pumping power density was used, premature termination of the
laser pulse was observed. Sometimes peak laser intensity was
even reached prior to the peak of the pumping power pulse.'>¢
Recently, however the optical nuclear-pumped amplifier using the
fast burst reactor (Bars—6) in Obninsk has shown significantly
improved performance, most likely due to good gas purification.'’
The problem of limited reproducibility of the laser pulse'>™'%'®
suggests that there are factors which strongly influence the
performance of the laser but are not yet fully understood.

Several reasons for these problems have been discussed.
Here, two main causes are considered for explaining these
phenomena. Up to now most experiments and their analysis
have dealt with the temperature dependence of the Ar—Xe laser.
Electron collisional mixing (ECM)' has been suggested
causing the temperature dependence. Modeling gas
temperature dependence analytically is complicated and will
not be described here. Some experiments concerning
temperature dependence’”?* have been performed over last

decade. However, there still seems to be lack of experimental
data for performing accurate numerical modeling.

As an alternative to temperature dependence,
A.A. Mavlyutov et al. discussed the influence of molecular water
impurities in the laser gas mixture on the intensity of the atomic
xenon laser and performed experiments on this issue.”® The
authors suggested that water molecules, desorbed from the walls
of the laser cell, remove electrons by an electron attachment
process, because water molecules are strongly electronegative.
Therefore, the recombination rate is reduced. As a result, the gain
of the laser decreases. In addition to the electron attachment
process, we took collisional quenching of neutral excited xenon
atoms by water molecules into consideration. Although the effect
of electron attachment will turn out to be larger than that of
collisional quenching of neutral excited xenon atoms by water
molecules for reducing laser intensity, collisional quenching is not
negligible for modeling the influence of water vapor impurities on
laser output.

Experiments have been performed to study the influence
of water vapor impurities in the laser gas mixture and gas
temperature on the output power of the atomic xenon laser.
During these experiments, all other parameters of the laser
were kept fixed. The corresponding rate constants are derived
using a rather simple theoretical model for electron attachment
with water vapor at room temperature.

2. Experimental setup and concept
2.1. Experimental setup

Experiments were performed using a beam of
100 MeV *S’* ions from the Munich Tandem van de Graff
accelerator for pumping. The 20-50 ps long beam pulses were
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operated at repetition rates of 30-45 Hz. The laser gas mixture
was separated from the beam line vacuum of the accelerator by
a 1 mg/cm? titanium entrance foil with an aperture of 4-mm
diameter (see Fig. 2). The pumping power density was on the
order of 100 W/cm® which is comparable with the typical
power density used in NPL experiments. The beam pulses were
formed using an electrostatic chopper installed at the low
energy side of the accelerator. Using the signals from a digital
pulsing and delay module for switching this chopper we could
form rectangular pulses of the heavy ion beam with rise and
fall times of less than 100 ns (see the pump pulse in Fig. 1).
Laser output power reached its steady state value during the
20-pus pulse width.
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Fig. 1. Time dependence of laser output P (solid line) and pump
pulse | (dotted line) for a pulse width of 20 ps. The beam current of
about 36 pA corresponds to a pumping power of 400 W.
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Fig. 2. Schematic drawing of the experimental setup: the beam line,
laser optical axis (A), titanium entrance foil (F), excited region (E),
gas cell (C), laser optics (L: alignment laser; M1, M2: mirror
(rcc=1.5, 10 m); W: Brewster window), pressure gauges (P),
germanium photodiode detector (D), valve (V), hygrometer (H),
platinum resistance thermometers (T), and gas heater cell (G) are
shown. The angle (0) between ion beam and laser axes was 1.2°.

A schematic drawing of the laser setup is shown in Fig. 2.
The laser gas cell was built using standard stainless steel high
vacuum components with 100-mm inner diameter. The
titanium entrance foil allowed maintaining atmospheric
pressure in the gas cell and at the same time a pressure of 10~
% mbar in the beam line. The absolute pressure of the laser gas

mixture was measured using a capacitance manometer
(Baratron, Type: 390HA-01000) with a sensor for a pressure
region between 10~ mbar and 1bar. Using a sensitive
electrical hygrometer (Panametrics, Model 708E), the water
vapor densities were measured and controlled during
experiments. The gas heater cell (G in Fig. 2) consisted of a 25-
cm-long quartz cylinder with an inner diameter of 2 cm and a
tungsten coil. It was installed in the gas cell to cover the region
excited by the heavy ion beam. The gas temperatures inside (at
the end and in the middle) and outside the gas heater cell were
measured using the platinum resistance thermometers (T in
Fig. 2). The laser gas was mixed using Ar and Xe with a
minimum purity of 99.998%. The laser gases were mixtures of
0.5-1.0% xenon concentration with a total gas pressure of 300—
500 mbar at room temperature.

