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FOREWORD

This volume consists of Sections 8 through 10 of the 1978 Laser Program Annual Report. The
remaining sections are published under separate cover in Volume 1 (Sections 1 through 4) and Volume 2 (Sec-
tions 5 through 7).
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SECTION 8

ADVANCED QUANTUM ELECTRONICS

8.1 Introduction

The broad objectives of the LLL advanced-
laser effort are to identify, demonstrate, and assess
laser driver systems for use in laser-fusion power
reactors. A further aspect of this effort is to par-
ticipate, as required, in program activities directed
toward deronstration of the effectiveness of se-
lected advanced-laser systems for pellet implosions.
To carry out assessments of candidate laser systems,
we have assembled, over the past four years, an in-
tegrated capability to conduct experimental,
theoretical, and computational studies spanning the
relevant aspects of fusion laser systems, including
atomic and molecular collision physics, quantum
electronic processes, and device and systems
technologies.

The technical performance requirements
placed on candidate laser systems (energy, power,
wavelength, etc.) were derivzd initially from com-
puter simulations of pellet implosions. These re-
quirements are continually being refined as we ob-
tain additional experimental pellet-implosion data
and improved computer simulations. On the basis
of these sources of guidance, our advanced laser
driver effort has focused throughout its history on
laser systems operating at relatively short wave-
lengths (0.25 to 2 um).

The programmatic and technical basis of our
current effort stems from laser system studies con-
ducted in 1977, in which we compared cn a com-
mon basis the projected efficiencies and scalabilities
of four short-wavelength laser systems: Group VI
(Se), solid state hybrids (Tm), rare-earth molecular
vapors (Tb), and pulse compressors (KrF/CHy). On
the basis of these studies we were able to conclude
that:

® All four systems appear to be scalable to
reactor size with efficiencies exceeding 1%.

® The technologies for scaling the four
systems are moderately distinct. They are largely
undeveloped at present, but they appear tu be trac-
table.

® Of the candidate systems studied, driver
laser systems based on the hybrid pulse compression

concept (backward-wave Raman compression and
angle-coded pulse stacking), using a KrF laser to
pump a CH,; Raman medium, offer the highest ef-
ficiency potential (4 to 6%), shortest operating
wavelength (0.27 um), and greatest richness in
technological options for implementation.

@ The other system candidates considered are
inferior in efficiency because they use relatively inef-
ficient optical pump sources. These, or similar can-
didate media, may be rendered more competitive if
more efficient and scalable pump sources are found.

On the basis of this assessment, we directed our
efforts in 1978 along two complementary paths: (1)
the research, development, and further assessment
of hybrid Raman pulse-compressor systems, and (2)
a renewed search for new laser media and pumping
techniques capable of yielding driver systems that
operate with efficiencies in excess of 10%.

Our 1978 progress is reported as ‘ollows, In
§8.2, we outline some results of laser theory and
design analysis that help to provide technical
perspective for our efforts. Subjects selected for
review here inciude laser-beam propagation and
focusing, an update on our computational cap-
abilities for describing the kinetics of electricaily ex-
cited laser media, models for Raman pulse com-
pressors, and a treatment of injection locking and
control of amplified spontaneous emission in high-
gain media.

The central focus of our continuing assessment
of pulse-compressor laser systems is the design, con-
struction, and operation of an experimental laser-
system test bed, RAPIER, phased over a four-year
period. The experimental data, system model nor-
malization, and operational systems experience
gained in developing the RAPIER test bed are in-
tended to provide a sound basis for design and con-
struction of the larger, repetitively pulsed laser-
system modules needed for reactor service.

Efforts associated with pulse compressor
systems are described in §8.3. Topics selected for
discussion include pulse-compressor system design,
theoretical analysis of issues associated with the
Raman scattering medium, analysis of the KrF-
excimer pump medium and amplifier devices, and
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progress in the design, construction, and testing of
RAPIER hardware.

A major research activity conducted in the past
few years has addressed the utility of Group VI
atomic lasers for reactor driver applications. Signifi-
cant experimental and analytical results on both sul-
fur and selenium storage lasers have been achieved
in 1978, In §8.4, we describe the results of laser and
kinetics experiments, the theoretical analysis of the
important kinetic processes, and laser scaling anal-
yses.

We recognize a continuing need to identify and
investigzte nevs advanced-laser concepts that might
tead to fusion lasers higher in eiciency (> 10%) and
less complex and expensive than those projected for
the baseline excimer pulse-compressor systems. The
various candidate energy-storage systems studied to
date at L.LL (Tm3* solid state, rare-earth vapors,
Group VI) have been shown to be technically sound
in terms of their microscopic properiies; that is, they
can store excitation energy for microsecond-long
time scales at excited state densities in the range of
1019 10 10'7 ¢cm=3. Their potential is limited rather
by modest efficiencies of the excimer pumps that ex-
cite them and by the inefficiency of converting
pump energy into short output pulses. In §8.5, we
discuss progress made on new pump sources, the
development of rare-gas-halogen discharge lasers,
and the development of theoretical and com-
putational models that will help us to better under-
stand the important microscopic processes in elec-
trically and optically excited active media.

Authors

W. F. Krupke
E. V. George
C. F. Bender

8.2 Laser Theory and Analysis

OQur laser theory and analysis activity was
formed to provide a capability ta help identify new
laser media, plan experiments, analyze experimental
results quantitatively, assess the feasibilit' of laser
driver systems for fusion reactors, and analyze and
optintize iaser systems. To provide a timely and in-
depth quantitative evaluation of advanced laser
concepts, several technical disciplines are brought
together in this effort. laser theory, radiation
propagation and transport, plasma physics of elec-
trically excited media, chemical kinetics of excited
media, gas dynamics and heat transfer, and laser-
system analysis and optimization, As a consequence
of this effort, we have developed and exercised
several significant computational tools for analyz-
ing advanced laser-driver concepts. The results of
applying these tools are described throughout this
section. In this subsection, the generic details of
these analyses, as well as some representative sam-
ple calculations, are discussed. Several articles are
included, dealing with laser beam propagation and
focusing, laser media kinetics, Raman compressor
analysis, and injection locking and gain control of
large-aperture, high-gain laser media.

8.2.1 Propagation Issues for Solid Media

The laser performance requirements (pulse
length, energy, and repetition rate) for inertial-
confinement fusion reactor applications are well
known.!-3 Ideally, these performance character-
istics should be easily variable, to accommodate
changes in target design. In addition to these con-
straints, the fusion laser must also be relatively inex-
pensive. Experience to date indicates that such a
laser requires a simple pump technology and must
operate at a high energy density to minimize scale

Table 8-1. Characteristics of several potential storage lasers toz faser fusion applications.

Nominal lifetime S pecific laser Excited—state

Laser Wavetength, ) fluence (T'p), output (&; ), density (n*),*
medium um us Jiem Jhiver om3

Todine (gas) 13 10 0.5 10 6.8 x 1016

Selenium (gas) 0.489 1 10 2.5 x 1016
Nd3* glass (selid) 1.06 300 5 200 1018

Tm**:YLF (solid) 0451 67 3.6 240 5.4 x 1017

AUpper laser level.
.
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size. All of these additional features are most easily
satisfied by a storage laser system.2 The charac-
teristics of several possible storage-laser systems are
listed in Table 8-1. At present, all of these systems
are relatively inefficient (<2%) because of inefticient
pumping techniques. However, if efficient pumps
could be found, tiese media would be ideal for
fusion-laser applications.

From Table 8-1, it is interesting to note that
solid state lasers have the highest energy density and
longest energy-storage lifetimes. To date, these solid
state lasers have operated at significantly higher
energy densities {>10 times) and storage lifetimes
(>10 times) than have corresponding gas lasers.
Consequently, solid state amplifiers can be more
compact; they can operate with a medium length
typically more than an order of magnitude smaller
than required by a gas laser of corresponding out-
put. On the basis of considerations such as these
and the analysis of media and conditioning for
average-power lasers presented in last year’s annual
report, we have concluded that solid state laser
systems should be considered as serious candidates
for fusion applications in which repetition rates of 1
to 10 Hz are acceptable. In this subsection, we
review some of the propagation issues for solid and
gaseous laser media and compare them to establish
their relative importance.

As noted in last year’s annual report,! the
Talanov moment theorems?* can be employed to
derive an approximate condition for laser beam
focusability. Neglecting the usual small contribu-
tion from diffraction, this condition is given as

r.>f, 46 , 1)
where ry is the target radius, { is the foca! length of
the final focusing optics, and A0 | is the “averaged”
angular divergence for the ray elements of the beam.

The approximate constraint this condition imposes
on refractive index fluctuations is

An rt)(LJ.)
<22 @
n (fL L

for ordered disturbances and

el <) @'

for random disturbances. In Egs. (2) and (3), the
quantity L is the length of the laser medium tra-
versed and An is the characteristic magnitude of the
index fluctuation whose characteristic transverse-
scale size is L,. The random disturbances are
assumed to have a Gaussian correlation function
with scale size £. Random fluctuations produce less
distortion than do nonrandom, ordered refractive-
index inhomogeneities of comparable scale size. In
general, the density fluctuations generated in an
average-power laser amplifier will not be fully or-
dered or random and will have properties specific to
the scale size of the device. Therefore, conditions
derived from Egs. (1)-(3) are only useful in es-
timating the bounds that distortions can have and
the approximate conditions that must be achieved
to have adequate beam quality. For reactor-size
targets, final focusing optical systems, and laser am-
plifier conditions, Eqs. (2) and (3) generally
require’3 that refractive inde» fluctuations be less
than 2 X 10-6 or at most 3 X 10-3. As noted in
Refs. I and 3, these focusability conditions are
relatively insensitive to wavelength and depend only
on the length of the laser medium and the transverse
refractive index gradients.

In gaseous media, relative refractive index fluc-
tuations An/n are related to reiative gas density
fluctuations Ap/py by the Gladstone-Dale constant
3, namely,

An  o(P0\{ae
n ~5(ps)kpo)

~(4X 1075 104X 107, (110 2) (107 10 1073)
~4X107t08X 107 , o)

where g is standard density and pg is the operating
density of the laser. It is important to note that 8 is
approximately an order of magnitude smaller in
helium and neon compared to other gases and
generally lies in the range 4 X 1075 to 4 X 107, In
gaseops media, density disturbances are created by
base ﬂow turbulence ard thermal inhomogeneities,’
thermal energy deposited in the laser medium Gur-
ing excitation, and shock waves from hot electrodes
and e-beam foils. The technology for controlling
these disturbanees is well developed; for average-
power gas lasers, values of Ap/pg in the 10~ to 10~
range have been achieved.>® Thus for average-
power gas lasers, index fluctuations will te in the
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range 4 X 107 10 8 X 1077, which is acceptable for
fusion reactor applications, -3

In solid media, the index of refraction can te
written as 0 = ng + vl, where ngy (cm?/W) = 4.2
% 1073 n; (esu) and I is the local laser light intensity.
For typical, solid state optical materials, n; lies in
the range of 3 X 104 to 10-!3 esn, The nonlinear
index variations will lie in the range

An _yAl _ (8X 10717 1o 3 X 10716 em?/W)
n n, 1.5

0

X (107 to 10*® W/em?)

~5X108 02X 100 . 5)

These fluctuations are comparable to those in a gas
amplifier. However, because nonlinear refractive in-
dex fluctuations depend on intensity, it has been
“found that they lead to a self-focusing instability’
which develops from intensity modulations on the
beam, created by noise sources (switches, dust, etc.).
Experimental and theoretical studies associated
with Nd:glass lasers show that beam degradation
from self-focusing can be controlled by proper
choice of host materials® and by using optical-relay
spatial filtering techniques.?

Nonuniform temperature T and mechanical
and thermally induced stress distributions oy in a
solid medium can produce variations in the
medium’s length L and linear refractive index ng.!?
In addition, stress-induced birefringence!! can oc-
cur if nonuniform stress distributions are created. If
mechanical and thermally induced stresses are not
important, then refractive index fluctuations are ap-
proximated by

an
An 1 0 1 {oL
ng [nﬂ ( BT)0=O ‘L (ﬂ)l AT . ©)

For most solid media, (any/8T)/ng and (3L /aT)/L
have values in the range 10675 to 10-5/°C, If solid
teraperature variations can be controlled to within
1°C, then these index fluctuations would be

A 107 101075 °C"Y) (1°C) ~ 1078 t0 107 .

Ry
(7)
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These fluctuations are larger than those for gaseous
media. However, because solid media may be 10 to
100 times shorter in length, the target focusability
condition would be comparable. Usually, the
physical properties of solid media are such that
ang/dT < 0 and 8L/3T > 0. Consequently, for
average power applications, the possibility exists
that solid media may be developed for which the
thermal and strain contributions, Eq. (6), effectively
cancel. The phosphate glass host LHG-7 is an ex-
ample of this type of medium.

When mechanical and thermally induced
stresses are present in solid state media, the media
become birefringent.!! The direction of polarization
of the laser radiation may then rotate as the radia-
tion propagates through each disk of a solid state
amplifier. Because the disks are inclined at
Brewster's angle, two disks in series act as a
polarizer/analyzer combination. The second or
analyzer disk in the series may then reject a signifi-
cant fraction of the depolarized laser light. This
relative intensity loss for an isotropic solid medium,
which is caused by depolarization produced by
stress-induced birefringence, is approximately!!

(ﬁ> = sin®28 sin? (B—Q) , (8)
1 loss 2

where # is chosen as the angle between the initial
laser beam polarization and the y stress axis. For a
beam propagating along the z axis, the difference in
phase shift for the laser beam’s electric field compo-
nents oriented along the x and vy axes is

it 9
5¢a.,.7\_(q“ —qlz)ng {0, ~0,,)=KLABAG . (9)

X

The stress components along the x and y axes are
oxy and ayy, respectively. The quantity Ag is simply
the difference o,, - oyy. The quantities q;| and q),
are the stress optic coefficients of the solid medium.
For ED-2 glass,'? AB ~ 2 nm-cm/kg, and then

1) ~ 3% 107 L{cm) Ag (psi) ) (10)
3 A(um)

Because lasge-scale amplifier disks may have an L
value of about 10 cm, induced stress fields with



Ac =~ 100-1000 psi will produce significant de-
polarization losses if the laser wavelength A is in the
visible or near-infrared regime. The contrcl of
stress-induced birefringence is an important prob-
lem for average-power solid state laser systems. It
will require development of well-designed mounting
and cooling systems for the amplifier disks.
Materials may also be developed for which AB is
minimized by minimizing the refractive index ng, or
the stress optic coefficient difference q;| - g2, or
both. For example, the fluorophosphate glass E-181
has a AB value of 0.7 nm-cm/kg.!2

In surzmary, we note that solid state lasers can
offer the possibility of high energy density and long
storage lifetime. To date, solid state storage lasers
have operated at higher energy densities (> 10 times)
and storage lifetimes (> 10 times) than have
corresponding gas storage lasers. When account is
taken of the relative scale sizes of solid and gas am-
plifiers, linear phase distortions for average-power
solid and gas amplifiers are comparable. The critical
issue for solid state lasers is the simultaneous
minimization of two propagation effects: (1) non-
linear self-focusing”3 and (2) birefringence! ! caused
by thermally induced stress. At present, there does
not appear to be a fundamental reason that forbids
average-power solid state lasers from operating in
the 1-to-10-Hz regime. Clearly, however, a signifi-
cant amount of innovation will be required to make
solid state systems a viable technological option.
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8.2.2 Laser Mediza Kinetics

During our analysis of excimer and Group VI
laser media, we have developed severa! kinetics
codes applicable to electrical excitation of media
and photon pumping of optically thick media,
respectively. In this section, we describe these codes
in more detail.

Boltzmann-Rate-Equation Analysis of Elec~
trically Excited Media Kinetics. The computational
model that we use to study electrically excited laser
media was described briefly in the 1977 annual
report. In this subsection, we update that discussion
and present some illustrative results.

The computer code based on this com-
putational model inc'udes a Boltzmann analysis of
the electron kinetics and a time-dependent rate
equation solution for the heavy particle kinetics.
The Boltzmann analysis calculation is coupled as a
subroutine to a time-dependent chemical kinetics
code, so that the electron-impact rate cuefficients
can be recompued as time progresses, to reflect
changes in excited-state densities and electron den-
sity. The transient kinetics code used in this study is
based upon the stiff differential equation solver of
Cear!'? and has input in the form of symbolic chem-
ical reactions with rate coefficients in Arrhenius
form. Using this code, we can treat time-varying
beam current and discharge clectric field even into
the afterglow regime.

The Boltzmann equation is solved numerically
for the electron energy distribution function, using
the techniques described in Refs. 14 to 16. The elec-
tron impact processes included in this solution are
momentum transfer, inelastic and superelastic colli-
sions, ionization, attachment, rccombination,
electron-electron collisions, and the effects of an ex-
ternal e-beam source. The e-beam source function is
computed by slowing down a high-energy electron
from some energy &' to a low energy &Min ysing
the discrete slowing-down technique.'’"!9 This
calculation then gives a secondary clectron spec-
trum fy(&) (electrons/eV) for low-energy electrons
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in the energy range (0, &,",’i“). The distribution f @s
normalized to unity. For Ar/Kr/F, mixtures, &g""
is chosen to be the ionization potential of argon. If
the electron beam’s volumetric power depasition is
P, (kW/cmd), then the source functior Q&)
(electrons/eV-cm¥«s) required in the Boltzmann
equation is

&) =P, (&N, , an

where U; is the energy loss per electron-ion pair
created during the slowing down of each primary
clectron. The electron slowing-down calculation
makes extensive usz of the analytic formulas for dif-
ferential ionization cross sections developed by
Green and co-workers 20:2!

A summary of the electron-impact cross-
sectional data currently used to study KrF laser
media is shown in Table 8-2. Detailed calculations
of electron-beam-pumped KrF amplifier perfor-
mince have been carried out using this kinetics
code, und some results relevant to pulse compressor
systems applications are presented in §8.2.3. We
have also examined the effect that an applied aux-

iliary electric field has on KrF laser performance.
Figures 8-1 and 8-2 show some typical results from
this study. Figure 8-1 shows the difference in elec-
tron energy flow for pure e-beam (E/N = 0) and
discharge-augmented e-beam excitation. The details
of such a plot are model-dependent. The relative im-
portances of ionization, attachment, dissociation,
elastic loss, and electronic excitation processes are
shown in this figure. As the electric field strength is
increased, the fractional electron power iransfer
into the rarc-gas metastable states increases.
Because production of these states results in a
smaller electron energy loss than dees the produc-
tion of icnic species, which dominates in pure
¢-beam excitation, the KrF production efficiency in-
creases as illustraicd in Fig, 8-2. The ratio of small-
signal main 1o loss, go/¥, also increases (Fig. 8-2)
because of increased gain, primarily from enhanced
power deposition. At high values of E/N, an in-
stability is observed that has the characicristics of
the multistep ionization instability first studied by
Daugherty, Mangano, and Jacob. ¥ Discharge in-
stability is expected to limit scalability of these
devices, 33

Tabic 8-2. Electron kinctic processes included in model of electrically excited Ar/Kr/F, medium.

Elecoron impact process References Remarks
1. Momentum wansfer—Ar 22
2. ar— ey« 3ey)
3. ar—Ace) 23,24 Ar®
4. Ar—ac'e))
5. Ar— Ar(4p) 23,24 Ar**
6. Ar—Ar* 28
7. Ar® > Ar** 26 K(4s — 4p) cross section
8. Ar* > Ar’ 27
9. Ar** - Art Scaling of cross section®’
10. Momeu.um transfer—Kr 22
12, Kr—Ke* 23 Total excitation cross section including Kr(5p)
12, Kr-Ke* 25
13, Kr* - Kr** 28 Rb(55 — 5p) cross section
14. Kr* > Ke* 27
15, Kr** > Kr' Scaling of cross section’®
16. Momentum n-nnsfer—Fz 29 Resonance not included?
17. F2 vibrational excitation 31
18. Fy~+F+F 22
19, F,(0-F,Cn ) - 2F ] 34
20. F,00-F,('m)—2F
21 Fpx)— F3~2F 33
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Bleaching-Wave Kinetics Analysis of Photo-
lyticaily Pumped Media. Photolytically pumped
Group VI lasers® are excited by photodissociation
of a parent molecule, thereby producing the 18 state
of the Group VI atom suck as @, S, or Se. For large-
scale amplifier systems, the parent medium is op-
tically thick, initially, to the pump radiation.
Generally, the pump absorption Jength is less than a
centimeter. Under these circumstances, excitation
proceeds by propagating a photodissociation or
bleaching wave through the medium?!42 (§8.3). For
fluorescence  pumping,*? this bleacking wave
typically propapates at a speed of approximately
1 m/us; therefore, excitation of large volumes takes
a significant fraction of a microsecond. Recent ex-
periments (§8.3.1) indicate that, after passage of the
bleaching or excitation wave front, photoionization
of IS states by pump radiation produces free elec-
trons. These electrons exercise several kinetic chan-
nels, which ultimately shorten S lifetimes to values
less than or comparable to a microsecond. Conse-
quently, as discussed in detail in §8.3, the un-
derstanding and control of these processes are of
fundamenta! importance for fusion applications of
Group VI laser media.

