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LASER FUSION
INTRODUCTION

The United States laser-fusion program is a
muitilaboratory effort, with both government
laboratories and privately owned laboratories
contributing to the multifaceted program.

The Sandia Laboratories laser-fusion program
is mainly directed to the development of ad-
vanced laser systems suitable for laser-fusion
applications. A secondary objective of our
laser-fusion program is to explore and develop
applications of high-power lasers that are of
national interest; this includes, but is not
limited to, nuclear weapon simulation and-
weapon effect studies.

Laser-fusion studies are being pursued on an
international scale. The goal of this inter-
national program is the production of energy
by inertial confinement of laser-heated
fusionable materials. Laser systems can now
be built which should be capable of determ-
ining the scientific feasibility of this energy-
producticn scheme, but a new, more efficient
laser system needs to be developed in order
for laser fusion to be a serious competitor
for commercial power generation, The laser
system in a commercial laser-fusion power
plant will be required to deliver about 10°
joules of lager energy in about 1-ns pulses,
with a pulse repetition rate of about 100 pulses
per second, The efficiency of the lager sys-
tem will need to be near 10%; the laser wave-
length should be in the vigible or near-
uliraviolet regions; and the system must be
reliable and require low maintenance, The
Sandia laser-fusion program is directed to
the development of the laser systems that are
required for both near-term and long~-term
laser-fusion applications.

A laser that satisfies the criteria for the
laser-fusion power plant has probably not yet
been discovered; and, if it has been discov~
ered, it certainly has not been demonstrated
as possgessing all the required characteristics.
The near-term goals of our program are:

(1) to identify lasers that can be useful for
near-term and for long-term laser-fusion
applications, (2) to increase the peak-power
capability and efficiency of existing lasers,

and (3) to develop the technology to increase

_the repetition rate and reliability of high-

power lasers.

During this reporting period, several

major advances have been made in our ef-
fort to identify, evaluate, and improve
high-power laser systems:

1. Laser radiation in excess of 4000 joules
and power greater than 10°- watts were ob-
tained by exciting a chemical chain reaction
in Hg/F'9 mixtures with electron beam,
Peak electrical eificiencies greater than
180% and peak chemical efficiencies greater
than 11% were realized in this electron-
beam-excited HF-laser study, During the
next report period, our HF-laser program
will emphasize: (1) an accurate evaluation
of the laser beam quality that can be ob-
tained with the HF lager, (2) an evaluation
of schemes to shorten the pulse width to

“‘about 1 ns, (3) development of technology to

improve system reliability, and (4) evalu-
ation of the prospects of fast-repetition-

rate operation,

2., Also, during this report period, we
made several contributions to the identifi-
cation and evaluation of the newly discovered
noble-gas halide lasers, Although this class
of laser was discovered less than 8 months
ago, we have already obtained 100 joules of
laser energy from both KrF (2484 A) and
ArF (1920 A) lasers. While these lasers
have high-gain cross sections, which limit
their utility for laser-fusion applications,
they may find wide application as photon
gources to excite other low-gain lasers,
Certainly they will be useful for applicationg
that require lower power than is necessary
for lager fusion; for example, laser isotope
separation.

3. The iodine laser and the COy laser are
the only lagers that can presently be con-
sidered as possible high-repetition-rate
lagers for laser-fusion studies, We have
met all our milestones during this report
period in our program to evaluate the capa-
bility of the photodissociation iodine laser
(1,315 ym). A 7-cm-diameter, 4-m-long

"iodine-laser amplifier was fully assembled,



and initial tests were begun on this amplifier,
This amplifier stores about 100 J of ex-
tractable laser energy. A short-pulse oscil-
lator that produces pulses as short as 160

ps (FWHM) also became operational, During
the next report period, we will: (1) deter-
mine the maximum efficiency of this laser
using standard flashlamps as pump sources,
(2) evaluate energy extraction, (3) evaluate
pulse digtortion, and (4) evaluate the effect
of anomalous dispersion on beam quality
under gaturated-gain conditions. Later ex-
periments will focus on improving the effi-
ciency of the laser and on increasing the
pulse-repetition rate.

4, The oxygen laser (IS->-1D transition) is
the most promising known lager for laser-
fusion applications. It is possible that this
laser will satisfy all of the laser require-
ments for the laser-fusion power plant. The
program to evaluate the capability of this
future-generation laser is still in its infancy.
We have assembled the pulse-power systems
and the diagnostic capability to fully evalu-
ate this promising laser. Detailed studies
of different excitation schemes will be acc¢el-
erated during the next report period.

5. Electron-beam excitation of gas lasers
has several characteristics that make this
excitation scheme promising for high-power
gas lasers. Several different electron-beam
configurations and different electrical-
system designs are being evaluated for ex-
citation of large-volume lasers. There is
probably no single best electron-beam
scheme for laser excitation: the electron-
beam system must be matched to the partic-
ular laser. It is also important to develop
technology to improve the reliability and the
pulse-repetition rate of electron-beam sys-
tems. These efforts will be substaniially
increased during the next report period,

HF LASER PROGRAM

Electron-Beam-Initiated HF Laser

The second-generation Ha-F5 laser experi-

ment using REBA was completed and analyzed.

10

Mixtures of Fy, Og, and H, at pressure
ratios of 1/0.3/0, 25 with Fgy pressures up
to 800 torr were initiated with the REBA
electron beam, and a parametric study of
laser emisgion was performed. In one
geries of studies, the Fy and Oy pressures

. were held constant while the hydrogen pres-

sure wag varied up to stoichiometric.
Under some conditions, SF6 or He was
added to the above mixtures., A maximum
laser energy of 4. 2 kJ was measured at the

. higher pressures. Chemical and electrical

efficiencies of up to 11.4% and 180%, re-
spectively, were obtained. Each of these
efficiencies has been found to be dependent
upon the gas pressure and composition.

The measured laser energy was found to be
proportional to the measured electron-beam
energy deposited in the gas. Addition of an
unstable resonator provided a laser beam
with a 4-mrad divergence.

The experimental arrangement is shown in
Fig. 1. The operating voltage of the REBA
electron-beam machine for this experiment
was 2 MeV with 50 kA delivered in a 70-ns
FWHM pulse. The electrons, after passing
through a 100-y~-thick titanium anode, passed
through a low-pressure (1 torr) drift region
and then passed through a 127-y-thick
stainless-steel diaphragm into the laser
mixture. The electrons were magnetically
guided into the laser cell. It has been ex-
perimentally determined that less than 5%
of the electron beam energy fails to tra-
verse the bend when using this magnetic
injection scheme. A magnetic field of 3 kG
was used to guide the electrons from the
REBA diode to the far end of the laser cell,
A trangverse magnetic field near the far
end of the lager cell guided the remaining
electrons into the wall of the laser cell,
thus preventing window damage by the high-
energy electrons, The stainless-steel
laser cell has an active length of 185 cm.
The diameter of the cell is 14.9 cm, giving
an active volume of 32, 3 liters. A rupture
foil separated the laser cell from the pres-
sure relief tank. The foil was burst by the
pressure pulse produced during the chemical-
chain reaction, The pressure relief tank
was evacuated through a soda-lime trap to

remove the excess Fz.
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A remotely controlled gas-handling system
was used to evacuate the laser cell (1078 _
torr), for passivation with fluorine, and to
fill the laser cell with Fog, 02, Hz, and other
gases before each shot. Fluorine gas pres-
sures up to 800 torr was added first; this
was followed by SFg or He (when used), which
in turn was followed by oxygen. Oxygen was
used to reduce spontaneous explosions dur-
ing the mixing process. Hydrogen was tur-
bulently injected through four separate fill
lines shortly before the accelerator was
pulsed.

Four different optical arrangements were
used. For most of the experiments, a

planar high-loss cavity was formed using

flat sapphire windows as indicated in Fig. 1.
In one series of experiments, unstable optics
were used on the cell, The confocal-unstable
resonator had a magnification of two and a
length of 2.5 m, The third configuration con-
sisted of a 10-m radius-of-curvature mirror
and a sapphire flat, The fourth arrangement
consisted of flat windows on each end mounted

u‘_“m IR

COTL% —

LASER CALORIMETER

REMOTE CONTROL
He , F2 , Op
GAS HANDLING

Schematic diagram of the experimental apparatus.

on 5-degree wedges to reduce feedback
along the optical axis. With this latter con-
figuration, the amplified spontaneous emis-
sion was measured.

The laser diagnostics included a measure-
ment of the lagser energy from each end of
the laser cell using Model 36-0801 Scientech
calorimeters. Lucite beam splitters were
used to reduce the energy impinging on the
calorimeters to prevent damage to the ab-
sorbing surface,

Gold-doped germanium detectors with a
time response of about 1 ns were used to
record the temporal history of the laser
radiation. A spectrograph was used to de-
termine the time-integrated spectra. The
divergence of the radiation was obtained by
focusing a portion of the laser energy onto
a segmented carbon calorimeter located at
the focal point of a spherical mirror, The
angle was obtained from the spot size by
using the approximate formula 2§ = spot
gize/focal length of mirror.
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The electron-beam energy deposition was
measured using a segmented carbon calori-
meter. The electron-beam deposition at
each pressure was obtained by subtracting
the value of the measured energy at that
pressure from the value obtained using 20-
torr Ng. With 20-torr Ny the electron-beam
energy was transported through the laser
cell with the highest efficiency, The mea-
surements gave an upper bound to the true
deposgition because any increased scatiering
to the wallg when the pressure is increased
ig counted as deposition and not as scattering,

Laser energy as a function of fluorine preg-
sure for a fixed F :02:H2 pressure ratio of
1:0, 3:0. 25 is shown by the lower curve in
Fig. 2. The upper curve shows the energy
measured for mixtures with the same pres-
sure ratios to which 100 torr of SFg has
been added, The planar cavity was used for
all the energy measurements presented here,
In general, the unstable resonator and hem-
ispherical cavity yielded 90% as much energy
as the planar cavity. The cavity with 5-
degree wedges on each end produced 20% as
much energy as the planar cavity under the
same conditions, Measurements with the
unstable resonator were limited to laser
energies of 2 kJ and less because of damage
to the convex mirror at the higher energies,

As shown by the lower curve in Fig. 2, the
laser energy initially increases nearly linearly
with pressure, Calculations predict that the
energy should increase with pregsure as long
as the rate of dissociation increases propor-
tionally with pressure and the percentage of
dissociation remains constant, The electron
deposition for the conditions shown in Fig, 2
is shown by the curves in Fig. 3. The lower
curve of Fig. 3 demonstrates that within
experimental error, the deposition is linear
for equivalent Fg pressures up to 800 torr,
The fact that the laser energy shown by the
lower curve of Fig. 2 begins to level off at

the higher pressures is because the laser
pulsewidth plus the initial delay time is de-
creasing, Therefore, at the higher pressures,
some of the electon-beam energy is not de-
pogited until after the fermination of the

laser pulse.
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The upper curve of Fig, 2 indicates that

the laser energy saturates abruptly at about
4 kJ for Fy pressures above 400 torr, This
result can be understood by using the energy
deposition curves of Fig, 3. When 100 torr
of SFg is used with the mixture using 500
torr of Fg, 3.3 kJ of electron beam energy
is deposited in the gas. Increasing the
mixture pressure to the value corresponding
to 800 torr of Fg increases the deposition
only slightly because there is a total of only
3.8 kJ of beam energy available for depo-
sition. This result suggests that the effect

5.0 T T T T T 1 T T
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|
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FLUORINE PRESSURE (Torr)
Fp!0piHp=1:10.3:0.25

Fig. 2. Laser energy as a function of
fluorine pressure with a compo-
sition of Fg:09:H32 equal to
1:0.3:0. 25. The lower curve is
for data when no SFg was used;
the upper curve represents data
when 100 torr of 8Fg is added to

each mixture.
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Fig. 3. Electron-energy deposition
measurements for the same
conditions as those in Fig, 2,
Nitrogen, at the same density
as that of Fg + Og + Hg, was
used to simulate the laser
mixture.

of adding SFg is to increase the energy de-

posited in the gas. This conclusion is support-

ed by the observation that the increased lager
energy when 100 torr of SFg is added corre-
gsponds to the increased energy deposition. For
the F2:02:H2 mixtures with no SFg, the laser
pulsewidths (FWHM) decreased from 42 ns to
20 ns as the F5 pressure was increased from
200 to 600 torr. The pulsewidths from 600
to 800 forr remained constant at about 20 ns.
The pulsewidth using 100 torr of SFy was
about 5 ns longer than those without SFg for
a given F2—H2 mixture,

In order to show that the observations were
the same with and without SFg, except for the
change due to the increased electron-beam
deposition, the SFg pressure was varied at
constant F2, 02, and H2 pressures of 500,
150, and 125 torr, respectively. These data
are shown by the upper curve in Fig., 4. The
laser energy increases with SFg pressure up
to 100 torr where the energy saturates at

about 4 kJ. The effect of adding SFg to this
mixture is to-increase the laser energy by a
factor of 1.9, The electron-beam deposi-
tion, given by the lower curve in Fig. 4,
shows that the increase in energy deposition
with 100 torr of 8F, is.a factor of 1, 8 higher
-than that with no S] 6* The laser energy
evidently saturates when all the available
e-beam energy is deposited in the gas. Fig-
ures 2, 3, and 4 show that the laser energy
obtained in this experiment correlates with
the amount of electron-beam energy that can

_be depogited, Adding SFg increases the de-

position rate which, in turn, increases the
number of fluorine atoms produced by the
electron beam,

5.0 —— — T 1

4.0

+«————— DEPOSITED

ENERGY (kJ)

[ | L ]

o 50 . 100 150 200
$Fg PRESSURE (Torr)

500 Torr F2/15Q Torr Op /125 Torr Hp

. Fig. 4. Laser energy.and deposited
electron-beam energy as a function
of SFg pressure for a mixture of
500 torr Fy, 150 torr O2 and 125
torr Ho. Depqsi_ted energy was
measured with the given pressures
of SFg and a nitrogen density equal
to the F2 + _02 + H2 dengity.
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The divergence angle of the laser radiation
for three different optical arrangements is
shown in Fig. 5. Because of the material
blow-off of the calorimeter, which can per-
mit heat transfer between individual elements,
these measurements give an upper limit to
the divergence, The occurrence of blow-off -
algo makes absolute energy measurements
impossible. The full angle at half maximum
is about 35 mrad for the planar and hemis-
pherical cavities and about 4 mrad for the
unstable resonator. It is apparent that this
laser with its high gain and specific énergy
(> 60 J/£) is effectively controlled by feed-
back optics. :

T T 1 T T T T T
* UNSTABLE RESONATOR

32 x PLANE WINDOWS ) -
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28 a
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Fig. 5. Energy dénsity as a function of di-
vergence angle for three different
cavity configurations,

The time~-integrated spectra were obtained
at various pressures and concentrations.
Because of the high laser intensity, it was
difficult to accurately separate some of the
transitions, but a minimum of 40 were
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observed. The spectra did not appear to
change drastically when SFy was added or
when the hydrogen concentration was varied,
P1» Py, Py, P, Pg, and Py transitions
were observed, The majority of the energy
was contained in Pl’ PZ’ and P3 transitions,

In this study, one of the objectives was to
determine the energy scalability of the HF
laser, Of primary importance are the elec-
trical and chemical efficiencies of such a
laser, The electrical efficiency as used
here is defined as the ratio of the laser
energy output to the electron-beam energy
deposited in the lasing medium. The chem-
ical efficiency is defined as the percentage
of the total available exothermic energy
contained in the laser tube (based on the
hydrogen content) that appears as laser
radiation.

Figure 6 shows the chemical and electrical
efficiency for a fluorine pressure of 300
torr and an oxygen pressure of 90 torr. A
chemical efficiency of 11, 4% was attained
at a hydrogen pressure of 10 torr, This
value represents the highest chemical effi-
ciency reported for a pulsed laser operating
on the H9-Fs chain. As the hydrogen pres-
sure is increased, the chemical efficiency
decreases to a value of about 1% when the
mixture is stoichiometric. The electrical
efficiency increases to 180% for a stoichio-
metric mixture,
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Fig, 6. Chemical and electrical efficiencies
as a function of hydrogen pressure
with 300 torr Fy and 90 torr 02.



The chemical and clectrical efficiencies as
a function of laser energy are shown in
Fig. 7. All the data in Fig. 7 are for an
F5:04:Hg pressure ratio of 1:0, 3:0, 25. The
data shown by the open circles are for mix-
‘tures without SFg, and the solid points are
those in which 100 torr of SFg was used,
The lower graph shows that the electrical
efficiency is constant at about 110% for these
conditions. This shows that, for a given
Fa, Cg, and Hg mixture, the laser energy
depends strongly on the amount of energy
that can be deposited in the gas. The
chemical efficiency, as a function of laser
energy, is shown by the upper graph.

Since the chemical efficiency is based on
the hydrogen content, adding SFg to the
mixture increases the chemical efficiency,
because it increases the laser energy. The
most dramatic improvement in chemical
efficiency with added SFg is in those cases
where not all the electron-beam energy is
deposited in the gas. The efficiency in

this case is about 5%. The efficiency with
no SFg is about constant at 2%, The con-
ditions shown in Fig. 7 have not been opti-
mized for either efficiency. However, this
graph does show that, as the energy is
scaled up, the efficiencies remain nearly
congtant. This implies that laser energy
could be scaled up by using a more ener-
getic electron beam.

Pilot-Beam Experiments on the Electron-
Beam-Initiated HF' Laser

Recent HF laser experiments have shown
that it is possible to obtain multikilojoule
output optical energies in about a 20-ns pulse
from electron-initiated mixtures of Hg and
F9. The preceding report demonstrates that
it is possible to produce an output beam of
low divergence using an unstable resonator
configuration. However, a major problem
limits the use of an unstable resonator in a
high-power laser: damage to the output
coupling mirror of the resonator, If an HF
laser is 10 be developed into a system for
irradiation of fusion targets, higher power
and shorter pulses than presently available
must be produced. The only approach in
which it appears possible to achieve energies

greater than 104 joules in a 1-ns pulse is
the Master Oscillator-Power Amplifier
(MOPA) gystem, This technique is well
established for Nd-glass and COq lasers,
but it has not been used on a high-gain, high-
power, multiline laser such as HF., The de-
velopment of a MOPA system for a high-gain
system which does not store energy requires
an understanding of the extraction of energy
from an amplifier.

A computer model of the HF laser, devel-
oped here recently, has been used to investi-
gate the extraction of energy from an HF
amplifier using a low-power guasi-cw multi-
line oscillator., The results of this study
indicate that use of a quasi-cw multiline
oscillator with_a total incident intensity of
104 watts cm”™” can substantially suppress
backward radiation (backward radiation is
defined as the radiation leaving the ampli-
fier opposite to the direction in which the
oscillator beam is propagated). Although
the model cannot predict the divergences of
the forward output beam, it is assumed that
it will be essentially the same as the diver-
gences of the oscillator optical beam,

For the purposes of the present study, the
electron-beam-initiated HF laser described
in the previous report was configured to
operate as an amplifier, The amplifier had
15-cm-diameter sapphire windows with
normals tilted 5 degrees from the laser
axis to reduce feedback which might cause
paragitic oscillations. The experimental
arrangement for the MOPA experiment is
shown in Figs. 8a and 8b. The HF oscilla-
tor shown in Fig, 8a was a commercially
available laser operating with a mixture of
Hy and S¥g. The output of this laser is

0.5 to 1.0 joule in a pulse lasting 300 to
400 ns. The output spectrum consisted of
17 different vibrational lines: P1(3)—P1(8),
P2(3)—P2(8), and P3(3)—P3(7). The oscil-
lator beam had a diameter of 3.8 cm and a
divergence of 5 milliradians when the oscil-
lator was operated with a stable resonator.
The oscillator output was propagated into
the amplifier using the series of mirrors
shown in Figs. 8a and 8b, The distance
from the oscillator to the input window of
the amplifier was 11.5 m, and the oscillator
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beam was allowed to diverge over this dis-
tance, The oscillator beam was 10 em in
diameter at the entrance to the amplifier,
The amplified oscillator pulse in the forward
direction and the amplified spontaneous emis-
sion (ASE) in the backward direction were
monitored by the Au-Ge detectors shown in
Fig. 8a.

The laser energy in the forward direction and
that in the backward direction were measured
using quartz beam splitters and calorimeters
ag indicated in Fig, 8b. In some measure-
ments the calorimeter measuring the extract-
ed energy in the forward direction was moved
2,5 m away from the amplifier output window.
In this case, the energy from ASE was re-
duced because of its large beam divergence,

In order to determine the effect of the oscil-
lator beam on the energy propagating in the

forward and backward directions, meastre-
ments were made at the same gas mixture
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functions of laser energy.
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Fig. 8a, Diagram of laser probe-amplifier
experiment, In 8(a) the beam
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the height by several feet before
entering the electron beam cell,
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tors monitor the probe laser,
the amplified beam, and the re-
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with and without the oscillator, The differ-
ence between these two measurements was
taken to be the energy extracted from the
amplifier by the oscillator.

