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Abstract
The laser characteristics of the 2.65 um atomic xenon laser transition are reviewed.
Measured and extrapolated laser efficiency in nuclear pumped and electron beam pumped system
is reported. Previous research has indicated that the reported power efficiency is between 0.1 and
2 percent.
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1. Introduction |

Direct nuclear pumped lasers .have been investigated for a number of years since they have
the potential to be scaled to systems having long run times and high output powers."” One of the
most extensively investigated systems is the atomic xenon laser which lases at numerous IR
wavelengths between 1 and 4 um, including 1.73, 2.03, 2.63, 2.65, 2.81 and 3.51 um. Of these
transitiqns, the 1.73 and 2.03 um transitions have received the most amount of examination since
they correspond to windows of good atmospheric transmission and have the highest reported
efficiencies, 2.5 percent. Currently, there exists a good working knowledge of the important
kinetic process and the influences of gas temperature, system design and gas mixture on the laser
efficiency for these lines.

The purpose of this report is to review the available data, both generated at Sandia
National Labs and elsewhere, on the 2.65 um atomic xenon transition. This particular transition
in atomic xenon has not been extensively investigated since the atmospheric transmission is
relatively poor. However, the 2.65 um transition lases very readily and appears in almost all

studies using broad band cavity optics. In addition, it shares the same upper laser level as the 1.73

1-25 26-29

and 2.03 um transitions (Fig 1). As a result, the experimental results ™ and models® " that have
been developed for the 1.73 and 2.03 pm transitions can potentially be extrapolated to the 2.65
um transition (with due caution for the influance of the lower laser level).

One point to keep in mind when reviewing the data on atomic xenon is that the laser has

transitions at 2.65 and 2.63 pm. In general, at low pump rates (P <~ 200 W/cm’), the 2.65 pm

transition will dominate over the 2.63 um transition due to much higher gain (as will be discussed



later).” Asa revsult, unless care is exercised in identifying the laser output, it is possible to
accidentally misidentify these two transitions.

In order to increase the amount of available data, this report begins with a discussion on
the similarity of electron beam and nuclear excitation. Since fission-fragment excitation is similar
to electron beam pumping, the results obtained by using electron beam pumping can be applied to
questions associated with nuclear pumping. The available reactor and electron beam data will

then be reviewed. The final result is a compilation of expected laser efficiency over a limited

parameter space.




2.0 Comparison of nuclear and electron beam excitation

Due to the relative lack of data for the 2.65 pm atomic xenon transition using nuclear
excitation, this report will include information obtained by electron beam excitation. However,
before presenting that data, is important to examine the applicability of electron beam excitation
as a simulation for nuclear excitation. Possible reasons for using electron beam pumping to -
simulate reactor pumping include the cost of the experiment, data rate and the generation of
radioactive material. However, for applications requiring high output powers (Megawatts) and
long pulse widths (0.1 s to CW), nuclear pumping is the technique of choice.

Nuclear excitation uses the kinetic energy of the fission products from 2°U, *He(n,p)’H,
and B'(n,0)Li’ reactions to produce ionization and excitation. For example, when *°U in the
form of a coating (typically UO,) in contact with the gas mixture absorbs a thermal neutron, the
nucleus fissions and produces energetic heavy nuclei with a combined energy of 160 MeV. A
fraction of the fission products exit the coating and produce ionization and excitation in the laser
gas mixture, primarily due to secondary electrons. Uranium fission-fragment excitation has an
advantage over *He and '°B excitation in that the higher energy of the fission-fragments

250 fission- fragments as opposed to 0.75 MeV total for *He

(approximately 160 MeV total for
and 2.3 MeV for '*B) can produce higher energy and power deposition, per cm’, for similar gas
mixtures.

Fission-fragment excitation offers several unique characteristics for investigating rare gas
laser performance. The stopping range for fission-fragments at atmospheric pressure is shorter

than the stopping range for 0.3 to 1.0 MeV electrons. For the case of one atmosphere of argon,

the stopping distance for a 1 MeV electron is approximately three meters.”® For helium, the



stopping distance for a 1 MeV electron in an atmosphere of helium is approximately 20 meters.
In contrast, the stopping distance for an 80 MeV ﬁssion-ﬁagment is approximately 10 cm in an
atmosphere of helium and 3 cm in an atmosphere of argon.”*?? As a result, the fission-

fragments deposit a higher specific energy than an energetic electron beam in argon or helium.