To provide a computational means for study-
ing kinetic processes in Group VI experiments and
their impact on large-scale laser devices, a special
kinetics code was developed. The code treats tne
spatial and temporal characteristics of bleaching or
photodissociation wave excitation. In this com-
putational model, the pump radiation transport and
absorbing molecule continuity equations are solved
analyticaily. Pump radiation photoionization losses
are generally smali and are neglected in this calcula-
tion. The resulting solutions for the pump intensity,
absorber density, and production rate of 1S states by
photodissociation are

1 1
= -2/ —_—X -
Ip(z, 13) lpo(t z/c) X A X X, . (12)
where
t-2/c
0‘
A =1-exp h—‘;p-f lpo(t yde' |,

(4
A,=1-exp (-0, 0,2},

88

1 1
ni(z,t)=nmX:\—;)(-A—4 ) 13)

where

Agj=1+expl-0, n 2),

p 1-z/¢
a . ,
Ay =exp ;;;f o) drf-1,

]

4]
S'@ 0= L D@D, (14
P

respectively, where the initial absorber density n,g is
assumed to be uniform. The photodissociation cross
section is o, and the pump photon energy is hvy.
These solutions are then used as source terms in the
appropriate local continuity and energy equations
for the medium during the bleaching-wave excita-
tion process. These kinetic equations, which include
all collisional processes of interest (e.g., see Table
8-2), are then integrated simuitaneously in time
from appropriate initial conditions that hold at the
beginning of the excitation process for each spatial
position along the path of the pump-driven
bleacking wave. This computational procedure is
very fast and, 20 a good approximation, models ac-
curately the circumstances of interest in Group VI
fusion-laser media and experiments. Typical
bleaching-wave solutions, using a simplified kinetic
model for the Se atom laser, are shown for illustra-
tion purposes in Fig, 8-3. The results show the
spatial distribution of kinetic densities and electron
temperature T, at a time 200 ns after initiation of
photolysis. In these examples, the initial OCSe den-
sity was 2 X 10 cm-3 (0.6 Torr) und the Xej ex-
cimer pump’s input intensity was held constam at
1.5 MW jcm?. The kinetic modei employed in these
calculations is similar to that deseribed in §8.3.3 but
does not include gas heating and CO vibration
kinetics processes. Figure 8-3(a) shows for this sim-
ple model that, without CO addition, electron
superelastic heating and muitiplication by ioniza-
tion processes produce electron densities sufficient
to rapidly quench the Se(!S) state. As shown in this
figure, the rapid temporal and spatial decay of the
Se('S) population, following the passage of the
bleaching wave, leads to a highly nonuniform
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transverse gain profile, which reduces device ef-
ficiency as well as complicating the laser-beam ex-
traction scenario. Figure 8-3(h) shows the effect of
adding 4 Torr of CO to the 0.6-Torr of OCSe. The
Se('S) lifetime is clearly increased, thereby increas-
ing efficiency and reducing gain profile non-
uniformity. The results presented in Fig. 8-3 are in-
tended to illustrate the computational capabilities
of the bleaching-wave kinetics code described in this
section. For a more detailed, accurate, and com-
plete treatment of the kinetics of these m:dia, con-
sult §8.3.3.
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8.2.3 Raman Compressor Analysis

During our anaiysis of Raman-pulse-compres-
sor laser systems, we have developed several com-
putational models and computer codes that describe
the dynamics of the Raman compression process
and the performance characteristics of complete
pulse-compressor systems. The results of our studies
using these codes are described in Ref. 43 and §8.2.1
through 8.2.3 of this report. In this subsection
(§8.2.3), we discuss the computational modeis and
computer codes develored to treat Raman-
compressor-cell dynamics and system performance.
A brief discussion of the analysis of the effects of
spatial and temporal inhomogeneities is also in-
cluded.

Dynamics. Analytical studies?>* of Raman
compressor dynamics, (§8.1 and 8.2) indicate that
forward Stokes and backward second-Stokes para-
sitic waves (generated from spontaneous scattering
of the pump and backward Stokes waves, respec-
tively) can seriously limit the conversion efficiency
and compression ratio of a Raman compressor. To
model these processes in more detail, we have
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developed a one-dimensional, four-wave elec-
tromagnetics code that simulates the self-consistent
dynamics of the electric field amplitudes of the
pump (E,), forward Stokes (Esr), Yackward Stokes
(E's’), and backward second-Stokes (Egs) waves, The
corresponding molecular excitation waves Q,, Qy,
Qs, and Q4 are also treated, including transient ef-
fects. If we define the differential operators

DF® = 3/3z £ B/d(cr) (15)
and the Manley-Rowe factors or frequency ratios
Mn,b = (up/vs, v

§/2s) » (16)

then the field equations derived®**5 from ap-
propriate Maxwell equations are

D} Ep=—-;-'yMa(RQl Ef+Q, E';) , an
p§ E§=§7(RQ; Ep—MbQ4E"2’s) , (18)
Dg Eg='%7(Q; EP_RMbQZEgS) . a9
D} s = '%7 (QZ Eg+Q; E's’) , 20)

where <y is the backward gain coefiicient and R is
the ratio of the forward 10 backward gain coef-
ficients. The molecular excitation is 2 set of four
mutually incoherent quadrupole waves,

t
(Ql-Qz'Qs'Q4)=Ff dr’ ¢ Tt

x (e, Bl B b, EE RO ESS) L o

where I' is the transition line width. The electric
field and molecular quantities contain both phase
and amplitude information and are generally com-
plex. The superscript * denotes a complex conjugate
quantity. Equations (15) to (21) have been solved
numerically.
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The results of two calculations performed with
this four-wave electromagnetics code are shown in
Figs. 8-4 and 8-5. The conversion efficicncies into
the various wave channels are shown in each figure.
In Fig. 8-4, the intensity of the input backward
Stokes pulse is such that very litile second-Stokes
radiation is generated as the backward Stokes pulse
is ampiiited. The conversion efficiency into the
backward Stokes pulse agrees very well with an es-
timate obtained using an extension of the Frantz-
Nodvik theory.**% In Fig. 8-5, the backward
Stokes input intensily was increased from that in
Fig. 8-4, and one can see that a significant amount
of second-Stokes radiation was generated. Ac-
cording to the code, this process has a very rapid
onset, and the threshold agrees quiie well with
predictions based on our Frantz-Nodvik anal-
ysis**=36 when transient effects are not important.
When transient effects become important (i.e., for
Z1-ns pulse lengths for the KrF-CHj, system), the
Frantz-Nodvik theory becomes inaccurate.

Although the four-wave electromagnetics code
is very useful in detailing the parasitics problem and
validating simpler analytic treatments, it is quite
slow. Therefore. we replaced it with a faster, two-

wave code that is used to generate design analysis
data for the Raman cell. This two-wave code has
been used to study both standard 2nd nonstandard
geometries, such as the conical anplifier (§8.3.1} in
which the field intensity is maintained at a nearly
constant value to minimize second-Stokes genera-
tion. The results from the conical amplifier studies
indicate that such a geometry offers only a slight im-
provement in performance when compared with
conventional constant-area devices. Also, we have
usged the two-wave code to study several multipass
configurations, to study puise shape effects, and to
model experiments. In addition to the two-wave
code, another code has been developed to treat
stochastic processes involving the pump and Stokes
waves,

Systems Anslysis. For systems analysis, several
compressor-stacker design codes have been devel-
oped specifically for use in systems where the pump
is a single pulse or a repetitively pulsed laser with
nonsaturating loss.

The code for the single-pulse pump laser treats
all sections of the system, except the oscillators, and
ignores mirror losses. It computes Raman parasitic
gains and the overall energy conversion efficiency

811
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from the pump laser pulse to the backward Stokes
pulse. The Raman cell is treated with the Frantz-
Nodvik theory, and the parasitics are evaluated per-
turbatively. The KrF laser is treated using the
Schulz-Dubois*” theory for homogeneously broad-
ened cw lasers with distributed nonsaturable loss.
The code is constructed in a modular fashion where
mutually compatible macros or laser components
may be arranged in various orders. Thus, the code is
capable of simulating the flow of optical energy in
widely differing system configurations.

The repetitively excited pump laser code treats
system architectures in which the pump may be
repetitively pulsed, and multipass extraction is em-
ployed in the Raman cell. Mirror losses and focus-
ing of the pump radiation are included.

These codes have helped us realize that focus-
ing of the KrF pump radiation is required if near-
optimal system efficiency is to be attained. Another
result pointed up by the codes is that the optical
damage limits have a critical influence on the system
effi ‘ency. The pump fluence is equal o the product
of the gain and the saturation fluence, so, for fixed
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gain, the required pump fluence must increase as the
pressure decreases. Because the pump fluence must
be less than the damage fluence, the pressure is re-
quired to exceed a ccrtain value, calculated to be a
few atmospheres. Figure 8-6 shows a typical output
for a stacker-compressor-compressor configura-
tion in which the pump is focused by a telescope
whose two lenses sandwich the Raman cell window.
Thus, the pump fluence experienced by the Stokes
wave is three times as large as that seen by the cell
windows. Each Raman cell is double-passed to
avoid the use of preamplifiers, but the inputs (of the
order of kW /cm? intensity) are assumed given. This
system compresses a 400-ns KrF laser pulse to a
5-ns pulse at the second Stokes frequency, with a
gain exponent of 13.3R at the second Stokes in the
first compressor and 16.1R for the third Stokes in
the second compressor, where R is the ratio of
forward to backward gain. Over 25% of the energy
available in the KrF preamplifier and amplifier is
extracted as focusable energy.

In conclusion, we have developed a complete
set of one-dimensional compressor system codes to
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assess the performance of Raman compressors as a
component of a fusion driver laser. A discussion of
the pertinent results of the analysis* is given in a
following subsection (§8.3.1).

Spatinl and Temporal Inhomogeneities. The
theory of stimulated Raman scattering involving
spatially and temporally inhomogeneous waves is
comparatively undeveloped. Early work by Dya-
kov*® derived an equation of the Fokker—Planck
type for the Stokes intensity based on an analogy
with turbulent-medium propagation. The stochastic
theory was developed further by Pasmanik and
Friedman,*® using projection operator techniques
to develop equations of the Feynman-Dyson type.
In general, previous work has concentrated on
stochasticity in the dynamical equation parameters

rather than in the boundary conditions. For com-
pressor analysis, the medium may be treated as a
deterministic system, but the injected waves, which
appear in the boundary values of the problem, must
be taken as stochastic variables. Space does not per-
mit a full discussion of these theories here; conse-
quently, only a summary of the relevant work is
presented.

An exact treatment of forward processes,
where a monochromatic Stokes wave is pumped by
a temporally stochastic pump, has been given using
the well-known exact solution for this case.’? This
theory uses a novel technique for separating the ef-
fects of noise and those of the coherert term by
rewriting the equations for the mean values in terms
of functional derivatives. A second approach,
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somewhat less rigorous but more generally ap-
plicable, develops a multimode parametric theory in
which the pain experienced by a muitimode or
broadband Stokes wave is expressed in terms of
parametsically coupled multiwave mixing.3! In
regions where these theories overlap, the agreement
is good. Namely, both predict that the gain in the
forward direction is independent of pump band-
widih, if the Stokes wave grows from noise.

A very important conclusion of the parametric
theory is that the gain depends sensitively on the
pump character. It is not possible a priori to predict
the gain caused by a particular pump, or the out-
come of an experiment, without a fuil knowledge of
the autocorrelation functions of the pump. Thus, if
these functions are not measured in a particular ex-
periment, the experiment is, strictly speaking, not
interpretable. The majority of experiments fall into
this category. However, several experiments, at
LLL and elsewhere, have demonstrated that under
inhomogencous pumping the gain may be either in-
creased or reduced.3! With reference to compressor
design, in particular for the conditions in a
XrF/CH, compressor, it appears that temporal
pump stochasticity increases the forward gain but
reduces the backward gain, whereas spatial in-
homogeneity may reduce the forward gain bui
leaves the backward gain unaffected. The tentative
nature of these conclusions is emphasized.

A discussion of the implications of in-
homogeneities for RAPIER is also given in a
following subsection (§8.3.1).
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£.2.4 Injection Locking and Amplified Spontaneous
Emission (ASE)

The KrF* laser medium gives high gain (10%
em-!), broad bandwidth (~50 em-!), and short
spontaneous-emission lifetime (~8 ns). Thus, the
spontaneous emission is strong, has a large band-
width, and is amplified to greater than a saturation
intensity in just a few gain lengths. For extraction
times greaier than a few nanoseconds, the KrF laser
saturates in 14 homogeneous manner, Conseqi/ently,
the saturation of the gain is not strongly depndent
on the bandwidth of the saturating field, and ASE
may load the gain and reduce the extracted energy
substantialiv

The combination of streng spontancous emis-
sion and high {unloaded) gain has several implica-
tions for scaling the KrF laser. For large-solid-anglc
amplifiers {i.e., those having a large ratio of output
aperture 10 length) with walls of low reflectivity, the
ASE passing through the exit windows is strong,
and the resulting gain loading is also large. Thus,
ASE severely limits the extraction efficiency of uni-
directional single-pass amplifiers. This limitation is
considerably less stringent in bidirectiona!l am-
plifiers. Also, depending on the wall reflectivity,
parasitic oscillations or transverse modes may
develop. Their suppression requires precise control
of the optical signal field, to fill the gain region com-
pletely vith high intensity radiatiun; it also requires
baffles or other geometrical arrangements to in-
crease the number of reflections experienced by the
parasitic mode per gain length in the medium. If the
KrF laser is used to drive a Raman compressor,
then narrow line width is required (~0.3 cm~!). This
requirement is mel most directly by injecting a
signal with the desired spatial and temporal proper-
ties. The effects that the control mechanisms for
ASE, parasitics, and line width have on the ef-
ficiency and size of large lasers are critical scaling



issues for fusion laser design. In 1978, we mounted a
theoretical effort, coordinated with the experimen-
tal program, to analyze these and related issues.

Line width control in a large oscillator is
achieved most directly by injecting a field of the
desired line width and spatial quality before the
mcdium is pumped. For a laser pulse of 50 ns, which
is one or two meters in length, the number of round
trips the field makes during operation is quite small.
Also, for KrF, some species’ kinetic response times
are comparable to the round trip time. Thus, os-
cillators are operated in a transient regime, both op-
tically and kinetically preventing good mode defini-
tion. The output contains not only the amplified in-
jected signal but also the ASE, which has the
generally undesirable properties of large bandwidth
and large solid angle. Thus, control of the oscillator
implies that the ASE component of the output is
small. Also, efficient operation implies that the gain
is sufficiently loaded by the optical field at all times
during the transient operation of the oscillator, to
prevent parasitic modes from growing and depleting
the available optical encrgy, or damaging the laser
components.

Successful control of the oscillaior in this man-
ner is termed injection locking. Previousity, that
term has been applied te frequency control of os-
cillators, in steady state operation, by driving the
oscillators at a frequency other than their natural
frequency.32-54 It has also bee~ applied to line width
control of broadband oscillavors (such as dye lasers)
by injection of a short pulse of radiation, thereby in-
definitely locking the oscillator to the injected
pulse’s characteristics.”>7 Here, it is extended to
inciude the transient phenomena just described, as
well as ASE control. 1t is also extended to the con-
trol of amplifiers and other mirrorless devices, some
of which are described below.

The analysis of gain control, ASE, and para-
sitic suppression in the general case involves tran-
sient, multidirectional wave propagaiion and spec-
tral behavior. However, considerable insight into
these problems may be obtained in a simple, quasi-
one-dimensional model. In this model, a steady-
state geometric optics approximation is made,
treating nonparaxial rays as a bundle defined by a
solid angle. Within this model, mirrorless am-
plifiers, plane oscilfators, injection-focked plane os-
cillators, and bidirectional amplifiers have been
analyzed and some general conclusions have been
developed. The remainder of this subsection

decribes the analysis of these devices and concludes
with a discussion of comparative systems.

Mirrorless Amplifiers. Amplified spontaneous
emission is very similar in character te oscillator
noise. An elementary introduction to noise and
spontaneous emission has been given by Yariv, 3859 .
in terms of differential equations that contain a
noise source and a gain term for each frequency in-
terval ér. In the differential equation formulation,
the noise source is the spontaneous emission power,
within the relevant frequency interval, deposited
into a volume element and into the solid angle sub-
tended by the exit aperture at a point in that volume
element. 606! However, the spontaneous emission
that leaves the volume element and travels through
the gain medium but not through the exit aperture is
neglected. This neglected contribution to the ASE
saturates the gain substantially and depletes the
available energy. To include it, we abandoned the
differential approach in favor of an integral
formulation. 52

Consider a thin uniform rod containing a
medium that has homogeneously saturating gain
and nonsaturating loss, operating on a bounu-f2e
molecular transition. Also, consider a thin cross-
sectinnal element at the point z. The ASE through
this element, criginating in a similar clement at 2z, is
the relevant source multiplied by the gain experi-
enced between z' and z. If dI/dv is the noise inten-
sity per unit frequency interval, then

z z
dr* R , A gt
W dz’ p(z’) 582z - 2') exp gv, z°) dz

0 z J
(22)
Here, p is the spontaneous source per unit frequency
interval and solid angle, 42 (2,2") is the solid angle

subtended by the first element at z’, and g is the net
gain at the appropriate frequency. Thus,

n*hy o1
p=F o) =on (Tr)ls b (23)

where 7, is the upper level lifetime and h is the line
shape function, normalized 10 unity:

fh(v) dv=1. (24)
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The net gain, assumed to be transversely uniform in
the chosen medium, is

g=an*h@) - 1) , (25)

where 7 is the nonsaturating loss coefficient. In the
steady state case, the upper level population is given
by

.+ -
dIt  dlt o dl
n(')/no =1 +fdv h(v) l—dv + m +dv] s (26)

where ng, the population in the absence of any op-
tical fields, is determined by the kinetics and pump-
ing of the laser.

Equation (26) includes the loading from the
vorward and backward noise d1* /dr and the signal
df/ds. When combined with the specified input in-
wensity, these standard equations define the system.

An important assumption is that the walls of
the amplifier are nonreflecting. To include reflecting
walls, the solid angle may be increased to include
the rays that do not proceed directly from plane z to
¢'. The effective solid angle 68, is determined by
the nature of the walls (diffuse, specular) and the
magnitude of the gain. In the simplest approxima-
tion, a simple geometrical argument leads to a sum
over the number of refiections 4 wave may ex-
perience between z and 2,

88 g4z, 20 = Z R788(s/m)

n

~6Us) [1+ R(L =R, 27

where s is the separation (z - z') and R is the reflec-
tion coefficient. in units of the saturation intensity
and the FWHM Av of the gain profile, these equa-
tions reduce to the following set:

1
. v o S82(X, X7
;in=}\00[dx¢(x) o

[H]

X exp[Y(x', V) - Y(x, y)] €(x'-x) , (28)
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i=i (v, yexp [Y (x,y, )] (29)
¢4=1i/;ymnﬁm+n, (30

w
Y(x, y)=f dx’ {Gyd(x") -~ e AP 30
0

where the dimensionless length is x = z/L and

=L sRa-R?] (32)

r

Here, Gq is the small-signal gain angL and 2 is
the loss yL. The loss line shape is #(y), where v - v,
= yAv. Thus, the dimensionless parameters Gg, Z,
and A characterize the amplifier and, with i;;, and
Yin» completely determine the system behavior.

These equations may be solved iteratively,
alternately determining the loading » = n*/ng and
the intensities. The system is not convergent, unless
the change in ¢ from one iteration to the next is
restricted 1o a specified fraction of the difference
between the present an: the previous iteration.
Otlerwise, an osciliatory behavior develops. The
calculations are quite rapid and can detail the ex-
traction behavior of a particular amplifier in about
one minute of CDC-7600 time.

This approximation to the thin rod (small
aspect ratio) is expected to be good, as long as the
transverse dimension is less than about half the
length, The occurrence of parasitic oscillations ir
the transverse direction may be tested, after the
solution for ¢ has been determined, by requiring
that there be net loss for the transverse modes,
namely,

Go(x)a/L-€¢+InR<0 , (33)

which must hold for all x. Within the thin-rod
model, it is not realistic to treat oblique parasitics
and whisper modes. Controi of these modes de-
pends critically on the reflectivity of the walls as a
function of the angle of incidence, and on the details
of the cavity geometry. Purely transverse parasitics
give the stated condition on ¢(x) and, within the
model’s limits, serve to define the maximum
transverse dimension.



The model contains an expression for the
broadband portion of the forward waves at the exit.
Note that the ASE is spatially divergent, and that
the ratio of the forward iroadband noise to the
signal therefore decreases as the point of observa-
tion recedes from the amplifier. By evaluating the
integrals approximately, one can show that the
forward noise is approximately equal to the
backward noise,

a2y (34)
4n

where ! nower gain at line center. The output

signal

i= ¢ (35

where & = h(y;n}/hp, the ratio of the gain at the in-
jected frequency to the peak gain. Thus, the forward
noise ratio is

(36)

where 38 is the solid zngle of the amplifier exit
aperture at the entrance. Simple geometry gives f;,
away from the exit aperture. The amplifier is
injection-locked if the output is essentially narrow-
band. Quantitatively, this requires

fO<rf, an

n

where f is the maximum tolerable forward noise at
the exit aperture. The extraction efficiency for
various input and solid angles is plotted in Fig. 8-7,
which shows clearly the debilitating effect of ASE
on unidirectional amplifier performance.