The energy extracted from the amplifier by
the oscillator beam is shown in Fig. 9. The
data marked Ef(*)%El indicates the total energy
{forward + backward) of the amplified spon-
taneous emission with no incident oscillator
beam. These data were obtained with the
sapphire window tilted 5 degrees from the
normal., For an Fy pressure of 400 torr and
an optical cavity consisting of two parallel
sapphire flats, a total energy of 1800 joules
was obtained. This may be considered to be
the total extractable energy which is gener-
ated in the amplifier.
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Fig, 9. Amplified spontaneocus emission and
probe extracted energy. The exper-
imental points are shown by the cir-
cles and the theoretical prediction
by the solid lines. '

The lower data points indicate the energy ex-
tracted by the oscillator beam. These data
have been scaled (by a factor of 2) to the full

aperture of the amplifier so that a comparison

can be made with the model calculations.
Some data were taken with the amplifier
windows tilted ~ 45 degrees to the lager
axis, This gave a smaller input aperture,
and the resulting data indicated that scaling
to the full aperture wag valid., Alse shown
in‘Iig. 9 are the calculations of the energy
output with and without the oscillator beam,
The calculations have been normalized to
the total ASE at 400 torr Fo. With this
normalization there is reasonable agree-
ment between the model calculations and the
experimental data,. The experimental data
for the energy extracted by the oscillator
beam fall below the calculations at fluorine
pressure of 400 torr. This disagreement
between the model calculations and the data
could be due to parasitic oscillations in the
amplifier, Additional experiments will be
required to determine whether this is a
problem,

While we do not fully understand the experi-
mental results, they do show that it is pos-
sible to use a low-power quasi-cw oscillator
to extract energy from a large high-gain HF
amplifier, and that the divergence of the
amplifier beam is nearly the same as that
of the oscillator. This latter observation
was made using burn patterns. A compari-
son between normalized model calculations
and experimental data shows reasonable
agreement with the Fg pressure dependence
on the energy extracted from the amplifier.
With only vibrational lines from the v’ = 1,
v! =2, and v’ = 3 levels contained in the
oscillator output, the efficiency of energy
extractions is estimated to be about 6%.
This estimate is based on the assumption
that the extractable energy is 1800 joules
for an Fg pressure of 400 torr. The model
calculations indicate that, if a low-power

(~ 10% watts cm™2) quasi-cw oscillator with
77 lines from the v’/ = 1 through v’ = 8 levels
were used to extract energy, 23 percent of
the generated energy could be extracted from
the amplifier.
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Transverse-Electron Beam Excitation of
an HF Laser

All HF lasers at Sandia have thusg far used
axial electron beam excitation, where the
electron beam travels parallel to the optical
axis. An experiment is in progress to study
the relative efficiency of transverse exci-
tation. In this geometry the electron beam
is injected into a high-pressure laser cell
in a direction transverse to the optical axis.
_ Figure 10 shows a schematic representation
of the geometry used to study electron-beam
deposition and the effects of an externally
applied magnetic field on beam propagation.
The 893 electron-beam accelerator was used
for these studies. The cathode, which is
shown here in cross-section, is 50 cm long.
Either 25-, 50-, or 75-pm-thick titanium
foils were used for the anode. The high-
pressure-window support structure had a
geometrical transmission of 8§5%. It con-
sisted of a series of openings 2.5 cm wide
by 7.5 cm high, separated by supports which
were 1.2 c¢m long in the beam direction. The
window was made of 125-ym-thick stainless
steel. Each calorimeter array consisted of
twenty-six 2.5- x 2, 5-c¢m calorimeter ele-
ments, arranged in a gtraight line, The
arrays could be arranged on a cylindrical
surface bounding the laser volume or they
could be positioned in a rectangular configu-
ration which could be moved along the e-beam
axis, The wall thickness of the stainless-
steel cell and diode chamber wag designed
to allow the magnetic field to Qiffuse into the
diode,

A series of measurements was performed to
investigate the effect of the magnetic field on
the operation of the diode and on the trans-
mission of the e~beam through the support
structure. Figure 11 shows the energy trans-
mitted to the calorimeters located a distance
of 3.5 cm from the anode. For these mea-
surements, the gas was nitrogen at a pres-
sure of 0,5 torr. The electron energy was
varied from 0.9 to 1,5 MeV, These mea-
surements gave no indication of pinching in
the diode. The ratio of the diode current to
the critical current for pinching in the diode
was 0.36. The top curve shows the mea-
sured energy when only a 75-pm-thick anode
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Fig. 10, Schematic represgentation of a

transverse excitation geometry.

foil was used., A magnetic field as large as
2 kG had a negligible effect on the diode
operation. The major portion of the increase
in measured energy with higher electron en-
ergies is due to the diode operating at a
higher power level. The middle curve of
Fig. 11 gives the measured energy when the
support structure was placed behind the
75-um-thick anode. The data points at an
electron energy of 1.5 MeV for a magnetic
field of 0 and 2 kG are indistinguishable
with or without a support structure. The
50% reduction in measured energy at 0.9
MeV is apparently due largely to the low-
energy electrons, scattered by the anode,
striking the support structure, A one-
dimensional Monte Carlo calculation could
not be used to evaluate the losses in the
support structure, However, an experimen-
tal estimation of the effect of anode scatter-
ing on loss in the support structure was
obtained by decreasing the anode thickness
of 25 ym and measuring the transmitted
energy. These measurements were done
with both the high-pressure window and the
support structure in place. At 0.9 MeV,
the measured energy increased by 110%,
while at 1,5 MeV the energy increased by
75%. Since the beam-loss in the anode for
either thickness is small, it is apparent
that anode scattering is a significant factor
in the loss associated with the support
gtructure, The lower curve in Fig, 11
shows the energy measured when the
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high-pressure window was added. The loss
introduced by the window at 0,9 MeV is 80%
and at 1.5 MeV is ~ 45%, The one-dimen-
sional calculations indicate that, for electrons
arriving at normal incidence to the window,
the losses should be 65% and 45% for 0. 9-
and 1, 5-MeV electrons, respectively., The
large logses measured experimentally are
probably caused by the greater loss of energy
by electrons with an average angular distri-
bution greater than zero, Some of the dis-
crepancy could also be caused by a portion of
the electrons not being collected by the cal-
orimeter. However, the energy distribution,
as shown in Fig. 12, indicates that the beam
energy density decreases rapidly off the
diode axis. An applied magnetic field up to

2 kG did not make a measurable difference

in the energy transmittal or in the energy dis-

tribution for any of the above conditions,
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Fig. 12, Energy distribution in a plane
normal to beam axis at a dis-

tance of 11, 2 cm from anode,

Figure 12 shows the spatial energy distri-
bution of the electron beam measured at

11, 2 cm from the anode. The dots and
squares give the energy distribution using
3800 torr of No for different shots. The
open circles give the spatial distribution
when the cell was filled with 760 torr of SFg.
With nitrogen, the energy is uniformly dis-
tributed along the laser axis. However,
when SFg was used, the energy distribution
became very nonuniform and the beam
appears to have undergone a rotation about
the original beam axis. This behavior may
be caused by a rotation of the beam due to

j x B forces. However, this same sort of
distribution has been observed with SFy (at
pressures between 1 and 4 atm) whether or
not a magnetic field was applied. Con-
versely, it has never been observed when
nitrogen was used (at pressures between 1
and 5 atm) with or without the applied mag-
netic field. Consequently, the peculiar
behavior of the e-beam when ST, is used is
probably caused by the electrical character-
istics of the gas which can affect space
charge and current neutralization of the
beam.
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The distribution of electron-beam energy
along the diode axis is shown in Fig. 13. The
dots and crosses are experimentally deter-
mined points showing the total energy col-
lected by the calorimeter array. The squares
are calculated values using the one-
dimensional code and multiplying the result
by 0. 87 to normalize to the experiment at
the surface of the high-pressure window,
This adjustment is close to the 0, 85 trans-
parency of the support structure. The cal~
culations and measurements at 5 atm of Ng
are in agreement with experimental error.
However, there is a large discrepancy when
SFg is used. The reason for this discrep-
ancy is evidently related to the unusual pro-
pagation behavieor of the electron beam in
SFB‘
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Fig, 13. Transmitted beam energy as a
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axis.
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Distributions shown in Figs. 12 and 13 are
typical of all those obtained, and the pres-
ence of a magnetic field did not significantly
affect either the distribution or the total
energy arriving at the calorimeter, An
evaluation of the relative importance of the

‘beam self-magnetic field and of eleciron-

molecule scattering indicates that, for our
conditions, the magnetic field should domi-
nate, For these calculations, the Larmor
radius was calculated uging the actual self-
magnetic field of the beam at its edge and
assuming no magnetic neutralization. Since
the beam's magnetic field has a maximum
value of about 2, 5 kG, the external mag-
netic field of 2 kG should adequately control
the propagation. If, in reality, current
neutralization were appreciable, the ex-
ternal magnetic field should dominate more
strongly.

Following the electron-beam deposition
measurements, HF laser experiments using
SFg and Hy will be done. Laser energy and
thus electrical efficiencies will be cbtained.
These measurements will allow us to com-~
pare transverse and axial geometries for

HF lager initiation. The results will be use-
ful for other lasers as well,

Computer Modeling of Electron-Beam-
Initiated Ha-F9 Laser

The Hy-Fq laser code has been improved in
several important respects, First, the
code has been extended in order to sepa-
rately calculate amplified spontaneous emis-
sion (ASE) and amplified incident {probe)
radiation. This makes it possible to predict
the performance of the Hy-F, laser as an
amplifier. Second, the boundary-condition
restriction disallowing simultaneous inci-
dent radiation and reflecting windows has
been removed without approximation. This
permits assessment of the effects of regen-
eration on amplifier performance. Third,
the code has been modified to allow incident
pulses and pulse trains, in addition to steady
incident radiation,



Comparison has been made between the
model predictions and the most recent Hy-Fy
experiments at Sandia. The new experiments
suggest that the active medium diameter is
equal to the tube diameter, rather than to
half this value, as previously thought. Such
a change introduces a factor of up to four
disagreement between predicted and mea-
sured output energy. This problem is a mat-
ter of current investigation. The trend of
the disagreement, with mole fraction of Hz,
is reminiscent of that cbserved in an Aero-
space Corporation study where factors of up
to 50 disagreement were found (using the
RESALE code), under conditions different
than considered here. Similar difficulties
have been reported by AVCO and TRW, One
of the possibilities suggested by these studies
is that the influence of rotational-rotational
(J-J) lasing may not be negligible, The
Hy-Fg code has been modified to admit lasing
on all possible AJ = -1 trangitions, and pre-
liminary results indicate that J-J lasing is
not important, at least for the conditions of
the Sandia experiments. Another possibility
suggested in the Aerospace study was that
paragitic oscillations were affecting the mea-
sured output energy. Modifications of the
Hy-Fy code, to include the effects of trans-
verse lasing off the tube walls, are presently
under way. '

In all other respects, agreement between
theory and experiment is satisfactory. In the
latest experiments, ouitput power spiking is
no longer observed, bringing the experimen-
tal and predicted time histories into agree-
ment. The experiments show that misalign-
ing the partially reflecting laser windows to
suppress regeneration reduces the output
energy by a factor of 3; the code predicts

2.6, In the amplifier-probe experiments,
theory predicts that the 14-line probe at 10~ w/
cm® can extract about 1/3 the nonregenerative
output, or about 1/8 the regenerative output,
The measured result varies from 0 to about
40% less than these figures, with the differ-
ence probably attributable to experimental
difficulties. Ten of the fourteen probe lines
were sufficiently amplified to be detected,

and the calculation correctly identified nine

of these ten strongest lines.

Kinetic Studies Related to the HF Laser

The important chemical reactions in the
electron-beam-initiated, high-pressure
Hy-Fg chemical laser system are contained
in the highly exothermic linear chain
reaction:

F+ Hz—»-HF+H

and

H+ F2—~ HFE+ F -
The chain reaction is initiated by a pulse of
F atoms produced by the electron beam,
herein referred to as the hot source atoms.
The chemical reactions themselves, in turn,
continually produce hot H and F atoms by
way of their exothermicity. The HF laser
modeling calculations usually assume that
these H and F atoms thermalize before they
react chemically, If thermalization does
not occur, one may expect a tenfold increase
in the rate constants for.the reactions, The
purpose of this work is to study the compe-~
tition between thermalization and reaction of
these atoms. Up to the present, experi-
ments have been limited to a determination
of the thermalized rates. From this study
we obtain an estimate of the increase of the
reaction rates due to the hot atoms and
assess the importance of the enhancement
caused by the hot source atoms ag opposed
to the effects of the hot atoms produced by
the chemical reactions.

To study these effects, we solve the Boltz-
mann equation for the distribution functions
of the H and F atoms. In order to solve
this rather recalcitrant system, we must
make some simplifying approximation.
First, we assume that all distribution func-
tions are homogeneous and isotropic.
Clasgsical trajectory calculations are used
to calculate the reaction cross sections as
a function of the relative collision velocity.
The trajectories are also used to calculate
a probability distribution of relative sepa-
ration velocity of the products for each
reaction. The nonreactive collisions which
moderate the hot atoms are modeled through
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an energy-dependent rigid-sphere cross sec- From these distribution functions we cal-

tion, This energy-dependent rigid-sphere culate the SS reaction rates k, and k., as
model is determined by requiring its momen- summarized in Fig. 15, for three tempera-
tum-transfer cross gection to agree with that tures. The thermal values of k4 {open c¢ir-
of a realistic interaction potential. We fur- cles) are the values of kp at X = 1, so
ther assume the background gases (Hy, Fg, the increase above this value is 2due to hot
plus moderators) are Maxwellian at the back- "atom enhancement. A similar enhancement
ground temperature, The Bgltzmann equa- of kg (closed circles) over their thermal
tion can now be written in a form which is values (Xp, = 0) is also shown. We note
linear in the H and F distribution functions that these rate constants can be com-
and solved by rather straightforward numer- pletely parameterized as functions of mole
ical techniques. fraction and temperature. We further de-
fine a scaled quantity Ry which is dimen-
To isolate the effects of the hot atoms pro- sionally a second-order rate constant and,
duced by the exothermic reactions, we assume therefore, defines the rate of production of
that the background temperature and the Hy HF molecules at specified background and
and F, densities remain fixed at their various atom densities, The SS values of R are
initial values. With these restrictions, the compared with the scaled thermal production
effective reaction rates approach quasi- rate in Fig., 16 as a function of temperature
steady-state values (hereafter referred to as. and mole fraction, We note that, at 300 K,
SS) which are independent of the initial F- the 8S HF production rate shows nearly a
atom energy and depend only upon tempera- factor of 2 increase over the thermal pro-
ture and mole fraction of the mixture, The duction rate. This was not as large an
SS distribution function for the F atoms in an enhancement as first expected, but repre-
equimolar background of Hy and Fg at a total sents an effect which must be incorporated
density of 1020 molecules/cm? and T = 300 K into the model.
is compared with its corresponding Max-
wellian distribution in Fig. 14. The "hot To study the enhancement of the reaction
tail" of the F-atom distribution at this 88 rates due to the source F atoms, we allow
limit reflects the continuous production of for the time dependence of the Hy, Fg, and
hot H and F atoms by the chain reaction. HF densities and their temperature., We

also allow for a time-dependent F-atom
. | T T | T T 1 source, In Fig, 17 we display the time de-
pendence of the HF density for a mixture of
3| STEADT-SIATE AND MAXWELLIAN — Hg, Fj, and O, initially at partial pressures
of 200, 800, and 240 torr, respectively, and
300 K. The source of the F atoms is taken
to be monoenergetlc and of the form Sy =
2 x 10° Np (atoms/cm?3/sec), Detailed
model calcilations on the HF laser indicate
that the time scale shown encompasses the
- important laser activity. A simple rate
equation model with the thermal reaction
rates (T) predicts a slow burn for the sys-
tem. The burn rate initiated by source

15 110" motee secien’s

0 5 W& & w  » e v W atoms of 1 eV and 4 eV as calculated by our
o Sonat theory is consideredly greater. The most
surprising aspect of our calculations is the
Fig. 14. The gquasi-steady-state distribution small increage of the 1-eV and 4-eV source
of F' atoms compared with a Max- atom burn rates over the burn rates calcu-
wellian of the same dengity {0,218/ lated using the simple rate equation model
cm”) and background temperature and 8S reaction rates. Obviously the source-
(300 Kf The3H2 and Fy densities are F-atom energies do not play a crucial role
5 x 1012 fem Xy = 1/2).
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The quasi-steady-state reaction
rate constants as a function of
temperature and mole fraction.
The number of each curve is the
temperature in K. The open
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The scaled rate of HF production
as a function of temperature and
mole fraction, The numbers be-
tween the pairs of curves repre-
sent the Kelvin temperature,

The upper curve is the quasi-
steady-state result and the lower
curve is the thermalized result,
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Fig. 17. .Time dependence of the HF num-
ber density for an initial H2' Fo,
09 mixture of 200, 800, and
240 torr, respectively, at an
initial temperature of 300 K, The
effect of including source F
atoms at 1 eV and 4 eV is com-
pared with the thermal (T) and
guasi-steady-state (88) results.

in the non-Maxwellian burn rates for the H2
and F2 reactions.

In order to insert the results of our calcu-
lations into the kinetic modeling code, we
developed a good two-temperature model of
the H and F atom kinetics. This two-
temperature model was calibrated against
our Boltzmann equation solutions, The
succesgs of this rather elaborate model en-
abled us to write the rate constants for the
chain reaction as effective functions of tem-
perature and mole fraction.
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Stability Studies of Multiatmosphere Hy-F9g
-09 Mixtures

Extensive investigations concerning the sta-
bility of gas mixtures containing hydrogen,
fluorine, and oxygen have been conducted.

‘'The purpose of thig study is to determine

procedures that are necessary to achieve
short-term stability of these gases for use
in high-pressure electron-beam-initiated
HF lasers. The study has also established
practical explosion limits determined ag a
function of gas pressure for a wide range of
mole fraction of the gases involved. Studies
concerning the removal of high-pressure
Hy-F9-04 mixtures from an explosion cell
chamber without the occurrence of deto-
nation were completed during the pericd
covered by this report. -A final phase of
this program involves the study of the causes
of unexpected detonations cccurring at gas
pressures lower than the normally observed
explosion-~-limit pressures, As an outgrowth
of this latter study, work has been initiated
concerning changes in the condition of the
explosion cell surfaces, which shift the ob-
served explosion limits to higher pressures.,

The mixing chamber used for this study was
constructed of stainless steel and has an in-
side diameter of 15.2 cm and a length of 25
cm., The diameter is essentially identical
to that used in some of the electron-beam-
initiated HF laser studies being conducted
at Sandia Laboratories. Thus, the data ob-
tained in the current gas-mixing study should
be applicable to the laser studies, since the
heat transfer characteristics for the two
sets of experiments are nearly identical,

Gas-mixing data for the case where short-
term stability was achieved are shown in
Fig. 18. Various partial pressures of oxy-
gen were present as indicated in the figure.
The vertical lines at given Fy pressures
indicate that I, was added to the Fg-0Oy
mixture (already present in the cell) up to
a pressure indicated by the horizontal dash
at the top of each fill line without the occur-
rence of detonation. The cell temperature
for these measurements was 287+3 K.



The data shown in Fig., 18 represent fill
pressures which were actually achieved for
various mixing experiments, but do not
necessarily represent maximum filling
pressures possible for any given oxygen
partial pressure, Data presented in Table I,
however, show filling pressureg achieved
which are close to the maximum filling pres-
sures obtained in this study for short-term
stability.
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Fig. 18, Hydrogen filling pressures reached

without detonation, The Hp was
added to the fluorine at pressures
shown where Oy at pressures of
210, 630, and 1250 torr were
present.

TABLE I

High-Pregsure H -F2—02 Mixtures Which
Have Exhibited %hort-Term Stability

Total
[02] [sz [H2] Pressure
(torr) (torr) (torr) {atm)
210 1200 - 1200 4,75
630 2400 4500 9.91
1250 3900 2000 9.41

"Near maximum values under optimum filling
conditions (see text).

If fill pressures of Fy and H, are extended
to higher values than those shown in Fig. 18,
then, for any given O, pressure, detonation
of the mixtures will occur, The observed
explosion-pressure data are shown in Fig.
18 for various Fg and H, pressures using
02 partial pregsures of 210, 630, 1250, and
2500 torr.  Although the data shown in

Fig. 2 (taken at 287+3 K) represent an es-
sentially self-congistent set of data, the
positions of the whole set of curves can
shift, depending upon the purity of the gases
and upon the condition of the explosion cell.
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o
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Fig. 19, Observed explosion limits for
various Og partial pressures.
Explosions occur at Hg of Fyq
pressures which lie above or to
the right of each of the curves

- shown.