2.1 Model predictions

Moratz, Saunders and Kushner compared the effects of heavy ion and electron beam
excitation in both pure neon®? and excimer laser mixtures.” In neon, the calculated secondary
electron spectra produced by the slowing of a 1 MeV electron beam was compared with the result
of Z°U fission fragment excitation. For this case, the secondary electron spectrum from the
electron beam had a non-Maxwellian high energy tail and an electron temperature that was higher
than the fission fragment excitation. The average energy of the secondary electrons from the
electron beam was 150 eV as opposed to 40 eV for fission fragments. As a result, in an fission
fragment pumped plasma, more of the input energy goes into excitation of lower energy levels as
opposed to higher energy excitation and ionization.* As Moratz et al. point ouf, this is not
necessarily bad, it all depends on the laser system and how the energy flows from the input into
the desired transition.’> However, in the atomic xenon system, the excited state transitions of
interest are all less than 2 eV. Moratz et al. do not give any indication, in this work, how the
secondary electron spectrums compare at these relativly low energies.

The codes developed to examine energy deposition in neon were expanded to examine the

effects of pumping an excimer gas mixture.”’ For these calculations, the gas mixture was either

Ne/Xe/F, or Ne/Xe/NFs, mole fraction of 98.85/0.773/0.377, pressure of 1.36 atmospheres, and




peak energy defsosition of 2.4 kW/cm®. For these conditions, the electron beam pumped spectrum
(1MeV electrons) extends beyond 2 keV while the fission fragment pumped spectrum barely
exceeds 1 keV. However, for energies of approximately 3 to 20 eV, the electron energy
distributions have nearly identical magnitudes and shapes. In addition, energy per ionization is
approximately the same. While some of these results are gas dependent, there appears to be no

significant difference between fission fragment and electron beam excitation.?

2.2 Experimental results

A series of experiments were performed at Sandia National Laboratories to compare
atomic xenon laser operation with broadband mirrors using fission fragment excitation on the
SPR-III reactor and long pulse electron beam excitation on the HAWK/KITE machine to resolve
the issue of dominant output wavelength.*®> A question had been posed as to whether or not
electron beam excitation was a valid simulation of fission fragment pumping due to possible
differences in the electron density and average electron temperature. Previous experiments on
SPR- IIT indicated that the dominant wavelength was 1.73 pm while the HAWK/KITE
experiments showed the 2.63 or 2.65 pm transition was dominate. In the current experiments
wavelength competition was investigated on SPR/KITE using the same cavity mirrors for both
systems. Both SPR and KITE examined the laser characteristics using gas mixtures of Ar/Xe
(0.995/0.005) at pressures of 5, 10, and 15 psia, and Ne/Ar/Xe (0.663/0.332/0.005) at 15 psia.
The goals of this experiment were to evaluate whether fission fragment pumping and e-beam

pumping are significantly different and to gain an insight into pertinent kinetic processes.



The back reflector for each cavity was a 5-m radius-of-curvature, overcoated silver, glass
mirror. The reflectivity of this mirror is greater than 98% over the wavelength fange from 1.73 to
3.51 um. Two different output couplers were used. The first used a multilayer dielectric coating
on infrared quartz and is referred to as "soft coatings" or the SPR-III mirror. The second was a
HAWK/KITE mirror that was silver coated sapphire with an antireflection coating on the output
side and have a reflectivity of 88% at 3.37 um and 89% at 3.51 um. The SPR-III and the
HAWKJ/KITE output coupler reﬂeétivity’s at selected xenon laser wavelengths are shown in

Table 1.

Table 1. Reflectivity of output couplers at selected wavelengths.