A rare gas purifier operating with hot (800°C) titanium
was installed between the gas outlet and inlet of the laser cell
and purified laser gas mixtures were circulated through the
system using a metal bellows compressor. Purification of the
laser gas mixture is essential, especially as a prerequisite for
measuring the influence of gas temperature alone.

Our purification system could realize a low water vapor
density of 5108 cm™ even at 663K, the maximum
temperature of the gas mixture inside the gas heater cell. Water
vapor effect on the laser output power is negligible at a water
vapor density of 5-10" cm™. The laser setup, schematically
shown in Fig.2, was similar to that used in previous
experiments conducted at the Munich Tandem Accelerator.?*
The optical axis of the laser was tilted with respect to the ion
beam axis at an angle for which laser output power reached is
maximum. The unstable optical cavity consisted of narrow-
band mirrors with the radius of curvature of 1.5 m and 10 m,
respectively. Laser power was measured by measuring the
output power transmitted through the external mirror and
alternatively via reflections off from the Brewster window (W,
Fig. 2). The germanium photodiode detector used was tested
for linear response up to the laser output power of 10 mW. A
correction factor was determined in an off-line experiment for
converting of the detector-readouts into laser output power for
values above 10 mW.

2.2. Experimental concept and procedure

During the experiments, all parameters of the laser were
kept constant except for one parameter which was varied
deliberately (water vapor concentration or gas temperature).
The first experiment was aimed at measuring the influence of
water vapor impurities on the laser output. It is important for
measuring the influence of water vapor alone, to maintain an
almost constant gas temperature. Pumping the laser with 50-pus
duration heavy ion beam pulses, the temperature of the laser
gas mixture raised only by 10°C. On the other hand, it is
important for measuring the influence of gas temperature alone
that the lasing gas mixture is kept water-vapor-free and at
constant density. Using the equation of state for an ideal gas,
the gas pressures, which correspond to constant density were
calculated using the gas temperatures and were adjusted
accordingly during each measurement.

2.2.1. Measurement of water vapor dependence
of laser output

At the beginning of the experiment, laser operation was
optimized and then water vapor was added to the laser gas by
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diffusion. For that purpose a valve (see Fig. 2) was opened to a
section of the cell which had been partly filled with distilled
water, pumped strongly until the water had frozen and a low
pressure (~mbar) was reached. Then the section was brought
back to room temperature. By this procedure it was assured
that only water vapor was added to the laser gas. After adding
the water vapor the laser had stopped operating. Using the gas
purifier we then removed the water vapor from the laser gas
step by step while measuring its concentration with the
hygrometer and the corresponding laser output with a
photodiode. The intensity of the heavy ion beam was kept
constant. The measurements were performed whenever both
the laser output power and hygrometer readings had stabilized.

In a separate experiment the laser parameters for a water-
vapor-free laser gas mixture were determined by varying the
cavity loss by varying the angle of incidence onto the Brewster
window (W in Fig. 2). Additional cavity losses due to the
reflection from the Brewster window surfaces were calculated
using Fresnel’s formula. The laser parameters as derived by
this method were as follows: 18 W/cm? saturation intensity (I),
4.6% small-signal gain (go), and 1.3% cavity loss (loss) with
the window at the end of the cell set to Brewster angle (quartz:
55.2° for 1.73 um laser radiation) as it was done while
measuring the influence of water vapor.

2.2.2. Measurement of the gas temperature dependence
of the laser output

At the beginning of the experiment the laser gas in the
gas heater cell was heated up at the maximum temperature
used in the experiment, controlling and actively purifying
outgassing water vapor. The gas was kept at the maximum
temperature, until the gas purifier had removed the water
vapor from the laser gas. Water concentration was measured
using a hygrometer. When the gas mixture contained less
than 1-10"* cm™ of water vapor density, the current through
the heating coil was gradually reduced while measuring gas
temperature with a platinum resistance thermometers and the
corresponding laser output with a photodiode. The gas
density was kept constant to avoid changing of the optical
geometry and gas kinetics. Using the metal bellows
compressor and the valves in the gas circulation system to
control the total pressure of gas mixture in the gas cell, gas
density was kept constant over the entire temperature region
studied. Measurements were performed whenever both the
laser output power and thermometer readings had stabilized.
By this procedure, at constant gas density, it was assured
that only gas temperature affected the laser outputs. Finally,
the cell was brought back to room temperature.