As seen from the data in Fig. 19, the ex-
plosion limits do not increase linearly with
increasing Og pressure. This observation

'is more clearly shown in Fig. 20 where

explosion limits for various [Fy]/[Hy]
ratios are given for Fy pressure as a
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Fig, 20, Observed explosion-limit curves
for different [Fg]/{Hy] ratios as
a function of Fy and Oy pressure.
The unstable region is above and
to the left of each curve.

function of O, pressure, The figure shows
that, even for the case where small amounts
of Hy are involved, e.g., [FZ]/[HZ] = 10,
the effectiveness of Og in extending the ex-
plosion limits to higher Fy pressures
appears to approach a limiting value,

For a given Fqy pressure, the percentage of
Oy required to attain the observed explosion
limits occurring for [Fy]/[Hy] = 1 is only
slightly greater than that required for the
case where [Fg]/[Hg] = 10. This effect be-
comes more pronounced at lower Fg pres-
sures as shown in Fig. 21 by the convergence
of the [ F2]/[Hy] = 10 curve with the [Fy )/

[H9] = 1 curve as the Fy pressure approaches

lower values, Extrapolation of these curves
to lower F5 pressures suggests that the
curves could intersect at [F,] = 0 with an
Oy pressure of about 0, 1[Fy]. This extrap-
olation implies that the stability threshold
for Hy-Fy-0,y mixtures in the present case
occurs with a minimum value for [02]/[F2] =
0.1. Ii has been established in the literature
that, for lower-pressure work, Ho-Fg5-0y
mixtures can remain stable above the second

26

| | 'l
o) 2000 4000 6000
F, PRESSURE(TORR)

Fig, 21,

Observed explosion-limit curves
for a stoichiometric mixture
[Fy1/[Hy] = 1 and for a fluorine-
rich mixture [Fg]/[Hy] = 10.
The unstable region lies below
and to the right of each curve.

explosion limit with Og concentrations much
less than that required in this study. Thus,
the mechanism for reaching stability in the
pregent case is not that encountered for
stability above the second explosion limit
modeled for gas-phase reactions in Hy-Fg-
Q9 mixtures., From preliminary studies
concerning the shift in the explosion-limit
data (shown in Fig. 19) by treatment of the
cell surfaces, it is concluded that the ex-

plosion limits as shown in Figs. 19 through

21 are associated with surface-initiated
detonations rather than gas-phase processes
alone,

Studies have shown that it is possible to re-
move high-pressure Hy-Fy-0Oy mixtures
from the explosion cell without detonation,
provided that the removal rate be kept below



certain critical values. However, hydrogen-

rich mixtures appear to be more stable dur-
ing removal than mixtures containing equal
amounts of Fg and Hy, Mixtures containing
relatively large mole fractions of Oy do not
exhibit a higher degree of stability during
pump-out than is observed for mixtures con-

taining only enough oxygen to achieve stability.

This study has previously shown that deto-

nations usually occur at extremely low filling

pressures if the cell surfaces are contami-
nated prior to filling. It has now been de-
termined that the position of the explosion
curves as shown in Figs, 19 through 21 can
be shifted quite drastically to higher Hy and
F2 pressures by use of certain procedures
in addition to the usual fluorine-passivation
treatment. The usefulness of using such
techniques to shift the explosion limits to
higher total gas pressures for a given abso-
lute amount of Oy is currently under study.

10- Atmosphere Hy-F9 Laser Experiment

In order to make the HF laser, or any very-
high-gain laser, into a viable candidate for
laser fusion, it is essential to provide a
short output pulse (~ 1 ns) with a negligible
prepulse. One approach to this problem is
to tailor a longer pulse using saturable ab-
sorbers, electro-optic modulators, or some
other fast-acting switch, Ancther technique
is to rely on the chemical kinetics of the

Hy-F49 chain reaction at very high pressures.

Calculations indicate that the burn time of
this laser should approach 3 to 4 ns at a
total pressure of 10 atmospheres, and even
shorter times at correspondingly higher
pressures. Chemical mixing experiments
at Sandia have established the feasibility of
obtaining very-high-pressure mixtures of
Hy-F9-0y without premature detonation,

Experiments currently in progress will mea-

sure the laser pulse duration at these pres-
sures with electron-beam-excitation times
of about 3 ns.

The laser cell for these experiments is
transverse-initiated with a 3-ns~-wide
electron beam containing 10-12 joules, The
lasing volume is about 3 cm”. Because of

the small size of this cell relative to the
incoming electron beam, a considerable
portion of the e-beam energy is lost as a
result of gcattering to the cell walls; only
about 1/4 or less of the energy is actually
deposited in the gas. To accurately de~
termine the energy deposited (using air-SFyg
mixtures to simulate the laser mixture),
the scattered component of the e-beam was
directly measured using a total stopping
calorimeter as a function of total gas pres-
sure. Using a second calorimeter, the
total energy lost was monitored at the same
time, In order to account for fluctuations
in the incoming beam energy (which was
typically equal to or larger than the depos-
ited energy), a current probe was con-
structed to monitor the e-beam current in
the drift region before the laser cell, The
output wags then calibrated against a calori-
meter to provide an energy monitor.

The resultant energy deposgition as a function
of total gas density is shown in Fig., 22.

Also shown is the result of = one-dimensional
computer calculation. These measurements
indicate that 1-2 joules will be deposgited in
the region of interest. High-pressure
fluorine has not yet been introduced into the
cell,

Use of Optical Absorbers with HF Lasers

The HF laser is currently being congidered
as a candidate for controlled nuclear fusion
applications, It is thus appropriate to ex-
plore avenues which may facilitate construc-
tion and/or utilization of a large HF system.
Optical absorbers in the HF spectral region,
about 2.5 to 4 pm, can be used for two
basically different jobs: (1) in low gain sys-
tems, absorbkers can be used to intreduce
frequency selective loss within a laser
cavity and, hence, control spectral distri-
bution of laser output; and (2) saturable or
bleachable absorbers can be used as fagt-
acting shutters. By way of introduction,

we indicate why (1) and (2) are useful appli-
cations in the HF system. HF lasers typi-
cally radiate energy at many wavelengths

in a complicated specirum. In many appli-
cations an output spectrum containing only
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Fig. 22. Energy deposited in the region of interest (3 cmg)

expressed as percentage of incident energy for
440-kV electrons, for gas densities up to 17 mg/
em®, The solid line is a linear least-squares fit
through the origin, The dashed line is a result of
a one-dimensional computer calculation,
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a few lines is more useful than a many-lined
one, especially if it can be obtained without
a significant sacrifice in output energy. The
rapid rotational relaxation present in even
low-pressure HF systems makes it possible
to extract laser energy relatively efficiently,
even if only one vibration-rotation transition
in each active vibrational manifold is allowed
to lase, In designing and constructing a
large HF oscillator-amplifier system, it will
be important to determine the minimum num-
ber of lasing lines consistent with efficient
operation. Use of optical absorbers for os-
cillator spectrum control will then allow the
development of relatively simple systems
operating at the required frequencies. The
use of saturable or bleachable abgorbers as
fast shutters has obvious application. Such
absorbers can serve to igolate amplifier
stages from one another except during the
passage of the pulse of interest, and they can
protect the final target from low-intensity
radiation preceding the main pulse. Appli-
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cations (1) and (2) are clearly related:
development and use of a large HF laser
will, in practice, be simpler if it can be
operated with reasonable efficiency on a few
selected lines for which bleachable or sat-
urable absorbers can be found.

In order to simplify an HF laser output spec-
trum, a frequency selective loss may be
inserted in the cavity to lower the gain on
certain lines below threshold. When an out-
put spectrum containing several lines is
required as in the case of the HF laser, the
use of intracavity optical absorbers is an
attractive technique, whereas single-line
operation is generally accomplished with a
grating, Ideally, one would add to the cavity
a single abgsorbing species completely trans-
parent to the degired lines and opague to all
others. In practice one is not likely to find
such absorbers; one must determine the
spectra of many compounds and mix them in
appropriate proportions to generate the
desired overall effects.



We have determined the absorption spectra
of several gases and liquids. Conventional
infrared absorption spectra of liquids show
rather broad bands lacking in the frequency
selectivity necessary for oscillator spec~
trum control, Spectra obtained using a small
HF laser and a monochromator confirmed
that liquids are not useful for spectrum con-
trol, Conventional infrared absorption spec-
tra of gases are not very useful for this
study because they lack necegsary resolution,
and the intensity information is not often
quantitatively interpretable. Consequently,
quantitative abgorption spectra were obtained
using a double-beam spectrometer assembled
from standard optical components and using
a grating-tuned single-line HF laser as the
light source. Specira were obtained for
several gases including CO,, CHgOH (meth-
anol), and (CH3),CO (acetone), Figure 23
presents effective cross section, g.pp for
absorption of HF(P4(4)) radiation as a func-
tion of COg pressure at 300 K. The effective
absorption cross section is defined by the
relation

Oorp = 0T a0/

where n is the overall (or bulk) number
dengity in the sample cell, £ is the sample
cell length, and I,/I is the ratio of incident
to transmitted intensities. The actual
molecular abgorption cross section is re-
lated to gg¢r through multip_lication by the
appropriate partition function. For the
data presented in Fig, 23, the C02 transi-
tion is an R12 and gy ~ 30 ggppe  The
pressure dependence exhibited by the data
ig that expected when the frequency of the
probing radiation and that of the abgorbing
trangitions are displaced by more than
Dopper width at zero pressure, The zero
pressure limit of gepp is ® zero, and gppf
initially increases rapidly with pressure as
the wing of the broadened CO2 line begins
to overlap the HF line, At higher pressures,
the COy linewidth is larger than the zero
pressure HF-COg line separation, Conse-
guently, the HF line may be regarded as
close to the center of the CO4 line and in-
creasing the pressure further reduces o_pp

Data similar to those presented in Fig. 23
allow one to determine the loss inserted on
various lines when a certain quantity of a
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Fig. 23. Effective cross section, Ot of 002 for absorption of

HF (P2(4)) laser radiation,
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gas is placed in an HF oscillator cavity. It
is then possible to predict semiguantitatively
the resulting change in output spectrum,
Rotational relaxation effects make exact pre-
diction of spectrum change with absorber
pressure impossible without resorting to
elaborate calculations, As a test case, a
cell containing COy was placed in the cavity
of a small, electric-discharge-initiated HF
lagser. The laser gas mixture was Hg/SFg
with He asg a diluent, Continuous flow was
used, and operating pressure was = 20 torr,
The laser operated predominantly on V = 2
—=V=1and V=1— V = 0 transitions. The
total energy output per pulse in multiline
operation was ~ 150 uJ and the overall pulse
width was about 1/2 gs. Individual lines
radiated for shorter times, typically 200 ns.
When the laser was operated on a single line
through use of a grating, typical small signal
gain was ~ 0, 25/cm.,

Figure 24 illustrates the variation of Ooff
with wavelength and COg pressure and shows
the effect on the laser output spectrum of
600 torr CO4 contained in a 29-cm-long
intracavity cell. The spectrum obtained with
CO5 in the cell is simpler than that observed
with the cell empty. As expected, the sur-
viving lines are predominantly those with
small values of gpgr. It is important to note
that, with 002 in the absorption cell, much
more energy was radiated into the surviving
lines than was radiated into these same lines
when the cell was empty. This indicates
that rapid rotational relaxation feeds energy
from transitions below threshold into lines
having appreciable gain., Decrease in over-
all energy output is small, only =~ 20% in the
case shown.

One of the goals of this project was to use
optical absorbers to collapse the HF laser
output spectrum to essentially one line per
vibrational manifold, with only minor con-
tributions from other lines. The data in
Fig. 24 clearly indicate that this is not pos-
sible using COy alone; for COy, the gapp
values are too small for at least three lines
in the V = 2 -~V = 1 manifold, TFigure 25
shows the effect of an intracavity absorber
composed of COz, (CHS)ZCO’ and CHSOH.
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The two strong lines are P;(4) and Py(6)
with a minor contribution from Po(7).
Approximately 50% of the total energy radi-
ated in the unperturbed spectrum shown in
Fig. 25a appears in the P;(4) and Py(6)
lines in Fig. 25b. These lines carried only

"about 20% of the energy in the unperturbed

case. As was the case for the data pre-
sented in Fig, 23, rapid rotational relax-
ation channels energy to transitions having
appreciable gain so that use of an intra-
cavity absorber to simplify the output spec-
trum does not entail great intensity loss,
An exhaustive study of absorber mixtures
was not carried out, and the mixture dis-
cussed above was not optimal on two counts,
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output energy for B is approxi-
mately 50 percent that for A.

First, not all of the species in the mixture
were completely transparent to HF P4(4) and
P5(6) transitions. Second, rotational relax-
ation would presumably have more efficiently
coupled internal energy intc radiation had
P1(6) been chosen as the surviving line in
V=1 V = O manifold,

The technique of using intracavity optical
absorbers for HF laser spectrum control

has been shown to be feasible. Rotaticnal
relaxation is fast enough that the technique
does not require the acceptance of severe
intensity loss. Use of optical absorbers
should prove valuable in designing an oscil-
lator for a large HF lagser system based on
an oscillator-amplifier chain,

As mentioned earlier, optical absorbers

can also be used for isolation of laser ampli-
fier stages and for target protection. In
principle, absorbers could also be used in
oscillators as @ switches if the relation

g > g .. could be satisfied, where ¢
ismt%le mosltélc%lar absorption cross sectiorin cc))f1
the absorber and Ogtim 1S the HF stimulated
emission crogs section. We have been un-
able to find any absorber gatisfying Tmol >
Ogti and have thus not pursued @

switrgning. In searching for saturable or
bleachable ahsorbers, one need not be re-
stricted by the inequality above. Rather,
one finds that, for a two-stage abgorber with
very short relaxation time, T, thereis a
characteristic saturation intensity IS defined
by :

-1
IS = (?-O‘mol'T) . (1)

For incident flux I << Ig, classical Beer-
Lambert absorption is predicted, but for
I3 I, the absorber will transmit better than
predicted by the Beer-Lambert law, The
above remarks are valid for 7 << 7_, where
Tp is the incident light pulse length; in this
time regime, saturable absorption is ob-
served and the degree of saturation is
strictly intensity dependent. For T >7T_,
the decrease in absorptivity becomes an
energy-dependent effect and a strongly
irradiated absorber is said to be bleached
rather than saturated, '

Liquid and gages have been examined for
evidence of saturation or bleaching. The
broad-band nature of liguid infrared ab-
sorption spectra is a potentially desirable
feature when searching for a system which
will absorb over the entire HF spectiral
region. Unfortunately, a broad absorption
feature is usually associated with a small
Cnol? and vibrational relaxation times are
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very short in condensed phases. Reason-
able estimates of g5 and 7, when used in
Eq. (1), indicate that I would typically be
> 1014 W/cm? in the HF spectral region,
These saturation levels are too large to be
interesting, We found experimentally that,
for pure liquids {such as acetone) and for
solutions (such as infrared absorbing dyes
digsolved in acetone), the Beer-Lambert
absorption law was obeyed at low flux levels,
At flux levels of about 1 MW/cmz, deviations
from the Beer-Lambert law were observed,
but they were attributed to thermal effects.
No evidence of saturated absorption was
found for any liquid studied. Unless some
anamolous transition with very large g,,q]
and very long 7 can be found, it is not
worthwhile pursuing liquids further. The
type of anomalous transition one might hope
to find is a very-low-frequency electronic
transition resulting from some solute-
solvent interaction. Except for this postu-
lated transition, the solution under investi-
gation must be transparent throughout the
HF region.

After eliminating liquids as saturable ab-
sober candidates, we initiated a preliminary
investigation of gases. A line-by-line
approach must be taken with gases because
of the narrow absorption features; we relied
heavily on our previously determined ab-
sorption cross sections in selecting a pro-
totype system for study. COs was the most
interesting absorber candidate, As indicated
in Fig. 23, oeff(COg) for HF radiation is
very large for the HF Py(4) line. Use of
data from Fig. 23 and reasonable estimates
of r indicate [from Eq. (1)] that IS should
be in the neighborhood of 1 MW/cm™2 for
absorption of (HF P4(4)) radiation by CO,.
CO, is not a simple two-level system, and
the relation r << 7 is not well satisfied, so
Eqg. (1) can be used only as a rough guide.

A preliminary COgq absorption experiment
was performed using a Lumonics HF laser
in grating-tuned single-line operation on
HF P9(4). By focusing the output, fluxes of
~ 20 MW/cm™2 could be obtained; lower
flux levels were obtained by attenuation.

A sample cell containing 800 torr COg was
placed at the output focus, and transmission
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was determined as a function of incident
flux level. The percent transmission was
independent of intensity at low flux levels
but increased with intensity at higher flux
levels. At the highest intensities obtained,
transmission was about 100% greater than

-is was at low intensity. Higher intensities

than so far attained will be necessary to
characterize adequately the transmissgion
versus intengity curve for this system, but
it seems clear that CO, is either a bleach-
able or saturable absorber for HF P2(4)
radiation., The pressure dependence of
Ooff €xhibited in Fig. 23, together with the
assumption 7 = P(COy)~1, suggests that
Ig will increase with COg pressure for
pressures > 500 torr. Thus, pressure is
a convenient parameter for control of the
intensity at which saturation effects become
important.

This work demonstrates that bleachable or
saturable absorbers of HF radiation can be
found and that saturation effects occur at
reasonably low incident intensities., Fur-
ther work should result in identification of
appropriate abgsorbers for many HF lines,
and these absorbers are likely {o be simple
gases.

Gain Control in Vibrational-Rotational Lasers

As an outgrowth of the rotational-rotational
lasing study for the Hg-Fg laser, a novel
technique for gain control has been devised,
The diagram shown in Fig. 26 is helpful.
The ordinate measures the ratio of adjacent
rotational-state fractional populations for a
diatomic molecule, The abscissa measures
the ratio of adjacent vibrational-level popu-
lations. It is assumed for simplicity that
fJ, v ~ f3. Using the known functional de-
pendence of V-J, P-branch gain, and J-J
gain, one can delineate regions of absorp-
tion and amplification on the diagram, as
shown. The point P represents a typical
partially inverted operating condition., Since
this is in the J-J absorbing region, irradi-
ation by J-J transition radiation can move
the operating point towards P’, thus cross-
ing into the V-J absorbing region. In this
way, gain control cccurs. An important
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consideration is that V-J photong may be
much more energetic than J-J photons, so
that control is energetically inexpensive.
The HZ'FZ code, modified as described in
the previous section, has been used to ex-
plore this concept. Preliminary results
show a ratio of controlled V~J power-output
to J-J power-input in excess of 100.

Pressure Rundown in the H2-F2 Laser

The question has arisen as to the effect of
various pressure-relief-tank configurations
on pressure rundown after burn in the two-
pi-irradiated Ho-F9 laser. Pressure time-
histories must be known in order to degign
electron-beam windows that will not rupture
after each burn. Using calculations gener-
ated by the two-dimensional code CSQ, pres-
sure rundown has been estimated for a
number of dump-tank configurations.

The reaction chamber for the laser ig a
cylinder of length L and radius R. The
electron-beam machines surrounding the
laser are annular devices stacked so that
their inner radii form the cylindrical wall of
the reaction chamber. The Hy-F5-Og mix-
ture within the chamber is ignited by e-beam
irradiation to produce a more or less uni-
form cylinder of HF, Fg, 02, and minor

amounts of other species, at nominally 3000 K
and 100-atmosphere pressure. These changes

occur in tens of nanoseconds, so that the re-
acted gas can be considered to be initially
motionless. The problem then is to relieve
the pressure before it causes the e-beam
windows to rupture. Using cylindrical burst
diaphragms opening into pressure-relief
tanks, one can expect to ocbserve an initial
quiescent dwell time, during which the dia~
phragms open, followed by pressure rundown
as the gas expands into the tanks. A number
of tank configurations were considered, In
all cages, the dump tanks were annular, with
cylindrical burst diaphragms at the inner
radius constituting part of the reaction-
chamber wall. The first scheme places a
single tank at one end of the chamber. The
second places a tank at each end, A third
scheme intersperses tanks and e-beam
machines.
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The results show that interspersing offers
no significant advantage over the simpler
configurations, for dimensions of current
interest. In either case, the overpressure
is relieved in a time of the order of 1 milli-
second.

IODINE LASER PROGRAM

Mode-Locked Iodine Oscillator

The first mode-locking experiment on a
CF,l laser oscillator was reported by Fer-
rar, 1 who observed 3- to 4-ns mode-locked
pulses. Subsequently, using similar mode-
locking techniques, other researchers
achieved mode-laocked pulses as short as
700 ps. 2 Since it is estimated that pulse-
widths in the 200-ps range are required for
lager fusion, research into the problem of
generating these pulsewidths by the iodine
photodissociation laser was initiated. The
following is a discussion of the techniques
which have led to pulsewidths as short as
160 ps from a high-pressure oscillator
system.