Plane Oscillators. If ASE is neglected in the
plane mirror oscillator, the intensity is given by a
generalization of the Ligrod analysis.53%% In units
of the saturation intensity, the forward and back-
ward waves satisfy

-€, 38)

where 0 < x < 1. Thus, i*i" is a constant, and the
coupled equations reduce to a single equation in one
unknown, which is exactly solvable. The boundary
conditions are

i*@ =R, (O , (39
T =R, "D, 40

where R and R, are the mirror reflectivities. These
conditions are appropriate both for noisy signals
spanning many vacuum modes and for well-defined
single-mode behavior. The soluiion is as follows. If
we define

x=Gle-1, (41)

fi=a? (42)

and

(K2-4a9)"" 4+ 2x-K
F(x) = In| ———————| | (43)
¥ [(K2-4a2)”—2x+1<]

then
o+

p {Fli* (D] - F{i* (©0)}} -ln[‘ (”] -€=0, (44)
174 (0)

where

p=(K+1) (K2 -4a?y™ . (45)

This equation gives the parameter a, thus com-
pletely specifying the Rigrod solutions for i* and i-.

The solution obtained from the Rigrod analysis
does not take account of the ASE. However, if we
assume that the ASE is small (i.e., it does not
change the degree of gain saturation), then it may be
calculated directly from the Rigrod analysis. This
approach is consistent orily if the result is small. In
the Rigrod analysis, the gain loading is
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el =1+t +i, (46)

and the saturated gain is %2 |In(R;Ry)|. An approx-
imate formula for the forward ASE at the exit aper-
ture may be obtained:

. Sﬂo i
in =~ A v T, (RlRZ) , a7

where T, is the forward output coupling. Thus, the
forward neise fraction is
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89,

f, =A==~ T, R;R)™ (1/nG) , (48)

where ny is the forward extraction efficiency and G
is the unloaded gain exponent. Clearly f,, is small
under conditions of interest, and ASE may indeed
be calculated perturbatively.

The optical extraction efficiency is

T, T,
n=n'+n+=a——*+——;; . (49)
R,™ Ry
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The output coupling that maximizes the efficiency
depends strongly on the ratio R;/R;. In the stan-
dard asymmetric configuration, Ry varies from 0.9
to 1.0 In Figs. 8-8 and 8-9, the maximum efficiency
a1.d the optimum output coupling are shown for the
asymmetric configuration. The graphs are para-
metric in «/v, where 7 is an increasing function of
«/v and Ry, is a decreasing function thereof. In the
symmetric configuration, the reflectivities are equal
(R| = Rj). Then, the forward extraction efficiency
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Fig. 8-9. Results of Rigrod amalysis®* ® for the output
couplisig thal maximizes the extracticn eﬂ'lciency in the

asymmetric configuration.

is one-half of the total. The optimum purameters for
this configuration are plotted in Figs. 8-10 and 8-11.

The transverse gain as a function of pcsition
may be used to define a maximum transverse
dimension, as in the amplifier case. The same
caveats with respect to other parasitics apply in the
osciliator case, too.

Injection Locking of Plane Oscillators. The free-
runnir:g oscillator gives a signal whese spec..l
width in steady state is given by the cavity param-
eters and by the temporal fluctuations in gain and
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loss in the medium. The time required for the spec-
trum to narrow to this state depends on the gain
profile; media with flatter gain profiles take longer
to reach steady state. In general, this time is much
longer than the pulse length desired in fusion
systems, and the line width of the oscillator must be
controlled cither by injection locking or by seicctive
loss. If the injected signal spans many modes, line
width control requires only that spontaneous os-
cillation at line center be suppressed. In short-pulse-
length devices, this suppression requires that at all
times the narrow-band, bright signal in thc os-
cillator be stronger than the coupling of the broad-
band source to the longitudinal parusitic modes.
Thus, the injected signal fills the cavity before the
medium is excited and is large enourh to suppress
all parasitic modes in the steady state limit.
Otherwise, after a finite time, the oscillator will
cease to be locked. Clearly, the steady-state injec-
tion locking intensity is an absolute limit, given the
stated initial conditions, above which the oscillator
is permanently locked. For intensities below the
steady-state injection locking value, and the given
initial conditions, there is a limit to the pulse length
that may be used, which decreases as the injected in-
tensity decreases.

For present purposes, the transverse parasitics
may be ignored because we consider only
longitudinal parasitic modes, which give limits on
the injected intensity that are independent of the
iransverse dimension. For a given longitudinally
locked oscillator, suppression of transverse oscilla-
tions implies a maximum transverse dimension,
which may be determined from the solution of the
longitudinal-locking equations.

If the gain line shape is h(v), the narrow-band
signal obeys the following equations:

1d* 1 dif .

FH=-FK=UG[1+U(1 +i7) l'ein’ (50)
i*(0)=R,i(0)+i, (1-R)) , 1)
(1) =R,i*(1) . (52)

Here, ¢ = h(v)/h(vp), the ratios of gain at the in-
jected frequency to the peak gain, 2nd ¢, is the loss
evaluated at the input frequency.

These equations assume that there are no inter-
ference effects at the input mirror R;. The reflec-
tivities are considered averages of the cavity
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response over a frequency interval that is large com-
pared 1o the vacuum mode spacing. In a large os-
cillator, the empty cavity mode spacing is generally
much less than the line width desire2 for subse-
quent Raman compression. Consequently, large
refractive-index fluctuations that occur on a time
scale comparable to the round trip time may coujle
the modes. It is possible that, even i a truly non-
chromatic signal were injected, the output would
have many modes because of thi; interaction. A
strong coupling of this type imp'ies that phase infor-
mation is lost in less than one round trip. In turn,
this implication suggests that conventional analyses
of steady-state injection locking thut depend criti-
cally on the phase information for mode definition
and mode matching may not be applicable, es-
pecially in the ultraviolet portion of the spectrum.
This possibility has led to the intensity analysis of
injection-locking presented below, It is not yet
known whether these conditions apply to the KrF
medium or not. Because the mode spacing decreases
with cavity length, the mode coupling is relatively
stronger in larger cavities, and, ultimately, its ap-
plicability in fusion laser design will be determined
by a comparison with experimental data from
RAPIER and other systems.

If the modes are coupled strongly, the bound-
ary condition at the input mirror is correctly given
in Eq. (51). Otherwise, the condition is

e*(0) = re 0B +e (53)

where the intensity i = {e|2, and r, and t; are the
complex reflectivity and transmissivity of the
mirror, respectively. The coefficient 3 is exp(i¢),
where ¢ is -the round-trip phase angle in the cavity
for the particular injected frequency. For mul-
timode injection, each injected mode leads to an
equation like Eq. (53) but with different ¢. These
modes are coupled through the gain saturation in
the oscillator, and the output spectrum is not
linearly related to the input spectrum. In the follow-
ing, the result for the strongly coupled mode,
Eq. (51), is used. Further work on the case of the
weakly coupled mode is planned.
The injection locking condition is

2g +In(R,R,) <0 , 54

where g is the maximum net gain within the gain
bandwidth,
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1
E=Maxv[aG0f o) dx-€l . (55)
0

The solution of these equations follows the previous
analysis and is very similar to the Rigrod analysis.
Figure 8-12 shows the injection-locking intensity for
a plane oscillator with reflectivities of 95% and 1%,
as a function of the detuning 7 = h(»)/h(v). The
curves are parametric in «/7y, with yL held fixed at
1.1. The locking intensity is high, because only 5%
of the injected signal passes through the input
coupler into the cavilty. However, (I - R))ijge is
much smaller than the circulating intensity in the
cavily, especially close to line center where # = 1.
Consequently, injection locking and extraction ef-
ficiency calculations decouple, and the previous
ana'ysis may be used to evaluate the optimum out-
put and input couplings under locked conditions
also. The transverse dimension is constrained by the
same equations that apply to the pure oscillator,
again with the same reservations concerning model
limitations.

Bidirectional Amplifier. The bidirectional am-
plifier is a mirrorless device that amplifies simui-
taneously two oppositely directed, overlapping
pulses. The equations describing this device are the
same as those for the oscillator, except that the
boundary conditions contain the two input inten-

sities. In this device, the gain loading is substantial
throughout the whole gain region. Thus, the
transverse parasitic gain and the ASE arc small,
comparable to the oscillator values. If the amplifier
is operated symmetrically, the gain loading is
smallest in the center (at a point equidistant from
either end). Figure 8-13 plots this minimum loading
as a function of input intensity for three values of
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¢ = yL at «/y = 20. The noise intensity at either
exit aperture is

N 1
i = .y o P (56)
which, for a given power gain and aspect ratio, is
smaller than the amplifier noise by the ratio 4P /2,
Thus, for power gains greater than about 16, the
bidirectional amplifier has less forward noise than
does the unidirectional amplifier. The maximum
transverse gain, however, is much less. The trans-
verse gain in the center of the amplifier is

g, = (Goo, - € alL , (57)

whereas for the unidirectional amplifier the minimal
Joading is #™1 = 1 + i, which is close to unity.
Thus, using Fig. 8-13 as a guideline, we see that the
bidirectional amplifier may be two (o three times
broader than is the unidirectional amplifier.
Conclusions. The properties of amplifiers and
ascillators obtained in the steady state, quasi-one-
dimensional limit form a partial basis for com-
parative analysis. The most important omissions are
transient phenomena, possibly including bifurca-
tion depending on the initial conditions, and
obligue parasitics and whisper modes, which impact
the transverse scaling and cavity design. None-
theless, within the present approximation, several
conclusions are already clear. In amplifiers, the
maximum efficiency is achieved for an input inten-
sity close to a saturation intensity. Thus, the power
gain is of the order of «/2+y. The unidirectional am-
plifier has a low gain 'oading at the input, leading to
a strict limit on the transverse dimension. Increasing
the transverse dimension allows the backward ASE
to load the gain near the input, but this necessarily
leads to a low extraction efficiency. The bidirec-
tional amplifier controls the gain everywhere, but
least effectively in the center of the amplifier. Thus,
it tends to permit larger aspect ratios than does the
unidirectional amplifier. Both amplifiers give com-
parable broadband components in the output that
are small and that decrease as the point of measure-
ment recedes from the exit aperture, Oscillators, on
the other hand, may be injection-locked with smalt
signals if the initial transient behavior is ap-
propriately controlled. Thus, they allow higher
power gains than do amplifiers. They are com-
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parable in transverse properties to the bidirectional
amplifier. The systems implications of these conclu-
sions strongly favor oscillators as preamplifiers but
appear to relegate the choice of a large power am-
plifier to othcr issues, such as multiplexing cap-
ability and propagation issues.
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8.3 Pulse-Compressor Laser Systems

Stimulated backward-wave Raman scattering
has been recognized for some time as a potential
means of generating short pulses for fusion
applications.® The advent of efficient (>5%), long-
pulse (>100-as) ultraviolet lasers, the rare gas
monohalides,5¢ led 10 a reinvestigation of the utility
of this technique in the context of advanced laser
drivers 667 The short wavelengths of efficient
lasers, such as KrF (248.4 nm), increase the cross
section for Raman scattering and allow a Raman
amplifier to operate at near-atmospheric pressure
with a reasonable gain coefficient and with a satura-
tion fluence of about 1 J/cm?. Of course, the ul-
timate point of interest is that target coupling may
be enhanced by the short-wavelength radiation
produced in a KrF-laser-driven Ran.an compressor.



The initial analysis of this pulse compression
technique led to a thorough experimental and
analytical study of its potential as an advanced-laser
option. Measurements of smali-signal backward-
wave gain®’ and saturation effects® in gaseous
methane have been reported in the literature as well
as in last year’s laser fusion annual report. A com-
prehensive review of this work has been given.%? An
analysis of the potential efficiency of Raman puise-
compressor systems and associated technological
limitations has also been prepared.’®

These studies have shown that:

® Raman puise-compression factors of about
10, with efficiencies of about 60%, are possible.

® Nonsaturating losses limit the efficiently
achievable intensities of KrF pump lasers to about
20 MW /cm2,

® The hybrid combination of pulse-stacking
schemes with Raman compression gives important
technological advantages. Overall compression fac-
tors of 50 or more should be possible with com-
pressor conversion efficiencies of 50% or more.

® Overall system efficiencies in excess of 3%
appear possible. _

® Improvements in Raman compressors or
pumps could increase this overall efficiency.

Because of the favorable prognosis of Raman
pulse-compressor /pulse-stacker hybrids, we
mounted an increased effort in this area. including
an analysis of alternative stacker-compressor geom-
etries and scaling limitations for large-scale pulse
compressors. Subsection 8.3.1 describes our initial
work during 1978. We have continued theorstical
studies pertaining to both KrF pumps and CH,
Raman scatterers. Work on these topics is reported
in §8.3.2 and 8.3.3. To experimentally assess and ad-
vance the technology associated with hybrid com-
pression systems, a moderate-scale system test bed,
called RAPIER, is currently under development. A
progress report on this pulse-compressor test bed is
given in §8.3.4.

References

65. A. ). Glass, IEEE J. Quam. Electron. QL-3, 516 (1967).

66. J. ). Ewing, Physics Today 31 (5), 32 (1978).

67. J. R. Murray, J. Goldhar, and A. Szoke, Appl. Phys. Lett.
32, 551 (1978).

68. J. R. Murray, J. Goldhar, D. Eimerl, and A. Szoke, Appl.
Phys. Lett. 33, 399 (1978).

69. J. R. Murray, J. Goldhar, D. Eimerl, and A, Szoke, IEEE J.
Quant. Electron. QE-15, 342 (1979).

70. ). ). Ewing, R. A. Haas, J. G. Swingle, E. V. George, and
W.F. Krupke, JEEE J. Quani. Electron. QE-15, 368 (1979).

Author
J. J. Ewing

8.3.1 Potential Large-Scale
Pulse Compressors

System Issues. We have evaluated three types
of pulse compressors: pure Raman compressors,
pure pulse stackers, and hybrid combinaiions of
these two. Our analysis has shown that hybrid com-
pressors offer a most attractive mix of the properties
of each of these pure compression schemes. Hybrid
compressors can have significantly larger compres-
sion ratios at high efficiency than can pure Raman
compressors. Compression ratios of about 50 and
overall system efficiencies in the range of 3 to 4%
appear achievable.

In extending our analysis of these hybrid op-
tions, we have concentrated on the further elucida-
tion of the following issues:

® Improvement of Raman-media extraction
efficiencies by second-Stokes suppression tech-
niques and alternate pulse-compressor geometries.

® Comparison of various hybrid architec-
tures in terms of the important system parameters:
the number of optical elements used to achieve a
given compression ratio and the jitter and timing re-
quirements of the system.

® Preliminary development of cost models to
compare various pulse-stacking/Raman-
compression hybrids.

We have found that a distributed two-photon
absorber may be one attractive means of
eliminating the second Stokes parasitic. This results
in a larger value of the Raman-medium extraction
efficiency at a fixed compression ratio. We have
identified a two-pass architecture, using unequal
Raman-ruedium gain lengths, which can increase
Raman extraction efficiencies to about 80%. We
have also anai;zed conical Raman amplifiers and
found them marginally more efficient than a
constant-area Raman amplifier. This work is
described in the following subsection.

To compare the various hybrid compression
schemes more completely, we have now charac-
terized their architectures in terms of important op-
tical and elsctrical parameters. We have found sub-
stantial differences between stacker-compressors
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and compressor-stackers in terms of jitter reguire-
ments, laser staging scenarios, and number of op-
tical components. The stacker-compressor (sequen-
tially extracted pump laser stacked in the Raman
medium) yields the same efficiency for a given com-
pression ratio as does a compressor-stacker
(sequentially extracted Raman medium stacked on
the target). However, jitter requirements, ASE
standoff considerations, and the required number of
mirrors favor the use of a compressor-stacker
architecture. General considerations on jitter and
number of mirrors are given later in this subsection.
A tremendous simplification in terms of the number
of mirrors utilized and a tremendous reduction in
the number of optical beam lines facing the target
results from the combined compression schemes.
Preliminary cost-comparison studies have shown
that the costs of optics and beam pointing and
tracking systems are reasonable for hybrid com-
pressors but excessive for pure pulse stackers of very
high compression ratio (~50). Our cost modeis are
in a preliminary stage and will be reported on
further in next year's annual report.

Methods of Pulse Extraction from Raman Am-
plifiers at Higher Efficiencies. Suppressing the
growth of second Stokes waves in a backward-wave
Raman amplifier is one means of increasing the
Raman-compression conversion efficiency. There
are essentially two methods of suppressing the
second Stokes parasitic: frequency selection or
spatial quality selection. We first consider the fre-
quency technique.

In general, frequency-selective absorbers are
extremely specific in their application and require a
high degree of frequency control to ensuie that the
frequency conditions are satisfied.”!-’3 The ab-
sorber may be mixed in with the Raman medium if
it is gaseous, Otherwise it must be placed in a solid
host, which is located between stages in a Raman
amplifier chain or which divides the Raman cell it-
self into several compartments. Liquid hosts may
also be considered, in principle; they have the ad-
vantage of providing a natural cooling mechanism
for the liquid container by flow. A gaseous absorber
for use in a KrF/SFg compressor is xenon, which
uses a narrow two-photon absorption line at 2w,
Analysis shows that the absorption coefficient is”'

a5 =7X 10712 (0.3 cm™1/6%) cm/W « Torr Xe , (58)

8-24

where Sv is the second Stokes line width, This coef-
ficient is large because the transition is bound-
bound between narrow states. A peculiarity of two-
photon absorption schemes is that they give a limit
on the parasitic intensity, because the absorption is
nonlinear in the intensity. In principle, this allows
the achievable compression to increase without
timit. For the specific system considered, the dif-
ficulties are the photoionization of the excited state
of xenon and its tendency to form excimers at den-
sities greater than about 25 Torr. The former is op-
tical loss, and calculations show that this loss is
small but noticeable. The excimer formation causes
the absorption lines to broaden into bands, making
the absorption no longer frequency-selective. It is
not known whether these effects preclude the use of
this system.

Other absorbers™ are Er3t, to be used with
XeC1/CHy compressors, and Gd3*, to be used with
KrF/CD, compressors. The absorption cross sec-
tion has been estimated at 10-!9 cm?, which requires
a density of about | to 2 mole% in a typical solid
host. The major considerations for the host are the
nonlinear index of refraction, the absorption at
other wavelengths, and the two-photon absorption.
The obvious candidates are fluoroberyllate glasses
and fluoride crystals.

A frequency-dispersive saturable absorber’3
may be used to suppress the second Stokes parasitic
with little loss at the first Stokes frequency, if the
second Stokes fluence is considerably less than the
saturation fluence. The medium is inhomogeneous,
and the saturation fluence at the first Stokes fre-
quency is much less than the first Stokes fluence,
which implies a cross section of about 10-15 cm?, An
electronic/vibrational transition can be used for
suppression if the V—+ V and V - T rates are less
than the desired pulse width. Then, saturation at the
first Stokes frequency may coexist with lack of
saturation at the second Stokes. The gas SO, seems
tc meet these requirements in the KrF/CH4 com-
pressor.

Methods based on spatial-quality selection rely
on the large solid angle of the parasitic wave, which
is expected on theoretical grounds. The theory of
nonparaxial waves pumped by a large sclid angle
suggests that the solid angle of the parasitic is A /L2,
where A is the area of the Stokes beam and L is the
length of the Raman cell. Thus, spatial filtering can
reduce the parasitic intensity. Aliernatively, dis-
tance filtering (allowing the waves to propagate a



long way) may be used to reduce parasitic intensity.
The parasitic that remains within the solid angle of
the Stokes wave after geometric filtering may be
further reduced with a dispersive element, such as a
prism or gratings. Scaling these dispersive elements
presents formidable problems associated with sur-
face figure and the nonlinear index of refraction.
Fresnel prisms may circumvent this scaling
problem.

The second Stokes limit, or the extraction ef-
ficiency, requires that the performance factor G;/R
be as large as possible. But G, the maximum
tolerable gain exponent for the second Stokes wave,
is limited in a chain configuration by the between-
stage reduction in the second Stokes intensity.
Ideally, the input to a compressor contains less
second Stokes than is produced by spontaneous
scattering. Thus, the between-stage reduction in the
parasitic is ideally greater than about €20, Ab-
sorbers may be constructed with over 20 optical
depths, although to do this with solid hosts may
give rise to self-focusing problems. Geometrical
methods, however, are limited by surface scatter
and diffractive terms to suppressions of about 10-2,
Thus, several geometrical components are needed to
reduce the intensity of the second Stokes by =2, In
summary, although frequency selection appears
more attractive than spatiai-quality selection, its
high specificity limits its applicability. Geometrical
methods may be the only ones availabie for many
systems, but they involve greater system complexity.

A second technique for improved Raman ex-
traction efficiency is the conical Raman amplifier.
The baseline conical amplifier is a compressor in
which the pump and Stokes waves are not plane
waves, but spherically converging and diverging,
respectively. In other designs, the expansion or con-
traction is in one dimension only, or it may be more
generaily astigmatic. The advantage of the ex-
panding geometry for the Stokes pulse is that it pre-
vents the intensity from rising to a high value while,
at the same time, allowing efficient energy extrac-
tion. As the Stokes fluence rises above the satura-
tion fluence, it continues to extract efficiently, but
the increase in total energy is countered by the in-
creasing area, to give a slowly rising intensity. Since
the second Stokes gain is an integral over the inten-
sity, conical schemes have smaller parasitic gains
than do plane or cylindrical designs. Figure 8-14
shows the decrease in the second Stokes gain with
increasing cone angle. The curve labels are the

ratios of the radii of the input and output Stokes
beams. In this calculation, the pump pulse is flat,
the input Stokes beam is Gaussian, and the
transverse radial variations in intensity are ne-
glected. The disadvantage of this scheme is the dif-
ficulty of multiplexing the pump, which is focusing
down and is directed to the cell by mirrors at very
large aperture. Fill factors are also worse in this
arrangement, which presents only a marginal im-
provement in performance over piane or cylindrical
designs.