Wavelength (um)
Output coupler 1.73 um 2.03 um 2.65 um
Soft coating 88 % 96 % 67 %
Silver coating 76 % 80 % 84 %

The results of these experiments are shown in Figs. 2 and 3. The fission-fragment pumped
results on SPR-III examined the wavelength distribution between 1.73 um and 2.65 um. Using
the soft coating output coupler, gas mixtures of 5, 10 and 15 psia Ar/Xe and 15 psia, 2/1,
Ne/Ar/Xe were examined. The silver, KITE output coupler was examined in 15 psia, 2/1, and
Ne/Ar/Xe. Pump rates shown in the figures have been corrected for the underestimation of the
input energy due to the rapidly cooled unpumped volume and the reactor pump power uncertainty

is 20 %. The corrected energy is then normalized by the time dependent thermal neutron flux

12-15

(derived from a cobalt based detector) to calculate an instantaneous pump power.
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Figures 2 and 3 show the comparison between the percentage of power in the 1.73 and 2.6
pm output for the HAWK/KITE experiments and the SPR-III experiments using the soft
coatings. There is good agreement at all pressures on the relative fraction of 1.73 to 2.65 laser
output. For these cavity conditions, the 1.73 pm line was dominant.

Comparison of Figs. 3a and 3b show the shift in dominant wavelength that occurs in both
experiments as the output mirror reflectivity was changed. These results clearly indicate that the
previous difference in wavelength between the KITE/HAWK data and the SPR-III data was due
to differences in mirror sensitivity. The change in dominate output wavelength with relatively
small changes in output coupler reflectivity suggests that the use of narrow band dielectric mirrors
could eliminate laser output at all wavelengths beside the desired 2.65 um. This point will be
discussed later. In'addition, comparison of the strong threshold behavior in Fig. 3 suggests that
the pump rates are in good agreement. Because of the good comparison of the output
wavelengths, there appears to be no significant differences between pumping with fission
fragments or high energy electrons.

Thus the conclusion of both theoretical and experimental investigations is that there is no

significant difference between electron beam and fission fragment excitation.
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3.0 Review of nﬁclear pumped data
3.1 Review of 2.65 pum nuclear pumped laser

Nuclear pumped laser output at 2.65 um has been measured from the very first reactor
pumped atomic xénon experiments.' Early work noted that the laser output spectrum was a
function of total pressure, buffer gas partial pressure, pump rate, gas temperature and cavity
configuration.'**>' However, the 2.65 pm transition has not beén the subject of concentrated
work due to its poor atmospheric transmission properties and the fact that the wavelength
overlaps with the water absorption band in quartz. As a result, laser studies of fhis wavelength
must use more exotic (and expensive) materials in order to avoid problems with intercavity
absorption.

Nuclear pumped laser efficiency for the 2.65 um transition has been reported by several
Russian groups.'™ Melnikov and Sinyanskii have compiled a list of observed laser transitions,
gas mixtures, pump rates and efficiencies.”® The portion of that table that applies to the 2.65 um
transition is reproduced in Table 2. The highest measured efficiency was 1.5 percent for a 3
atmosphere gas mixture of He/Xe. The table also includes an efficiency of 2 percent for the 2.63
um transition in Ar/Xe. This may very well be a misidentified transition.

Table 2. Results of Russian nuclear pumped laser research at 2.6 pm."”*

Wavelength  Gas mixture Pressure efficiency Pump power reference
(1) (atm.) %) (W/em®)

2.63 Ar/Xe 0.5 2.0 10.5 20

2.65 He/Xe 3 1.5 18 20

2.65 He/Xe 5 0.8 712 20

2.65 He/Ne/Xe 1.5 0.6 45 20

2.63 Kr/Xe 0.35 0.2 40 20

2.65 He/Xe ? 0.15 ? 17

2.65+2.63 He/Ar/Xe ? 0.9 ? 17




Magda reported an efficiency of 0.15 percent for a He/Xe gas mixture (2.65 um) and 0.9
percent for a He/Ar/Xe gas mixture (2.63 and 2.65 um)."” Magda also presents results from both
the Institute for Theoretical Physics (ITP, Magda) and the Institute for Experimental Physics
(IEP, Melnikov and Sinyanskii’®) and notes large differences in reported efficiencies. For
example, the ITP measured a He/Xe eﬂic;iency of 0.15 percent while the IEP measured i.O
percent."” He states that the discrepancy is due to the different methods used to measure the
input power and the use of various correction factors to account for dimer radiation, gas motion,
heat transfer to the cell walls, surface roughness of the *°U layer and the **U composition.