The oscillator system was simultaneously
Q-switched and - mode-locked. The advan-
tages of such a configuration have been
previcusly discussed. 3 The arrangement
for the 1.5-m optical cavity consisted of the
following: (1) A planar-planar mirror con-
figuration with an output mirror reflectivity
R = 80%; (2) a 0.8- x 100-cm quartz tube
with a high-pressure window assembly con-
taining the C3F7I—Ar mixture; (3} a pulsed
fused-quartz acousto-optic mode-locker

(v = 49,40 MHz); (4) a quarter-wave voltage
Q-switch assembly consisting of a KD*P
Pockelg cell and a Glan polarizer; and (5)
an adjustable iris to provide single-trans-
verse mode operation. The windows of the
high-pressure quartz-tube agsembly were
canted at an angle of 0.5 degree from the
normal to the lasing axis in order to pre-
vent spurious reflections. All optical com-
ponents inside the laser cavity had anti-
reflection coatings at 1. 315 ym. The two
1, 5-cm-diameter, 100-cm-long xenon-
filled (40 torr) flashlamps were discharged



in parallel, such that the resulting magnetic
field was nearly zero. With the use of the
Pockels cell @Q-~switch, the mode-locked
pulse train could be generated for times as
long as 50 s after the flashlamp discharge.
Hence, a fast-discharge flashlamp was need-
ed? and the flashlamp time was relatively
long (FWHM ~ 10 ps). A separate capacitor-
discharge power supply unit, operating at a
maximum of 25 kV and 5 uF was utilized for
each flashlamp, Simmer-current-mode
operation was also employed. Pulsewidth
data were taken near threshold (Vi = 15 kV).

The acousto-optic mode-locker was operated
in a pulsed mode by using a gated rf gener-
ator. The gated rf generator was capable of
delivering 80 W into 50 § with pulsewidths
as short as 1 ps. The data presented in this
note were taken at an rf power of 20 W and
an rf pulse length of about 600 ys, Some
laser pulsewidth data were taken at a fixed
C3I7I- Ar pressure by varying the rf power
to the modulator, and these results will be
discussed briefly below; however, the majority
of the data were taken at a fixed rf power of
20 W. The modulation index 8, as defined in
Ref, 5, was measured under pulsed rf con-
ditions and as a function of rf power at X =
1.318 y using an Nd;YAG CW oscillator, For
example, at an rf power of 20 W, § = 0,93,
while at 80 W, 8 = 1.52, At these high rf
power levels, the predicted power dependence
of vu (powe:i:')1 2 (Ref. 5) was not obeyed.
This is presumably due to the effect of ex-
ceeding elastic limits in the transducer and/
or fused-quartz modulator.

The Q-switch assembly was operated in such
a manner that a small amount of prelasing
occurred before the Q-switch was triggered.
This mode of operation is necessary for gen-
‘erating a stable pulsewidth for the mode-
locked pulse.3"

The energy content of the laser pulse was
measured using a Molectron J3-05 pyroelectric
energy monitor. The temporal behavior of

the mode-locked pulse train was recorded
using an S1l-photocathode vacuum photodiode
and a fast oscilloscope. The time depend-
ence of the mode-locked pulses was also
recorded directly using an EPL ICC 512

streak camera with an S1 photocathode,

The use of this camera at these wavelengths
has been previously discussed by the
authors,” The inherent resolution of the
streak camera for the streak rateg used for
data presented in this note is 59 pg, thereby
giving an estimated pulsewidth resolution of
about 25 ps.

The acousto-optic mode-locker was adjusted
such that it was operational for at least 300
ps prior to the flashlamp discharge and for
about 100 us after the KD*P Pockels cell in
the Q-switch assembly was activated. The
Pockels cell timing was adjusted to approx-
imately 20 ps after the peak of the flashlamp
current, NO measurements were made of
the time dependence or energy content of
the pumping band at 2750 A produced by the
xenon flashlamps., No pulsewidth data for
pressures greater than 6500 torr were made
because of the pressure limitation of the
1-mm-thick, 8-mm-diameter quartz tubing
containing the C3FrI-Ar mixture, It was
felt that greater pressures might result in
catastropic failure of the quartz tube., The
window assemblies were tested to 104 torr
and were not considered to be the limiting
factor for the maximum gas pressure that
could be handled.

A typical oscilloscope record of the tempo-
ral response of the simultaneously Q-
switched mode-locked pulse train is shown
in Fig. 27a. The time scale is 20 ns/cm.
The spacing between mode-locked pulses is
seen to be nearly 10 ns, corresponding to
the 98. 8-MHz frequency separation of the
longitudinal modes of the laser cavity. The
FWHM time duration of the mode-locked
train was observed to be pressure-dependent,
as expected, for fixed flashlamp voltages,
Energy measurements made at 6100 torr and
an 80:1 mix of Ar to C3F7I gave a total en~
ergy in the mode-locked train of approxi-
mately 5 mJ and an average energy per
mode-locked pulse of about 300 yJ. The
energy content of the mode-locked pulse
train was found to be proportional to the
amount of Cg3F7I contained in the mixture,
indicating that the mixture is optically thin
to the flashlamp pumping. However, a de-
creage in output energy was cbserved when
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of the mode-locked pulses. Fig, 27a
is the temporal behavior of the
mode-locked pulse train at 1.315
obtained by simultaneously Q-
switching and acousto-optic mode-
locking the optical cavity., The time
scale is 20 ns/cm. Fig,. 27b is the
streak recording of two of the mode-
locked pulses occurring about 80 ns
into the mode-locked pulse train
shown in Fig, 27a, and Fig, 27¢c,isan
intensity vs. time profile for the
second pulse shown in Fig. 27b. The
recorded FWHM pulsewidth is in-
dicated in the figure, and the de-
convolved pulsewidth is 164 ps.

the C3F7I partial pressure was greater than
125 torr. Inversion dengity estimates based
on standard @-switching theoryrr indicate a
3% photolysis of the CgFyl in the mixture.

Pulsewidth data using the streak camera
were taken in the pressure range of 1000 to
6500 torr for two ratios of Ar to CgFrl
pressure: 80:1 and 60:1, Figure 27b is a
typical streak record of two pulses near the
middle of the mode-locked train shown in
Fig.27a, The distance between the pulses
shown in Fig. 27b again corresponds to the
nearly 10-ns spacing of the mode-locked
pulses and served as a cross-calibration of
the streaking rate used in the streak camera,

Figure 27c shows the time history of one of
the pulses, which has been derived from
microdensitometer data. As can be seen,
the apparent pulsewidth is about 180 ps.
Taking into account the contributions to the
recorded data due fo a finite slit width of the
camera, inherent camera response, etc.,
the true pulsewidth is 164 ps.

The pressure~-dependence of the FWHM
pulsewidth, between 1000 and 6500 torr pres-
sure, is shown in Fig. 28. No observable
differences in the pulsewidth data were mea-
sured for the two mixtures: 80:1 and 60:1;
hence, these data points are not differenti-
ated in Fig. 28. The error bars were
arrived at by scanning different portions of
a given streak photograph and measuring the
resultant pulsewidth. These errors arise
because of several factors, including non-
uniform photocathode response, etc., across
the image. As is evident from Fig. 28, the
pulsewidth decreases with increasing
pressure.

The expression for the FWHM pulsewidth r
of an acousto-optic mode-locked laser oscil-
lator in terms of the various laser parame-
ters is:®

Nom2 1/4 -1/2 -1/2
e [vmava] , (@2

where g is the saturated scillator gain, @
is the modulation index, vm = 49.4 MHz is
the modulation frequency of the acousto-optic
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mode-locker, and Ava is the frequency band-
width of the lasing media. The gain factor

g, can be estimated from the relationship
£, -1/2 in R> 0,11 for R=0.8. The mod-
ulation index g = 0, 93 was experimentally
determined as previously mentioned,

Measurements of the pressure broadening
of the 52P 5 — 52Pg, 3 iodine transition by
Ar have been reported in Refs. 8 and 9,

In order to further test the validity of Eq. (2)
as applied to the iodine photodissociation
laser, pulsewidth measurements were made
at a fixed pressure of 4000 torr with vari-
able rf power, i.,e., varying g in a known
manner, These results were also in agree-
ment with Eq. (2), i.e., the pulsewidth T

was proportional to 9'1/2. A similar con-
firmation of this predicted dependence has
been reportt—:dEi for the acousto-optic mode-
locked Nd:YAG system. The pulsewidth data
presented here are found to be in agreement
with the theoretical calculation for an acousto-
optic mode-locked homogeneocusly broadened
laser medium. The various approximations
which led to the derivation of Eq. (2) may not
be valid for P« 1000 torr, where the condi-
tions that the pulsewidth 7 << 1/2mvy, and

T << 1/Avy, 10 are not satisfied.

Since good agreement between experiment
and theory is found for the iodine photodis-
sociation laser, speculations regarding the
ultimate pulsewidth are appropriate. Exper-
imentally, for the acousto-optic mode-locker
used in these measurements, the maximum
value of @ at 1.315 y is about 1.52 and is
limited by rf breakdown in the driving trans-
ducer which occurred for powers near 80 W
{corregponding to a peak-to-peak voltage of
about 1000 V on the driving transducer). At
this maximum rf power, the pulsewidth
would be reduced by a factor of about 0. 8,
Increasing the mirror reflectivity will also
decrease the pulsewidth [see Eq. (2}], but at
an expense of output energy. These data
indicate that, for Ar pressures up to 1500
torr, AvacP with broadening coefficients of
5.8+0, 5 MHz/torr8 and 5. 140, 5 MHz/torr,9
The data do not extend to the higher Ar
pressures used in this experiment; but it is
assumed for purposes of comparison that
AvgoP in the range of 1000 to 6000 torr and
the coefficient is 5.5 MHz/torr. Because of
the relatively low C3FrI pressure, the con-
tribution to Av, by C3F7I pressure broaden-
ing has been ignored (the broadening coeffl-
cient for C3F7I is about 26 MHz/torr®).
Thus, Eg. (1) becomes, in terms of the
pressure:

T =428 P_llzps . (3)

where P ig in units of 1000 {orr. It is inter-
esting to note that the cross section ¢ has
been reduced from about 6 x 10718 o2

(Avg = 250 MHz) to 6 x 10-20cm? (Ay~ 25
GHz) by pressure broadening at 5000 torr.
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The solid line shown in Fig. 28 is the cal-
culated value of v ag given by Eq. (3) [or
equivalently Eqg. (2)]. As can be seen, the
agreement 18 remarkably good, since there
were no adjustable parameters used in the
calculation of the curve shown in Fig. 28.
This agreement also substantiates the as-
sumption of the linear dependence Av, upon
pressure P to these higher pressures.

Using reflectivities approaching 98% and
assuming no other contributions to the cavity
losses, the pulsewidth would decrease, ac-
cording tc Eq. (2), by a factor of two. The
third alternative is to increase the band-
width Avg by further pressure broadening.
Again, assuming a linear dependence of Ay,
on P, Ar pressures of ~ 25, 000 torr are
needed in order to reduce the pulsewidth by
a factor of two. Howewver, it is not clear
that, at these pressures, there would be
enough gain in the system to sustain lasing,
since g = 1074Y ¢m?2 for Py, = 25,000 torr,
Finally, the modulation frequency could be
increased, either by working in an overtone
mode of the cavity® or by decreasing the
cavity length. Either of these schemes
would decrease the pulsewidth as is evident
from Eq. (2). It is obvious that by optimiz-
ing all of the parameters mentioned above,
it would be reasonable to assume that pulse-
widths of 100 ps could be obtained,

A measurement of the beam divergence of
this osgcillator system was made by directly
photographing the output using the streak
camera in the "focus' mode of operation. The
output beam profile was photographed at a
distance of 6,5 m from the oscillator output
mirror. The aperture in the oscillator cavity
for these measurements had a diameter of

3 mm corresponding to a Fresnel number
(a2/\L) of about one. The measured beam
divergence was about 0. 5 milliradian; hence,
the output can be considered to be diffraction-
limited.

Large-Iodine-Laser System

The 3-inch-diameter iodine laser amplifier
has been fully assembled and initial tests have
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been completed, To obiain an estimate of
the stored energy, the amplifier was run as
an oscillator, With 100% and 30% reflecting
mirrors forming the oscillator cavity, the
output energy was = 65 joules in 200 ng, The
flashlamp reflectors were made of aluminum
foil with 68% reflectivity at 2700 A. An in-
crease of the order of a factor of 1.5 to 2 in
output energy is expected when improved
reflectors are installed., Ewvaluation of
barium-sulfate reflectors and MgFs-Al re-
flectors is in progress; both are > 90%
reflecting at 2700 A.

The oscillator, pulse cutter, preamplifier,
and beam expander have been relocated in
the room where the amplifier is located.
Figures 29 and 30 show a layout of the sys-
tem. The short-pulse oscillator currently
produces 200-ps pulses (FWHM) for the
initial experiments. The preamplifier is
fully assembled and tests have begun to de-
termine the maximum gain at which it can
be operated, Should it be found that the
preamplifier can be operated at a gain of
1000 or more, a second Pockels cell gate
will be placed between the preamp and the
3-inch-diameter amplifier.

The primary emphasis of experiments to be
begun shortly on the iodine system will be to
evaluate potential problems pertaining to
iodine and other saturated gas lasers as
well as to determine the maximum efficiency
of the iodine laser system, A major con-
sideration is evaluation of pulse distortion.
Experiments will be done to determine what
bandwidth is required to faithfully amplify

a 200-ps pulse and the extent of the pulse
distortion at smaller bandwidths, Iodine
may have a potential problem of upper-level
relaxation, leading to pulse distortion sim-
ilar to COgy if the two upper hyperfine levels
are not mixed or pressure broadened to
obtain sufficient overlap. Experiments will
be performed to evaluate this upper-level
mixing, which is also critical to the extrac-
tion efficiency.

Another area of concern is beam quality.
Experimenters at Max-Planck Institut Fur
Plasmaphysikll have observed shock waves
in their iodine laser, It is planned to
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investigate turbiulence in the Sandia system
and its effect on beam quality. A problem
of more general concern is the effect of
anomalous dispersion on beam quality under
saturated-gain conditions, This and other
nonlinear effects will be evaluated in the 3-
inch-diameter amplifier by removing the
beam expander. The latter will insure sat-
uration intensity for most of the 4-m-long
path length of the amplifier.

Using standard flashlamps, the maximum
efficiency of the amplifier for short~pulse-
width applications will be less than one-half
of 1%. The maximum efficiency should
approach this value if the two upper hyper-
fine levels are mixed at a gufficiently rapid
rate. If a doped-lamp-development program
is successful, then an efficiency of about 1%
should be possible. An efficiency higher
than 1% will require the development of a
different type of photosource that does not
have blackbody restrictions (ncble-gas halide
radiation could possibly increase the effi-
‘ciency to a few percent).

Chemical Kinetic Studies of the Iodine-
Photodissociation Laser

In an effort to improve the efficiency of the
atomic-iodine-laser system, we have been
investigating the compounds listed in Table II
in order to present the broadest pump band
to the broadband pump radiation., However,
these compounds must have a high quantum
yield of exited iodine (I*) and must not rapidly
deactivate I*., We have developed a tech-
nique which allows the determination of the
fraction of iodine atoms produced as I* and
rate constants for the decay of I* by various
alkyl iodides. In the technique used, the
gain of an atomic-iodine laser amplifier is
monitored as a function of time. The gain-
vs-time data are then fit to a set of rate
equations, The fitting routine uses as param-
eters the fraction of iodine dissociated to I”
and rate constants to the following reactions
P kl
RI+I =R+, (4)
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ks

RI+ I —=RI+I , (5)

where R is one of several radicals to be dis-
cussed below.

“The first compound investigated was CH3lL

While it was not expected to be a candidate
for use in an iodine lager system, much of
the chemistry was known and it was an ideal
system to check the technique. The results
of the measurements are shown in Table IIL
It was also possible to determine the rate
constant for deactivation of I* by CHg radi-
cals (kg). The rate constants obtained {kyq
and ko) and the fraction to I* were in agree-
ment with the other recent literature values.

We next investigated (CF )2AsI Birich et
al,12 had used this compound in an oscilla-
tor experiment because its absorption spec-
trum was broader, more intense, and
shifted to longer wavelengths from the ab-
sorption spectrum of CgF7I. The results
shown in Table III indicate that it has an
attractive quantum yield for I" but that the
deactivation rate of I by the parent com-
pound is too large to make the compound use-
ful in a large iodine system.

The next molecule studied was CDgl. Its
absorption maximum is shifted about 200 A
from that of CgF¢l. Also, one recent re-
port in the literaturel3 indicated that the
deactivation rate was about two orders of
magnitude lower than CH3l. Table III lists
the results for CD3l. Both the quantum
yvield and the deactivation rate are accept-
able for use in a large iodine amplifier.
However, analysis of the absorption spec-
trum of CgFql and CD3l indicates that
addition of CD3l to C3FrI would increase
the amount of absorbed pump light by only a
few percent because of the already broad
absorption band of C3FrL.

Additional experiments will study CgqF7l,
i-CgFyl, and CF3l. It is also planned to
investigate the possibility of obtaining mul-
tiple shots on a single fill of gas for each of
the above compounds. This later experiment
may be dependent on whether the amplifier
has been chemically saturated due to the
different chemical reactions involving I* and 1.



TABLE II

Compounds Which Produce Atomic Iodine Laser“
Trangition and Their Absorption Properties

Wavelength Peak Absorption . Bandwidth
at Peak Cross Section - at Base

Compound (A) (10-18 cm?2y (A)
CHaI 2575 1.4 . : 700
cD I ' 2575 1,14 700
CoH T 2580 139 700
C3H,I 2600 1.52 I - 750
CF,I 2690 - 0.65 ' 8oo
C2F5I . 2690 0.68 | _ - 900

( o, s 1000
CgF 1 2700 8 \

i- C3F7I 2750 0.60 1000 .
(CF3)2ASI 2880 2.9 ‘ 1350
TABLE TIII
Summary of Results from Computer Fitting-of Data
{All rate constants are in units of ecm” molecule™ " sec™ . )

Fraction 7
to 1" L % ky
CH T 0.76 <5x10? 2.0x 1073 | 6.4 x 1072
(CF,)AsI | > 0.99 <<k 1.7 x 10713 ---
3’ o= 2 :
. s | |
CD,I > 0.98 < < k, 2.8 x 1077 —




NOBLE-GAS-HALIDE LASER PROGRAM

High-Power Ultraviolet Lasers

Less than a year ago Setser14 at Kangas
State and Golde and Thrushl® at Cambridge
postulated that the ultraviolet emissions they
observed after mixing rare-gas~metastables
with halogen-containing compounds were
produced by diatomic rare-gas-halide mole-
cules in their lowest excited state radiating
to their ground state. Since the ground state
of these molecules had been previously cal-
culated16 to be repulsive, they appeared to
be ideal laser candidates. The fact that the
lowest excited state was believed to be pro-
duced by reactive scattering of a rare~gas-
metastable off of a halogen-containing com-
pound suggested that electron beams would
be efficient pumps for these lasers. 17

Work was started in May 1975, using Sandia's
electron-beam facilities, with the goal of
observing laser action on at least one, and
possibly more, of the rare gas-halide mole-
cules. To date, we have succesgsfully ob-
served laser action on four rare gas-halides
(KrF, XeF, XeC1l, and XeBr) and one halo-

gen (Ip), Three of the se lasers have potential

as high-power lasers (KrF, XeF, and I,).
During this period, attention has been primar-
ily focussed on KrF. The goals have been
twofold: (1) to scale the KrF lager to 100
joules and a power of 109 watt, and (2) to de-
sign and build a KrF laser with a repetition
rate of one pulse per second with an energy

of 1 to 10 joules and a power of 106-107 watt,

The experimental setup used on the e-beam
facility is shown in Fig, 31. These mixtures
generally consisted of high-pressure argon
(2000-4000 torr), a low-pressure halogen-
containing compound {1-10 torr) and, in the
case of the rare-gas-halides, a few hundred
torr of Xe or Kr,

The electron beam used to excite these mix-
tures entered the cell transverse to the
optical axis. The beam was 6.0 cm high and
40.0 e¢m wide., It had a peak current of 140
kA, an initial electron energy of 1,2 MeV, and
a pulse width of 50 ns (FWHM), Two laser-
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cavity configurations were used, Cavity I
congisted of two high-reflectance (97%),
dielectrically coated mirrors with a diame-
ter of 2.5 c¢m and a radius of curvature of
2.0 m, Cavity II consisted of an aluminum
flat and a flat quartz output-coupling window,
‘each with a diameter of 5.0 cm, Both cav-
ities were 65.0 cm long,

The laser-energy outputs, efficiencies, and
wavelengths obtained are given in Table IV,
along with a description of the emission
observed, The spontaneous and stimulated-
emission spectra of the various lasers are
shown in Figs, 32 through 36. The time
histories of the lager pulses versus the e-
beam current are shown in Figs. 37 through
41,

Two facts stand out in the resulis presented:
(1) in the series, XeF, XeCl, and XeBr,
the energy of the laser is rapidly decreasing
as a function of the weight of the halogen,
and (2) molecular iodine ig reported to lase
using a variety of iodine-bearing compounds
but never using Is itself, These facts sug-
gest answers to two important questions:

(1) what rare gas-halides have potential as
high-power lasers, and (2) can other molec-
ular halogen lasers be produced?