Another technique for effective extraction from
a Raman amplifier is to “‘recycle” the pump radia-
tion into a second stage of Raman compression.”’
Since the first stage of Raman extraction depletes
the back half of the pump pulse, one carn recycle the
pump radiation in a shorter cell, allowing operation
at an effective lower compression ratio on the
second pass. This has been shown analytically te
give higher efficiency. Such a scheme is illustrated in
Fig. 8-15. It makes use of the remaining pump
energy, thereby increasing the overall device exirac-
tion efficiency. It provides an added benefit of high
fluence gain by the judicious staging of Raman
gains. Basically, the first cell and input Stokes
fluence are so defined that most of the pump pulse is
depleted at the exit of this cell, consistent with the

8-25



Raman

medium

First Stokes

‘-— W2 —]

-y
a:pl'z 1

/
-
Raman
/ “
1 medium

compression.

Fig. 8-15,  Two-stage extraction process. This schematic shows the extraction of the rear portion of the pump in the long cell and the
front portion in the shorter cell. The overall second-Stokes gain at a given efficiency is considerably smaller than that for single-stage

second-Stokes G-integral limitations. The second-
cell length and gain are specified so as to convert the
remaining energy at high efficiency; this can be ac-
complished by reducing the effective compressor
ratio. As an example, consider the case where L;
=L1/2,G, =10,G; =5, = 10, and «; = 5; then,
the overall efficiency is given as

n=n +1-1-em, , (59

where ¢ is the amount of pump energy, from the first
compression, that is not utilized in the second cell.
If the G integral can be reset to zero before entering
the second cell, calculations?? have shown that, for
this case, overall extraction efficiencies of ~0.85
and fluence gains of ~600 can be achieved for a
compression of x = 10.

It is interesting to compare the backward-wave
multipass architectures with a simple forward
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scheme. In the forward multiplexed scheme, a
Stokes pulse copropagates with a pump pulse that is
n times longer. Together, these pulses pass through
the Raman cell several times. On the first pass, the
Stokes pulse extracts that portion of the pump pulse
which overlaps it. On the second pass, however, the
Stokes pulse has been delayed with respect to the
pump pulse, and it now overlaps a different portion,
which it extracts. After passing through the cell n
times, it has accessed every portion of the pump
pulse. The major parasitics are the amplified spon-
taneous emission at the Stokes and second Stokes
frequencies. The ASE at the Stokes frequency
copropagates, approximately, with the pump pulse,
and experiences a gain nG in n passes. Similarly, the
second Stokcs parasitic experiences a gain nGP/2,
where P is the power multiplication and G is the
gain exponent. Thus, the maximum power am-
plification is given by

P <2g/nG , (60)



where gg is the maximum tolerable gain. For G = 3
and n = 3, power gains of 4 seem feasible. Note that
in this scheme the compression is n and that the ma-
jor limitations on a multipass scheme such as this
are refractive and figure losses in the optical train.

Comparisons of Hybrid Stacker-Compressers.
The recirculating electrical power required in a
laser-fusion power plant will decrease with increas-
ing pump-laser efficiency. However, the capital
costs are likely to be related to the number, quality,
and complexity of the optical train as well as to the
electrical power conditioning elements. One signifi-
cant system comparison of these various pulse com-
pressors is the total number of mirrors N required
for a given power pain P/Py. In Table 8-3, we list ex-
pressions for the figure of merit N(P/Py)-! for
several of the pulse compressors we have studied.
Representative values of this figure of merit are also
given for the specific case of n = 4 for the stacker
systems. Equal numbers of pump and Raman media

are assumed for this table. However, the analysis
can be extended for cases of multiple pump beams
per Raman aperture, with the same qualitative con-
clusions, We also assume that a stacking of n re-
quires 2n optical elements and that each Raman
compressor requires two optical elements.

The data in Table 8-3 show that pure Raman
compressors and double compressors are most
“mirror efficient.” A stacker-compressor requires a
somewhat larger number of mirrors than does a
pure Raman compressor, bui it makes considerably
better use of mirrors than does a pure KrF stacker.
Another important point is that sequential extrac-
tion of both 2 pump and a Raman medium (e.g., 4
stacker-compressor-stacker) can yield an order-of-
magnitude greater power gain per mirror than can a
pure pulse stacker. In general, it is a much more ef-
fective use of optical components to sequentially ex-
tract two media in series than it is to simply double
the number of mirrors and extractions of the pump.

Table 8-3. Relative numbers of mirrors required for various pulse compressors, in terms of  figure of merit N(P/P,, 1,
where N is the number of mirrors and P/P is the power gain. For each case, the analytical expression for the figure
of merit is given as well as a typical value for it. Lower values cotrespond to fewer required mirrors.

Figure of merit, N(P/P ;)™

Typical value

Type of compressor Expression
2 a
Pure pump stacker - 2.2
"o
2 b
Pure Raman compressor — 04
Nk
R
ot N Th+2 - €
p or p " (nonku) 0.55(n=4)
2
2
Double c:omprveord -_— 0.16
nRX
2(n, +n,)
Senck 1 1 2 /2 \1 I
p stacker o (nonku) 0.24 (nl n,= 4)
172
d 2n+4 2 2]-1
Ci k a— Nk 2.15(n=4
P P o [ gl "R’ (n=4)

.”o taken as 96%.
bnRx taken as 5.

™

ber of beams seq; ially ex ing &

Cn-
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Table 8-4 lists relevant formulas for the case of
multiple pump beams exciting each Raman am-
plifier, the case most likely to be encountered in
power-plant-size systems. For this table, m is the
number of pump apertures combined in each
Raman medium, and only systems with a single
stage of backward-wave Raman compression are
considered. The conclusion to be drawn from
Table 8-4 is qualitatively similar to thai from
Table 8-3: Raman compressors, and hyorids based
on them, utilize fewer total mirrors to achieve the
same power gains. Sequential extraction of two
media (the stacker-compressor-stacker) utilizes
about an order-of-magnitude fewer mirrors than
does a pure stacker for large numbers of pump
beams. A distinction between stacker-compressors
and compressor-stackers now becumes apparent.
Sequentially extracting the Raman medium rather
than the m pump lasers yields a power gain per
mirror that is larger by the ratio (nm + 1)/(n + m).
Thus, for a large number of pumps combined in the
Raman medium, the compressor-stacker is icss
mirror-intensive. A final point of comparison with
respect to optics is the total number of mirrors re-
quired to transport the beams to the target. The
mirrors thatl transport the pump laser radiation to

the Raman cell may be of significantly lower optical
quality than the mirrors transporting the laser
energy that ultimately must impact the target. Thus,
the optical train of a pure pulse stacker needs to be
of an intrinsically higher quality than most of the
mirrors in the stacker-compressor family. The total
number of mirrors that face, or are imaged to, the
target in a pure stacker is also larger than that for
any of the members of the stacker-compressor
family. This is a result of the amplifier intensity
limitations caused by nonsaturating losses in the
pump lasers.

Jitter is a basic factor that may strongly in-
fluence the choice of a compression scenario to
achieve a desired final-pulse length. The high-gain
pump laser or amplifier must be efficiently extracted
during the gain excitation pulse, to suppress broad-
band, nonfocusatle, amplified spontaneous emis-
sion. Thus, the e>traction pulse or the first of a
sequence of extraction pulses from a preamplifier
must {ill the amplifier during the rise time of the
e-beam pump. For large-scale short-pulse devices,
inductance considerations typically limit the pump
deposition rise time to about § ns or longer. Elec-
tron beam jitter of about this value hus also been
obtained. One can increase the allowable jitter of

Table 8~4. Relative numbers of mitrors required by various pulse compressors when multiple pump beams excite
each Raman amplifier, expressed in terms of the figure of menit N(!’IPO)'I. For each case, the analytical expression
for the figure of merit is given as well as the limit value for large m (m = number of pump apertures combined in

cach Raman medium).

Figure of merit, N(Pll’n)-‘

Type of compressor

Expression

Large-m limit®

2nm

Pure pump stacke:
pump s T -

2.2m

Pure kaman compressor

Stacker-compressor

Compressor-stacker

2(m + 2)

g

2nm+1) 1
nng np*
2m+n) _1
nn, ngk
2(nm + nR) ( 1

n4mg  \"

1

|

R

L4

04m

0.44m

0.25m (forn = n,

R

“Taking N = 0.9, Npx = S.
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the amplifier gain relative to extracting pulses in the
sequence by injecting a sequence of pulses that
“overfill” the medium (i.e., inject a sequence of
pulses whose total pulse duration exceeds the sum
of amplifier gain duration and relative time jitters).
Stacking then yields the shortened pulse. The power
gain for the overfilled amplifier is related 1o the ef-
fective number of pulses actually amplified rather
than to the total number of pulses injected.

A second jitter consideration ariscs in the case
of backward-wave Raman amplifiers. The leading
edges of the pump beam and extraction pulses must
meet at a fixed place and time. If the entire Raman
oscillator-amplifier chain is driven by the output
from the lust KrF pump laser, the jitter of the pump
relative to the Stokes extraction pulse in the final
amplifier is zero, because accurate timing is ensured
by appropriately adjusting propagation distances.
If, however, the Raman master oscillators and low-
energy power amplifiers are not driven from the
final pump laser, the relative jitter of the first Stokes
wave (and its pumps) and the final pump becomes
important. A relationship can be derived that cou-
ples the relative jitter of Stokes and pump beams to
the Raman pump-pulse duration and the spatial-
temporal overlap of Stokes pump and Raman active
medium. For a 90% temporal fill factor, one finds
the maximum allowable jitter 1o be t =1,/
20. This jitter specification can be relaxed by in-
creasing the Raman medium’s length or by overfill-
ing the Raman medium with multiple Stokes pulses.
Increasing the Raman medium’s length leads,
however, to increased second-Stokes parasitic
generation,

For the two simplest and nominally similar
hybrid compression architectures (stacker-com-
pressors and compressor-stackers), jitter considera-
tions strongly favor sequentially extracting the
Raman medium rather than the pump medium, to
achieve the same final-pulse compression, especially
for system output pulses shorter than about 10 ns.
For a simplified example, a 90% temporal fill factor
in the Raman medium of a stacker-compressor
system, using a pump with duration 7, extracted by
n beams, and pumping a backward-wave Raman
amplifier extracied by one Stokes pulse, requires a
relative jitter no greater than (1/nKrp/20). If, in-
stead, a single pump pulse of duration Tpis used to
pump a Raman compressor extracted by n beams,
the relative jitter need only be within 7,/20.
Moreover, by using more extracting pulses in the

Raman medium, the allowable jitter can be in-
creased even further.
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8.3.2 Raman Medium Physics

Theoretical Structure Calculacions on Methane.
The methane molecule presently serves as the
Raman scatterer of choice for a backward-wave
Raman pulse compressor. Accordingly, we have
conducted a theoretical study on methane to im-
prove our understanding of its electronic spectra, to
compute the Raman gain from first principles, and
to estimate losses from two-photon absorption.
Methane exhibits continuous absorption spectra
with no structure that can be associated with bound
excited states (see Fig. 8-16).7%77 Qur calculations
show that the excited states of CHy are Rydberg in
nature, predicting the excitation energies given in
Table 8-5. These calculations were carried out with

Table 8-5. Calculated configurations and excitation
energics for the low-lying Rydberg states of CH,.

Configuration Excitation energy, eV
z-: 2n§ t‘; 0.0
1a2 242 ¢ 35, 9.4
12 z-f t; X 105
uf nldap, 107
102 22 ¢ asa, L3
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Theory {Winter?7)

the Improved Virtual Orbital (IVO) n ethod and
therefore may be in error by 1 to 5%. More accurate
configuration-interaction calculations are in prog-
ress.

Using the IVO wave functions, we have also
calculated the transition moments, both as a func-
tion of the principal quantum number of the Ryd-
berg orbital and as a function of the symmetric-
stretch vibrational coordinate. These quantities are
required in order to calculate the gain and two-
photon-absorption cross sections. Figure 8-17
shows the variation of the square of the transition
moment for the nsa; series with the vibrational
coordinate. We can see that, for highly excited
levels, the transition moment is insensitive to the
change of nuclear geometry, and in each case the
curves are nearly linear. The variation of the transi-
tion moment with respect to principal quantum
number n, for the equilibrium nuclear geometry of
CHy, is shown in Fig. 8-18. The curve closely
follows a 1/n3 dependence for the higher members
of tie Rydberg series. This aliows us to carry out a
complete summation over intermediate states in the
gain formula by extrapolation. The complete
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calculations are still in progress; however, using the
calculated transition moments, we have been able to
estimate the ratio of Raman gain and two-photon
absorption coefficients at the KrF wavelength. We
have taken tie width of the Q-branch of CH, as
0.3 cm~! and the bandwidth for two-photon absorp-
tion as 5000 cm~!, Combining these data with tran-
sition moments, we estimate the gain-to-loss ratio to
be about 1073, Our more accurate calculations will
attempt to refine this estimate.

Puise Shape Effects in Raman Compressors. As
discussed in last year’s annual report, the generation
of radiation at the second Stokes frequency limits
the extraction efficiency of Raman amplifiers. This
limit is expressible as a function of the gain, ef-
ficiency, and pulse shape of the Stokes pulse:

FS(G, n)<ZEGf/RM ' (61)

where Z is the perfcrmance quotient. The pulse-
shape dependence of Fg5 is quite marked and is
related to the distortion of the backward-wave

Stokes pulse as it propagates through the cell. The
front of the pulse steepens in a manner typical of a
saturating amplifier. Thus, the peak of the Stokes
pulse moves toward the front of the pulse ard in
fact moves faster than light. The pulse width also
changes in a fashion depending on the input pulse
shape and the degree of saturation. The net effect on
the second Stokes gain is to simulate a dispersive
medium in which the parasitic sees a pump pulse
that is overtaking it. In this analogy, the gain at any
point in the parasitic wave is given by an integral
over that portion of the pump wave which it sees. In
general, the maximum gain is minimized for a large
relative velocity. In the compressor, this implies that
the maximum parasitic gain, g, = Max g(t), is
minimized for large pulse distortion. Thus, by in-
jecting « Stokes pulse that is positively skewed
(forward-leaning), the achievable compression is
reduced because such pulses distort the least. On the
other hand, negatively skewed pulses distort the
most and may increase the achievable compression,
over equivalent Gaussian pulse shapes of the same
FWHM, by as much as 20 to 40%. Figure 8-19
shows three pulse shapes that were used to
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recalculate the curves o" achievable efficiency vs
compression shown in Fig. 8-20. Apart fiom am-
biguities associated with the definition of pulse
width for skewed pulses, it is clear that there is con-
siderable advantage to active pulse shaping.

What is the optimal pulse shape in the fusion
context? In general, sharp rise times ave undesirable;
they lead to spiking and either subsequent hole-
burning caused by second Stokes production or
reduced efficiency. Consequently, several con-
secutive efficient amplifications appear to be un-
feasible. The optimal iujection pulse is negatively
skewed, but such pulses tend to increase ir FWHM
during amplification. Negatively skewed pulses
seem to be favored for efficient target coupling. This
final-pulse shape could be achieved by pulse stack-
ing rather than by active pulse shaping, allowing ef-
ficient amplification at the optimal shape for com-
pressor performance.

The optimal puise shape of a given total width
is easily computed for arbitrary pump (i.e., KrF)
pulse shapes. The Frantz-Nodvik theory predicts
that the parssitic gain at the point x in the Stokes
pulse is

2,5 =R a—i— dyIn r‘i’(x) +exp[-Gh(y)]; , (62)
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where the saturation function is

X
P(x) =-1+exp {S"' ] dx’ l;"(x')} (63)

=

and the pump pulse shape is

y
I hiy) = / dy’ [4y") )

-00

The probiem is to minin, e the maximum value of
gy5(x), subject to the following conditions on &:

P(x)=0forx <0 VP =P forx=1g (65a)

@ = (8 - 1)/(eC - 67y | (65b)

where 7 is the extruction efficiency, held fixed. Now

T

S
[ dxz25(x)=Rfdy1n[1+¢eGh‘Y’] . (68

G

The problem reducss to minimizing the maximum
value of gyg(x), subject to this integral condition.
The solution is obviously

By5(K) = constant =g . (67)

Thus, the optimal pulse shape is to be unfolded
from the following implicit equation for ®(x):

B f Y {1 +®(x) exp [Ghiy)] | . ©5)
?
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Figures §-21 ana 8-22 display the input pulse shape
and output pulse shape, respectively, for a flat
pump puise obtained this way. The backward gain
for this case is 5 and the performance quotient Z =
2; the extraction cfficiency is 76%.

Of course, this is not to say that such pulses can
be obtained in practice, where the effects of tran-
siency and electro-optic switching response times in-
fluence the leading and trailing edges. However, the
Frantz-Nodvik predictions obtained here may be

‘aken as excellent guidelines for pulse shape op-
timization, representing an ideal case.

Spatial and Temporal Inhomogenities i:. Ra-
man Amplifiers. Within the context of the Frantz-
Nodvik theory, the gain in the backward amplifier
is

G=J/5 . (69)

To the ¢ “tent that this expression is independent of
the pump fluctuations, the backward amplifier is in-
sensitive to them, A similar argament holds for the
Stokes input fluctuations. On the other hand, if the
fluctuations are rapid enough to cause the
bandwidth to increase beyond the Raman line
width, the gain drops and the pump components
with frequencies that couple to the Stokes wave
through the wings of the Kkaman line are not ex-
tracted efficiently. This is the familiar bandwidth
limit, Aup < Avg.

If the inhomogeneity is random, then it will
average out; if it is systematic, then different parts
of thie Stokes wave may experience different gains,
leading 0 diffractive losses. Figure 8-23 illustrates
this point. For a randomly inhomogeneous pump
wave, the intensity seen by the Stokes wave vasies
afong a ray in th= Sickes wave, But when the pump
wave intensity is i:tegrated along many Stokes rays,
the resulting integral varies among the Stokes rays
by significantly less than the peak-to-valley varia-
tion in the pump. Specifically, the variation is
reduced by tc/t, where . is the pump corrciation
time along the Stokes rays. ihis approximation
holds only for t, > T,, mamely, for narrow-band
pump:ug. It indicates that, in general, it is desirable
to have t. short, but not shorter than T,. For a
systematically inhomogeneous pump, this averaging
does not occur. The variation in the small-signal
gain exponcnt along « Stokes ray is the same as that
of the pum).

- For a forward Stokes ray copropagating with
the pump wave, the small-signal gain exponent
zi_long the ray varies by proportionately as much as
the pump intensity. Thus, temporal inlomo-

geneities increase the forward Stokes gain, increas-

ing the forward loss, for both the random and
systematic cases. Consequently, the desirable situa-
tion with regard to inhomogeneities finds the pump
correlation time t, =~ nT,, where n is 2 to 5, and
finds only random spatial inhomogenextics on the
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pump wave. The desired transverse correlation
length of the pump wave is determined by the angle
between the pump and Stokes waves. In RAPIER,
it must be larger than ~2 mm and considerably
smaller thanr the transverse beam dimension.

An interesting effect associated with a pump
wave structure containing a few well-defined modes
is that the Stokes wave may diffract in a manner
reminiscent of holography and phase conjugation
experiments. The interference pattern must remain
for several nanoseconds to have an effect; this is
very unlikely in the KrF/CH, compressor.
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8.3.3 Group IVa Lasers

Modeling and Scaling the KrF Laser Medium.
To date, high-power KrF lasers have operated in
the 500-ns-to-1-us regime with intrinsic medium ef-
ficiencies (i.e., laser energy extracted from the
medium, divided by total energy deposite< in the
medium) of 9 to 10%.7882 These lasers have been
operated in the oscillator configuration, producing
100 to 300 J of output energy.’®83 Supporting KrF
laser kinetic studies’®8! have also addressed the
500-ns-to-1-us regime of operation and have been
quite successful in predicting laser performance
characteristics. Our calculations with the KrF laser
kinetics code®® also compare favorably with ex-
perimental data obtained from these long-pulse,
e-beam-excited systems. For example, AVCO
reported’7 KrF laser experiments in which a
0.2%-F;/4%-K1/95.8%-Ar mixture at I.7-atm pres-
sure was excited for 600 ns by a 250-kV, | (.5-A/cm2
e-beam; the measured intrinsic laser efficiency was
9%, with 70% oscillator cutput coupling. Our laser-
media kinetics code®* described in §2.3 predicts an
efficiency of 9.2% for this device, which is well
within uncertainties in deposition and reaction
rates.

For KrF pulse-compressor systems,? the KrF
pump laser will likely be operaied at pulse lengths
longer than 100 ns because of e-beam technology
limits and shorter than 500 ns to minimize the total
pulse compression required in the system. When the
kinetic models that have been proven successful in
analyzing long-puise devices are used to evaluate
KrF laser performance in this high-pump-power-
density, short-pulse regime, they predict that the ef-
ficiency and maximum output intensity of the
dr vice increase. However, there are several kinetic
Lrocesses that become more significant in this
regime and, thus, may affect the predictions. These
processes include the formation, vibrational relaxa-
tion, and collisional mixing and quenching of the B,
C, and D states of the KrF molecule,

For example, in the short-pulse regime, the
high e-beam pump power densities, 0.3 to
1 MW /cm?, produce secondary electron densities in
the range of 10!5 10 10'6 cm=3. Under these cir-
cumstances, electron quenching of KrF excited
states becomes a potentially serious problem, as i1-
lustrated by the parametric calculations presented
in Fig. 8-24. These calculations were performed
with our laser kinetics code™ described in §2.3.
Figure 8-24 shows the axial variation of the intrinsic

medium efficiency and laser beam intensity, for a
KrF amplifier containing a 0.3%-F,/6%-Kr/93.7%-
Ar mixture at l-atm pressure. The e-beam pump
power density was varied from 0.3 to 1 MW /em3,
Pumping at 1 MW /cm? corresponds approximately
to two-sided excitation with e-beam current den-
sities of 100 A/cm? for 190 ns and 30% capture of
the electron beam energy in the laser volume, condi-
tions that are appropriate for square laser
geometries and no guiding magnetic fields. The
laser input intensity to the amplifier was held con-
stant at 2 MW/cm?, The calculations assume that
the B and C states are fully mixed by collisional
processes.