Central to any calculation of laser efficiency is a determination of input power. However,
one of the difficulties in nuclear pumped laser research is the accurate determination of input
power. Energy deposition is usually determined in one of two ways. The first measures the
pressure rise due to gas heating in the sealed laser chamber. The pressure rise is then corrected
for gas mixture and geometry dependent heat transfer from the gas to the chamber walls to infer
the peak energy deposition in the laser pump region. Typically, the energy input into the gas
calculated from the ideal gas law is increased by a factor of 1.5 to account for the transfer of
energy from the hot gas to the cool chamber walls.'*">'” The second method utilizes a
measurement of the neutron flux and calculated coupling factors between the measured flux,
thermal neutron flux, fission fragments produced in the *°U layer, number of fission-fragments
that exit the 2°U layer and heavy particle stopping in the gas. Both Magda and Sandia use the
more direct pressure rise method and rely on established heat transfer codes for correction

factors. Even if no correction factors are used, we (Sandia) over estimate the efficiency by a




13

factor of only 1.5. In the authors opinion, the accumulated errors in the neutron flux conversion
can be much greater than 1.5. Thus, unless it is clearly stated how the input energy is derived, any

laser efficiency number must be viewed cautiously.

3.2 General characteristics of the atomic xenon laser

The purpose of this section is to discuss some of the general characteristics of the nuclear
pumped atomic xenon laser and review the important kinetics that influence the laser
performance.

One of the issues associated with fission-fragment pumping is that the relatively high gas
energy loadings routinely obtained using fission-fragment excitation (100’s J/L) can produce gas
temperature increases of several hundreds of degrees. Previous work suggested that gas
temperature increases of this magnitude can detrimentally influence the laser gain and efficiency.'>
** For example, the fission-fragment pumped 1.73 pm atomic xenon laser output can abruptly
terminate before the peak of the pump pulse.”>* As a result, active gas cooling .methods such as
heat exchangers and flowing gas loops have been proposed and employed for high power laser
systems to reduce the gas temperature to acceptable levels and achieve long run times.>"
However, heat exchangers and gas loops can increase the cost and complexity of a system. Since
the complexity of the kinetics in these systems precludes detailed kinetic models, measurements
are required of laser efficiency as a function to gas temperature to identify the optimum operating
point that balances laser efficiency with system complexity.

Characteristics of the laser performance and possible origins of the abrupt turn off of the

laser output has been illuminated by several detailed kinetic models.’>*’ Briefly, the upper energy




level of the atomic xenon laser is believed to be predominately populated by dissociative
recombination of ArXe'. An increasé in the gas temperaﬁ.lre reduces both the ArXe" association
and dissociative recombination rates with a resulting increase in electron density. Reduced
association and recombination rates decrease the rate of formation of the upper laser level.
Increased electron density enhances electron collisional induced mixing of the laser manifold since
the energy level spacing in the atomic xenon laser (5d and 6p levels) is relatively small. In
addition, the laser manifold state to state quenching rates may also be temperature dependent due
to heavy particle collisions.>* Thus an elevated gas temperature negatively impacts several
important laser processes.

In practice, the high energy loadings that result in elevated gas temperatures also produce
high pump powers and electron densities. As a result, it has been difficult to deconvolve the
kinetic effects due to electron collision induced mixing of the laser manifold at high pump powers
from the multiple kinetic rate changes due to gas heating. Thus an experimental apparatus was
recently designed to operate at low pump powers and energy loadings to reduce the electron
density and fission-fragment produced gas temperature rises while externally controlling the gas
temperature.'' Measurements and calculations of the small signal gain at 1.73 and 2.03 pum in
atomic xenon have been previously performed using this apparatus to examine tﬁe influence of gas
temperature on the laser kinetics."' Those measurements showed that the gain decreases
monotonically as the gas temperature increases. Comparison between measured and calculated
gain indicated that the gas temperature dependent performance of the high pressure atomic xenon

laser is consistent with reduced excitation of the upper laser levels due to a decreased rate of
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dimer formation and dissociative recombination, and collisional mixing of the upper and lower
energy level manifolds."