In a separate experiment the influence of the induced
magnetic field from the solenoid coil of the gas heater cell (G
in Figure 2) was checked using an external copper coil winding
around the cell. No influence of the magnetic field on laser
performance was observed over the entire experimental gas
temperature region.

3. Experimental results

3.1. Dependence of the laser output
on water vapor content

The influence of water vapor on the Ar—Xe laser was
measured using 500 mbar total pressure and a xenon

concentration of 0.5%. Relative laser intensity vs. water
vapor contents in the laser gas mixture is shown in Fig. 3.
A water vapor content of 0.01% corresponds to water vapor
concentration of the order of 10'* cm™. From this result it can
be seen that the laser output is reduced as water vapor content
increases. A significant effect is observed at concentration
higher than 10'* cm . We observed a laser threshold at a water

vapor density of about 3-10"° cm >,
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Fig. 3. Experimental result showing the influence of water vapor
impurities on laser output: the relative laser intensity is plotted vs.
water vapor contents. A fit to the data using a model as described in
the text is also shown. According to this model, for example at the
laser threshold, the electron attachment rate is 60% of the total
electron depopulation rate and 30% of the total transition rate from
the upper lasing level is due to quenching by water vapor which
demonstrates that both processes play an important role.

3.2. Gas temperature dependence of the laser output

The experimental setup described here was designed for
minimum optical cavity loss to perform experiments over a wide
range of gas temperature (303~663 K) without reaching laser
threshold. The gas temperature dependence of the laser output
power using Ar—Xe (0.9% Xe-concentration) gas mixture of
43-10" cm™ constant density pumped by 30 and 50-us pulse is
shown in Fig. 4. Data shown here combine the results obtained
using 30 and 50-us duration pulses for pumping respectively. Gas
temperature here means the temperature of gas in the middle of
the gas heater cell. For a pure Ar—Xe mixture a decrease in the
laser output power with the increasing temperature could be
observed (see Fig. 4). In particular, the data show a significant
reduction of the laser output power in the region of gas
temperatures between 300 K and 400 K.

When using a gas mixture of higher density, we
observed that the shape of the output laser pulse changed
with gas temperature change. Extreme afterglow lasing,
reaching more than 20% of the total energy in the 50-ps
laser output and lasting for more than 20 us could be
observed in the temperature range between 400 K and
570 K. Laser output power and corresponding pumping
pulse are shown in Fig. 5. It shows an extreme afterglow
lasing at a gas temperature of 454 K and a gas density of
5.5-10" cm™. When the pumping pulse terminated, laser
output even increased.
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Fig. 4. Experimental results on the influence of gas temperature on
the laser output: intensity of laser output is plotted vs. temperature
of the laser gas. The laser gas was a mixture of 99.1% Ar and 0.9%
Xe with 4.3:10" cm™ constant density. All other parameters such as
water vapor density (purity of lasing gas), optical geometry, xenon
concentration, pumping power density were kept fixed.

gas outlet
/ (to gas purifier)

gas inlet
(from gas purifier)

Fig. 5. Laser pulse observed in the gas temperature region between
400 and 570 K: time dependence of laser output power P (solid
line) at a gas temperature of 454 K and a gas density of 5.5:10" cm™
3, and pump pulse intensity | (dotted line) for a pulse width of 50 us
are shown. The beam current of about 40 pA corresponds to a
pumping power of 440 W.