In answer to the first question, consider
that as the atomic number of the halogen
attached to the rare gas "increases, ' the
energy difference between the lowest excited
state of the rare gas-halide and its higher
excited states '"decreases, ' This implies
that absorption of the rare-gas~halide laser
radiation by the excited rare-gas-halide
becomes more probable, and if the approp-
riate energy resonance occurred, then
depopulation of the upper laser state would
take place and constitute a potentially large
loss to the system. In this case, rare-gas-
chlorides, -bromides, and -iodides would
hayve limited potential as high-power lasers.
It is important to note that attempts to make
a molecular-iodine laser, using 12 itself,
were unsuccessful, If the upper laser state
of I is produced by a three-body ion re-
combination, I~ + I* + M, the rate deter-
mining step in the formation of the ions is
slow-electron attachment to the halogen-

N~ 2
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Fig. 31. BSchematic diagram of expérimental setup.

. Laser Energies, Powers, Efficiencies, Wavelengths, and
Descriptions Obtained Using Sandia's 893 e-Beam Facility

Maximum

Maximum‘

Energy Power Efficiency Wavelength

{joules) (watts) {%) {(nm) Transition
KrF 5,6 1.1 x 108 93 248, 4, 249,1 | Continuous
XeF 1.0 2.0 x 107 0.3-0.5 351.1, 353.2 | Discrete
XeCl. - ~ 1.5 x 104 - 307.9, 308.1 | Discrete
XeBr - ~ 1.0 x 10° - 282. 8 Continuous
I 1.0 2.5 x 107 0.3-0.5 342.0, 342.4 | Discrete
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current (top) versus the XeCl current (top} versus the XeBr
laser pulse (bottom). laser pulse (bottom).
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containing compound to form I'. The slow-
electron attachment rates18 of HI, CF3l, and
CHgl are one to three orders of magnitude
larger than the same ratel? for I,. This
may explain why Ar/HI, Ar/CFsl, and Ar/
CHg mixtures lase and Ar/12 mixtures do not
lase., This discussion suggests that other
molecular-halogen lasers may be produced
by selecting halogen-containing compounds
with large electron-attachment rates.

In conclusion, it would seem that KrF, XeF,
and Iy are potential high-power, high-efficiency
lasers. Self-absorption may exclude the rare
gas-chlorides, -bromides, and ~iodides from
this category. At the same time, Bry, Cl,,
and Fg lasers, similar to the molecular Iy
laser, may be produced by selecting halogen
donors with large electron-attachment rates.

Since this class of lagers utilizes allowed
transitions, the gain cross section is large
and they do not offer energy storage capabil-
ity. Thus, they are not attractive for laser-
fusion applications. However, their use as
efficient photon sources to photoexcite other
lasers could be attractive,and this is being

studied as a pump source for the iodine
laser. Also the potential of these lasers
for use in isotope separation is great.

Spectroscopic Studies of Diatomic Noble

Gas Halides: Analysis of Spontaneous and
Stimulated Emission from XeCl

In their lowest excited configuration, up5

(u + 1)s, the heavier noble-gas atoms dis-
play properties similar to those of the
corresponding alkali metal atoms. One such
similarity is their tendency to react with
halogen-containing molecules to produce
diatomic noble-gas-halide molecules in
strongly bound ionic states. 20, 21 yniike
the analogous alkali-halide states, however,
these are excited states which can radiate
as they decay to lower electronic states.
For the various AX molecules (A = Ar, Kr,
Xe; X = F, Cl, Br, 1), transitions are ob-
gserved over the spectral range 1500 to

5000 A, 20-24

The cbserved AX spectra are attributed to
transitions from one or more of the manifold
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of excited states, 22+ and 2l'I in Hund's case

(a), or 1/2, 1/2, and 3/2in cage {c) which
correlate with A { P) and X {°8), to lower
states of the same symmetry which corre-
late with the neutral atoms in their ground
and metastable (°P 1/2) state. All these ex-
cited states tend adlabatlcally toward some-
what lower A* + X or A + X neutral-atom
correlation limits. However, in many of the
AX molecules, the predicted crossing of the
neutral and ionic curves occurs at large in-
ternuclear distances so that the excited
states are expected to be dominated by ionic
character in the binding region. In general,
the lower states are predicted to be only
weakly bound van der Waals-type states, so
that the AX emission transitions are pre-
dominantly bound-free. However, in at
least two cases--XeF and XeCl--the spec-
trum is mainly bound~bound for emission
from low v’ levels.

In this report we discuss the high-pressure
XeCl spectrum which shows peak intensity
near 3080 A, The vibrational analysis of this
spectrum is straightforward, as the violet-
degraded bands group into clear v’‘ progres-
sions. The 35¢1/37C1 isotopic splitting
evident in some of the bands supports our
analysis. From the observed intensities and
vibrational data we are able to derive reli-
able relative potential curves for upper and
lower states. In addition, we discuss the
laser experiments on this transition because
the spectrum obtained under lasing conditions

proved useful in deriving the potential curves.

The XeCl emission was produced by electron-
beam excitation of Xe/HCl and Xe/Cls mix-
tures having typical concentration ratios of
50:1 and total pressures of 300 torr. A Feb-
etron Model 706 was used as the e-beam
source, The gpectrum was photographed on
Kodak Tri-X 4164 film, using a Jarrell-Ash
l-meter Czerny-Turner spectrometer equip-
ped with a 1180-grove/mm grating blazed at
7500 A, Employed in the third order with
20~um slits, this instrument gave a recipro-
cal dispersion of 2, 2 A/mm and a resolution
of 0.05 A, For calibration we used Hg lines
from a low-pressure discharge lamp and Th
and Ne lines from a Varian hollow-cathode
thorium source.
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Laser action in XeCl was produced by e-
beam excitation of Ar/Xe/Cl, or Ar/Xe/
CH2012 mixtures. The mixtures had typical
concentration ratios of 800:50:1 and total
pressures of approximately 2000 torr. The

optical cavity consisted of two mirrors sep-

arated by 65 ¢m. Each mirror had a 2-meter
radius of curvature and 99, 9% and 87% re-
flectances. The reflectances of these two
mirrors covered the wavelength range 2500
to 3150 A.

The e-beam accelerator used in the laser
experiments operated at 1. 2 MV with a peak
electron current of 142 kA. The pulse dur-
ation of the electron beam was 50 ns.

Figure 42 illustrates the XeCl emission
spectrum and, for comparison, a spectrum
obtained with the laser mirrors in place. It
is clear that lasing is occurring on the 0 to 1
and 0 to 2 bands, which also appear to be
the strongest bands in the emission spectrum.
The first 7 bands of the v’ = 0 progression
are discernible, and 6 bands of the v/ = 1
progression can be identified. In the v’ = 2,
3, and 4 bands at shorter wavelengths, the
3501/3701 isotopic splitting is evident, with
the bands of the less-abundant (24. 5%),
heavier isotope occurring at slightly longer
wavelengths.

The measured wavelengths and frequencies
of the assigned bands are presented in

Table V, together with their deviations from
the frequencies calculated using the vibra-
tional parameters described below.

Vibrational parameters for the upper and
lower states were obtained from a least-
squares fit of the measured frequencies to
the double polynomial expression.

ITL r .
= AT + 321 cj[e(v' v/ -

> k
Z c]'; le(v'' + 1/2)]

k=1

where vy;

(V I}

is the measured frequency for the
); band, AT, is the electronic



Fig. 42. Spontaneous emission (lower) and laser (upper) spectra
of XeCl, obtained as described in text. Bands in the
v’’ = 0 progression are identified, with the 35(?31/ Cl
isotopic splitting noted in several of these (broken lines).
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TABLE V
Assigned Xe - 35Cl and Xe - 37Cl
Vibrational Bands

-1

-~

-v!"” (A in air) v(cm_l) Avlcm

v )
0-6 30901, 44 32 338.0 0.4
0-5 89, 24 361.0 -0.3
0-4 86. 98 - 384.7 0
0-3 84, 59 409. 8 0.1
0-2 82,10 436, 0 0
0-1 79.61 462, 2 0.4
0-0 77,04 489, 3 -0,1
1-17 74,87 512.3 -0.1
1-6 72.98 532.3 0.2
1-5 70, 82 555. 1 -0.3
1-4 68,61 578.6 0.2
1-1 61. 25 656, 9 -0.2
1-0 58, 72 683,90 -0.6
2-1 (b) 44, 06 841.3 -1.1
2-1 43,27 849, 8 -0.1
2-0 (b) 41, 83 865, 4 0.8
'2-0 40, 81 876. 4 -0.1
3-4 32.75 963.8 -0.1
3-3 30. 46 988. 7 0.2
3-0 (b) 24.65 33 052,1 1.9
3-0 23.24 067, 5 0.7
4-0 {b) 07, 34 242.3 -1.5
4-0 05. 83 259.0 0
5-0 2988, 77 448, 9 ~-0.1

(a)

Deviations of measured values from cal-
culated values obtained using parameters
in Table VI.

(b)Xe - 37C1 bands.

energy difference, and the {Cj'] and {c’} are
the vibrational parameters. The mass ratio
factor e allows inclusion of the Xe3701 mea-
surements, under the assumption that the
usual isotopic relationship holds,
ber of coefficients, m and n, were varied to
obtain an optimum (minimum variance) fit.
Best results were obhtiained for m = 2, n = 3,
vielding the parameters given in Table VI,

It is worth noting that ¢/’ (-wexl’) is positive,

contrary to usual diatomic behavior., We

attach no particular significance to this result,
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(a)

The num-

in view of the small number (8) of v/’
levels included in the analysis and the pos-
sibility of impaired precision from isotopic
blending in some bands.

The lower-state vibrational parameters in

' Table VI imply a dissociation energy (D}’)

of 250 cm
in this state.

and a total of 12 bound 1evels

TABLE VI

e 35(.'11 Vibrational Constants
(Standard errors in parentheges)
AT, - 32405.0 (0.5) cm” !

_1)

Upper State (cm—l) Lower State (cm
195,17 (0, 31) (we) 26, 27 {0, 55)
-0.543 (0.083) (-wexe) 0.278{0,17)

(weyé) -0.0672 (0, 14)

Extensive work on the alkali-halide mole-
cules has shown that their ionic ground-
state potential curves can be represented
with fair accuracy by the Rittner potential®”
or one of its variants. By analogy, the
same analytical form should be useful in
describing the AX excited states, particu-
larly those (like XeCl) which have a cross-
ing between the ionic and covalent states at
large internuclear separation. We have
chosgen to represent the excited XeCl poten-~
tial energy curve by a truncated Rittner
potential of the following form:

U(R) = a + b exp [-R] - C. R"l—c R'4

Here the R™1 term represents the 1on ion
attraction (Cy = 1,1614 x 1095 em™! A), and
the R"? term arises from ion-induced
dipole interactions, with C4 a functlon of
the ion polarlzabllltles, Cyqg=1/2 e2 Loy +
o) = 5.807 x 10% (g, + o) (em™1 + A).

The exponential term is an ad hoc repre-
sentation of the repulsive forces which must
dominate at overall R. It contains two pa-
rameters which can be adjusted to give



correctly two known spectroscopic guantities,
in our case D_ and w_. This procedure then
fixes R, the position of the curve minimum.
For the Cl: olarizability,zé;ve have used the
value 3.0 A° of Dalgarno, We could locate
no estimate of the Xe polarizability., How-.
ever, from the trend of the values for the A,
A%, X and X_species and the alkali ions %iven
by Dalgarn028 and by Teachout and ?ack, 9
we surmise that the value ¢, = 3.0 A" is
reasonably close to the true value and cer-
tainly sufficient for our purpose. These
polarizabilities yield C,~ 3.5 x 105 em™1 A%,
which, together with the spectroscopically
;ie;:';x;zd Valu?es fclIi wé z_md Dé, giv_eis b=

. x 10" em -, B=2.5814 A °, and
R/ = 2.9380 A, With the upper curve thus
determined, it is possible to derive a reli-
able lower curve from the vibrational data
and the obgerved v’ - v’/ intensity distribution,

The violet-degraded character of the bands

in Fig. 42 implies that R{ > R, in which case
the vibrational intensity distribution is de-
termined mainly by the shape of the lower
curve's repulgive wallnin the Franck-Condon
regicn (R =~ 2.7 - 3.1 A). The turning-point
difference (R .5 - Ry in) can be determined
from the vibrational parameters, through one
of the RKR relationships. These differences
were evaluated by means of the Gauss~-Mehler
quadrature scheme39 and were used to
adjust the lower curve's attractive branch, as
the repulsive branch was varied in a trial-
and-error procedure of comparing calculated
Franck-Condon factors (FCF} with the ob-
served v’ - v’/ intensities. A satisfactory
match was obtained for a repulsive branch
which, for 2,7 <« R = 3.0 A, could be repre-
sented, relative to thel%urve minimum, as an
exponential, 3.46 x 10 exp (-11,022 R). .
The minimum was then located at Ré’ = 3.18A,

In Fig. 43 we illustrate the two XeCl potential
curves. The FCF's calculated with these
curves are given in Table VII, Note particu-
larly that as v’ increases beyond 3, the only
bands predicted to be strong are the v/ - 0
bands, as observed. This trend correlates
with a progressive increase in the bound-
free/bound-bound intensity ratio for a given
v’ level. In this regard, it is worth noting

that, even for v’ = 2, about 60 percent of
the total emission is bound-free.

In Table VIII we compare some properties
of the XeCl excited state vgith the same
quantities for the 133CS 350 ground state,
Note that both w/ and D/ are somewhat
smaller for XeCl, ag would be expected for
the larger and "softer' Xe™ ion.

The vibrational frequency and the dissoci~
ation energy for the XeCl ground state are
roughly in line with expectations for a van
der Waals state. However, compared with
ArXe (the nearest true van der Waals
molecule),32 the XeCl well is about twice
as deep and is "drawn in' on the R-axis by
~ 0,9 A, A similar digplacement of the .
25+ ground state of XeF was obtained in ab
initio computation by Liskow et al.,33 with
the effect clearly evident in the configu-
ration-interaction calculations. Thus, we
conclude that both dispersion interactions
and chemical bonding effects are signhificant
in the 25+ ground state of XeCl,

The XeCl laser spectrum is shown in

Fig. 42 (upper). As noted before, lasing
is occurring strongly on the 0 to 1 and 0 to
2 vibrational bands and weakly on the 0 to 3
band., A peak power output of 1.5 x 104
watts was obtained using a mixture of 2300
torr of Ar, 100 torr of Xe, and 3 torr of
CHyCly.

It has been suggested that stimulated emis-
sion from Xe Cl formed by e-beam excita-
tion of Ar/Xe/Cl, mixtures is weak because
of Cly absorption at the lager wavelength,

In our experiments, the maximum laser
power output achieved with such mixtures
was ~ 80% of that obtained with the Ar/Xe/
CH,Cl, mixture given above. Since CHyCl,
does not absorb significantly near 3080 A,
it appears that absorption by Cl2 is not a
major factor limiting the power output of
the XeCl laser. However, it is conceivable
that other absorption processes play a role,
in particular self-absorption by the excited
molecules in transgitions to one or more of
the many predicted higher lying states of
the XeCl molecule,
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TABLE VII

Xe 35Cl Franck-Condon Factors Calculated for
Potential Curves of Figure 2

v v’ 0 1 2 3 4
0 0.120 0,078 0.103 0.092 0,094
1 0. 248 0,061 0.062 0.019 0.008
2 0. 253 0,005 0. 004 0.009 0,016
3 0.179 0,017 0.006 0.049 0.031
4 0,098 0. 079 0.016 0.051 0,010
5 0.042 0.131 0. 009 0,025 0.000
6 0,013 0. 146 0. 000 0.005 0,014
7 0,002 0.127 0.004 0,000 0. 030
8 0.000 0.094 0.018 0,001 0,034
9 0.000 0.062 0.032 0.002 0.028
10 0,002 0,037 0,039 0.002 0.019
11 0,002 0,020 0,037 0. 001 0.011
12 0.002 0,010 0.028 0.000 0.006
13 0.000 0.005 0.015 0.000 0,003




TABLE VIII

Spectroscopic Properties of the Xe 35Cl Excited State,
Compared with the Same Quantities for the 133¢s 35¢
Ground State. ‘2 (D, values for dissociation to ions.)

-1 -1 . -1
welem™) g x (em™)  R(R) D, (em ™)
xe 390 195, 17 0.65% 2,938 36540
133 3
cs a1l 214,20 0,74 2. 9064 39300
(a)Values for CsCl taken from summary in Ref. 21.
(b)From E%uncated Riftner potential, Experimental w X,
for Xe"“Cl was 0. 54 (Table VI).

LASER-DEVELOPMENT-RELATED STUDIES

The radiative lifetime of the aBE state is
so short (~ 30 ns) that the effectgve life-
time, which decreases with increasing neon

Electron Beam Excitation of Neon/Dz Mixtures

A seriesg of experiments has heen performed

using the Febetron 706 (2 ns, 440 keV) to ex-
amine the suitability of electronically excited
molecular deuteriurga as a potential lasing
medium near 3000 A in e-beam excited gas
mixtures., Typical mixtures contain from 0.1
to 10 torr Ds and from 3500 to 20, 000 torr neon.
Deposition of the e-beam energy occurs in the
neon with subsequent energy transfer to Do.
The temporal behavior of the ady {bound) —
b3 (repulsive) emissions, which occur over
a broad continuum from 1600 A to 3500 A,

was observed with both a monochromator/
multiplier arrangement and a calibrated filter/
photodiode system,

Figure 44 shows the dependence of the peak
emigsion intengity (circles) and the emission
decay time (daghed line) on wavelength, The
emission feature near 1350 A originates from
the Blzu"' state. For the experimental con-
ditions of this figure, about 40 percent of the
radiated energy comes from the B - X trans-
ition and 60 percent from the a— b transition,

or deuterium pressures, is determined
primarily by the Ne™ to Do energy transfer
rates., Figure 45 contains a plot of the in-
verse decay time of the a - b emission as a
function of neon pressure for several D2
pressures.

It appears that the excitation scheme is
roughly as follows:

%

Ne™ + Dy~ Dj + Ne (~101%em3/sec)  (6)

D; + Dy— D2(a3zg)
10

cm3/sec) (m

)

+ Ne (~5 x 10714

+ D2(f=’ 10

% 3
D, + Ne — Dz(a Ty

(8)

3
em” [sec) .
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The # indicates an asgumed excited state of
D, which is higher in energy than the "a"
state and is collisionally coupled to it. At
higher neon pressures, the Nez formation
competes with reaction (8) for the available
excitation energy. For suitable conditions
(0.1 to 0, 2 torr Dg and 1000 to 1500 torr
neon), the gquantum transfer efficiency from
e-beam excited neon to the ""a'' state of Dy
reaches 40%, This efficiency decreases
with increasing neon of Dy pressure, The
peak optical gain, calculated from the abso-
lute emisgsion intensity, increases with in-
creaging pressure, attaining a value of 0.2%
per cm in the present study for 10 torr Dy
and 20 ktorr neon,

Hg-Noble Gas Spectra

Fluorescence emissions from mixtures of
Hg {~ 1 torr) with high pressures (10-150
psi} of Xe, Kr, and Ar have been studied for
possible application as laser systems. The
relativistic electron beam from Febetron 706
(12 J, 400 keV, 4 ns half-width) was used as
an excitation source. In these experiments,
the noble gas absorbed the e-beam energy,
forming excited noble gas atomic and molec-
ular states. The excitation was then trans-
ferred from these states to the Hg-noble gas
molecular states of interest.

Three basic sets of molecular spectra were
observoed in all of these mixtures. First, an
~ 200 A-wide band was observed ¢n the red
side of the Hg (71S — 61Sg) 1849 A line. This
band was centered near 2100, 1970, and
1920 A for mixtures of HgXe, HgKr, and
HgAr, respectively, and is assigned to rad-
iations for an Hg-noble gas molecule with

Hg in the 7 SO state and a ground-state noble
gas atom, These emigsions were produced
with a quantum efficiency of ~ 1/2 percent
{quantum efficiency = photons radiated in
band/e-beam energy deposited in the gas).
The decay time of these emissions was very
fast (5 to 100 ns, depending on noble gas
pressure) and essentially followed the decay
of the vuv noble-gas dimer radiation,

A second set of bands was observed on the
red side of the Hg (63P1—~ 6180) 2537 A line,

again, with a guantum efficiency of the
order of 1/2%. In HgXe, this band was
~ 200 A wide (full width), was peaked at
2650 A, and had a number of well-defined
absorption lines arising from transitions
from the 63P to higher states. In HgKr,
this band was ~ 50 A wide and was peaked
close to 2537 A. In HgAr the band was only
about 10 A wide and was peaked very close
to 2537 A. These bands are assigned to
transitions to the repulsive ground state
from Hg-noble gas atoms containing an Hg
63P, atom and a noble gas atom in the
ground state. These bands had a much
slower decay rate (50 to 700 ns) than the
above-discussed emission and were depen-
dent on Hg and noble gas pressures, This
slow decay rate ig attributed to a slow for-
mation rate of the Hg-nable moleculeg, The
lifetime of the Hg-noble gas molecules
giving rise to these bands was inferred
from studies. of the rise times of these
emissions and was determined to be some-
what shorter than 100 ns.