In addition to measurements of the gain, Konak et al.’® and Magda17 demonstfated that the
laser output power of the transitions at 1.73, 2.03 and 2.65 um in atomic xenon are strongly
temperature dependent. Using the *He(n,p)’H pumping reaction, with a combined fission-
fragment energy of 0.75 MeV, Konak e£ al. measured a decrease in laser output with iﬂcreasing
gas temperature at both 2.03 and 2.65 um."® The gas mixture was *He/Ar/Xe
(0.495/0.495/0/0.01) at a constant density (1 atmosphere at 293 K) while the laser cavity had an
output coupling of 6 percent at 2.03 um and 9 percent at 2.65 um. The pump power was
approximately 30 W/cm®. The 2.03 pm laser energy was constant for gas temperatures between
293 K and 450 K and decreased to zero at 623 K. In contrast, the 2.65 um laser energy
terminated at 523 K. Magda showed that for 2°U fission-fragment pumping, the 1.73 and 2.03
um laser output energies monotonically decreased to zero at a gas temperature of approximately
573 K."” The gas mixture was He/Ar/Xe (49.825/49.825/0.25) at a total pressure of 840 Torr and
energy deposition of 110 J/L. Unfortunately, an energy loading of this magnitude produces
transient gas temperature increases on the order of 200 K and makes separating kinetic effects
difficult.

In strong contrast to the experiments discussed above, Batyrbekov and coworkers
demonstrated 1.73 um atomic xenon laser output that was insensitive to gas temperatures of up to
900 K.'® These experiments used an electric-discharge pumped laser in which the gas mixture

was ionized by radiation from a continuously operating nuclear reactor. They showed that the

output energy in a *He/’He/Ar/Xe (50/50/50/1, 1.5 atm.) gas mixture was independent of gas
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temperature for éeveral neutron flux densities. This result is somewhat unexpected and indicates
that additional kinetic processes may strongly influence the atomic xenon laser system. Possible
additional mechanisms include modified electron temperature or density due to the influence of
the external electric field. Whatever the mechanism, it is clear that our theoretical understanding
of the important kinetic processes is incomplete.

In addition to design of the system to reduce the gés temperature, the effects of gas
temperature can be reduced by adding buffer gases to Ar/Xe. Gas engineering, or the addition of
selected buffer gases has long been used in gas laser physics to modify the electron energy
distribution or increase the heat capacity of a gas mixture. For example, Basov and coworkers
showed that neon addition can enhance the output energy of several laser systems without
decreasing efficiency for neon/helium ratios less than 1/1 in He/Ar, He/Kr and He/Xe gas
mixtures.>® For the case of helium or neon addition to Ar/Xe mixtures, several points must be
remembered. Codes suggest that one of the dominant production mechanisms for the upper laser
level is the recombination of ArXe™. Iftoo much argon is removed, the ArXe" formation rate
decreases. Since recombination of HeXe" and NeXe" are not expected to be a major contribution
due to their weak binding™ and the population of Xe," may be low since it is a minor gas
constituent, it appears that there should be some minimum amount of argon required in the gas
mixture.

The addition of helium or neon can also affect the quénching of the energy levels in the
xenon laser manifold.>”*° The net result of diluent addition may be a decrease or increase in gain