4. Modeling the experimental data on
influence of water vapor impurities

Modeling of the complex temperature dependence has not
been performed, yet. However, a rather simple model
considering two mechanisms can describe the water vapor
dependence of the Ar—Xe laser output very well: Saturation
intensity (l) of the laser emission is given by

Is=hv/t 0, (D

where h is Planck’s constant, v is the frequency of the laser
radiation, t is the lifetime of the upper lasing level, and o is the
stimulated emission cross section. The lifetime of the upper
lasing level 1) is given by

Tfl = Aik + Rqupera (2)

where Aj (as a short notation for ZAuppcr. x) are the
k

spontaneous emission coefficients, and RQ

wper the total

quenching rate of the upper lasing level. The coefficients Ay
and the quenching rate coefficients of different energy levels of
xenon were reported by Ohwa et al.”® The radiative lifetime of
the upper lasing level is 3-10°s™'. The combined rates for
collisional deexcitation, induced by thermalizing collisions
within the 5d manifold with argon and xenon atoms, as
discussed in the literature,” add up to 3.3-10" s™' in the laser
gas mixture used here (500 mbar, 0.5% Xe-concentration). The
three body collision rates, as well as electron induced
deexcitation rates can be neglected under the experimental
conditions described here. The experimental data shown in
Fig. 3 can be explained by two different processes: electron
attachment and quenching of the upper lasing level by water
vapor. A simplified pumping scheme of the Ar—Xe laser is
shown in Fig. 3. The two processes considered as main causes
for reducing the laser output power are indicated.

Firstly, assuming that quenching of the upper lasing level
by water molecules is the only cause for a reduction of the
population of the upper lasing level, it has to be considered that
small-signal gain g, and saturation intensity I are functions of
water vapor densities [H,O]. Since the population of the upper
level, Nypper €xceeds that of the lower one by more than one
order of magnitude, the water vapor density dependences of g
and lg are given by

Nupped Ry | 3)
=0 upper = E)

9o = OMupperd AL T RT o+ KT o [H,0]

o =Da, RS+ KO (1,0 )
s o ( ik upper HooLt12 )3

respectively, where Ryum, is the pumping rate to the 5d[3/2];,
upper lasing level, Rquper is the total quenching rate of the upper
lasing level and o is the cross section for stimulated emission.
The rate constant Rgzo is the quenching rate coefficient of
water vapor. The parameter | is the net overlapping length of
the optical mode volume with the active laser medium. The
radiation intensity, |, inside the resonator is described using the
laser parameters by the following formula:

I = (l%— 1)|s. (5)

By substituting Eqgs. (3) and (4) into Eq. (5) the following
dependence of | on [H,0O] is obtained:

oump | A+ Riper + Ko [HZO]) ©

R
I([H,0]) = hn( loss — -

This linear dependence (6) of | on [H,O] is equivalent to the
reduction of the laser power upon addition of nitrogen
described in the literature.”® Note, that at this point it was
implicitly assumed that the water added to the laser gas can be
treated as an ideal gas.

Data shown in Fig. 3, however, cannot be described by
this linear dependence of | on [H,O]. This indicates that
quenching of the upper lasing level by water vapor is not the
only relevant process and the electron attachment to water
vapor must be considered.

Secondly, assuming that electron attachment is the only
cause for a reduction of the population of the upper lasing
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level, only the small-signal gain g is a function of water vapor
densities [H,O] because only the pumping rate Ryym, is
influenced by water vapor (see Fig. 6).
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Fig. 6. Schematic level diagram: the excited xenon atoms
(Xe*[7p,7s]), which are precursors of the upper lasing levels,
molecular ion (ArXe', Xe,) levels and the laser upper 5d[3/2];, and
lower 6p[5/2], levels are shown. Also, the dominant kinetic

processes of the laser scheme considered here such as collisional

quenching (constants: Kﬁ,”’"i KSzO; the total quenching rates of the

. Q Q . L.
upper and lower lasing level: Ruper, Riower), dissociative
recombinations (R), Ry), electron attachment to water vapor (ngo), and

optical transitions are shown. The rate Ryump is the pumping rate from
the excited atomic xenon 7p- and 7s-levels to the upper lasing level.

The parameters gy and Ry, are proportional to the
density of the precursors of the upper lasing levels [Xe%, 75 1:

gO o« Rpump o [Xe;kpis] . (7)

The electrons in the laser plasma are produced by
ionizing collisions of the heavy ion beam projectiles and
secondary electrons with the target gas atoms, and are removed
from the active volume by recombination with dimer ions Xez,
ArXe", Ar;, etc. Therefore, the electron density n, is given by