A third set of bands was cbserved very close
to the positions of the Hg atomlc lines aris-
ing from transitions from the 755 to 6 0,1, 2
states. These bands, which were essen-
tially identical in all of the Hg-nohble gas
mixtures, were a few angstroms on the red
side of the Hg atomic lines and were about
10 A wide. The rise and decay times of
these emissions were very fast, essentially
following the vuv noble gas dimer radiation.
These bands were produced with fluorescence
efficiencies varying from 1/4% to 1%, de-
pending on gas pressures.

The low fluorescence efficiencies of these
three sets of bands argue against their
being used for a high-efficiency, high-power
laser system. Also, the slow formation
rate and relatively fast decay time of the
bands near 2537 A argue against their use
for any short-pulse laser applications. The
low fluorescence efficiencies of these bands

- appear to be due to the fact that most of the

absorbed e-beam energy is radiated as vuv
noble gas dimer emissions and hence is lost
to the system.
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Flashlamp Research

During the course of this year, a compre-
hensive program has been under way to de-
termine the factors that govern the spectral
efficiency of high-current flashlamps for use
in pumping lasers. Special emphasis has
been placed on the iodine photodissociation
laser. It has been found that, in high-current
xenon lamps, line radiation plays an import-
ant role relative to the continuum processes
of bremsstrahlung and recombination rad-
iation. Experimentally, it was found that
the spectrum from such a lamp was typically
a factor of two to three below the blackbody
limit {(at the plasma electron temperature).
It was determined that the addition of Cd or
Zn to the lamp produced a significant en~
hancement in the spectral range centered
about 2800 A, The problem with such an
arrangement is that the dopant (Zn or Cd)
migrates with successive shots out of the
discharge volume with a concomitant reduc-
tion of the enhancement, A contract has been
let with a flashlamp manufacturer to try to
cure this problem by utilizing proprietary
geals (those of the manufacturer).

Pragmatically, a very important question
concerns the question of lamp efficiency as

a function of tube bore, For the example to
follow, the circuit calculations follow the
standard approaches documented in the lit-
erature. The lamp is assumed to radiate

as a blackbody (it ig alsc assumed that the
emitted radiation is determined by the peak
discharge current), Figure 46 shows results
of calculations for a capacitor bank energy
of 1000 joules and for several current pulse-
widths., The flashlamp is 100 ¢m long and
the circuit is critically damped. The cir-
cuit parameters are listed in Table IX. The
highest efficiency for uv radiation is attained
for fast-current pulses. It can be seen that,
for the 10-us pulse, the emission is opti-
mized for tube bores in the range of 10 to

20 cm. In general, flashlamps do not radi-
ate as perfect blackbodies, but only approach
this as a limit. TFor a given capacitor bank
energy, smaller bore tubes approach closer
to the radiation limit than larger bore tubes.
An example of this is shown in Fig. 47. The

o6

ratio of the integrated energies for the
large-bore tube relative to that for the
smaller-bore tube and for the conditions
shown in Fig, 47 is predicted (by using the
experimentally observed discharge current)
to be 0.43, but experimentally the ratio is

"0.15. This large deviation between the ex-

periment and calculation is caused by the
relatively large departure from the limiting
{(blackbody) brightness of the 16-mm tube
compared with the 8-mm tube,

The equivalent blackbody temperature is
calculated from3

T = 603(WR)H/ 11, (9)

where T is the temperature in Kelvin, j is
the current density in amps/em*®, and R is
the radius of the tube in cm.

The temperature that maximizes the radi-
ation efficiency (energy) about a given
wavelength )'A is

AAT = 5040 microns-K . (10)

On the other hand, the peak energy flux
occurs for

)\mT = 2898 microns-K . (1)

So, for example, for a capacitor bank
energy of 1000 joules, a bore of 10 mm,
and a pulse length of 10 us, the peak cur-
rent is 13 kA (Table IX}). From Eq. (9),
T = 18,200 K, From Egs. (10) and (11),
it is found that A, = 1580 A and AA T
2770 A. It is seen that this is spectrally
ideal for the iodine photodissociation
laser, In fact, for an amplifier using
C3F7l, the absorption band extends from
nominally 2200 to 3100 A. This results in
20% of the blackbody photons being in the
appropriate absorption band. It is to be
noted that the maximum emission in the
2500 to 3000 A band for the 10-us pulse,
shown in Fig. 46, occurs for a 14-mm tube
and corresponds to a temperature of
16 600 K. TFor the band 2500 to 3000 A an
"optimum" temperature of 17, 700 K is
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- (over the band 2500-3000 A) for:.
E_ca8 = 1000 joules, pulse widths
of 10, 30, and 60 us, tube length of
100 ¢m, and a critically damped
circuit,
TABLE IX
Circuit Parameters fo_f Different
Tube Bores’
Bore C - L '
‘ k kA
(mm) WF)  (E)  Veap BV LearkA)
4 0.8 10.0 49,4 7.1
8 2.1 3.9 31.1 . 11.1
10 2.8 2.9 26.8 13.0
12 . 3.5 2,3 23,8 14,7
15 4.7 1.7 20.5 17.1
20 7.1 1.2 16. 8 21.0
32 12,9 0.6 = 12.4

28.6

b3 . .
The capacitor energy is 1000 joules. The
current pulse length is 10 ys (critically
damped), and the tube length is 100 em.
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The experimental time-integrated
spectrum for 8- and 16-mm-ID
flashlamps (30 ¢m long)., The peak
currents were 17 and 21 kA, re-
spectively, These microdensi-
tometer traces were obtained from
photographs of the emitted spectra.
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predicted, using Eg. {10), with 10.7% of
the blackbody photon radiation falling in the
absorption band, This small difference in
determined optimum temperatures (17, 700
and 16, 800 K) shows that the estimate based
on Egs. (9) through (11) fairly accurately
predicts the optimum flashlamp parameters
for a given application.

Xenon-Excimer Formation Rates

Noble-gas excimers are important in the ex-
citation scheme of many gas lasers, and

they have been made to support laser action,
Depending on the laser, excimer formation
may be either desirable or undesirable, For
example, the helium metastable atom, 218,

is essential in the excitation scheme of the
6328- A He-Ne laser; but, if helium meta-
stable atoms are converted to helium excim-
ers, they can no longer serve as an energy
pool for the He-Ne laser, Noble-gas excimer
formation is also undesirable in some noble-
‘gas halide lasers, the argon-nitrogen laser,
and others. ~Excimer formation is, of course,
necessary to achieve lager action in the
nchle~gas excimer lasers (Xez, Krz,and Arz,
for example), and they have been used to ex-
cite other lasers by photolysis excitation and
by c0111s1ona1 energy transfer excitation (for
example, O( D) — O(!D) laser). Whether
excimer formation is desirable or undesirable,
it is essential to laser modeling to know the
reaction rates that are important for the form-
ation and the decay of noble-gas excimers.

Reaction rates pertaining to the formation and
decay of xenon excimers (3%, 1) both in
pure xenon and in mixtures of xenon and other
neoble gases, were measured with the apparatus
shown in Figure 48, The krypton-excimer
laser radiation () = 1465 A) excites ground-
state xenon atoms, 1SO. to the 3P1 levels, and
reaction rates are determined by analysis of
the temporal behavior of the xenon-excimer
radiation. An energy level diagram showing
the energy levels of interest to this study is
shown in Fig. 49, and the reaction scheme is
shown in Fig. 50. The formation and decay
of the xenon excimers is described by the fol-
lowing set of coupled differential equations,
where the notation is explained in Fig. 50.
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dN,
rral -(\)13 vt R12)N1 + R21N2 (12a)
dn,
a7 Vg tvag T Ry Ny
+ R12N1 + Source (12b)
dN,
a - VasNg T Vgl + BNy
- Ay, + Ry, N, (12¢)
dn,
Tt - VoalNg * vy + Rg Ny
- (A45 + R43)N4 . (12d)

It is convenient to express the rate coeffi-

cients in terms of partial pressures, Py o?

pKr’ ete.,

Von © % * mKkPxePK (13a)
(13b)

RJZnIZK RomkPk

where the summation is over all gas species.
The radiative lifetimes, ASS and A451-), were
measured by Ket et al, 35 and arg given by
Azl = (5.521,0) 107 -9 sec and Agp =
(96+5) 107¥ gec. The reaction rates were
determined by comparing experimental ex-
cimer radiation intensities (AggN, + AysNy)
to numerical calculations., The observed
waveshape of the laser was used to describe
the source waveshape (since the equations
are linear, the source intensity is not nec-
essary). In some instances, approximate
analytical solutions to Eqs. (12) are useful
to determine coefficients and they are
always useful to obtain an intuitive feeling
for the effect of certain rates on the solu-
tion. If the source can be adequately de-
scribed by a delta function att = 0 and if

Rlz and R43 are gset equal to zero, then
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Nlustrates the reaction
channels included in the
model and the notation

© used in the text.
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Various limits of this solution are useful to
evaluate certain coefficients. For example,
if Agg < vy and Ayg < p9, the final decay of
the excimer radiation is given by Ags. Also,
if 1 <Rgj and vy < Ay, the final decay is
given by v,. Also, if (A35+R34) > (vg+ Rgq).
(Ags5+R34) > vy and vy < (vg+Rgq), the
radiation will rise with a rate determined
mainly by (Ags+ R34) and it will attain a
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value on this time scale that is determined
mainly by veg. Clearly, by comparison of
experimental excimer radiation waveforms
to calculated intensities at many different
pressures, several of the coefficients of
interest can be determined, Some of the
coefficients that we have determined are
listed in Table X,



TABLE X

Some Reaction Rates That Determine the Formation and
Decay of Xenon Excimerg in Xenon and in Mixtures of

Xenon with Other Noble Gases

Rk T Kk Kask Bk Rysk
K (10_32cm6secnl) (10_32cmssec_1) (10—130mssec_1) (10'15cmgsec_1)
Xe 7.9 1,2 9,1 < 17
Kr 4.9 2,2
Ar 2,7
Ne 1.8
He 1,7 < 3.7
o ] 180} 2 T
Electron-Beam Excitation of Rare Gas Mixtures /'u}:b 103 Torr Xe +
\u\ 104 Torr He |
There is considerable interest in the electron- 160r f 0
beam-excited xenon dimer (Xeg) laser as a i \D
potentially efficient, tunable source of vuv rad- 140+ l \ 7
iation. The X82 dimers, Whlch radiate in a ”\
broad continuum near 1720 A, are formed pri- 120+ o .
marily by the three-body association reaction o~ \
€ [a}
~ 100} / \u\ T
Xe™ + Xe+ R— Xe, + R 15 5 | b
O sof \D 1
vy
| - \
in typical e-beam-excited, high-pressure, S .ok 4
rare-gas mixtures. We have performed a g 2 /0""_"‘\0;)
geries of experiments in which mixtures of o I / 3 =9,
. . o 4oko & 10° Tarr Xa ol
xenon with added helium and argon are ex- i , £
cited by an electron beam from a Febetron - /
706 (2 ns, 440 keV). The added rare gas 20+ /° 7
markedly increases the formation rate of Xe¥ /
as shown in Fig. 51. In this figure the photo- 0 ; . ; . .
diode signal is directly proportional to the ] 10 20 30 " 40 50 60
1720 A fluorescence intensity which is, in TIME (107sec)
turn, a measure of the stored energy in the
upper laser level, The peak intensity in Fig. Fig. 51, Digitized photodiode signal of

51 increased with the addition of 104 torr
helium by more than a factor of 3, while the
e~-beam energy deposition increased by only
37 percent.

the 1720 A fluorescence versus
time for 103-torr xenon with
and without added helium. The
solid curves are the exponen-
tial fits to these data.
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A considerable body of data gimilar to those
of Fig. 51 for different pressures of xenon,
helium, and argon was analyzed in terms of
a phenomenological three-body formation
rate constant. These rate constants are
summarized in the following table:

R kl
Xenon 5,0 x 10-32 crn6 sec-1
Helium 1.4 x% 10-32 cm6 sec"1
Argon 2.3 x 10_32 cm6 sec~1

In addition to decreasing the formation time
of Xe§ , the present study showed that the
addition of helium or argon to xenon does not
quench any significant portion of the Xe"é flu-
orescence, even at the highest pressures
examined (2 x 104 torr),

Relativigtic E-Beam Energy Deposition in
Gages

To model a lagser with inversions produced

by relativistic e-beam energy deposition, one
wants a scurce term relating the production
rate of slow electrons, ions, and metastables
to the e-beam time history. To do this, one
needs the atomic subshell ionization cross
section and stopping power, both at the energy
of the e-beam and at low (< 10 keV} energies.
This latter is necessary to describe further
ionization by secondaries. The available data
are limited to either semiempirical fits to
observations of semiclassical calculations,
To remedy this, we have calculated general-
ized oscillator strengths for elements with

18 < Z = 54, to supplement earlier calcula-
tions with Z < 18 (Phys. Rev., A3, 267, 1971).
With suitable interpolation, the calculations
are applicable to all elements with Z < 54,
Our specific interest is argon, krypton, and
xenon, and, for these elements, the calcula-
tions were done for all the subshells,

Gas Digcharge Physics

Townsend Discharges - The traditional treat-
ment of Townsend discharges examines the
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‘tric field to pressure.

electron multiplication when an electron

produced at the cathode crosses a planar
diode and produces further ionization., For
various gases there is a large body of ex-
perimental data relating various parameters
to functions of E/P, the ratio of diode elec~
For systems with
different initial conditions (e.g., volume
production of low-energy electrons via trans-
verge e-beams), it is assumed that the
parametric dependence on E/P found in the
traditional digcharge is still applicable. To
invegtigate thig point, a model for the dis-
charge was developed which uses only
atomic parameters for the gas, i.e., real-
istic stopping power, ionization cross sec-
tions, and thresholds. The results, while
still tentative, are interesting in that the
model predicis both first and second Town-
send coefficients, without recourse to a
feedback mechanism, for the traditional
Townsend discharge. Current efforts are
directed to predicting Paschen breakdown
curves from the basic atomic parameters,
and extending the analysis to systems rele-
vant to lagers.

Space Charge Effects in Gas Discharges

When space charge effects may be relevant
to the physics of gas discharges, it is a
common practice to invoke vacuum space
charge results, To study the modifications
of the vacuum results when positive ions
are present, we are examining space charge
flow in a vacuum diode with a positive ion
background density. Currently the ions are
treated as having infinite mass (no ion cur-
rentgs). The ion densgity can drastically
modify the vacuum space charge results.
For the planar vacuum diode, the potential
must rise monotonically from cathode to
anode. With positive ion density, the po-
tential can both rise and fall, i.e., the po-
tential can be zero at points other than the
cathode, Further, for certain ranges of
electron current density and net charge be-
tween the plates, the potential is not unique,
We are examining the possibility that the
boundaries, separating parameter regions
where the potential is unique from those in
which it is not unigue, may provide a cri-
terion for arcing.



Computer Modeling of Traveling-Wave-
Excitation in the No Laser

The implicit method of characteristics, de-
veloped to calculate amplification of probe
beams and spontaneous emission in the Hqo-
Fg lager, is also useful in systems where
traveling-wave excitation is important. A
brief investigation of traveling-wave effects
in the electron-beam-excited superradiant
Ny lager has been completed. The purpose
of this investigation was to demonstrate the
utility of the implicit method of character-
istics and to assess the validity of two
assumptions used in a recently developed
computer model of the N2 system (IEEE J.
Quantum Electron,, Vol, QE~11, November
1975, pp. 892-902). The assumptions were:
{1) there is negligible radiation extracted in
the direction opposite to the electron beam
propagation, and (2) a quasi-equilibrium
exists between pumping and stimulated emis-
sion at a point once the overall gain for a
wave reaching that point reaches the value
el3, Using the implicit method of character-
istics developed for the Hy-F5 laser code
and the same essential kinetics as used in the
referenced paper, both assumptions have
been. confirmed for the regime they considered.

The Characterization and Calibration of
Nonlinear Optical Susceptibilities

The observation of highly dispersive non-

_ linear propagation phenomena in the spectral
region of a Raman active excitation suggests
the importance of the ability to obtain a com-
plete characterization of the third-order
nonlinear susceptibility x 3. Although a
variety of techniques have been applied to
the study of nonlinear optical interactions
that are cubic in the electric field strength,
quantitative comparison of the available data
on the nonlinear susceptibility x¥3 has been
limited by the lack of: (1) an accurate com-
mon standard of calibration, (2) a full under-
standing of the dispersive character of X3»
(3) the ability to obtain independent deter~
minations of the real and imaginary parts of
x 3. and (4) a method which is capable of
accurately discriminating between the elec-
tronic and molecular contributions to Xge

Indeed, the latter point has precluded any
meaningful comparison of nonlinear re-
fractivity data with data obtained by fre-
quency-mixing techniques.

We have developed a technique of nonlinear
interferometry, whereby both the real and
imaginary parts of the nonlinear suscepti-
bility, xg, can be determined independently
both in sign and absolute amplitude over a
wide spectral region. Moreover, the tech-
nique has a unique capability of separating
the electronic and molecular contributions
to x4 to a high degree of accuracy, hence,
suggesting that it may serve as a basis of
calibration for a variety of measurements
of Xg including nonlinear refractive index
phenomena, frequency-mixing, Raman
scattering, and two-photon absorption,

As shown in Fig. 52, the Jamin interferom-
eter is central t{o the technique. A doubled
Nd:YAG laser beam at 0.532 g is injected
into one arm of the interferometer to induce
a phase shift due to nonlinear refractivity
or a gain or loss arising from Raman activ-
ity or multiple photon processes, respec-
tively, in the sample, A cw dye laser is
used to probe the interferometer. Changes
induced by the 0. 532-y pump pulse are thus
manifested in a fringe shift or intensity
change at the interferometer output and con-
tain the information necegsary to determin-

ing X3

It is well known that an interferometer
adjusted to give a nulled output will not dis-
criminate between amplitude and phase
changes induced in one of its paths, It
merely responds to the squared amplitude
of these changes. By operating the inter-
ferometer with a relative phase retardation
of + /2, however, one obtains an output
intengity of the form

~ KEZ 12A0) + Gt)/ 2, (16)

Seil2
where A(t) is the phase retardation produced
by the pump in units of radians, Gf(t) is the
corresponding intensity gain in nepers, E
is the unperturbed probe-beam field ampli-
tude, and K contains geometric factors
governed by beam overlap., Thus, the
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perturbation is optically heterodyned to pro-
duce an output signal with time-varying terms
which are directly proportional to the induced
gain and phase shift. Moreover, by blocking
one path of the probe beam through the inter-
ferometer, the phase-information signal is
lost and a simple gain signal is obtained.
Adjustment of the interferometer for #m/2
phase delay changes the sign of the phase-
shift ferm, thus providing a gelf-congistency
check on the experiment, An oufput signal
linearly proportional to input intensity con-
giderably simplifies the signal processing, and
the close proximity of the two paths in the
interferometer makes for outstanding thermal
stability,

A schematic representation of the experimen-
tal apparatus is shown in Fig. 52, The Jamin
interferometer described above consists of

two interferometer flats coated for total re-
clection on one surface and partial transmis-
sion (8% to 50%) in the range of interest on

the opposite face, A TEM,,, single-mode
Q-switched Nd:YAG laser system is frequency-
doubled in KDP to provide the 5-ns pump
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Schematic representation of the experimental apparatus.,

pulse which is 92% reflected from the par-
tially transmitting interferometer surface,
A single-mode cw dye laser operating in
the region from 0,52 to 0,69 p is used as
the probe source and is gynchronously
shuttered with the pump pulse to avoid ther-
mal blooming in the samples. At the inter-
ferometer output, the two ccllinear beams
are separated by a double monochromator,
and a fringe-selecting slit is used to select
a portion of the fringe display representing
not more than +3 degrees of variation from
the desired +90-degree relative phase re-
tardation specified by Eq. (16). The inter-
ferometer output is shown in Fig. 53. The
signal is detected by a gated photomultiplier
(EMI Model 9818A) resulting in a gated cw
background signal with a 5-ns perturbation
superimposed on it. A high-pass filter
eliminates the background signal, and the
5-ns signal is amplified and detected on a
PAR Model 162 boxcar averager operating
in a linear summing mode with a 10-ns
gatewidth. Relative values for Alt) are ob-
tained directly by taking the ratios of the
boxcar output relative to the time-integrated



a

b

Fig. 53. Photographs of the interferometer output under the conditions where the
two paths through the sample are (a) 180 degrees out of phase, (b) in
phase, and (c) £90 degrees out of phase. The entire spot size spans a
phase traversal of approximately 180 degrees, while the fringe-selecting
slit is adjusted to a maximum width of 350 p and covers approximately

6 degrees of phase.

product of the pump and probe laser input in-
tensities. The results are displayed on a
digital printout with a reproducibility which
is presently better than 3%, after averaging
over 350 shots, Further improvement is ex-
pected by improving the amplitude stability
of the pump source. At present, the instru-
mental resolution is 0, 2-degree phase re-
tardation or a gain of 3,5 x 1077, A typical
signal fed into the boxcar integrator is shown
in Fig. 54.