or saturation intensity for the many transitions in the xenon manifold. In a broadband optical
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cavity this is manifested in the observation of a shift in the dominant output wavelength. For
example, Alford showed that argon qﬁenches the lower léser level of the 1.73 um transition an
order of magnitude faster than the lower level of the 2.03 pm transition.’’ As a result, Ar/Xe
mixtures lase at 1.73 um in a broad band optical cavity. However, helium has just the opposite
effect. The helium quenching rate for the lower level of the 2.03 um transition is larger than-the
quenching rate for the lower level of the 1.73 um transition. As helium was added to Ar/Xe gas
mixture, the dominant output wavelength in a broadband optical cavity shifted from 1.73 yum to
2.03 um. Neon has a small quenching rate for both the 1.73 and 2.03 pm transitions and did not
change the output wavelength from 1.73 um in Ne/Ar/Xe gas mixtures. 2.65 um laser output was
not observed, probably because this experiment used quartz Brewster angle windows (quartz has
a strong absorption at 2.6 um due to a OH absorption band). For an oscillator forced to operate
at a given wavelength due to high mirror reflectivities at the desired wavelength and low
reflectivities at the all other wavelengths, the addition of diluent may not be a problem. For an
amplifier, an increase in gain at an undesired wavelength could result in amplified spontaneous
emission reducing the gain on the desired transition. As a result of previous studies, neon and
helium appears to be candidates for addition to Ar/Xe gas mixtures to reduce the effects of gas
heating.

The quenching rates for the lower laser level of the 2.65 um transition have been

353749 Quenching rates for the 6p[1/2], state, the lower level of

measured by a number of groups.
the 2.65 um laser are relatively high for Helium and Argon. This would partially explain why the

2.65 um laser usually appears in broadband laser cavities. The quenching rate of the 6p[1/2]o

state is relatively low for neon; the quenching rate of neon is also low for the rest of the 6p
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manifold. As a result, neon can be added to gas mixtures with a minimum effect on the kinetics.

However, as Basov et al.** and Hebner et al. *>*

showed, the addition of neon improves the
stopping power of the gas mixture and increases the energy deposition. The net effect is an
increase in output energy without decreasing laser efficiency (over a limited range of neon
addition).

Reducing the gas temperature also reduces the hot gas induced index gradients in the laser
cell. Side pumped lasers can have strong density and index gradients in the laser cell as the result
of the excitation geometry which can give rise to a time dependent intracavity lens.*”** Under
some pump and gas conditions, the heat induced lensing in the gain region can cause the cavity to

go unstable. Since helium and neon reduce the absolute magnitude of the gas temperature rise,

the index change in gas mixtures containing helium and neon is also reduced.
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4.0 Review of eiectron beam pumped data

This section will review a fraction of the available literature on electron beam pumping of
atomic xenon with an emphasis on the 2.65 um transition. Information about the other atomic
xenon transitions that have an impact on understanding the laser kinetics, such a pressure
broadening rates, will be discussed. In addition, experimental data on the 2.65 um laser operating
at the same pump rate as nuclear excitation will be examined in detail to derive laser efficiencies.

Finally, work demonstrating a continuous wave laser operation at 2.65 um will be reviewed.

4.1 Laser characteristics at high pump rates (P > 100 W/cm®)

Electron beam pumping of atomic xenon has been investigated by a large number of
research groups.***>* As with nuclear pumping, the majority of these investigations focused
on the 1.73 pum transition. However, some of the studies reported on the characteristics of the
2.65 pum transition. It is the conclusions from those works which will be review in this section.
Since most of the electron beam pumped work was at pump rates far above the range of interest,
the results can only serve as an aid to understanding the important kinetics of the xenon system.

Suda and coworkers**

measured the small signal gain and saturation intensity in Ar/Xe
gas mixtures. At a pump rate of 42 kW/cm’, the gain was 6.4, 6.0 and 8.2 %/cm for the 1.73,

2.03 and 2.63 um transitions respectively. The gain for the 2.65 pum transition was between 100
and 200 %/cm. However, the saturation intensity was between 0.1 and 0.2 kW/cm? for the 2.65

um line; the saturation intensity for the 1.73, 2.03 and 2.63 um lines was 17, 6.5 and 1.9 kW/em?

respectively. Thus the gain for the 2.65 pum line is relatively high, which explains the fact that it

always appears in experiments with broad band cavities. In addition to measurements of the gain
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and saturation ihtensity, they also examined the effects of gain competition on the spectrum of the
laser output. They note that although the 2.65 pum transition starts lasing bgfore the 1.73 pum line,
the output at 2.65 um is subsequently lower or terminated when the 1.73 um transition begins to
lase strongly. At the end of the pump pulse, the 1.73 pm lines terminates and the 2.65 pum line
resumes output. Since the 1.73, 2.03 and 2.65 um transitions all share a common upper laser
level, it is not unreasonable to expect that there will be some competition for the population of the
upper laser level.