These results show a strong sensitivity to pump
power density and electron quenching. In the ab-
sence of electron quenching, the highest efficiency
and output flux occur at the highest pumping power
considered, | MW/ch. However, when the
electron-quenching rate constant is 107 cm3/s and
3 X i6°7 cm?/s, the highest eificiency is achieved at
the lower pumping power density of 0.3 MW /cm?,
Electron quenching processes change both the gain
and saturation characteristics of the amplifier. The
ratio of net small-signal gain (gg) to loss (v), gg/7, is
altered at high pump-power densities, changing the
extraction efficiency of the amplifier.

Although the magnitudes of the electron-
quenching rate constants for KrF are not presently
known, values for XeF have recently becn re-
poried 3687 These values vary from 2 X 1078 cm?/s
(Ref. 86) to 2.8 X 1077 cm3/s (Ref. 87). Clearly, the
uncertainty 1s quite significant. According to the
results presented in Fig. 8-24, if the KrF electron-
quenching rate constant lies in the upper end of this
range, amplifier performance will be significantly
affected. At present, our calculations indicate that,
because of uncertainties in the kinetics of high
pump-power densities, the intrinsic efficiencies of
the KrF laser amplifiers for pulse compressor ap-
plications will be in the 10 to 15% range. Under
these circumstances, maximum output fluxes will be
10 to 30 MW /cm?, The pressure dependence of am-
plifier performance is shown in Fig. 8-25. These
results indicate that opdmal operation is expected
to occur in the pressure range of 1 to 2 atm.

Figure 8-26 shows a plot based on computer
simulation of the characteristic loss length -1,
small-signal gain coetficient, and gain-to-loss ratio
for an atmospheric-pressure KrF laser, graphed as a
function of volumetric power deposition. The beam
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current densities that can be utilized to achieve these
deposition rates are also shown, assuming two-sided
excitation and efficient beam utilization. For cold-
cathode e-gurs, the maximum time during which
power may be deposited in the gas scales is J;'ﬁ
because of diode closure.8 This time is also shown
in the figure for the case of 20% growth in the
deposition rate in the gas driving the pulse, assum-
ing diode closure velocities of 3 cm/us at high
current densities and 2 cm/us at low current den-
sities. Use of magnetic guide fields may allow one to
achieve higher beam current densities for longer
pulse durations than those shown in Fig. 8-26. On
the basis of this figure, it is clear that e-beam-
pumped KrF amplifier systems of interest for large-
scale pulse compressors should operate at high
pump-power densities, J., & 50 A/cm?. For these
conditions, extraction efficiencies of 50% or more
can be achieved with amplifier lengths of 1 to 2 m.
Pump puise durations in ihe range of 100 to 300 ns
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would be used. In addition, corresponding output
fluxes could be in the range of 10 to 30 MW /cm?,
assuming that no deleterious kinetic effects arise at
high deposition rates.

The laser intensity that can be drawn from the
KrF medium at an extraction efficiency of 50% is
roughly proportional to the gain-to-loss ratio,
which scales approximately as 1 . Thus, higher in-
tensity operation should be possnble at higher
deposition rates. Figure8-27 shows how the
achievable intensity and fluence at 50% extraction
efficiency for an e-beam-pumped KrF laser varies as
a function of pulse length. The pulse duration is
assumed as the maximum allowed by 20% diode
closure. Thus, the deposition rate decreases as ™ is
increased. The plot shows that because the diode

cllosure time scales as Jof while intensity scales as
Je{j, such amplifiers should be approximately
constant-fluence devices. Consequently, for energy-

intensive devices such as those that would make up



0.5 atm pressure
1.0 atm pressure

2.0 atm pressure

4 0 atm pressure

a 200-TW, 10-ns power-plant driver system, and for
which the anticipated net pulse compressions are ex-
pected to be modest, technology censiderations may
favor pump pulses longer than 200 ns. However, for
systems requiring high intensities and short pulse
durations (a 1-TW, 1-ns device, for example), pulse
compression and pulsed power technology trade-
offs may force one to work at shorter excitation
pulses and at the highest possible intensity.

Note that any technique that reduces or
eliminates diode closure in generating the e-beam
(magnetic fields or hot cathodes, for example) will
allow the high deposition rates associated with short
pulses to be maintaincd for longer pulse durations,
ultimately being limited .- foil heating and deple-
tion of Fj in the medium.8%90 In this case, the
fluence that could be achieved would increase as 7,
rather than remaining roughly constant. Energy-
intensive devices would then favor longer pump
pulses. Ultimately, depletion of F; limits the extrac-
table fluence. Assuming large-scale devices with ex-
traction efficiencies of 50%, and allowing depletion
of F, to one-half its initial value, one finds that
typical laser mixtures are limited to extractable
energy densities of about 15 J/litre. For the laser
gain lengths anticipated, 2 to 3 m, this energy den-

sity value limits achievable fluence to about 4 J /em?
or 40 ki/m?,

Figure 8-27 shows that KrF amplifiers yielding
20-30 kJ/m? of pump aperture can be anticipated.
The size of any individual aperture is constrained in
a number of ways. One limit on transverse dimen-
sions is the onset of parasitic depumping and super-
fluorescence in the transverse dimensions. This
problem can be alleviated by use of input fields in
excess of the saturation intensity and by paying
careful attention to minimizing reflectivity of the
laser walls (e-beam foils). Assuming amplification
from an input of about 2 saturation intensities to
about 20 saturation intensities, and assuming -mall-
signal gain coefficients of 10 to 20/m, one can see
that transverse dimensions of about 1 m are not
unreasonable.

At lower deposition rates and gain coefficients,
the gain in the medium should be easier to control.
Detailed analysis of this phenomenon, and ex-
perimental demonstration of efficient narrow-band
extraction in the presence of large transverse gains,
are clearly important activities for the future. The
use of electron beams to pump a KrF amplifier
scaled to a “gain controi™ limit will require some
control of the self-pinching of the e-beam in the
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diode. This control can be achieved with magnetic
guide fields, the use of multiple diodes per side of
the amplifier (diode modularization), or some com-
bination of both. Electron beam pinch most
significantly impacts the short-pulse-duration, high-
current-density systems, since the achievable e-
beam height per module scales as J'eyé. in the absence
of guide fields. Detailed trade-offs of the notimum-
pinch-control technique remain to be determincd.
Preliminary estimates suggest that KrF amplifiers
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of about 0.5-m? output aperture should be
realizable, yielding single-aperture energies of about
10 to 15 kJ.

References

78. M. Rokni, J. A. Mangano, J. H. Jacob, and J. C. Hsia,
IEEE J. Quant. Electron. QE-14, 464 (1978).

79. 1. C. Hsia, J. H. Jacob, J. A. Mangano, and M. Rokni, One
Meter KrF Laser System, AVCO Semiannual Rept., Aug.
23, 1976-Feb. 22, 1977, for DARPA.



N\
N N
N

quenching o

N\
>
%%

Estimated maximum
intensity n,, ~ 60%

autput fluence
\ \ . - — 20
o 0

Estimated amplifier

Zipce, kJ/m?

—1 20
Very large
compressions ’
required

— 10

e .

- f\;:l‘di_qde cloture, ~20%)
pifier perlorm:nce ‘lridtgql‘l's‘wllh pulse length.

81,

82.

83.

85.

86.

87.

J. H. Jacob and J. A. Mangano, Appl. Phys Letr. 28, 724
(1976).

W. B. Lacina and D. B. Cohn, App!. Phys. Lens. 32, 106
(1976).

R. O. Hunter, Western Research, San Diego, Calif., private
communication (1978).

J. M. Hoffman, A. K. Hayes, and G. C. Tisone, Appl. Phys.
Let:. 28, 538 (1976).

R. A. Haas, W. L. Morgan, R. D. Franklin, and J. Harvey,
Laser Fusion Annual Report—[977, Lawrence Livermore
Laboratory, Calif., UCRL-50021-77 (1978), §6.2.1; see also
§2.3 of this report.

J. J. Ewing, R. A. Haas, J. C. Swingle, E. V. George, and
W. F. Krupke, IEEE J. Guant. Electron. QE-1S, 368 (1979).
L. A, Newman, “Kinetic Operation of the XeF* Waveguide
Laser Excited by a Capacitively Coupled Discharge,” Proc.
31st Annual Gaseous Electronics Conference, Oct. 17-20,
1978, Bull. Amer. Phys. Soc. (to be published).

D. W. Trainor, M. Rokni, J. H. Jacob, and J. A. Mangano,
“Temperature Effects on the Quenching Kinetics of XeF*
in E-beam Pumped Ne/Xe/F, Mixtures,” Proc. 3Ist An-
nual Gaseous Electronics Conference, Bull. Amer. Phys.
Soc. (1o be published).

88, J. D. Daugherty, “Electron Beam lonized Lasers,” in
Principles of Laser Plasmas, G. Bekefi, Ed. (John Wiley &
Sons, New York, 1976), pp. 369-419.

89. W. L. Nighan, Appl. Phys. Len. 32, 297 (1978).

90. W. L. Nighan, Appl. Phys. Lent. 32, 424 (1978).

Author Major Contributors
R. A. Hass J. J. Ewing

W. L. Morgan

J. Harvey

KrF Fluorescence Spectra. Qur experience in
operating KrF discharge lasers under conditions
providing for narrow-band output radiation
suggests that the spectral gain profile behaves
homogeneously. To understand these observations
and to help provide a basis for predicting spectral
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gain saturation of excimers under deficiency excita-
tion conditions, we have studied the dependence of
the KrF III,,, -1, fluorescence emission on the
rotational excitation of the upper state. The
rotational quantum number was fixed at § = 0, 30,
60, and 120, and the A-coefficient for bound-free
emission was computed for the first three
vibrational levels. The potential energy curves of
Dunning and Hay®! were used. The total intensity
for each choice of J is plotted in Fig. 8-28. Note
that, for a temperature of 450 K, the average
rotational-level population of KrF has its maximum
at J = 30. The curves for J = 0, 30, and 60 are simi-
lar; however, the emission for J =120 is con-
siderably less structured. The appearance is similar
to that of the low pressure spectra of Goide and
Thrush?? and Velazeo and Setser,%? indicating that
the low pressure spectra likely have a large degree of
rotational excitation,

An important question is the effect of
rotational excitation on the spectral homogeneity of
the laser transition, The rotational effects enter
primarily by adding a repulsive J(J + 1)/2R? term
to the potential energy of the nuclei. For low values
of J, the ground-state potential curve is parallel to
the excited-state curve in the Franck-Condon
region, and the contributions 1o the fluorescence
from individual vibrational levels peak essentially at
a common wavelength. For large values of J, the
ground state is more repulsive in the Franck~
Condon region, and the contributions from the low-
lying vibrational levels do not overlap as well.
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However, as the calculated A-coefficients in Fig.
8-29 illustrate, the transition rcmains largely
homogencous for reasonable values of J.
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8.3.4 RAPIER Pulse-Compressor Test Bed

The design and construction of the RAPIER
pulse-compressor test bed were initiated in 1978,
RAPIER, an acronym for Raman amplifier pumped
by intensified excimer radiation, will significantly ex-
tend our research capabilities for studying Raman
pulse-compression techniques. The devices
developed for this system will be used to:

® Extend Raman compression/extraction
measurements to the larger apertures, and lower
Raman-scatterer densities that scaling studies show
will be required for large-scale devices.

® Develop the technologies associated with
hybrid pulse-stacking/Raman-compression
schemes.
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Fig. 8-30. RAPIER subsystems and refated issues.

® Gain an understanding of the scaling
limitations of pump lasers operating in the power
excitation and pulse duration ranges of interest for
fusion applications.

A major objective is to demonstrate efficient
hybrid pulse compression with comﬁression factors
in excess of 30, while evaluating the important
physics, technology, and scaling issues that bear on
these hybrid systems. To attain this objective, the
system is being constructed so that experiments can
be performed at successively higher levels of KrF
pump energy. An array of discharge-excited KrF
iasers has been designed, fabricated, and tested to
provide about 1J of narrow-baridwidth excimer
radiation in a 30-ns pulse with high beam quality.
This array will serve as a front end for driving larger
KrF amplifiers, and it will also provide pump
energy to conduct pure Raman compression studies
at the joule level.

For hybrid compressor experiments at the
nominal 10-J level, we have designed an e-beam-
pumped KrF laser amplifier capable of producing
25J) in 50-ns puises. This device, called the

A-amplifier, has been constructed and is about to
begin testing and service as a laser. KrF pump
radiation from the front-end subsystem will be
linked to the A-amplifier to study some aspects of
controlling and scaling KrF amplifiers and to
provide quality radiation for compressor experi-
ments. Ultimately, the output of the A-amplifier
will be coupled to a larger e-beam-driven laser am-
plifier capable of producing 200 J of output. This
amplifier, called the B-amplifier, is in the design
phase.

The issues to be addressed by the major
RAPIER subsystems are summarized in Fig. 8-30.
The following subsections describe the 1978
progress in developing and integrating the compo-
nents of this system as a research and development
facility. An overall layout of the system, to be used
for puise compression experiments at the 10-J level
during 1979, is shown in Fig. 8-31.

Author
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Front-End Subsystem. The RAPIER front-end
subsystem consists of several double-discharge rare-
gas-halide (RGH) laser gain media and Raman gas
cells. The system will serve two purposes: (1) to in-
vestigate a variety of basic physics issues concerning
the backward-wave Raman pulse compression
technique, and (2) to deliver pump pulses of high
spectral and spatial quality for frequency-locking
the larger e-beam-excited KrF amplifiers, as well as
tailored Stokes pulses to be used with the larger
Raman cells. In 1978, our efforts concentrated on
the design, fabrication, and testing of the system,
along with the generation of KrF laser pump pulses
at 248 nm and about 1 J. This coherent source will
drive Raman oscillator/amplifier chains operating
at the first Stokes frequency for the Q branch of the
»| mode in CHy at 268 nm. In this subsection, we
discuss the performance features of the front end
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and give an outline of some experiments to be un-
dertaken with this facility.

A general layout of the RAPIER front end is
given in Fig. 8-32. A photograph of the completed
facility is shown in Fig. 8-33. Narrow-band (~0.15-
cm-!) 248-nm radiation of about 150 mJ in a 20-ns
pulse is generated in a master-oscillator/
regenerative-amplifier (MORA), denoted in Fig.
8-32 as «p and «|. The MORA output is passed
through a spatial filter and double-passed through
two larger amplifiers, denoted as 8 amplifiers, to
produce a line-narrowed KrF laser pulse of about
1J. The two-pass operation can be utilized as
shown to extract the maximum possible energy
from the 50-ns-long 8y and 8, gain media, by am-
plifying the 20-ns-long MORA pulse. Inherent in-
ductance differences between the « and larger 8
devices are responsible for the difference in gain
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Fig.8-32. General layout of the RAPIER front-end facility. The KrF discharge-laser medium will produce about 1-J pump pulses at
248 nmt with line width = 0,15 cm~!. An aMernate system architecture is descrihed in the text.

pulse widths. Separate studies, using the 3 sources
with stable oscillator configurations, resulted in
reliable individual energy outputs of about 0.6 ).
We have also evaluated an injection-locking
architecture, as an alternative to that shown in
Fig. 8-32, in which the MORA pulse is injected into
an unstable resonator cavity for the 8y amplifier. To
date, these tests have shown line-narrowea outputs
with pulse widths of about 30 ns and energies in
excess of 500 mj. Additional amplification is
available by single-pass extraction of the g; am-
plifier, shown on the upper part of the C-shaped
table in Fig. 8-32. Preliminary nonoptimized total
output energies of 950mJ) in 30 ns have been
measured, using the MORA gy injection-locked, 3,
single-pass layout. Selection of the final experimen-

tal configuration, from these two options, to
generate the 1-) KrF Raman pump pulse will be
dictated by relatively easy trade-offs of optical
alignment and maintenance for pulsed power tim-
ing.

For the Raman pulse-compression experi-
ments, the line-narrowed 1-J KrF laser pulse is split
into three beams, which are directed into methane-
filled Raman cells on the C-shaped table, as shown
in Fig. 8-32. About 10 to 20% of the KrF pump
encrgy is dirccted into the right-hand cell, which
serves ai the system Raman oscillator. The 268-nm
coherent radiation is generated by forward scatter-
ing at the first Stokes frequency. A prism separates
the 268-nm output from the KrF pump and higher-
order Stokes beams. Two stages of backward-wave
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Fip. 8-33.  Photograph of the completed RAPIER front-end facility.

Raman amplification and compression are then
achieved in the other two Raman cells. (For optimal
energy extraction from the Raman cells, future
plans include time-tailoring the 268-nm pulse using
established pulse-altering techniques.) The KrF and
Raman beam lines are arranged so that the counter-
propagating beams reach the methane cell boun-
daries at the same time. They are denoted in Fig.
8-32 by the two half-black, half-white circles.

For our initial studies, the 268-nm wave exits
the middle preamplifier cell with a pulse width of
about 3 ns, because of ‘‘geometrical pulse-
shortening™ caused by passage of the relatively long
Stokes wave (20 or 30 ns, depending on the par-
ticular generation scheme selected for the I-J pump)
through a correspondingly long KrF pulse. The Jat-
ter parts of this Stokes beam see reduced backward-
Raman gain, because initial parts of the KrF pulse
have already emerged from the small-signal middle
cell. Finally, a dichroic mirror directs the Stokes
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pulse to the third Raman cell for additional,
saturated, backward-wave amplification. About
50% of the initial 1-3 KrF pump pulse is used in this
saturated amplifier, and about half of it, ie.
2250 mJ, will be converted into the “Stokes out”
signal shown in Fig. 8-32,

A pulse width of about 1 ns is anticipated. The
pulse width will be determined primarily by gain-
steepening processes in the last Raman amplifier.
The final Stokes output will be diagnosed in a
variety of independent experimental studies. The
KrF beam that injection-locks the KrF A-amplifier
is produced by injection-locking the @, amplifier
shown in Fig. 8-32, using a small fraction of the 1-J
KrF pump beam that drives the Raman cells.

As indicated in Fig. 8-32, two types of double-
discharge gain media are employed in the RAPIER
front-end facility, designated either as « or 8 units.
They represent the state of the art in RGH laser
design and were developed and fabricated at LLL 94



The basic fast-pulse, RGH discharge laser approach
is derived from fast-pulse CO, TEA laser designs
and is described in the literature.”® The « and 3 dis-
charge media nominally produce about 0.! and 1J
output energy, respectively, when operated as KriF
lasers. Such discharge sources will be limited to nu
more than a few joules of available energy with
apertures of several cm?. However, their advantages
of simplicity, ruggedness, and reliability make them
preferred initial choices for front-end use.

For the « laser, the active pas mixture is
preionized by ultraviolet radiation, from an array of
resistor-ballasted spark pins, a few hundred
nanoseconds before application of the main dis-
charge voltage. The discharge volume of 0.5 X 2
X 100 cm? is excited by a pulse-forming circuit
composed of barium titanate capacitors closely
coupled to the laser body to reduce device induc-
tance. The laser body is machined from Teflon to
ensure fluorine compatibility and is equipped with
CaF, Brewster-angle windows. The three-
component laser gas mixture is set to pressures of

about 1000 Torr: it consists 0f 0.4% F5, 10% Kr, and
with the balance He. When driven by a Marx bank
circuit delivering a few joules at 60 kV, with the
laser cavity formed by a high reflectance mirror and
a quartz flat, this laser produced an output energy
of 150 mJ in a 20-ns pulse.

The 3 amplifier shown in Fig. 8-34 is a
geometrically scaled version of the unit. Its dis-
charge volume is 1 X 4 X 100 em?, with the gain
region surrounded hy a glass envelope. The elec-
trodes are secured by unique vacuum-tight metal
supports passing through the glass envelope. The
fast discharge required for uniform excitation of the
gas is also obtained by pulse-charging an array of
capacitors positioned along the discharge clec-
trodes, which generate a 90-kV voltage pulse across
the clectrode structure. Ultraviolet preionization of
the KrF laser medium for 800 ns, before application
of the main discharge voltage, is provided by a
series of sparks created along two parallel glass rods
appropriately wrapped with small copper strips. At
a total pressure of 1500 Torr, consisting of 0.2% F»,

Fig. 8-34. Assembled 3-size KrF discharge amplifier. Laser outputs of about 0.6 J in X 50-ns-long pulses have been recorded with this
unit. The main discharge energy is transferred from the 0.05-:F capacitor (in white) to the series of barixm titanate capacitors (in red)
that are close-coupled to the main discharge electrodes.
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5% Kr, and the remainder He, about 0.6 J of KrF
laser energy is extracted when the g amplifiers are
outfitted with large-radius cavity mirrors having
reflectivities of 98% and 4%.