Although the technique described above may
be applied to a variety of problems, it was
felt that a pressing question was the large
uncertainty in the available nonlinear refrac-
tive index measurements, which results from
an almost complete lack of knowledge con-
cerning the sizes of the various mechanisms
contributing to ny. 7 As shown in Fig. 55,

a measurement of ¢, which is the ratio of the
induced refractive index change with the
probe beam linearly polarized parallel and
perpendicular to the pump beam, respectively,
gives an extremely sensitive determination of
p, the fractional electronic contribution to
the optical Kerr constant. By measuring ¢
to be -3, 25 and -3.8 in liquid C82 and CGHG’

Fig. 54, A typical input signal into the box-
car integrator for approximately
3 degrees of induced phase retard-
ation., Fluctuations arise primar-
ily from shot noise and pose the
basic limitation on detection sen-
sitivity., The horizontal scale is
5 ns/div.
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Graph of the fractional electronic contribution to the op-

tical Kerr constant p vs the measured ratio of nonlinear
refractive index changes ¢ for a probe polarized paral-
lel and perpendicular to the pump beam, respectively.

respectively, for a pump wavelength of 0.532 y,
we determine that 11.8+1, 1% and 15, 00, 8% of
the Kerr constants of these respective liquids
arise from an electronic nonlinearity, Cali-
bration to precise de Kerr measurements in
C8, yield values of (8, 0540, 87) x 10714 esu
angl. 55(x0,16) x 10714 egu for the electronic
contributions to the nonlinear susceptibility
xélll(-wl, Wy, Wgs - wy) in C8, and CgHyg,
respectively. These values provide a basis
for comparison of nonlinear refractive index
meagurements with results obtained by
frequency-mixing techniques.

LASER-EXCITATIONSOURCE DEVELOPMENT

Long Pulsewidth Electiron Beams for Laser
Excitation

Relativistic electron beams have been dem-
onstrated to be useful to excite gas lasers.
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Thege e-beams have a number of advantages
and unique applications in the excitation of
many types of lasers including excimer
lasers. In a large laser system, it is im-
portant that the excitation system be simple,
inexpensive, and reliable., For this rea-
son and others, we have developed and are
presently testing an e-beam system that
does not utilize a pulse line to form a short
pulse. Instead of using a charged trans-
mission line, the output from a modified
Type C Guillemin pulse-forming network is
used to form a nominally 1-us pulse., A
circuit schematic is shown in Fig. 56.
Previous experience and tests have shown
that an electron beam diode can be made
that will not short out in less than 1 pus at
current densities well above the operating
level of our 10 Q, 700-kV device, In )
Fig. 57, we present the computed (SCEPTRE
circuit analysis program) output pulse
across a 10-Qload. Because of the long
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tail on the pulse, we may have to short-
circuit the diode at ~ 1 us to prevent the de-
struction of the anode., The exact timing of
the crowbar will be determined after a de-
tailed study of the pulse shape. This study is
now being performed.

The vacuum diode is a shoriened version of
the REBA diode, and the capabilities exist
for either transverse or axial electron beam
excitation of the laser gas. The measured
diode inductance is 250 nH.

Radially Converging Electron Beamsg

Radially converging electron beams that
enter the gas volume through the cylindri-
cal walls of the chamber offer several
advantages in pumping gas lasers. A pre-
liminary design study of an accelerator
capable of deposgiting 10 to 20 kJ of electrons
in a 30-cm-diameter, 80—cm—10n% gas vol-
ume in 20 ns was completed, 38,39 An
experiment was congtructed to generate
radially converging electron beams, and
initial diode experiments demonstrated that
uniform current densities could be achieved
on the anode,

Monte Carlo electron transport calculations
with the CYLTRAN code?0 indicate that the
most uniform deposition occurs when the
range of the electrons equals the diameter
of the gas chamber, For this study, a
30-cm-diameter chamber was selected, and
for gas pressures in the 3~ to 10-atm range
(a2 standard HF mixture was used for the
code calculations) the voltage should be in
the 0,5- to 1-MV range. The uniform depo-
sition depends upon a constant current den-
sity at the anode, Thus, the current must
be limited in each diode such that pinching
due to the self-magnetic field of the beam
does not occur. Three to seven diodes will
be required to generate the 1- to 2-MA cur-
rent, An artist's sketch of the proposed
accelerator is shown in Fig, 58, FEach diode
is fed by rapidly charged (< 100 ns) oil-
dielectric transmission lines with untriggered
rail switches. 4142 A Marx generator
charges two or three water dielectric capa-
citors that subsequently discharge into the
transmission lines,

The CYLTRAN calculations indicate that, at
the optimum veltage and with a constant-
current density at the anode, the electron
beam energy deposgition will be uniform with-
in +£7% throughout the gas volume. TUp to
75% of the beam energy will be deposited in
the gas. If the range of the electrons is
twice the diameter of the chamber, only
slight changes in the uniformity of deposition
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Fig, 58. Electron beam accelerator for generating
10 to 20 kJ of radially converging beam.

occur (variations always less than £20%).
In the region between the diodes, the scat-
tering of the electrons creates uniform
deposition except near the anode surface
where the deposition is 20% lower,

The experiment was designed to generate a
1-MV, 200-kA, 20-ns electron beam in a
cylindrical diode, An artist's sketch of a
pulser is shown in Fig. 59, An existing Marx
generator, intermediate storage capacitor,
and test tank were used. The intermediate
storage capacitor charges the oil-dielectric,
pulse-forming transmissgion lines (PFL} to

2 MV in 100 ns. The PFL is discharged into
the diode through two low-jitter, self-closing,
oil-dielectric rail switches, Figure 60 is a
sketch of the dicde. The anode is 20 cm in
diameter and 26 cm long, Initial tests were
done with the diode operating at 600 kV and
70 kA, The most uniform current densities
were obtained when the cathode consisted of
three 5-pm-thick stainless-steel discs with

a 30-cm inner diameter and spaced 5,5 cm
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apart., Figure 61 is a plot of the relative
current density along the anode cylinder.
The plot is an average of four measure-
ments taken 90 degrees apart. The cathode
blade locations are indicated. The current
density (60 kA/cm?2) is constant to within
+20 percent over the desired 20-cm length
and decreases very rapidly at the edges.
Similar measurements in the azimuthal di-
rection indicated variations in current den-
sity less than 10%.

Wire megh or metal cathode cylinders

30 cm in diameter did not emit uniformly
with the low electric fields {(~ 100 kV/cm)
and produced 30% higher current densities
on the anode at the edges of the cylinder
than the area inside the cylinder., These
tests are continuing at the 1-MV level.



Fig. 60,

Fig. 59, Sketch of pulser constricted for
cylindrical diode experiment.

Cylindrical diode with radially
converging electron beams.
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Excitation of Rare Gases in a High—Voltagg,
Flectron-Beam-~Controlled Discharge

Compared with pumping by high-energy clec-
tron beams, the excitation of rare gases by
electron-beam-controlled discharges offers
an important advantage: The apparatus re-
quired to produce the discharges is gener-
ally simpler and less expensive than high-
energy beam machines. We are continuing
to study the usefulness of such discharges in
exciting electronic transitions in rare gases.
These transitions are important not only in
rare-gas lasers but also in lasers that involve
transfer of energy from rare gases to other
lasing atomic species. ’

The apparatus for this study consists of three
major components, A stainless-steel cham-
ber houses the rare gas at pressures up to
2.5 atm; inside this chamber is a polished
anode, 10 cm wide and 100 ¢m long, to which
high voltage may be applied. A switched
capacitor bank, the second major component
of the apparatus, supplies potentials up to
100 kV to this anode. A cold-cathode electron
gun, driven by a 300-kV Marx generator, is
the third component; it supplies a preionizin
electron beam at intensities up to 0.5 A/em
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in the 100()~<:m2 area subtended in the gas
chamber by the anode plate.

The first task required by this study was a
determination that the anode could hold its
potential for times longer than 1 us without
arc formation in the preionized gas. To
make this determination, we fired the elec-
tron gun into the gas; then, after delays
ranging from 0 to 4 us, we switched the
capacitor-bank potential onto the anode. At
electric field strengths up to ~ 5 V/cem/ftorr,
the field proved stable for times as long as
3 or 4 us after application of the anode po-
tential. Such times are long encugh to per-
mit significant passage of energy from the
capacitor bank into the gas; in the system
congisting of the capacitor bank and the
cables connecting it to the discharge anode,
there is enough inductance to produce a
voltage risetime of 1 to 2 ps.

We next proceeded to observe the ultra-
violet light emitted from the excited gas.
In all our studies of uv emission, we found
it necessary to crowbar the ancde voltage
a few us after it appeared at the anode;
otherwise, arcs invariably formed in the
ionized medium. We have now observed



ultraviolet emisgion from argon and xenon at
pressures up to 2.5 atm, As determined by

a uv gpectrometer viewing the excited vol-
ume, the radiation is the usual continuum
radiation characteristic of each gas. The dis-
charge has no eagily observed effect upon the
spectral shapes.

Our principal concern in these studies was

to measure the effect of the applied electric
field on the intensity of uv emission. A cali-
brated photodiode, sensgitive to radiation in
the range covered by the argon and xenon
continua, viewed the entire excitation volume,
The results for the two gases were very dif-
ferent, In argon we ¢bserved no experimen-
tally significant difference in intensity of
emission under excitation by the electric
field, In tests at 2,5 atm of argon with no
applied electric field, we measured up to 40
joules of emitted uv light from the 3, 84-liter
excited volume. Application of voltage to the
anode had the effect of lengthening the total
pulse width by ~ 50%, but the energy emitted
in the added pulse duration amounted to only
a few percent of the total emission, Within
experimental uncertainty, the applied electric
field contributed no enhancement of the radi-
ation produced by the preionizing electron
beam.

In xenon the electric field significantly in-
creased the observed uv radiation, Typical
data appear in Fig. 62, With no applied
field, the total uv energy, as determined by
the photodiode, was 0.4 joule. The energy
supplied by the electron gun over the duration
of this pulse was ~ 250 joules., With an
applied field of intensity E/P = 2 V/cm/torr,
the total energy was 9 joules, The energy
supplied by the capacitor bank during this
light pulse was only 70 joules; the pulse had
terminated before the bank was able to de-
liver the majority of its stored energy. The
absolute values of these two emitted-energy
measurements may be uncertain by a factor
of two, but their relative values should be
accurate to ~ 20%,

These data indicate that it is possible to pump
xenon gas by an electron-beam-controlled
discharge and to excite elecironic transitions,
There are two important experimental areas

(VOLTS)

Uv PHOTODIODE SIGNAL

I 1 ]

ELECTRIC FIELD

APPLIED AT T=08 us
PEAK E/P=2 V/CM/TORR

[
I

NO APPLIED FIELD

TIME AFTER START OF PREIONIZATION {us)

Fig, 62, Typical data exhibiting enhance-
ment of xenon ultraviolet radi-
ation by an applied electric field,
The two curves represent the
time behavior of ultraviolet in-
tensity with and without an elec-
tric field applied to the discharge

region.

for extension of these results: (1) further
study to determine the digscharge parame-
ters that produce maximum enhancement
and (2) determination of the feagibility of
transferring the excitation energy to laser
species such as 0(18) in the discharge.

2-MeV, 200-kA Electron-Beam Facility

A 2-MeV, 200-kA, 50-ns electron beam
system was purchased from Maxwell Labo-
ratories and became operational early in
this reporting period. Two cathode-anode
structures are available for excitation of
gas lasers with electron-beam injection
transverse to the optical axis, 50 cm long
and 100 cm long. A 10-cm-diameter round
cathode is also available; this cathode is
used for axial excitation of laser media. Up
to a 2-kG magnetic field can be applied for
electron-trajectory control with either the
50-cm-long or 10-cm-diameter cathodes,
Several segmented calorimeters are available
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to study electron-beam transport and energy
deposition. The calorimeter data are ac-
quired, stored, and analyzed with a PDP-8E
computer.

Over 2500 shots have been made with this
system since it became operational. The
maintenance time on the system was less
than 3 weeks, once the machine became fully
operational,

LASER-FUSION RELATED STUDIES

Sandia Glass Laser System

The reconfiguration of the glass-laser system
for the amplification of picosecond pulses has
been completed, and the spatial and temporal
characteristics of the amplified pulse have
been examined, Several thousand shots have

been obtained since the last progress report.43

A Quantel short-pulse 1, 06-pm YAG oscilla-
tor generates the pulse which is beam-aplit to
provide pulses to each of the four distinct
laser legs in the glass laser area, The glass
laser area is illustrated in Fig, 63. Leg A
is a pulsed glass amplifier system for utili-
zation in the X-ray laser experiment. Leg B
has been used routinely for the laser-matter
interaction studies., Leg C is a holographic
laser to be used as a plasma probe in the
laser-matter interaction experiment.

The Quantel short-pulse 1, 06~pym YAG oscil-
lator is alternately Q-switched or passively
mode-locked to provide spatially filtered
pulses of several different pulse lengths.
Through the use of four separate laser-cavity
etalons mounted on a rotating base, the mode-
locked pulses are generated at nominally 25,
35, 100, or 200 ps. During Q-switched
operation, the TEMOO 30-ns pulse can be var-
iably pulse-sgliced to provide pulses between
30 and 2 ns. The pulse-slicer can also ex-
tract a single pulse from the mode-locked
train. Spatial filtering of the beam is accom-
plished via hard aperture to select the central
portion of an Airy pattern. A YAG preampli-
fier can be adjustably pumped to provide
5-mJ minimum energy for any of the different
pulse lengths, The YAG preamplifier was
modified to a single~pass configuration when

72

whole-beam self-focusing was discovered
for the former double-pass configuration,

The finalized system design and construc-
tioh of the Sandia glass laser has been
realized and is illustrated in Fig. 64.

"Table 1 of Fig. 64 schematically depicts

the Quantel oscillator, while Tables 2
through 4 comprise the Ng3+ glass amplifier
chain. Using a nominal 3-mJ oscillator
energy output, the pulse beam is sent through
an expander-collimator and subsequently
allowed to overfill a 17-mm-diameter (FWHM)
photographic film "soft" aperture, The apo-
dized beam is inserted along the axis of a
25~ % 660-mm glass-rod amplifier, passes
through a saturable dye cell to reduce the
amplified spontaneous emission from the
amplifier, and then is enlarged via a 2X
expander-collimator, The beam is then sent
through the indicated clean-up polarizers,

a quartz half-wave plate, diagnostic beam
splitter, two pulsed Faraday rotators,
another dye cell, and three 45- x 660-mm
glass-rod amplifiers. The alignment tele-
scope is inserted during routine servicing
and utilizes the many adjustable iris align-
ment apertures, which were placed on the
optic axis between each set of foldback mir-
rors. A cw YAG laser, located on Table 1
of Fig, 64, may be inserted just prior to the
100% reflector in the Quantel oscillator and
transverses the entire system for experi-
mental target alignment purposes, A re-
movable mirror on Table 3 of Fig, 64

allows operation of either the single-heam
experiment (leg B), or the three-beam
experiment (leg D). The single beam has
been gplit into three nearly equal-energy
beams for subsequent amplification by three
45- x 660-mm glass-rod amplifiers arranged
in parallel for the X-ray laser experiment.
An upper average power flux of 3 GW/cm?2
has been used during operation to minimize
self-focusing damage for the picosecond
pulse lengths.

The amplifier chain has been operated up to
2,4 Jin 50 ps, in compliance with the 3-GW/
em? constraint, with no apparent damage,
The system has also been operated at 10 ns
and up to 20 J, Dielectric mirror damage
wasg experienced under those conditions and
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The tables in this figure illustrate the Quantel short-pulse YAG oscillator and de-
pict the Sandia glass laser amplifier system. The removable mirror on Table 3 of
this figure defines the single-beam laser-matter interaction experiment {Leg C)
or the three-beam X-ray laser experiment (Leg D),
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was probably due to energy absorption with
the corresponding average energy flux of
1.3 J/em?,

Using an f/4. 3 aspheric-corrected lens to
focus through several calibrated pinholes of
varying diameter, the percentage of trans-
mitted energy versus hole radius has been
determined, 49 Figure 65a depicts the ex-
perimental results for a 10-ns pulse width
operated at an energy up to 20 J. Approxi-
mately 60% of the energy was contained inside
a pinhole with radius of 30 ym, while there
appeared to be no additional energy outside

a radius of 200 ym. The cutoff was deter-
mined by blocking 90% of the pulse beam,
using a metal disk and allowing an accuracy
of about 0.1% on the remaining 10%, The
data curve of Fig. 65b may be differentiated
to determine the intensity distribution of the .
lens focus. Figure 65b shows a gaussian fit
to the differentiated intensity distribution.
The gaussian radms R , as defined by

I=1, exp[-R/R, ] , was found to be 29. 8 pm,
F:Lgure 66a 1ndlcates the fractions of trans-
mitted energy versus pinhole radius when
the laser was operated at 50 ps and up to

2.4 J (3 GW/cm?). Sixty percent of the
energy incident on a 50-ym-radius pinhole
was transmitted. The corresgponding radial
intensity distribution for the 50-ps experiment
is illustrated by Fig. 66b. A gaussian fit
was not attempted for the 50-ps data, The
wider focal spot at 50 ps compared with 10 ns
may be attributed to some small content of
self-focusing for the shorter pulse length,
Also, the 50-ps pinhole experiment was per-
formed prior to the results obtained with the
collimation tester that indicated the import-
ance of thermal lensing as controlled by a
5-minute system repetition rate.

Facilities to study the extrinsic properties of

dielectric material, gas-breakdown thresholds,

and laser propagation in materials are being
installed., When completed, the system will
be useful to perform the above-mentioned
studies at 1.06, 0.53, 0.35, and 0. 177 ym,
The 0.177-pym radiation will be obtained by
generating the sixth harmonic of 1. 06-pm

laser radiation by frequency tripling a frequency-

double output for the Nd:glass laser. It is
estimated that 800 MW of 1770 A radiation
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will be obtainable with our present glass
laser as the driver,

This multiple-frequency laser facility will
be used to perform propagation studies and
evaluate component limitations at wave-

‘lengths of interest to and in materials of

interest for future high-power laser systems,

Plasma and Solid Conductivity

One of the fundamental considerations in
attaining efficient thermonuclear burn with
laser-pellet fusion is the ability of plasmas
to iransport energy from the absorption
region to the high-density pellet core. The
behavior of these processes depends on
wavelength and power density in ways that
will clearly impact future laser designs and
performance criteria, Preliminary mea-
surements of X=ray emissgion and ion expan-
gion from solid laser-irradiated targets

have suggested the possibility of anomalously
low thermal conductivity in laser-produced
plasmas. Recently, a systematic measure-
ment of plasma expansions from the front
and rear of laser-irradiated thin films has
determined the value of laser flux threshold
for the onset of reduced thermal conductivity.

A 50-ps Nd:glass-laser pulse was focused
with an /4. 3 aspheric lens onto an 1100-A-
thick polystyrene film. The laser energy
was varied to provide an incident flux be-
tween 1013 watts/em? and 3 ¥ 1014 watts/
cm2. The expansion velocities from the
front (irradiated side) and the rear of the
film were monitored with Faraday cups. In
addition, ion species and ion energies in the
expanded plasma were monitored with a
Thomson parabola. The temporal evolution
of the Faraday-cup currents showed the
existence of multiple peaks. The first low
peaks from the front and first ion peak

from the rear of the film had similar veloci-
ties for an incident laser flux greater than

T % 1013 watts/cmz. The second peaks from
the front and the rear, characteristic of
thermalized plasma expansions, had similar
expansion velocities up to 6 x 1013 watts.
Beyond this level, the front expansion ve-
locity increased while that of the rear
decreased. This phenomenon is indicative
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The focusability, using an Fig, 65b. Differentiating the data of '

f/4,3 33-cm focal length lens,
was-determined by monitoring
the percentage of tranemitted
energy incident on a pinhole as
a function of pinhole radius for
a 10-ns pulse length. Figure
65a shows transmisgion versus
pinhole radius with 60% con-
tained inside a pinhole radius
at 30 ym,

Fig. 65a yields the correspond-
ing intensity distribution. The
computer fit is Gaussian.
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FRACTION OF ENERGY TRANSMITTED

Fig, 66a,
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The focusability of a 50-ps
pulse was also investigated
using pinholes, Figure 66a
shows that 60% of the incident
laser beam was transmitted
through a pinhole with 50-um
radius. The focusability de~
gradation for a 50-ps pulse-
length was agcribed to some
content of small-scale self-
focusing.
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of reduced thermal transport through the
thin polystyrene film.