While it is illustrative to examine the temporal history of the laser lines in a broad band
cavity to understand the kinetics of the laser population, it does not rule out high output power on
relatively weak lines. In reactor pumping experiments, we have demonstrated that it is relatively
easy to use narrow band dielectric optics to suppress laser oscillation on strong laser lines and

allow weaker lines to use the population in the upper laser level.'*'>*-%¢67

For example, in
He/Ar/Xe gas mixtures, the dominate laser line is usually the 2.03 pum transition. However, we
have demonstrated highly efficient laser output at 1.73 um using narrow band dielectric mirrors to
quench the laser output of the 2.03 um line."*"* This same technique could be applied to the 2.65
um transition to funnel the upper state population into the 2.65 pum laser.

Brannon et al.** and Suda et al.*’ have measured the pressure broadening rate for several
of the atomic xenon transitions using electron beam excitation. Brannon used a novel technique
based upon the Zeeman effect to measure the gain bandwidth of the 1.73 um transition.*’ The
Zeeman effect originated from the magnetic field used to guide the electron beam into the laser
chamber. In general, the results of Brannon are in good agreement with the results obtained by

68,69

Vetter et al. (discharge excitation)*®® and Hebner et al. (fission fragment excitation).”” The
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results of Suda are significantly higher than the results of Brannon. Pressure broadening rates
were dependent on the gas mixture and laser transition. However, all of the values are between 8
and 25 MHz/ Torr.

Patterson et al. examined the output of electron beam pumped xenon laser performance
using two different electron beam machinesf”’61 The first utilized a 1 MeV electron beam guided
into the laser cell and along the laser axis by an external magnetic‘ field ® This system was capable
of pump rates between 40 and 1000 W/cm®. The variation in laser power at 1.73 and 2.65 pm
was examined as a function of laser gas conditions and pump rate. They noted the laser pulse
width was a function of the gas temperature (energy loading of the gas) and that the gas mixture
could be modified to reduce the effects of gas temperature on the laser width and efficiency.

Similar results were also obtained for the 1.73 and 2.03 um laser using fission fragment pumping.

4.2 Laser characteristics at low pump rates (P < 100 W/cm®)

The second system utilized by Patterson and coworkers was an electron beam machine
designed to closely simulate nuclear pumped conditions (KITE).* The electron beam was
capable of supplying pump rates in the approximate range of 5 to 100 W/cm® with pulse widths 5
to 55 milliseconds. Two sets of cavity optics were used for these experiments. The first was a set
of narrow band dielectric mirrors used to determine the laser gain and saturation intensity at 1.73
um. The gas mixture was Ar/Xe at a total pressure of 840 Torr, Xe fraction of 0.5 percent, and

pump rates of 12, 22 and 42 W/cm®. The measured values of gain, 0.64 , 0.64 and 0.91 %/cm,

and saturation intensity, 61, 160, 381 W/em? for pump rates of 12, 22 and 42 W/cm’,
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respectively, are in good agreement with reactor pumped data by Hebner and Hays"* and Perkins
et al.”’

The second set of cavity optics was broadband to examine the effects of 'line» competition
(broad band optics were discussed in section 2.2). Since the work by Patterson et al. is the only
study of the 2.65 um transition that uses electron beam excitation for pump conditions that
simulate reactor pumping, it will be exaﬁﬁned in detail. * For the purposes of this reviéw, the
parameter of interest is the efficiency of the 2.65 um transition as a function of gas mixture,
pressure and pump power. Patterson et al. report the total laser output (in Watts) in a broadband
laser cavity and the relative fraction of 1.73, 2.03 and 2.65 pm laser output for pump powers
between 5 and 60 W/cm®. This information can be converted to efficiency if one knows the pump
volume and assumes that the laser output is uniform over the pump aperture. Based upon
conversations with E. L. Patterson, this experiment used a 3 cm diameter aperture at the output of
the laser cavity.”" As a result, the laser pump volume is 7 cm” x 100 cm = 700 cm’.