Both the « and # devices are well engineered,
compac'. and reliable. Successful operation of the
scaled .+ amplifiers indicates that development of
somewhat larger and more energetic amplifiers us-
ing discharge-excited RGH gain media may be
possiblc This ongoing effort is d:scribed in §8.5.3.

Provision of the pulsed <lectrical power tor the
RAPIE ? front-end gain media, shown in Fig. 8-32,
represe s a challenging electrical engineering exer-
cise when considered in conjunction with the re-
guirements of low-discharge time jitter {21 ns), fast

pulsc rise times (210 ns), and reliability of the
various modularized electrical power units at
voltage levels up to approximately 90 kV.

The laser system electronics are devices that
convert commercially available low power to fast
pulsed power, satisfying the needs of the « and /3
gain media. Figure 8-35 presents a block diagram of
the major components comprizing the RAPIER
front-end electronics system. Line power is raised to
voltages ranging from 25 to 90 kV in the various
system clements, The units in the system nrovide
energy storage and switching to time-integrate the
line voltage into the proper high-voltage pulses. The
five laser media present in the current system, i.c.,
g, ey, By, B, and B, are represented by the shaded

pow trigger
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Fig. 8-35. Schematic diagram of the RAPIER front-end pulsed-power electronics,
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boxes in Fig. 8-35. Each gain medium has its energy
supplied by functionally unique, but modularly
similar, conditioning circuits.

Time synchronization of the system occurs at
the 25-kV multiline trigger generator (MLT) and
companion delay channels. The MLT provides a
maximum of 12 trigger pulses synchronized 10 each
other within 0.5 ns. The indicated delay chassis is
used to fire each laser in the chain serially at the re-
quired times. In addition to the MLT, delay chan-
nels, and gain media, the system includes a dual-
output Marx bank, three single-ended Marx banks,
preionizaticn units, and peaking gaps. All modules
are interconnected through a network of in-
terchangeable high-voltage connectors and cables.
Additional el.ctrical subsystems deal with data ac-
quisition and total system control. Presently, these
functions are performed manually in conjunction
with shielded electrical cabies and an 80-dB screen
room. Future plans may incorporate automated
system control and synchronized data-analysis
techniques using minicomputers.

Figure 8-36 shows a schematic diagram for the
pulsed power circuitry that delivers electrical energy
to a single, representative 3 discharge amplifier. The
two-stage Marx bank unit uses 0.15-uF capacitors

that are initially de-charged to V = 30 kV, with no
voltage appearing across the gain media. At this
time, all the high-voltage spark gap switches are
open and become midplane-biased at V/2 from the
dc supply. Appropriaie grounding and charging
resistors, along with pulse isolation inductors, are
utilized but are omitted from Fig. 8-36 for clarity of
presentation. Next, the locations indicated as Tl
and T2 receive trigger pulses from a preionization
supply (not shown) that also helps generate a bath
of ultraviolet light 1o ionize the active gas medium
at the poinl designated as P, through the use of a
series of fast sparks lasting about 800 ns. Upon ap-
plication of the pulses at T1 and T2, the preionized,
air-filied switches close, resulting in erection of the
Marx bank voitage to 2V or 60 kV at the 0.05-uF
capacitor. To minimize losses and overall system in-
ductance, five parallel high-voltage cables carry the
Marx pulse to this intermediate storage capacitor.
Final transfer of this energy proceeds at 90kV to
the 16-nF barium titanite capacitor assembly con-
nected 1o the amplifier electrodes. The discharge
energy can be transferred either by “overvoltaging™
the preionized, air-filled spack gap at the 0,05-uF
capacitor, or by command-triggering through ap-
plication of a trigger pulse at T3 from the MLT
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trigger unit. Similar circuitry energizes the
discharges.

The use of pulsed, instead of static, powering of
the discharge devices greatly reduces the size,
weight, construction cost, and complexity of the
driving electronics. An eg .- alent de-charged device
would require approximately three times the
volume and would have to be encapsulated in oil or
in a high-pressure gas atmosphere to prevent air
breakdown. Thus, the fast-pulse methodology just
described provides a straightforward means to ap-
ply discharge excitation energics at voltages very
much in excess of the de gas hreakdown veiues.

Numerous basic research studies have been
planned for the front-end facility, in addition to
providing t-¢ tailored spectral, temporal, and
spatial pulses at the 248-nm pump and 268-nm
Stokes wavelengths required by successive stages of
the RAPIER test bed. Included among these studies
will be:

® Backward-wave Raman pulse compression
experiments at the 1-} pump level, including genera-
tion of data at reduced methane pressures and in-
creased apertures compared with earlier investi-
gations.% Intensities in the near term will be more
than 10 times greater than those for the prior work.
The lower pressure tests will provide information on
compressor properties that are more representative
of scaled systems. The larger apertures of the
RAPIER front end, compared with apertures
previously used in Raman compression experi-
ments, may enable us to verify the anticipated unim-
portance of off-axis parasitic processes, such as
four-wave mixing, which can diminish the
magnitude of the backward gain mechanisms. Such
effects could not be suitably evaluated in the
previous small-Fresnel-number experiments.

® Evaluation of the backward second-Stokes
gain to help determine limiting values of backward
first-Stokes intensity that can be accommodated in
scaled Raman compressors.

® Methods to suppress the gain at the
back ward second-Stokes frequency by use of selec-
tive absorbers that would allow for propagation of
significantly increased first-Stokes intensities.

® Aliernativelv, the evaluation of Raman
pulse compression, using the first and higher-order
Stokes frequencies. The resultant chromatic irradia-
tion of fusion targets may appreciably enhance laser
energy coupling and reduce the effect of competing
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processes such as stimulated, backward Brillouin
scattering.
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A-Amplifier. Preliminary analysis of various
hybrid pulse-compression schemes (pulse
stacking/Raman compression) indicates that a KrF
beam energy of at least 25 J in a 50-ns pulse will be
required to experimentally explore these system
concepts. This level of KrF pulse energy is most
readily achieved with excitation of the KrF medium
by an electron beam. Moreover, this type of excita-
tion will be required in all larger KrF pump
systems. Therefore. we have initiated the develop-
ment of such systems with the design of the e-bzam-
driven A-amplifier to provide the minimum re-
quired KrI" pump radiation.

Additional technical requirements, in terms of
command triggering and temporal jitter, are placed
on the A-amplifier design for pulse-stacking experi-
ments. The jitter of the laser system needs to be on
the order of 1 ns for good temporal fill factors. To
ensure reasonably constant laser pump intensity for
Raman experiments, the rise time of the KrF laser
(and, consequently, the rise time of the pulsed
power driving this laser) should be a small fraction
of the pulse length. Thus, we sought to build a
device that would be triggerable with less than 1 ns
jitter and have rise times of the order of 10 ns. Good
geometric fill factors and ASE control of the KrF
pump medium also imply an optical length for the
overall system of about 10 times the length of the
active medium, which is roughly 50 cm for the KrF
laser and 200 cm for the Raman cell. This defines a



minimum room size for the experiments of about
20 m. Uniformity of KrF gain profile and
corresponding laser intensity incident on the
Raman medium imply a reasonably uhiformly ex-
cited gas, which will be achieved with two-sided
electron beam excitation. These considerations were
folded together with previous short-pulse laser ex-
perience and KrF media modeling to define the
aperture, gain length, operating pressure regimes,
and power deposition rates required. Calculations
of beam uniformity and efficiency of utilization had
previously shown that media couid be ionized uni-
formly within +5% with a useful energy deposition
efficiency of about 30% for a variety of rectangular
shapes, without the use of beam-scatter-controlling
magnetic fields.?”” We used these considerations to
define a beam current density, beam voltage, and
diode impedance requirement. The pulsed power
system was then designed to meet these specifica-
tions.

A central issue to be resolved by planned A-
amplifier KrF iedia experiments is the achievable
intrinsic efficiency and the limiting intensity at
248 nm. The efficiency of the KrF medium in |- m-
gain-tength, long-pulse (~300-ns), low-current-
density devices has been well characterized to be
10%.%8 Efficiencies in excess of 10% for short gain
lengths (10 to 20 cm) and 100 to 200-ns pulse Jura-
tions have also been reported.?1% However. ef-
ficiencies of only 3 to 7% have been reported for

various 50-ns devices.!?%102 Thus, an uncertainty of
about a factor of two exists in the efficiency that one
may reasonably expect from a short-pulse device
such as the A-amplifier. For planning purposes, a
conservative intrinsic efficiency of 5% was assumed.
Thus, a 25-) output requires 500 J deposited in the
active volume, or about 1600 J incident on the gas.

The second major consideration is the
achievable intensity. Previous experiments have
shown extracavity intensities in excess of 10 MW/
em? We chose a conservative design goal of
5MW/cm? This goal implies a total aperture of
100 cm? for a 25-J, 500-MW pulse. Finally, the gain
and gain length must be chosen to bc consistent
with the projected performance of 5 MW /em?, 5%
intrinsic efficiency, and 25% excited-state extraction
efficiency. For KrF at about 2-atm buffer pressure,
this corresponds 1o an available-gain-length-times-
gain product of 5. A length of 50 cm for the KrF
medium and power deposition rates of about
2 MW /cm3 are consistent with this gain coefficient
and the medium’s intrinsic efficiency. For a square
10-by-10-cm aperture and 2 atm of Ar buffer, this
deposition rate is achiev~d with a nominal 300-keV,
100-A /cm? electron beam irradiating the gas from
iwo sides. Table 8-6 summarizes the A-amplifier
design parameters.

Four factors influenced our general approach
in designing the e-beam system for the A-amplifier.
Two separate e-beam machines were consiructed to

Table 8-6. Specifications for the RAPIER A-amplifier.

e Performance goals

e  Lao: 7 design

« Pulsed power requirements

« Anticipated small-signal gains, losses

25-] narrow=band quality besm
50-60-ns pulse, low jitter
- 10-by-10-cm aperture

$0-cm gain length

5-MW/em® output intensity

Z-MWIcm3 pump power

5-10% medium efficiency

30-40% of pump e-beam in useful region
2-atm Ar/Ke/F, mixtures

Cuirent density:~100 Alcmz. two-gided
Beam voltage:~300 keV
Beam area:50 X 10 cmz

Gain:10-20% crn™)

Nonzaturating loss: 0.4% cm™
-1

1

Saturating loss:2% cm
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pump the medium from opposite sides to obtain the
desired pumping uniformity. A water-dielectric
pulse-forming line, charged by a Marx generator,
was used to create the short pulse length. A
triggered output switch was required to achieve
precise timing, We selected a positively charged
Blumlein configuration because of the relative ac-
cessibility of the output switch for triggering

The specification of the 1, geometry 10
X 10 X 50 cm), operating pressure (2 atm Ar), pulse
length (60 ns), output energy (25 J), and conversio.
efficiency (5%) indirectly defines the design
parameters for the e-beam system. However, an
iterative, computer-assisted procedure coupled with
experimental data is needed to translate these laser
specificati-..; into a detailed set of electrical and
mechanial designs.

Or:e of the e-beam machines is shown in Fig.
8-37. The Marx generator is housed in the rec-

tangular tank in the lower left portion of the pic-
ture. The cylinder directly above it contains compo-
nents for coupling the trigger signal to the output
switch, The longer cylinder extending to the right is
the pulse-forming line, which ends in the evacuated
diode chamber where the electron beam is formed.
The beam passes through a metal foil window into
the laser cell. A schematic of the machine (Fig. 8-38)
¢ -ntifics th~ individual components discussed
» mude of aluminum, which
passiv'es whe .posed to the KrF gas mixture.
The clear aperture transverse to the laser axis
measures 10 X 10cm and can be equipped with
1-cm-thick Suprasil I windows mounted at either
Brewster’s angle or near-normal incidence. The cell
hus five ports on the top and on the bottom for
vacuum connections and diagnostics. The two
remaining sides face the e-beam machines.

[V FONY

Fig. 8-37. A-amplifier e-beam machine.
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A three-dimensional Monte Carlo computer
simulation was performed to determine the
magnitude and spatial distribution of energy
deposited in the laser medium by the electron
beams. A simulated 300-keV electron beam, 10
X 50 cm in area, was passed through a [3-um
Havar foil into a 10 X 10 X 70-cm volume filled
with a mixture of 94% argon and 6% krypton gases
at a total pressure of 2atm. The calculation in-
dicated that 32% of the energy incident on the foil is
deposited in the gas. The pumping of the medium is
uniform to 10% over most of the area transverse to
the laser axis, as shown in Fig. 8-39. The laser con-
version efficiency (5%) implies that 500 J must be
deposited in the gas by the two electron beams, and
thus each must supply 800 J incident on the foils.

The metal-foil e-beam windows must be thin
enough to transmit 300-keV electrons but thick
enough to support the differential pressure between
the laser cell and the vacuum of the diode chamber.
Havar, a cobalt alloy, was chosen because of its
high strength (265 kpsi), good high-temperature
properties, fluorine compatibility, and integrity at
13-um thickness. Although the foil absorbs only 9%
of the energy of each incident electron on the first
pass, the total energy deposited in the foil may ap-
proach 30% as a result of electrons being backscat-
tered by the gas, transmitted from the opposite
beam, and reflected by electric fields in the diode ai-
ter passing back through the foil from the cell. In
spite of its exceptional strength. the foil cannot
sustain the pressure differential over the entire beam

area and therefore must be supported. This ad-
ditional support is provided by a slotted plate with a
geometrical transmission of 89%. One set of foil
support plates made of nonmagnetic stainless steel
permits operation at pressures up to 2 atm, and
another set made of maraging steel permits opera-
tion up to 4 atm.

The electron beam is produced in vacuum by
subjecting a cathode to an electric field of
200 kV/cm. The cathode is composed of multiple
80-um-thick stainless steel foils, which are brazed
and expanded to form hexagonal cells 0.3 ¢m
across. Electron pinhole photographs indicate that
field enhancement by this structure is sufficient to
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obtain three or four emission sites per cell, produc-
ing reasonably uniform illumination of the anode.
To prevent the structure of the foil support from
distorting the electric field in the diode and
deflecting the beam electrons, the diode side is
covered with a 13-um-thick aluminized Kapton foil.
The resulting beam-current density profile, as
measured by a film dosimeter, is plotted in Fig.
8-40. The peak current density measured near the
center of the beam is 120 A /em2, Unfortunately, the
voltage produced across the diode during the charg-
ing of the pulse-forming line, combined with the
field enhancement of the ¢athode, can lead to in-
tense local emission that can puncture the cell foil.
Control of this prepulse voltage is necessary for
reliable operation.

The diode is separated from the water-filled
pulse-forming line by a S5-cm-thick Lucite disk
which, together with the surrounding metal sur-
faces, is shaped to produce an optimum geometry
for voltage standoff. The pulse-forming line consists
of three i-m-long triaxial cylinders. The inter-
mediate conductor is charged to +300 kV from the
Marx generator, and the output pulse is produced
when the outer and intermediate conductors are
shorted together by the triggered output switch (see
Fig. 8-38). The three conductors form two nested
2.5-Q transmission lines, store 1100 J when charged
to 300 kV, and produce a 300-kV, 5-{ pulse at the
diode. Output voltage and current pulse shapes are

A
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Flg. 8-41. Output pulse characteristics with e-bearn,

shown in Fig. 8-41. The inner conductor is held near
ground potential during the charging of the line by
the charging inductor. This inductor is in parallel
with the diode load and is the principal cause of the
voltage deciine during the output pulse. To keep the
prepulse voltage acceptably small, the charging in-
ductor was reduced to about 1.3 uH and a 100-2
resistor was placed in parallel with it. These two
components draw about 200J from the output
pulse.

Tlie output switch must be triggered with low
jitter and must contain more than one current-
carrying channel if it is to produce an acceptable
rise time. An annular switch with continuous stain-
less steel clectrodes was chosen to meet these re-
quirements. The switch electrodes have a mean
diameter of 13 cm and a gap of 1 cm. The switch is
pressurized with 100 psig of SFg gas and held
together by eight l-cm-diam nylon bolts, The outer
Lucite insulator is 0.06 cm shorter than the inner in-
sulator to accommodate the deflection of the switch
assembly under pressure loading. A switch induc-
tance of 15 nH is inferred from the rise time of the
output pulse, and calculations indicate that at least
three current channels are necessary to produce this
inductance. The switch is triggered by a voltage
pulse applied to a disk-shaped midplane electrode
through an oil-insulated coupling capacitor. We
used a trigger generator, producing a -150-kV pulse
with a 10-ns rise time into a 50-2 load, to determine
the switch jitter. The resistive load was replaced by
the output trigger circuit, and a series of 20 shots
were fired. Neglecting one prefire, the standard
deviation of the switch firing was 0.4 ns, as shown in
Fig. 8-42.
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Fig.8-42. Outputswitch timing for 19 shots. Delay measured
between arrival of trigger pulse at switch and output pulse
at diode.

The Blumlein is pulse-charged from a four-
stage Marx generator operating at 100 kV per stage.
The charging current is transferred from the Marx
generator to the Blumlein by a short section of oil-
filled coaxial cable and then through the center of
the annular output switch. The Marx generator has
an erected capacitance of 25 nF and stores a max-
imum of 2000 J. Inductance {8 uH) has been added
to it, producing a l-us charging time to reduce
prepulse.

Two of these e-beam generators have been
assembled and tested. The switch of each electron
beam was triggered simultaneously by a common
untriggered switch. Outputs of the beams were
measured with colorimeters and Faraday cups and
were found to be the same to within 10%. Timing jit-
ter between the two sides was 21 ns, which is con-
sistent with the delay measured for the main switch.
The energy deposited in the cell measured >1300 J,
which is consistent with the design parameters of
the system.
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8.4 Group VI Lasers

We continued experiments in 1978 to improve
our understanding of the kinetics of excited suifur
and selenium atoms and to produce lasers based on
their forbidden transitions. The background for this
work is described in last year’s annual report.!%3 For
a gain of 1% cm™! on either the auroral line of sulfur
and selenium or the transauroral line of selenium,
the concentration of 'S atoms must be about 2
X 1016 cm=3 (Ref. 104). This density approaches 1
Torr of the excited species (1 Torr equals 3.2 X 10!®
molecules<cm~3). To minimize line broadening as
well as the index of refraction of the laser medium,
we must produce this concentration of excited
atoms in a buffer gas whose pressure is | atm or less.
We have used photodissociation of OCS by 146-nm
light and photodissociation of OCSe by 172-nm
light to produce such concentrations of excited
atoms.'% For dissociation of these molecules at
these wavelengths, the quantum yields for 'S atom
production have been measured to be near
unity. 198107 15 our experiments, the OCS and OCSe
concentrations were in many cases coinpletely dis-
sociated, that is bleached, by the incident vacuum
uitraviolet (VUV) radiation.

Late in 1977, we discovered that free electrons
can play a dramatic role in such photolysis
experiments. %8 ft is not obvious that free electrons
should be present, since we have used only optical
excitation. [If present, however, electrons can
rapidly deactivate the excited atoms through
superelastic collisions. The energy of the electron is
increased by the energy taken from the excited atom
in such collisions. The hot electrons can then excite
other atoms and may even create additional
electrons'® by exciting states above the ionization
limit. The increased concentration of electrons
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produced by ionization causes the energy scram-
bling among the electronic states to occur even
faster. The overall tendency of the electron
processes is to drive the medium toward a thermal
equilibrium between the excited atomic populations
and the clectron e.ergy distribution. This is shown
schematically in Fig. 8-43.

We have iound that this type of electronic
collapse can occur in our proposed Group VI laser
media in a time of 100 ns. We believe that deactiva-
tion by electrons is an important mechanism in any
gas laser requiring a large concentration of elec-
tronic excited states. For lasers that are excited
photolytically, this mechanism can be combated, as
we shall discuss, by using .. buffer gas that cools and
atiaches free electrons. '8-110 For lasers excited by
either discharges or electron beams, this strategy
cannot be used. Whether an electron-excited device
can produce a large concentration in one excited
electronic state with good efficiency seems
questionable.

In our Group VI experiments (§8.4.1), we
found that the initial concentration of electrons was
quite significant. Free electrons were produced by
phatoionization of the 'S atoms by the VUV radia-
tion used for photolysis. Although this photoioniza-
tion is spin-forbidden, the concentration of elec-
trons produced at high fluence caused rapid deac-
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tivation of the 'S atoms. We greatly reduced this
quenching by using a buffer gas mixture of SF¢ with
either N, or CO. The SF¢ molecules rapidly at-
tached electrons having low kinetic energy: the N,
or CO molecules cooled the electrons through
vibrationally inelastic collisions, thereby enhancing
their attachment rate. This cooling was necessary to
offset the heating caused by 'S atoms. After
eliminating the 'S -deactivation by electrons, we
found that quenching by heavy particles limited the
energy storage time. For small fractional dissocia-
tion. 'S deactivation by the parent melecules, OCS
or OCSe, was dominant. Quenching of S('S) by
OCS was slow: quenching of Se('S) by OCSe was
quite fast. For bleaching conditions, the parent
mclecules were depleted, producing 'S atoms, CO,
and possibly other products such as 'D or P atoms.
For such conditions, we found that the 'S
quenching was dominated by minority products
plus the buildup of 3P atoms. The S('S) and Se(’S)
decay times were quite similar for bleaching condi-
tions.

Using an optimized buffer gas, we demon-
strated a laser output of 5 mJ on the sulfur auroral
line at 772.5 nm (Ref. 110), 16 mJ on the selenium
auroral line at 776.8 nm, and 25 mJ on the selenium
transauroral line at 488.7 nm. In all cases, the laser
flt ences within the cavity were adequate to extract
the energy stored in 'S atoms. A sketch of the ex-
perimental setup and a photograph showing the
selenium transauroral laser in operation are shown
in Fig. 8-44.