Rionization [AI‘]

e = TR 11 1. DT
M = KT [H:0] + R(To) ®

where R(T,) is the sum over all recombination rates in this
laser plasma which are functions of electron temperature Te.
The constant ngo is the electron attachment rate constant of
water vapor. The rate Rjonizaion 1S the sum overall types of
ionization rates in the plasma. Excited xenon atoms at in the
7p- and 7s-levels are formed via dissociative recombination
with dimer ions Xe;, ArXe'. Then the excited xenon atoms
in the 7p- and 7s-levels decay predominantly via collisional
quenching with argon atoms. The production process of the
dimer ions Xe;, ArXe' is the preceding reaction for
dissociative recombination. Note, that the densities of dimer
ions [XeZ], [ArXe+] depend neither on the reduction of the
electron densities N, nor on the addition of water vapor,
since the dimer ions decay predominantly to Xe, via
collisions with argon and xenon atoms, and not via
dissociative recombinations. The relation between [XeJ, ;¢ ]
and n, is described by the following formula

ArXet R
[X % ] F7p,7s KArXc+
e7p,75 = Q7p,7s
K" (Al

[ArXe]+ F 2 K

N
7p.7s Xcg[Xez]

Neoc N, (9)

ArXe™ Xe;r

where F7p775 s F7p’7S

flux (R, R, in Figure 6) reaching the 7p- and 7s-levels from the

. . . .. R
dimer ions Xe,, ArXe', respectively. The quantities K, .,

R .
KXe+ are the rate constants of the recombination of ArXe', and
2

are the constant fractions'? of the reaction

Xe;, respectively, which are functions of electron and gas
. Q7p,7s .
temperature. The quantity K, is the rate constant of

quenching of the 7p and 7s excited levels of xenon by
collisions with argon atoms.

Rearranging Eq. (7) by substituting Eq. (8) into Eq. (9),
the dependence of g, on the water vapor density is given by

C

= _ﬁ
gO o Rpump KHZO[HZO] + R(Te)s (10)

where C, is a constant.

Fitting (10) to the data reproduces the data shown in
Fig. 3 in the region of small water vapor densities, but does not
successfully describe the region near the laser threshold.
Consequently both processes discussed above must be taken
into account.

By substituting Eq. (10) into Eq. (6) a function I([H,O])
is obtained

hy =
I((H0D) =" (Kiy,o/R(Te)[H,0]+1

upper

—(A+RS +K320[H201>}

(1n

where C, is a constant. The water vapor dependence (11) is
used as a fitting function with the fitting parameters of C,,
KIRhO/R(Te), and ngo for our experimental data. The fitting

result is shown in Fig. 3.
From the fitting results (solid curve in Figure 3), we obtain a
rate constant of quenching by water vapor ngo to be 4-107 cnr’/s,

and the ratio of the rate of electron attachment to water to all the
recombination rates ngo/R(Te) to be 6-107'° cm’[H,0].

5. Conclusion and discussion

Experiments have been conducted to study the influence
of water vapor impurities and gas temperature on laser output,
using 1.73 pm atomic xenon laser transition with Ar—Xe gas
mixtures. The experimental data show a reduction of laser
output power with raising gas temperature at constant gas
density and with increasing water vapor density at room
temperature independently. The experimental data show a
significant reduction of the laser output power at water vapor
densities of the order of 10" cm™ (contents of 0.02%), and for
gas temperature between 300 K and 400 K. This shows that
both of these effects must be considered as main causes for
premature termination of high power emission in Ar—Xe lasers.

Using simple modeling of the experimental data, water
vapor quenching and electron attachment to water vapor are
suggested as the main causes of the reduction of the laser
power, when water vapor is added to the laser gas. A
quenching rate constant of water vapor ngo of 4107 cm’/s
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was obtained. From this model, however, an absolute value for
the rate constant of electron attachment the water vapor could
not be described. For obtaining this absolute value it will be
necessary to perform a complete modeling of the laser gas
kinetics by use of a more detailed knowledge about water
vapor and its reactions in the process. The mechanisms of the
influence of water vapor can be more complicated than the
simple model treated in this paper. In particular, nucleation of
water molecules in the vapor of interactions between water vapor
and ions in the laser gas may have to be taken into consideration.

The mechanisms influencing the lasing process via gas
temperature alone are very complicated. All recombination rates,
production rates of molecular ions, and electron collisional
mixing in the manifold may have to be taken into consideration.
Here, the effect of gas temperature has been measured for a laser
operated in a water-vapor-free gas mixture. Actually the realistic,
high power and long-pulse laser systems are important for
understanding the mechanisms of the influence of water vapor on
the laser output at high temperatures.
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