In a significant number of cases, Faraday-
cup traces with triple-peaked current dis-
tributions were recorded. The existence of
a third peak leads to the possibility of a new
interpretation to the multiple-peak structure:
an envelope of quasi-Maxwellian shape upon
which a resonant oscillation is imposed,
Further investigations are under way to
evaluate this interpretation.

Energy measurements of the expanding plag-
mas showed that protons with energies-above
200 keV and singly charged carbon ions with
energies greater than 100 keV were generated,
These high energies appear to be related to
the acceleration processes connected with
superthermal electrons which are generated
by nonlinear absorption. The equal expan-
sion velocities of the front and rear first-
current peaks observed with the Faraday cups
showed the ability of the superthermal elec-
trons to penetrate through the thin film
without significant energy loss. The fact that
the first-peak velocities are unequal with
laser fluxes below 5 x 1013 watts/ecm? may
imply that the fast electrons experience sig-
nificant collisional losses in moving through
the film at these laser fluxes.

Blast-Shutter Experiment

An experiment wag undertaken to measure
the opening time of the so-called "blast
shutter' currently used asg an isolator at
Battelle, Pulses 50 ps in duration from an
Nd:glass laser were gently focused in vacuum
t0o a spot size of about 3 mm on the blast
shutter. The latter consists of a 300 A film
of aluminum on 2-mil Mylar. When the laser
pulse energy density is between 0.5 and 2 J/
cm® the aluminum film is clearly removed
from the Mylar.

In order to measure how quickly the reflec-
tive aluminum film is turned into a gas by
the laser pulse, a cw argon laser beam was
made to impinge upon the blast shutter. The
amount of argon lager light (at 4880 A) trans-
mitted by the film was monitored by a streak
camera with a 30~ps resolution,

The fastest shutter opening time measured
this way was ~ 800 ps, which occurred for
power densities of the order of 2 J/ cm2

At lower power densities (~ 0.5 J/cem? ), the
shutter may take as long as a few nanosec-
onds to open, After blasting away, the
shutter transmigsion appears to be ~ 80%.

In conclusion, it appears that a blast shutter
can open sufficiently fast to remove a

"foot'' that might precede a 1-ns-type laser
pulse used for pellet fusion.
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STUDIES OF RARE-GAS HALOGEN MOLECULAR LASERS EXCITED BY AN ELECTRON
BEAM, J. M. Hoffman, G. C. Tisone, and A. K. Hays, Proceedings of the Second Summer
Colloguium on Electron Transition Lasers, Woods Hole, Mass,, September 17-19, 1975,

SIMULTANEOUS Q-SWITCHING AND ACOUSTO-OPTIC MODE-LOCKING OF THE 1,318 py
TRANSITION IN Nd:YAG, E. D, Jones and M. A, Palmer, Opt. Quantum Electron. 7, 520
(1975). :

SATURABLE ABSORBERS, E. D. Jones, Sandia Laboratories, Albuquerque, NM,
SAND74-0359, January 1975.

EFFICIENT RUBY LASER PUMPED DIFFRACTION LIMITED DYE LASER, A, Owyoung,
Opt. Commun. 11, 14 (1974),

INDUCED FOCUSING AND DEFOCUSING OF OPTICAL BEAMS VIA A RAMAN TYPE
NONLINEARITY, A. Owyoung, Appl. Phys. Leit. 26, 168 (1975).

A PINHOLE CAMERA FOR PHOTOGRAPHING X RAYS FROM LASER-PRODUCED PL.LASMAS,
J. J. Hohlfelder and M. A. Palmer, Advances in X-Ray Analysis, 18, 136 (1975).

LASER-PLASMA STUDIES OF SOLID PELLETS IRRADIATED WITH THE SANDIA-FOUR-
BEAM LASER, J. E. Powell, E, H. Beckner, P. J. Brannon, G. L. Cano, J. J. Cuderman,
K. M. Glibert, and M. A. Palmer, Plasma Physics and Controlled Nuclear Fusicon Research,
1974, Vol. II, International Atomic Energy Agency, Vienna, 1975.

LASER FOCAL SPOT MEASUREMENTS, P. J. Brannon, J. P. Anthes, G. L. Cano, and
J. E. Powell, J. Appl. Phys. 46, 3577 (1975).

REDUCTION OF CLASSICAL THERMAL CONDUCTIVITY UNDER THE INFLUENCE OF HIGH
POWER LASERS, Jay 8. Pearlman and John P, Anthes, Appl. Phys. Lett. (accepted
QOctober 10, 1975). :

THOMSON SCATTERING FROM A CO, LASER HEATED MAGNETICALLY CONFINED PLASMA,
J. S. Pearlman, Z. Pietrayk, and G. Vlases, Appl. Phys, Lett. 26, 3 (1975).

ELECTRO-OPTICS, Encyclopedia of Science and Technology, Revised Edition (McGraw-Hill,
New York, 1976), M. A. Duguay (accepted August 18, 1875),

KERR SHUTTERS, Encyclopedia of Science and Technology, Revised Edition (McGraw-Hill,
New York, 1976), M, A, Duguay {accepted August 19, 1875).
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OBSERVATION OF PICOSECOND X-RAY PULSES, M. A. Duguay and J, N, Olsen, IEEE J,
Quantum Electron. QE-10, 642 (1974),

SOPFT X-RAY LASERS PUMPED BY PHONOIONIZATION, M. A, Duguay, Proceedings of the
Physics of Quantum Electronics Conference, Santa Fe, NM, June 23-July 4, 1875,

THE ULTRAPFAST OPTICAL KERR SHUTTER, Progress in Optics (Pergamon Press, New
York, 1976, Vol. 14).

SUBNANOSECOND HIGH-PRESSURE IODINE PHOTODISSOCIATION LASER OSCILLATOR,
E. D, Jones, M. A. Palmer, and F, R. Franklin, Opt. Quantum KElectron (accepted for
publication December 1, 1875),

RELATIVE YIELD AND RATE CONSTANTS FOR DECAY OF I* PRODUCED BY AKYL IODIDE
PHOTQILYSIS, T. D, Padrick and R, E. Palmer, Proceedings of the Second Summer Collo-
guium on Electron Trangition Lagers, Woods Hole, Mass., September 17-19, 1975,

STABILITY STUDIES OF Hp-Fg3-05 MIXTURES AT PRESSURES ABOVE ONE ATMOSPHERE (U)
F. K. Truby, Sandia Laboratories, Albuquerque, NM, SAND75-0513, 1875,

POWER FAILURE PROTECTION FOR VACUUM SYSTEMS (U}, Gary S. Schuster, RS 5215/003,
1975,

THE ENHANCEMENT OF THE NEAR UV FLASHLAMP SPECTRA WITH SPECIAL EMPHASIS
ON THE IODINE PHOTODISSOCIATION LASER, M. A. Gusinow, Opt. Commun. 15, 190
(1975).

NEAR UV SPECTRAL EFFICIENCY OF HIGH-CURRENT XENON FLASHLAMPS, M. A.
Gusinow, IEEE J. Quantum Electron (accepted for December 1875 publication).

THE SPECTRAL ENHANCEMENT OF NEAR UV XENON FLASHLAMPS, M. A, Gusinow,
Appl. Opt. 14, 2645 (1975),

THE SPECTRAL EFFICIENCY OF PULSED HIGH-CURRENT FLASHLAMPS, M. A. Gusinow,
J. Appl. Phys. 46, 4847 (1975).

PRESSURE BROADENING OF THE ATOMIC IODINE 5°P, /5 - 52P5 /5 TRANSITION,

T. D, Padrick and R. E. Palmer, J. Chem. Phys. 62, 3350 (1975).

KINETIC MASS SPECTROMETRY: THE LIMITING EFFECT OF VELOCITY DISTRIBUTIONS
ON MEASURED REACTION RATES, J. K. Rice and F. K, Truby, Dynamic Mass Spectrom-
etry, Vol. IV (Heyden & Sons, Lits., London, 1978), Editor: Dennis Price.

ENHANCEMENT BY HELIUM AND ARGON OF THE FORMATION RATE OF THE 1720-A-
RADIATING STATES OF Xeg EXCITED BY AN E-BEAM, A, Wayne Johnson and J. K, Rice,
accepted for publication in J, Chem. Phys,

CALORIMETRIC DETERMINATION OF BEAM ENERGY, G. H., Miller and G. J. Lockwood,
IEEE Trans. on Nucl., Sci., N5-22, No. 3 (June 1975),

SIMULTANEOUS INTEGRAL MEASUREMENT OF ELECTRON ENERGY AND CHARGE

ALBEDOES, G. H, Miller, G. J. Lockwood, and J. A. Halbleib, Sr., IEEE Trans. on Nucl,
Sei., NS§-22, December 1975,
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ABSOLUTE DETERMINATION OF BREMSSTRAHLUNG DEPOSITION (HYDRA), G. H, Miller
and G, J. Lockwood, Sandia Laboratories, Albugquerque, NM, SAND75-0005, June 1975,

RESPONSE OF IMPROVED HYDRA CAILORIMETERS TO BREMSSTRAHLUNG DEPOSITION,

G, H. Miller and G. J. Lockwood, Sandia Laboratories, Albuquerque, NM, SAND75-0587,
December 1975.

EXPERIMENTAL DETERMINATION OF THE SINGLE PHOTON 2381 -> 1180 TRANSITION
RATE IN Hel, J. R. Woodworth and H., W. Moos, Phys. Rev. Al2, 2455 (1975),
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PRESENTATIONS

ELECTRON-BEAM-DRIVEN HIGH-POWER HYDROGEN FLUORIDE LASERS, J. B. Gerardo,
IIII Quantum Electronics Council & Optical Society of America, Conference on Laser Engi-
neering and Applications, Washington, DC, May 28-30, 1975 (Invited paper).

VUV NOBLE-GAS-DIMER LLASERS, J. B. Gerardo, Gordon Research Conference on Non-
linear Optics and Lasers, Plymouth, NH, August 18-22, 1975 (Invited paper).

FORMATION AND DECAY OF XENON DIMERS IN PHOTOEXCITED XENON AND XENON-
NOBLE GAS MIXTURES, J. B, Gerardo and A. Wayne Johnson, 28th Annual Gaseous
Electronics Conference, Universgity of Missouri, Rolla, MO, October 21-24, 1975.

ELECTRON-BEAM EXCITATION OF GAS LASERS, J. B. Gerardo, R. A. Gerber, E. L,
Patterson, K. R. Prestwich, and J. J. Ramirez, The First International Topical Conference
on Electron Beam Research and Technology, Albuquerque, NM, November 3-6, 1875,

COLLISION INTEGRALS FOR SOFT, NONSPHERICAIL MOLECULES IN TERMS OF SPHERI-
CAL Q* INTEGRALS, M. K. Matzen, J, D. Verlin, and D. K. Hoffman, Eighth Midwest
Theoretical Chemistry Conference, Madison, WI, May 2, 1875,

TEMPERATURE DEPENDENCE OF THERMAL DIFFUSION IN CO ISOTOPIC GAS
MIXTURES, M, K. Matzen, J. D, Verlin, and D, K, Hoffman, Eighth Midwest Theoretical
Chemistry Conference, Madison, WI, May 2, 1975,

THE EFFECTS OF NON-MAXWELLIAN H AND F VELOCITY DISTRIBUTIONS IN AN H,-Fg
REACTION, M. E. Riley and M. K. Matzen, Research Seminar, Los Alamos Scientific
Laboratory, Los Alamos, NM, May 1, 1975.

THE EFFECTS OF NON-MAXWELLIAN H AND F VELOCITY DISTRIBUTIONS IN AN Hp-F2
REACTION, M. K. Matzen and M. E. Riley, 28th Annual Gaseous Electronics Conference,
University of Missouri, Rolla, MQ, October 21-24, 1975,

APPROXIMATIONS FOR THE EXCHANGE POTENTIAL IN ELECTRON SCATTERING,
M. E. Riley and D. G. Truhlar, 8th Midwest Theoretical Chemistry Conference, Midwestern
Univergities, University of Wisconsin, Madison, WI, May 1-3, 1975,

EULAR-LAGRANGE OPTIMIZATION OF TRANSLATIONAL FACTORS, M. E, Riley and
T. A. Green, ICPEAC, Seattle, WA, July 1975,

CHARGE-TRANSFER EXCITATION OF THE N; - 3914 A BAND BY VARIOUS IONS, J. M,
Hoffman, G. H. Miller, and G. J. Lockwood, Division of Electron and Atomic Physics
Meeting of the American Physical Society, Tucson, AZ, December 3-8, 1975,

STUDIES OF RARE-GAS HALOGEN MOLECULAR LASERS EXCITED BY AN ELECTRCN
BEAM, G. C. Tisone, J, M. Hoffman, and A, K, Hays, Second Summer Colloquium on
Electronic Transition Lasers, Woods Hole, MA, September 17-19, 1875,

COLLISIONAL DEACTIVATION OF THE 3427 A VIBRATIONAL, BAND OF THE 3460-3015 A
BAND SYSTEM OF I BY VARIOUS INERT GASES, G. C. Tisone and A. K. Hays, Molecular
Spectroscopy Symposium, Chio State University and the National Science Foundation, Ohio
State Universgity, Columbus, OH, June 16-20, 1975.
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FUSION: BACKGROUND AND PROSPECTS, J. S. Pearlman, Physics Department Seminar,
University of New Mexico, Albuquerque, NM, February 21, 1975,

DISCUSSION OF SOFT X-RAY LASERS PUMPED BY PHOTOIONIZATION, M. A. Duguay,
Advanced Research Project Agency, Naval Research Laboratory, Special Seminar,
Washington, DC, May 27, 1975 (Invited paper).

DISCUSSION OF SOFT X-RAY LASERS PUMPED BY PHOTOIONIZATION, M, A. Duguay,
Research Center on Energy, University of Quebec, Varennes, Montreal, Candada, June 4,
1975 (Invited paper).

SOFT X-RAY LASERS PUMPED BY PHOTOQIONIZATION, M. A. Duguay, Physics of Quantum
Electronics Conference, Santa Fe, NM, June 23-July 4, 1975 (Invited paper).

REDUCTION OF CLASSICAL THERMAL CONDUCTIVITY UNDER THE INFLUENCE OF HIGH
POWER LASERS, J. S. Pearlman, Physics Department Seminar, University of Hull, Hull,
England, August 15, 1975 (Invited presentation).

A TWO-BEAM INTERFEROMETRIC TECHNIQUE FOR STUDYING THE NONLINEAR SUS-
CEPTIBILITY, X3> A. Owyoung, Gordon Conference on Nonlinear Optics and Lasers,
Plymouth, NH, August 18-22, 1975,

SOFT X-RAY LASERS, M. A. Duguay, Gordon Research Conference on Laser Interaction
'Wi'th Matter, Tilton School, Tilton, NH, August 18-22, 1975 (Invited paper).

DISCUSSION OF SOFT X~RAY LASERS PUMPED BY PHOTOIONIZATION, M. A. Duguay,
Gordon Research Conference on Nonlinear Optics, Plymouth, NH, August 18-22, 1975
{Invited paper).

REDUCTION OF CLASSICAL THERMAL CONDUCTIVITY UNDER THE INFLUENCE OF HIGH
POWER LASERS, J. S. Pearlman, XIIth International Conference on Phenomena in Ionized
Gases, Eindhoven, The Netherlands, August 23, 1975.

REDUCTION OF CLASSICAL THERMAL CONDUCTIVITY UNDER THE INFLUENCE OF HIGH
LASERS, J. S. Pearlman, Special Seminar, Max-Planck Institut Flir Physik, Garching,
Germany, September 8, 1973 {Invited paper).

LASER INTERACTION WITH POLYSTYRENE FILMS, J. S. Pearlman, Special Seminar,
Los Alamos Scientific Laboratory, Los Alamos, NM, October 2, 1975,

INTERACTION OF HIGH-POWER LASER RADIATION WITH THIN POLYSTYRENE FILMS,
Jay S. Pearlman and John P. Anthes, Seventeenth Annual Meeting of the American Physical
Society, Division of Plagma Physics, St. Petersburg, FL, November 10-14, 1975,

SUBNANOSECOND HIGH-PRESSURE ICDINE PHOTODISSOCIATION LASER OSCILLATOR,
E. D. Jones, Special Seminar, Physics Department, Universgity of Michigan, Ann Arbor,
MI, November 17, 1975 (Invited paper).

MODE-LOCKING AND THE IODINE- PHOTODISSOCIATION LASER, E. D. Jones, Special

Seminar, Physics Department, Naval Research Laboratory, Washington, DC, December 4,
1975 (Invited paper).
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MODE-LOCKING AND THE IODINE-PHOTODISSOCIATION LASER, E. D. Jones, Special
Seminar, Division of Physics, National Research Council of Canada, Ottawa, Canada,
December 5, 1975 (Invited paper).

APPLICATION OF MOLECULAR BEAM TECHNIQUES TO THE STUDY OF ENERGY TRANS-
FER IN UNIMOLECULAR SYSTEMS, G. A. Fisk, American Chemical Society Meeting,
Chicago, II.,, August 24-29, 1975 (Invited paper).

MOLECULAR IODINE LASER NEAR 3400 A, A. K. Hays, J. M. Hoffman, and G. C. Tisone,
Second Summer Colloquium on Electronic Transition Lasers, Marine Biology Labcratory
Conference Center, ‘Woods Hole, MA, September 17-19, 1975.

100 M WATT KrF LASER AT 2484 A, A. K. Hays, G. C, Tisone, and J. M, Hoffman,
Gordon Conference on Nonlinear Optics and Lasers, Plymouth, NH, August 18-22, 1975,

RELATIVE YIELD AND RATE CONSTANTS FOR DECAY OF I’ PRODUCED BY ALKYL
IODIDE PHOTOLYSIS, T, D, Padrick and R. E. Palmer, Second Summer Colloguium on
Electronic Transgition Lasers, Marine Biology Laboratory Conference Center, Woods Hole,
MA, September 17-19, 1975,

LASING AT 5578.5 A IN E-BEAM EXCITED Kr/Oz MIXTURES, A. Wayne Johnson, F. W.
Bingham, and J. K. Rice, IEEE/OSA Conference on Laser Engineering and Applications,
Washington, DC, May 28-30, 1975.

PROBLEMS IN THE PRODUCTION OF HIGH-POWER VACUUM-ULTRA-VIOLET L.ASERS,
A, Wayne Johnson, IV Vaviloy Conference on Nonlinear Optics, Novosibirsk, USSR,
June 10-13, 1975,

ELECTRON-BEAM-EXCITED GAS LASER RESEARCH, A. Wayne Johnson, J. B. Gerardo,
R. A. Gerber, E, L., Patterson, F. W. Bingham, and J. K. Rice, Second All-Union
Symposium on Gas Laser Physics, Novosibirsk, USSR, June 16-18, 1975,

FORMATION OF XENON DIMERS IN ELECTRON-BEAM-EXCITED XENON AND XENON-
NOBLE-GAS MIXTURES, A. Wayne Johnson and J. K. Rice, Twenty-Eighth Annual Gaseous
Electronicg Conference, University of Missouri, Rolla, MO, October 21-24, 1975.

SIMULTANEOUS INTEGRAL MEASUREMENT OF ELECTRON ENERGY AND CHARGE
ALBEDQOES, G, H. Miller, G. J. Lockwood, and J. A. Halbleib, Sr., Annual Conference
on Nuclear and Space Radiation Effects, Arcata, CA, July 14-17, 19875.

THE OBSERVATION OF Kr:S(IS) EMISSION NEAR 7725 A IN ELECTRON-BEAM-EXCITED
MIXTURES OF HIGH-PRESSURE KRYPTON AND COS, J. K. Rice, Washington Meeting of
the American Physical Society, Washington, DC, April 28-May 1, 1975,

ELECTRON-BEAM EXCITATION OF RARE-GAS-HYDROGEN MIXTURES, J. K. Rice and
A. Wayne Johnson, 28th Annual Gaseous Electronics Conference, University of Missouri,
Rolla, MO, October 21-25, 197_5.

FLUORESCENCE EMISSIONS FROM MIXTURES OF MERCURY AND XENON, J. R. Woodworth,

28th Annual Gaseous Electronics Conference, University of Missouri, Rolla, MO, October
21-24, 1975,
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