In §8.4.2, we describe calculations 1o determine
the 'S photoionization cross section, and we give a
parametric formula for the photoelectron density vs
photolysis fluence. We discuss estimates of the rate
of superelastic 'S quenching by scaling cross sec-
tions obtained from existing calculations on atomic
oxygen. We .hen describe a simple model that
predicts the sieady-state electron temperature and
demonstrates the effect of molecular buffer gases.!08
We also discuss the mechanism of 'S quenching by
3p atoms. In addition, we note that the products of
Se(!S) quenching by OCSe appear to be excited
states of Se; and ground-state CO. Work performed
by others'!! suggests it may be possible to reverse
this kinetic process at high temperature and
produce 'S atoms by reaction of excited Se,
molecules with CO. This process reversal may
provide an alternative mechanism for !S atom
production.
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Fig. 8-44. Sclenium transauroral laser.

In §8.4.3, we discuss time-dependent calcula-
tions of the 'S density, electron density, and elec-
tron temperature appropriate to the experimental
conditions. We also discuss calculations that show
that the electron energy distribution can be quite
non-Maxwellian in these superelastically heated
plasmas. We compare rate coefficients obtained
from a Maxwellian average with those obtained by
an average over the self-consistent, non-Maxwellian
distribution.

8.4.1 Laser and Kinetics Experiments

Sulfur Kinetics. We used krypton excimer
radiation at 146 nm to photodissociate OCS and
create a high density of S('S) atoms. We excited the

Kr; source with a 50-ns-duration electron beam,
delivering 50 kA at 1 MeV to a gas volume 50 ¢cm
long, 10 cm high, and 3 cm deep. Details of the ex-
perimental arrangement were described previ-
ously.!03 The end-coupled Kr3 output rapidly in-
creased with fill pressure above 15 atm of Kr and
exhibited a line-narrowing that is characteristic of
amplified spontaneous emission. The spectrum half-
width narrowed from !2am (FWHM) at low
pressure to 1.5 nm at high pressure. The Kri super-
fluorescence lies within the spectral region of high
juantum yield for S(IS) production by OCS
photodissociation.!% Because its absorption spec-
trum is highly structured ‘in this region,!!? the
saturation fluence for OCS dissociation by Krj
radiation is not well defined. Simply using the ab-
sorption cross section at 146 nm (1.4 X 10~17 ¢cm?),
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we calculated a saturation fluence of 100 mJ/cm?.
Hence, at our highest output fluence, most of the
OCS in the first absorption depth should be dis-
sociated to produce $( Is).

Photolytic excitation was restricted to a chan-
nel, 0.8 cm wide by 1 cm deep, which ran along the
8-cm length of the VUV input window. Reentrant
end windows terminated the channel, thus defining
an 8 X 1 X 0.8-cm volume of gas that was uniformly
illuminated by the VUV source. Fluorescence was
viewed from one end of this volume by a
photomultiplier-bandpass-filter combination and
from the other end by a sensitive optical multichan-
nel analyzer attached to a 0.3-m spectrometer. The
vieving region of the photomultiplier was also
restricted by apertures, to reduce signals caused by
scattered light from the Krj source, We recorded
kinetic data with oscillograms and in parallel with a
transient digitizing system controlled by a minicom-
puter that provided semilogarithmic plots of
fluorescence decays for immediate analysis.

The time dependence of fluorescence and time-
integrated spectra is shown in Fig. 845 for a
photolytic mixture of 1.5 Torr of OCS and 1000
Torr of Kr excited by various VUV fluences. We
used the Kr buffer to increase the S(!Sy — 'Dy)
fluorescence by collision-induced emission!!3 to a
level well above background. Because Kr has a
small $(!S) quenching coefficient, one may presume
it does not significantly affect the S(IS) decay. In
Fig. 8-45(a), the fraction of OCS dissociated was
small and, hence, the S(!S) decay was determined
from quenching by OCS and possible impurities in
the starting mixture.!'¥ The blue-degraded spectral
feature that peaks at the atomic line position is
collision-induced 'Sy~ 'D; emission. !5

At higher VUV fluences, the S('S) decay time
was greatly reduced and Kr emission lines appeared
in the spectrum as shown in Fig. 8-45(b). We inter-
pret the fast initial quenching of $(!S) to be caused
by superelastic collisions with free electrons, which
then become sufficiently hot to excite the Kr buffer.
We confirmed this hypothesis by using an Ar buffer,
which then produced Ar emission lines. The in-
discriminate excitation of the buffer suggests the
presence of hot electrons, which clearly dominate
the time dependence and emission spectrum at
higher input fluence, as shown in Fig. 8-45(c).
Because both the Kr and Ar emission lines lie within
the transmission band of the filter, we could not
determine the exact time dependence of S(!S) from
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these data. The large initiai spike was predomi-
nantly rare-gas emission.

Emission from the rare-gas buffer disappeared
with the addition of molecular gases, which can
either cool or attach free electrons. We have limited
our attention to Nj, CF,, and SF¢ because of their
smali absorption at the photolysis wavelength and
their small S('S) quenching coefficients. The data in
Fig. 8-45(d) show the effect of adding 25 Torr of
SF¢ and 25 Torr of Nj to the photolytic mixture for
the same pump fluence, as in Fig. 8-45(c). The Kr

"lines are gone and the S('S) atoms are relatively

long-lived, indicating a substantial reduction of the
electron density. Addition of merely 5 Torr of SFg
was adequate to produce the same effect. The data
shown are for the SF¢/N, mixture, to correspond to
laser experiments decribed below. Addition of
either N, or CF, alone in pressures of 25 Torr or
more also eliminated the atomic emission lines.
However, the initial quenching rate of the s(!s)
atoms was still quite rapid. This suggests that
quenching by the initial photoelectrons can be quite
significant, even though the electrons remain cool
and multiplication does not occur.

We believe that no significant concentrations
of free electrons were present in the mixtures with
SFg. In Fig. 8-46, the initial quenching rate of S(!S)
observed for a mixture containing 1.5 Torr OCS,
5 Torr SF¢, and 1000 Torr Kr is plotted against the
initial S(!S) amplitude, which was varied by chang-
ing the input fluence. The initial quenching rate in-
creased almost linearly with the S('S) amplitude.
This increase is consistent with deactivation caused
by a product of the photolysis. A logarithmic plot of
the overall fluorescence decay vs time (Fig. 8-47)
shows that the S(!S) decay was nonexponential, The
decay rate speeds up by approximately a factor of
two as the plot goes from short times after the
photolysis to long times. This speedup suggests
quenching at late times by a secondarily produced
species. Sulfur ground-state atoms are an obvious
candidate for a species whose population grows in
time,

In a simple picture, we assume that the
photodissociation produces only CO and suifur
atoms in either the 'S, !'D, or 3P states. The 'D
atoms are rapidly deactivated to 3P. The S(IS)
quenching by CO is known to be slow. Self-
quenching ('S by 'S) does not appear to be sizable,
because the observed decay rates speed up rather
than slow down in time. By elimination of possible
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candidates, we conclude that the observed quencher
must be S(*P). The speedup factor in the decay rate
would suggest that roughly equal amounts of s(ls)
and S(3P) are initially produced. Assuming that the
final quenching rate is entirely caused by S(3P) and
that the OCS is completely dissociated gives a

quenching coefficient of 3 X 10" ¢cm3-s71. This
value is 50% larger than a measurement of the
analogouz quenching rate for oxygen.!'® |f
however, the OCS dissociated to O plus CS with
even a small probability (~0.1),'7 the interpreta-
tion that equal amounts of S('S) and S(3P) are ini-
tially produced could be incorrect. Presuming that
the S('S) quenching by O, or by CS, or by both is
rapid compared to quenching by *P atoms, we find
that a factor-of-2 speedup ir the decay rate could be
consistent with a much hig,her S(!S) quantum yield
(~0.9). Unfortunately, the correct interpretation is
not clear.

Sulfur Laser. In laser experiments, we utilized a
12-cm optical cavity formed by two 1-m-radius-of-
curvature mirrors mounted inside the photolytic
cell. The channe! defining the excitation region
restricted the excited laser volume to 6.5 cm>. We
measured the transmission of the mirross at
772.5 nm to be 0.17% and believe their absorption-
plus-scattering loss was at least this large. We
evacuated the photolytic cell within seconds, follow-
ing photolysis, to reduce sulfur deposition on the
mirrors. This procedure made it possible to observe
many laser shots between mirror cleanings. We
measured intensity from one end of the laser using a
calibrated vacuum photodiode and neutral density
filters. We cross-checked this intensity against the

il 847, Logsstehn of thé SUS) sigeal
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output energy from the opposite end, using a
calorimeter calibrated by the National Bureau of
Standards.

The performance of the S(!Sq - 'D,) laser was
extremely sensitive to the choice of buffer gas. Time
dependence of laser emission under optimum condi-
tions is shown in Fig. 8-48(a). The output beam
profile matched the 0.8 X 1-cm cross section of the
excited gas volume. Total output from both ends
was 12 kW with an energy of 5 mJ for a photolytic
mixture of 1.5 Torr OCS, 25 Torr SF, and 25 Torr
N, excited by a VUV fluence of 150 mJ/cm?. The
laser output for this mixture exceeded that of mix-
tures of OCS with either pure SF¢, pure N», or pure
CF, by at least two orders of magnitude, and it ex-
ceeded the output with SF¢/Kr, SF¢/CFg4 or

CF4/N; (equal parts) by a factor of 10. The OCS
pressure, total buffer pressure, and YUV fluence
were held constant for these comparisons. Dif-
ferences between the various mixtures were even
more apparent at higher YUV fluence, where only
the OCS/SF¢/N; mixture produced laser cscill:-
tion. We believe that the sensitivity of the laser 0
these variations was exaggerated by its closeness to
threshold.

We believe the superior laser results with the
SFg/N, buffer can be attributed to a greater ef-
ficiency for electron removal. The N, cools the elec-
trons, thereby enhancing their attachment t SFg,
which has its peak attachment rate at low ¢ ectron
temperature.'!® Electron attachment b, CF,
(Ref. 119) is presumably less effective because it has
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a smaller attachment rate than SF¢. However, we
did not always find differences in the fluorescence
behavior of these mixtures that corresponded to
their differences in laser performance. Aithough SF
was much more effective than CF in reducing elec-
tron effects such as Kr emission lines, the fluor-
escence decays with SFg and SF¢/N; buffers were
not noticeably different. We speculate that the
presence of 1000 Torr of Kr, which was necessary to
produce adequate fluorescence signs, affected the
electron kinetics. ,

Addition of more than 100 Torr of buffer gas
seriously reduced laser performance. A similar
reduction was also found by adding He to a typical
laser mixture. These results suggest that line
broadening reduces the gain cross section for
pressures above 100 Torr. This conclusion is consis-
tent with a coltisional broadening coefficient that is
gas-kinetic.

For the optimized laser output, there was
significant depletion of the S('S) population by the
laser field. Saturation of the medium is expected,
because the fluence seen by an S(!S) atom inside the
cavity (i.e., the output fluence divided by the mirror
reflectivity, ~3.7) /cmz) exceeded the calculated
saturation fluence!® for the !Sy — D, transition
(ho/o =~ 0.6 J/cm?). The maximum possible laser
energy at 772.5 nm was 80 mJ for our conditions,
calculated by assuming 1.5 Torr of S(!S) and an ac-
tive volume of 6.5 cm3. However, the fluorescence
data in Fig. 8-45(d) suggest that only 60% of the ini-
tially produced S(!S) atoms were available after the
700-ns buildup time of the laser. Hence, the
measured laser output (5 mJ) represents about 10%
of the maximum energy (48 mJ) that was
theoretically possible at the laser peak. We do not
know either the exact fraction of OCS dissociatior:
or the laser energy lost to mirror absorption and
scatter. We believe it is conservative to assume that
the mirror losses were at least as large as their
transmission, 0.17%. Then, the total laser output,
adjusted for kinetic decay and mirror loss, impiies
that an energy density of at least 2.5 J/litre was
stored in the laser transition immediately following
photolysis. .

We used the initial rate of laser intensity rise as
measured by the photomultiplier [Fig. 8-48(b)] 1o
determine the net gain. The data acquisition system
computed the logarithm of the signal, as shown in
Fig. 8-48(c). According to this plot, the initial ex-
ponentiation time was 20 ns, implying a net gain of
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2% per pass. For optimum conditions, we deter-
mined a net gain of 2.5% per pass. The stimulated-
emission cross section of the $(!Sq— !D,) line was
previously calculated!® to be 4.5 X 1071% cm? on
the basis of a theoretical radiative lifetime'20 and a
Doppler line width. ii we assume 20% conversion of
OCS to S('S), which is consistent with the measured
output energy, the gain in the medium should ini-
tially be 3.5% per pass, in good agreement with the
experiment. The gain cross section may be slightly
reduced because of the increase in Doppler width |
caused by photolysis heating. We were unsuccessful
in producing laser oscillation of the 154 3p, transi-
tion, which has a calculated gain cross section'%3 15
times smaller than that of the 'Sy — 'Dj transition.

Selenium Kinetics. Xenon excimer radiation at
172 nm was used to photodissociate OCSe and
create a high concentration of Se(!S) atoms. As we
have shown previously,'03 either broad-band Xe;
fluorescence or gain-narrowed superfluorescence
are excellent matches to the absorption band that
produces Se(18).!%7 Like OCS, the OCSe absorption
spectrum has considerable structure, so that its
saturation fluence for dissociation is not well de-
fined. At 172 nm, the absorption cross section'%7 is
about 107'6cm?, giving a saturation fluence of
12 mJ. Hence, it was experimentally much easier to
bleach OCSe with Xe radiation than to bleach OCS
with Kr; radiation. The Xe) superfluorescence was
also much less sensitive to impurities and reliably
gave fluences above the bleaching level for many
shots. Hence, we were able to obtain more detailed
information for OCSe bleaching than for OCS
bleaching.

We typically studied the Se(!'S) decay in mix-
tures of OCSe with 500 Torr of Xe and other gases
such as SFg, Nj, and CO. Complete mixing at this
pressure required letting the mixture sit for several
hours in a storage bottle. Xenon provided collision-
induced fluorescence of the Se(iSp— 'Dj) line
which, at 500 Torr of Xe, was much stronger than
background signals. For these conditions, we ob-
served the complete time history of Se(!S), even dur-
ing the photolysis pulse.

Figure 8-49(a) shows the time dependence of
Se(1S) that we observed at 0.3 Torr OCSe and at a
Xe; fluence of 6 mJ/cm2 The rise of the Se(!S)
signal corresponds to the duration of the VUV
photolysis pulse, which was about 100 ns at the low
Xe pressure required to produce this low fluence.
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Because only a small fraction of the OCSe was dis-
sociated, the Se('S) decay was simply caused by
OrSe. The decay has an exponential time constant
6. 750 ns, corresponding to a quenching coefficient
of 1.4 X 10-1%¢m3-5-1, in good agreement with pre-
vious measurements. 12! .

Figure 8-49(b) shows the SS(I,S) time depen-
dence at an input fluence of 100 mJ/cm?, well above
the bleaching fluence. The peak of the Se('S) signal
occurs in about 20 ns, compared to the 50-ns dura-
tion of the VUV pulse. This 20 ns corresponds to
the time required for bleaching. We believe the
rapid decay of Se(!S) during the next 50 ns is caused
by electron quenching. Electron recombination oc-
curs rapidly enough to allow some remaining Se('S)
to decay on a long time scale. (At slightly higher in-
put fluence, the Se('S) atoms are completely
removed during the initial, rapid-quenching
period.) The Se(!S) fluorescence signals were unaf-
fected by lines from excited Xe, the nearest of which
was observed around 763 nm.

Figure 8-49(c) shows the Se('S) time depen-
dence for the same conditions as in Fig. 8-49(b), ex-
cept for the addition of 5 Torr of SFg to the
photolytic mixture. The rapid component in the
Se('S) decay was eliminated. Addition of more SF¢,
up to 50 Torr, had no further effect on the observed
signal. Also, addition of either CO or N3 to the mix-
ture with SF¢ produced no significant change. The
addition of large concentrations (greater than 100
Torr) of CO alone reduced the rapid initial
quenching much like small concentrations of SFg
did. Because electron attachment is not significant
for CO, we believe its major effect at high concen-
trations was to speed electron recombination.

In Fig. 8-49(c), on the 500-ns time scale, one
may observe that the Se('S) decay time was con-
siderably longer than it was at low VUV fluence,
Fig. 8-49(a). This lengthening of the decay time was
caused by bieaching, which then reduced quenching
caused by OCSe. What prevented the Se('S) decay
time from being even longer is not immediately
clear. Plotting the logarithm of the Se(!S) signal vs
time, we found that, like S('S) decays, the Se('S)
decay was nonexponential, speeding up in time. The
instantaneous decay time in Fig. 8-49(c) varies [rom
about 2.8 us at short times to {.3 s at long times.
We again argue that this speedup was caused by the
buildup of 3P atoms. Simply assuming that the late-
time decay was caused by 0.3 Torr of Se(*P), we
computed a Se('S) quenching coefficient of
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8 X 10712 cm3-s7!. Thus, despite the disparity be-
tween the 'S quenching rates by the parent mole-
cules in sulfur and selenium experiments, the time
decays of the 'S atoms under bleaching conditions
are quite simiiar. By bleaching OCS, the S decay
time shortens; by bleaching OCSe, it lengthens. We
believe the limiting quenchers in both cases are P
atoms.

We simulated the conditions appropriate for a
large-aperture amplifier by studying the Se(!S)
kinetics at fluences greatly above the bieaching
fluence. We studied standard mixtures of OCSe
with 5 Torr of SFg (for electron attachment) and 500
Torr of Xe (for collision-induced emission).
Figure 8-50(a) shows the peak Se('S) signal vs input
fluence for the cases of 0.32 Torr of OCSe and 1.0
Torr of OCSe. (The amplitudes at 0.32 Torr are
multiplied by a factor of 3 to normalize the effect of
OCSe pressure.) The VUV fluence, plotted along
the x axis, was measured with the carbon
calorimeter at the opposite end of the VUV cell.
Because of the pinholes, the photomultiplier viewed
a conical volume, which was about 0.5 cm in diam-
eter and centered 0.5 cm from the entrance window.
Without bleaching, the absorption depth of the Xe5
radiation is about 1 cm at 0.32 Torr of OCSe and
0.3 cm at 1.0 Torr. The graph demonstrates that a
larger fluence is required at 1.0 Torr, compared to
G.32 Torr, to bleach through the optically thick
OCSe and to maximize the Se(!S) density in the
viewing region. The decline in the peak amplitudes

‘at very high fluence may be caused by direct

photoiornization loss of Se('S) atoms. The empirical
bleaching fluence appears to be about 25 mJ/cm?.

In Figure 8-50(b), we show the decay tiine to
one-half amplitude for the same conditions as in
Fig. 8-50(a). We plot the one-half time rather than
some other decay parameter because, as we have ex-
plained, the shape of the decay curves changes with
bleaching. The decay time lengthens from its value
at very low fluences because of OCSe bleaching. It
then reaches some maximum value and declines at
very high fluence. The reason for this decline is un-
certain. It may be caused by the Se(!S) being
quenched by Se(°P) atoms that result from Se™
recombination with 8Fg. It is significant that the
peak Se(!S) signal and the decay time vary in a com-
plementary fashion.

Selenium Laser. We performed selenium laser
experiments in the same manner as we performed
the sulfur laser experim:nts. We optimized the laser
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output encrgy at a fixed OCSe pressure of | Torr by
va: ying the mirror transmission, the gas mixture,
and \he VUV fluence. For the 488.7-nm selenium
transauroral laser, we obtained the best results with
laser mirrors having 0.9% transmission, a mixture of
1 Torr OCSe, 5 Torr SFg, and 50 Torr CO, and a
Xe3 input fluence of 100 mJ/cmZ. Figure 8-51 shows
the time dependence of the laser output for these
conditions. The maximum laser intensity occurred
190 ns after the end of the photolysis pulse. Total
output energy from both ends was 25 mJ (4 J/litre),
and peak output power was 250 kW. The internal
cavity power was 30 MW/cm?; the internal energy
fluence was 3 J/cm2. This was adequate to saturate
the energy stored in Se('S). {The saturation energy
of the Se(!Sy— 3P)) transition is approximately
1J/cm2'%) The laser mirrors were opticatly
damaged by repeated shots at the maximum output
energy.

We photographed the laser beam profile by
focusing the camera on a translucent disk mounted
at the output window surface. Figure 8-52 shows
the beam profile as seen in reflection from a turning
mirror that defines the elliptical outline seen in the
picture. The beam profile was uniform over the rec-
tangular cross section (0.8 X 1cm) of the
photolyzed volume, implying complete bleaching.
Thus, the laser volume was well defined, and
equaled 6.5 cm?.

The measured laser output was 30% of the
maximum possible output energy, 85 mlJ, corre-
sponding to one 488.7-nm laser photon for each

Laser intensity,
50 kW/div

Fig. 8-51.

Selenfum 1Sy —
50 Torr CO was photolyzed by a Xez fluence of 100 mJ/cm?. The peak laser power (0.25 MW total from both ends) occr:s about 190 ns

riter the end of the photolysis pulse.