The results of converting the data of Patterson et al. to laser efficiency is shown in Table
3.3 The efficiency is approximately 0.1 to 0.5 percent; less than the nuclear pumped values
reported by Melnikov and Sinyanskii (Table 2),” but consistent with the values reported by
Magda."”. Since the program at Sandia National Laboratories was focused on the 1.73 pm
transition, no attempt was made to optimize the 2.65 pum laser output. Some of the data from
Patterson, in particular the data for He/Ar/Xe gas mixtures, indicates that the efficiency increased
as the pump rate was decreased. As a result, it appears that it may be possible to improve the

efficiency of the 2.65 um laser.
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Table 3. Electron beam pumped efficiency at 2.65 um as a function of pump power, gas mixture,
total pressure and buffer gas ratio.*®

Ar Xe, 254 Torr, 1:0.005

Pump power (W) Efficiency (%)
5.0 0.28

15.0 0.31

35.0 : 0.21

Ar Xe, 507 Torr, 1:0.005

Pump power (W) Efficiency (%)
5.0 0.22

15.0 0.19

60.0 0.32

Ar Xe, 760 Torr, 1:0.005

Pump power (W) Efficiency (%)
5.0 0.18

15.0 0.29

60.0 0.47

Ne Ar Xe, 760 Torr, .66:.33:.005

Pump power (W) Efficiency (%)
5.0 0.18

15.0 0.34

55.0 0.29

He Ar Xe, 760 Torr, .66:.33:.005

Pump power (W) Efficiency (%)
5.0 0.33

15.0 0.18

28.0 0.10

Perkins et al. also investigated the pumping of atomic xenon using a long pulse electron

beam machine.*’” They measured values for the 1.73 pm atomic xenon transition gain, saturation

intensity and efficiency that were in good agreement with both Patterson®> and Hebner.'>*
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4.3 CW 2.65 um laser

In addition to operating in the pulse mode, the 2.65 pum transition has been observed to
lase cw when pumped by a transverse radio frequency discharge. Udalov et al. reported
unoptimized output powers of 80 - 100 mW at 2.65 um at a pressure of 85 Torr in He/Ar/Xe gas
mixtures.”” The laser was pumped at 150 W using an excitation frequency of 121 MHz and laser
output was observed at 2.03, 2.63, 2.65, 3.37 and 3.51 um.

Hebner has also observed quasi-cw (20 ms pulse length) laser action at 2.03 um using
microwave excitation of He/Xe gas mixtures.” Unoptimized laser powers of approximately 1
mW were observed for microwave (2.45 GHz) pump powers of 300 W. It was noted that the

laser output was very sensitive to gas heating. Laser output at 2.65 pm was not investigated.
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5.0 Conclusions

The characteristics of the 2.65 um atomic xenon laser transition have been reviewed.
Data from both electron beam and nuclear pumping was examined. A laser eﬁicienéy between 0.1
and 2 percent has been reported, although there is some uncertainty in the values above 1 percent.
Electron beam pumped atomic xenon studies imply that under certain conditions, the efficiency of

the 2.65 um transition may improve at lower pump rates. Since no studies have focused on this

transition exclusively, it is possible that improvements in this efficiency are possible.
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Fig. 1 Partial energy level diagram of atomic xenon
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Fig. 2 Comparison of the relative output at 1.73 (@) and 2.65 (¥)mm using electron beam
(KITE, dashed line) and fission fragment (SPR-III, solid line) pumping. The gas mixture was
Ar/Xe with a 0.5 percent xenon fraction in 5 (a), 10 (b) and 15 (c) psia of argon. The output
coupler labeled “soft coating” was used for both experiments.
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Fig. 3 Comparison of the relative output at 1.73 (@) and 2.65 (W)mm using electron beam
(KITE, dashed line) and fission fragment (SPR-III, solid line) pumping. The gas mixture was
Ne/Ar/Xe (0.66/0.33/0.005) at 15 psia. The output coupler was the soft coating (a); and the
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