3P| laser intensity and the Xez pump intensity vs time. A mixture of 1.0 Torr OCSe, § Torr SFs. and

Time, 50 ns/div

Pump intensity,
arbitrary units
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Fig. 8-52. Beam cross section of Se( !5, —
JP‘l’ laser.

OCSe molecule in the excited volume at | Torr
pressure. To infer the initial Se('S) density, we must
adjust the laser output for quenching that occurred
during the laser buildup, for energy lost to mirror
absorption and scatter, and for any remnant energy
left in the excited volume. Quenching accounted for
a 15% loss of Se('S) [see Fig. 8-50(b)], and we es-
timated that the mirror loss was about one-half of
the mirror transmission. We assumed that the laser
extraction was complete over the excited volume.
Applying these corrections, we find that the in-
dicated Se('S) yield under bleaching conditions was
slightly greater than 0.5. Although we shouid also
correct for the small loss caused by photoionization,
our !S yield was clearly less than the quantum yield
of unity measured by Black and co-workers. 07
However, a yield of 0.5 agrees well with the inter-
pretation of the kinetic decay data, namely that the
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speedup in the Se(!S) decay was caused by a factor-
of-two change in the Se(°P) density.

If one -assumes a Se(!S) concentration of 0.5
Torr, the single-pass gain in 8 cm should be 6% if
the lines of the various Se isotupes are completely
separated and should be 12% if they are exactly
aligned.!04 The experiments suggest the single-pass
gain was near 5%. This small gain could be ex-
plained either by isotopic effects or by an error in
the spontaneous lifetime that was used1% to com-
pute the gain cross section.

We studied the performance of the Se(!Sp -
3P|) laser with variations in the buffer gas and the
VUV input fluence. Because the selenium laser was
well above threshold, the effect of these variations
was much less drastic than for the laser experiments
on the sulfur auroral line. We found that SFg buffer
gas was always required to produce significant laser



intensity; however, the choice of the other buffer gas
was not critical. A mixture of 5-Torr SF¢/50-Torr
He produced 25% of the optimum output obtained
using SF¢/CO. Buffers of pure SFy and SFg¢/N;
produced outputs of about 60% of the SF¢/CO
results. Also, the 5/50 ratio of SFg and CO was not
critical; 50/50 mixtures produced comparable
results. The laser output declined slightly at high
VUV fluence, similar to the falloff in fluorescence

[Fig. 8-50(a)).

We also obtained brief results for the Se('Sy —
Dy} auroral line at 777.0 nm. For output mirrors
having 0.6% tiansmission, ‘he auroral line output
vas 16 mJ for the same conditions, giving optimum
performance of the transauroral line. Again, this
energy was 30% of the maximum possible: 54 mJ at
this wavelength. The gain of the selenium auroral
line was slightly smaller than the gain of the trans-
auroral line.
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8.4.2 Thecry of Kinetic Processes

Photcionization. Previous experiments on the
XeE/OCSc vystem and subsequent theoretical
analysis have czmonstrated that the photoioniza-
tion of S{'S) and Se(!S) by the rare-gas-excimer
pump photons can lead to high concentrations of
electrons n the laser mixture.'22123 When high
pump fluences are employed, the electrons rapidly
deactivate the 'S excited siate, resulting in unaccept-
ably short storage times unless molecular buffers
are used.

Figure 8-53 shows schematically the various
photoabsorption processes from the IS state that
are energezically possible. As discussed previous-
ly,'22 photoionization of S('S) or Se(!S) by the rare-
gas-excimer pumps can lead only to the lowest, #S°,
states of the corresponding ions. This process is
spin-forbidden in LS-coupling because of the
AS = 0 selection rule for electric dipole transitions.
However, the !S photoionization cross section is
finite because of the spin-orbit coupling between the
1S and 3P states of the (p%) configuration and be-
tween the “S° and 2P° states of the corresponding
(p?) configuration of the positive ion. In addition,
contributions from various autoionizing states must
be considered, since the measured photoionization
spectrum 24 for S(°P) shows numerous autoioniz-
ing features in the energy tegion of interest above
the S° threshold. Autoionization contributes con-
siderable structure to the photoionization spectrum.

Previously, we have used a simple model to es-
timate the 'S photoionization cross sections and ob-
tained the following results'2%: for S('S) at 146 nm,
g;i = 1.9 X 1072 ¢m”: for Se(!S) at 172 nm, o; = 2.5
X 107! ¢m?2, These va::1es musi be considered lower
limits, since our model neglected spin-orbit coup-
ling among the states of the resulting positive ions.
More recently, two other independent studies have
produced larger cross sections for S('S) at 146 nm.
An ab initio configuration-interaction calculation
by Weiss'2 gave a; = 2 to 8 X 10720 cin2, whercas
the semiempirical calculation of McGuire!26 yielded
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a much larger value of 0.4 to 1.0 X 108 ¢m? for
S('S). Thus, there appears to be a factor of 10 to 50
discrepancy between the results of McGuire and
those obtained by Weiss and by us. In the case of
Se('S), the theoretical situation is more satisfactory,
as McGuire's calculation predicts o; = 2 X 10-'?
em? at 172 nm, which is fortuitously close to our
value.

Tnt view of the uncertainties in the computed 'S
photoionization cross sections, it is useful to con-
sider the production of photoelectrons in more
general terms. The density of photoelectrons
produced at a given pump fluence ¢ is determined
by the relative magnitudes of the cross sections for
photoionization of the 'S atom ¢; and photo-
dissociation of the fuel (OCS or OCSe) ¢,. Solving
the rate equations for the fuel, 1S excited states, and
photoelectron densities gives!23

n, 1
'N_ =\%.-9
o

0, [1 ~ exp(-9/6)]

-o;1 -exp(-9/8.)1¢ ., (70)

where n, is the photoelectron density and Ny is the
initial fuel density. The saturation fluences (hv/o)
for 'S photoionization and fuel dissociation are
given by ¢; and ¢,, respectively. Figure 8-54 shows
the normalized electron density ne/Np vs nor-
malized fluence ¢/¢, for several values of oi/o,.
When the photoionization cross section is much
smaller than the photodissociation cross section (g}
<< g,) and ¢ >> ¢, Eq. (70) reduces to the expec-
ted result: n,/Ng = ¢/¢;, i.e., in this regime the
photoelectron density is proportional to pump
fluence.

in our selenium experiments, pump fluences of
up to 250 mlJ fem? (¢ /¢, ~ 10} were employed. Un-
der these conditions, a photoionization cross sec-
tion of 210 10 X 109 ¢cm2(g;/0, ~ 0.2t0 1 X 10°3)
would impiy a fractional ionization of 3 to 16% for
Se(!S). Figure 8-54 clearly shows that if o; were
much larger than the current estimate, or if very
high pump fluences (¢ /¢, > 10) were used, a signifi-
cant fraction of the Se('S) population would be lost
directly by ionizaticn. Even if the fractional ioniza--
tion is only a few percent, the density of the
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resulting photoelectrons will be sufficiently large for
electron collision processes to be important.
Quenching by Electrons. With low-energy elec-
trons, there are two types of collisions that can
depopulate the 'S upper laser level: superelastic
deactivation to the 3P and 'D levels and excitation
to higher excited states, including the ionization
continuum. To determine the quenching rate coef-
ficients for S(!S) and Se('S), we have estimated'?
the cross sections for 'S — D ¢ ad !S = 3P deexcita-
tions, using previously calculated values for
oxygen'27128 and using the expected energy depen-
dences at threshold.'?® The magnitudes for oxygen
were scaled by factors of two and four for S and Se,
respectively, to account for the larger atomic sizes
of S and Se. Figure 8-55 shows the resulting
superelastic cross sections for Se('S). Note that the
1S = D cross section is infinite at threshold, and
that this leads to a finite zero-temperature limit of
the quenching rate coefficient when the cross sec-
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tions are averaged over a presumed Boltzmann dis-
tribution of clectrons. The resulting superelastic
rate coefficients are shown in Fig. 8-56(a).

We have also attempted to estimate the rate of
depopulating the 'S state by electron-impact ioniza-
tion. Theoretical impact-ionization cross sections
for sulfur'® were scaled by a factor of two for
selenium and then averaged over a Boltzmann dis-
tribution to obtain the rat» coefficient shown in
Fig. 8-56(a). As expected, at low electron tem-
peratures the superelastic processes dominate over
ionization, and presumably over excitation as well,
by several orders of magnitude. Because the
photoelectrons produced by the pump radiation are
“cold™ (T, < | eV), depopulation of the 'S excited
states proceeds initially via quenching to the lower
3P and 'D levels in both sulfur and selenjum. For
the conditions of Fig. 8-49(b) (¢;/¢, =4, OCSe
% 10'°cm=%) and the estimated range of Se
photoionization cross sections (o;/0, =~ 0.2 to |
X 1072), the predicted clectron density from Fig.
8-54 is 0.6 to 3 X 10'¥cm™?. This leads to a predic-
ted Se('S) quenching time of 800 to 150 ns. The in-
itial quenching time of about 100 ns in Fig. 8-49(b)
supports the higher photoionization cross section
(o; = 10-'8 cm?), or a larger superelastic quenching
rate, or both,

Electron-impact ionizaticn of the gas mixture
may provide additional electrons. Superelastic colli-
sions with the !S atoms rapidiy heat the electrons.
As the electron temperature increases, the impact-
ionization rate coefficients also increase drastically
as shown in Fiz. 8-56(a) for the cass of Xe. If one
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Ol d>, eXcitation and ioniza-
.1l 1.use ool the electrons. To estimatz the steady-
siate electron temperature and to assess the impor-
tance of electron multiplication, we have evaluated
the various heating and cooling rates by weighting
each rate coefficient by the associated change in the
electron energy. We show the resulting rates (in
eV-cm3-571) in Fig. 8-56(b) for heating by Se(!S),
and for cooling by CO vibrational excitation,'?!
Se(!S) ionization, and Xe ionization,

The difference between the electron heating
and cooling rates gives the rate of change of the
energy density of the electron gas. Because these
rates are large, a Se('S) density of 1016 cm=3 rapidly
drives the electron temperature to a steady state
level where the superelastic heating (approximately
0.3 eV/ns) is balanced by energy lost in exciting and
ionizing the Xe bath and the remnant CO.
Assuming that the superelastic energy input is
balanced, at steady state, by ionization cooling
alone, we obtain the following expression for the
maximum rate of electron production:

dne
——=k .. n n, . (71)
dt eff Se(ls) e

The effective rate coefficient kg is simply the
superelastic heating coefficient divided by the
ionization potential of the dominant species. Equa-
tion (71) predicts that a Se(!S) concentration of
10'6¢m=? in Xe gives an electron exponentiation
time between 15 and 40 ns, depending on electron
temperature. The actual ionization rate is probably
lower because of other cooling mechanisms, such as
accumulation of excited-state populations, spon-
taneous radiation, and heavy-particle quenching.

Experiments on both Kr3/OCS and Xe3/OCSe
systems have shown that adding molecular buffer
gases to the fuel mixture significantly increases the
1S storage time and makes lasing possible. The
effect of molecular buffers on the electron
temperature can be evaluated in the steady-state
temperature model. The curves in Fig. 8-56(b)
imply that for a mixture of 1 Torr Se(!S) and 50
Torr CO, a balance between heating and cooling
occurs at about 0.25eV. At this temperature,
electron-impact excitation and ionization of the
medium should be negligible, in agreement with the
experimental observations.

Although cooling by molecular buffers can
prevent rapid 'S deactivation caused by electron
multiplication, it does not remove quenching by the
initial photoelectrons. Furthermore, since the
excimer pumps Kr; and Xe; produce cold
photoelectrons, a molecular buffer with a large
attachment cross section at low electron energy,
e.g., SF¢ (Ref. 132), must be used to remove the
electrons. Other attaching gases, such as CO, CO,,
or CF,, are less effective becausé of their high
attachment thresholds, or smaller cross sections, or
both. The measured temperature dependence of the
attachment rate for SFg (Ref. 133) indicates that
electrons are removed most efficiently at low
electron temperature (T, < 0.5 eV). To optimize the
effect of the molecular buffers, one must choose the
mixture so that, if necessary, the photoelectrons are
cooled rapidly and then attached to SFs Some
differences in the effects of various mixtures that we
have observed for 'sulfur and selenium may be
attributable to the different temperatures of the
photoelectrons in these two cases. In OCS pumped
by Kr3 near 146 nm, photoelectrons are ejected with
an energy of 0.8 to 0.9eV, whereas in OCSe
pumped by Xej near 172 nm, they are ejected with
0.2 to C.3eV. Consequently, less cooling of the
electrons that result from the ionization of Se(!S) is
required for efficient attachment to SFg.

Quenching by Heavy Particles. When the deac-
tivation of !€ ato.ns by electrons is minimized, the
storage times are determined primarily by heavy-
particle quenching. For our experimental condi-
tions, several possible quenchers need to be con-
sidered: the parent molecules OCS or OCSe, CO
that is produced by the photolysis, !S atoms them-
selves, and “‘minority” products such as 'D or 3P
atoms. The 'S quenching rates of the additives that
were selected for electron cooling and attachment
(N;, CO, CF4 and SFg) are slow. However,
quenching by secondary products from these ad-
ditives, such as negative ions and vibrationally ex-
cited molecules, also needs to be considered.

The rate coefficients for deactivating S('S) and
Se('S) by their parent molecules OCS and OCSe
are 4X 1071 and 1.6 X 10~10¢cm3-s~!, respec-
tively.134135 Thus, at low photolysis fluences,
quenching by the parent is slow for S('S) and quite
fast for Se(!S). At high fluences, however, the parent
molecules are completely bleaciied so that other
species must be responsible for the observed storage
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times. The deactivation of 'S atoms by CO
molecules can 2lso be ruled out, as the measured
rate constants are small, less than 3.5 X 10°'¢
cm?+s!, for both sulfur!3 and selenium.'3%

Earlier it was suggested that self-quenching of
the 'S atoms may be important at high excited
densities. However, independent theoretical
calculations'?213¢ of the relevant 'Z} potential
energy curves of S, uncover no favorable curve
crossings. The 7-'23’ state of Sy, which correlates
with S('S) + S('S) at large internuclear separations,
is crossed only by the 322; and 3r, ion pairs in the
energetically accessible regions.!3® Thus, the mag-
nitude of 'S self-quenching is determined mainly by
spin-orbit coupling between these states. In
addition, the 6-'Z} state arising from S('S) + S('D)
does not cross the 321‘; ion-pair and 37";_; ion-pair
states, so that the collisional quenching by this
mechanism must occur in several steps. The
calculated spin-orbit-coupling matrix element! 3
connecting the 3'lrg and 7-'2;‘ states is only about
0.4 cm~! at the crossing (~ 10 bohr), and it probably
leads 10 a self-quenching rate coefficient much less
than 10-'2cm3-s71. Consequently, we have con-
cluded that self-quenching of 'S atoms does not
play a significant role.

The detailed; mechanism for dissociating OCS
and OCSe, at 146 nm and 172 nm respectively, is
not well understood, and no products other than 'S
atoms and CO (X 'Eg‘) have been identified with
certainty. However, it is likely that some fraction of
the photodissociation (>0.1) produces D or 3P
atoms. Collisional decay of the 'D atoms, and even-
tually the 'S atoms, produces 3P atoms. Hence, this
species must be considered as a potential quencher
of the excited atoms. Ab initio calculations!3¢ of the
potential energy curves of S, indicate two favorable
crossings at encrgies accessible in thermal collisions.
The 5~37rg state arising from S(3P) + S(S) crosses
the fourth and ffth ’Eg‘ states, both correlating with
S(!D) + S(ID), rear 5to 6 bohr. As in the case of 'S
self-quenching, collisional transfer between these
states can occur only because of spin-orbit coupling.
The magnitude of this interaction has been
calculated 36 to be 1510 20 cm™! for the 5 |2} state.
We have used this value in the Landau-Zener
theory and obtained a S(3P) - S(!S) deactivation
rate coefficient of 1 X 10-12¢m? 57! because of the
5 3-lrg -5 'Eg crossing alone. This rate appears to be
too small to explain the S(!S) quenching coefficient
inferred in our experiments. However, the contribu-
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tions of other curve crossings have not been in-
cluded because of the lack of relevant coupling-
matrix elements, In addition, the magnitude of the
spin-orbit interaction between these S, states varies
drastically with internuclear distance,!36 and, conse-
quently, small errors in the predicted crossings may
lead to significant changes in the predicted
quenching rates. At present, no definitive conclu-
sions can be reached in this regard, and additional
studies of 'S quenching by 3P atoms are clearly
needed.

Finally, we comment briefly on the interesting
observation'?” of Se('S) production in experiments
where a mixture of hot (~400°C) selenium vapor
and CO was irradiated by 193-nm light from an ArF
luser. The presence of Se('S) was detected by obser-
vation of a long-lived (100-u5) and narrow-band
emission corresponding to the 'Sy— 3P, trans-
auroral line. The Se('S) excited-state density was es-
timated to be of the order 103 cm™3. Gower and
co-workers'3 suggested that Se('S) atoms are
produced by the 193-nm photolysis of OCSe, which
is formed in a reaction between CO and hot
selenium vapor. They argued that the quantum
yield curve of OCSe was shifted to longer
wavelengths because of the hi~h temperatures,
allowing significant production of Se('S) by 193-nm
radiation, This hypothesis, however, disagrees with
other observations,'3® which indicate that direct
vibrational heating of OCSe does not significantly
increase the quantum yield of Se('S) at 193 nm.

We have considered this problem and arrived
at a different interpretation. It is known that
saturated selenium vapor at low temperature is
dominated by polymeric species!?? such as Ses and
Seg. It is quite likely that 193-nm radiation from
ArF photodissociates these molecules efficiently,
leading to a variety of products including various
excited states of Se;. We propose that the
metaslable states of Se; product can react with CO
to produce Se('S). This hypothesis is supported by
the fact that the rapid quenching of Se('S) by OCSe
leads to CO and Se; (Refs. 135, 140):

Se(!S) + OCSe > Se3 + CO . (72)

The radiative lifetime of this excited state of Sej is
about 3 s.'3 When Gower and co-workers'37 ex-
cited hot selenium vapor at 193 nm, they found a
spectrum and time decay similar to those observed



from Se('S) quenching by OCSe [Eq. (72)]. By in-
troducing CO (pressure >10 Torr), they found the
fluorescence changed from broad-band Se; emis-
sion with 2-ps decay to narrow-band emission to
Se(!S) emission with slow decay. Thus, it appears
plausible that, for sufficiently long-lived Sej excited
states, the reactior: of Eq. (72) could be reversed, at
elevated temperatures, by adding CO to yield high
densities of Se(!S). Such a mechanism for producing
Se(!S) has the potential advantage of requiring only
193-nm radiation, which cannot photoionize the
resulting excited atoms. Because little is known
about Se; excited states other than the well known B
3x: state, additional experimental and theoretical
investigations of this problem seem worthwhile,
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8.4.3 Laser and Kinetics Modeling

Recent experiments suggest that photoelectron
production, heating, and multiplication are impor-
tant for pump fluences and excited state densities of
interest in Grouvp VI lasers. Furthermore, we have
found that photoelectron effects can be suppressed
and 'S lifetimes significantly increased under these
conditions, by the addition of molecular species that
dissipate electron energy by inelastic collisions and
remove electrons by attachment. We have con-
structed a simple model of Se('S) experiments with
0OCSe/CO/Xe mixtures, to illustrate the possible
kinetic behavior caused by a buffer gas that cools
but does not strongly attach electrons. The signifi-
cant processes included in this model are sum-
marized in Table 8-7. Unfortunately, for many of
these processes, accurate kinetic data are not
available; therefore, the present model is only
qualitative and approximate.

We have used the model to explore two
approaches to the Se laser kinetics problem. In the
first approach, we assumed the electron distribution
function to be Maxwellian with temperature T, and
the CO vibrational population to be Boltzmann
with temperature T,. We neglected electron
interactions with OCSe. The dynamics of this
system were governed by a set of continuity and
energy equations describing particle gain and loss
processes and energy flow between the translational
and vibrational degrees of freedom of the gas me-
dium."® In the second approuch, we assessed the
approximations made assuming a Maxwellian
electron distribution frnction by solving the
eiectron Boltzmann equation for the fractional
ionization and excited state populations predicted
by the kinetics calculations.

Figure 8-57 shows the calculated local kinetic
behavior of two OCSe/CO/Xe mixtures with initial
partial pressures (in Torr) of 1/0/250 [Fig. 8-57(a)]
and 1/40/250 [Fig. 8-57(b)). The pump intensity
was 2 MW/cm? for 50 ns, corresponding to condi-
tions achieved in the experiments discussed in
§8.3.1. At this fluence, the medium is fully bleached
and 3 X 1019 cm™3 (nearly 1 Torr) of Se('S) atoms
are initially produced. In the mixture with no initial
CO [Fig. 8-57(a)]), 1 Torr of CO is produced by
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Table 8-7. Significant collision processes included in Se kinetics model.

Reference

Pump photoabsorption processes

OCSe —+ Se(ls) +CO
Se(ls) - Se‘ +¢

Excited state processes

Se(1D) + Xe — Se(’P) + Xe
se('D) + CO — Se¢’p) + cO
se(’s) + 0CSe — Se3 + CO

Electron collision processss

Sc(ls) e Se(ID. 3?) +e
Xe+e—+Xet s+ 2e

CO(v) + e = CO(v) + ¢
CO+e—CO 4

Recombination processes

$e*CO + M - SeCO* + M
5eCO* + e+ Se + CO
Xet + 2Xe - Xe;«v Xe

Xej + €~ Xe*® + Xe

1% 10718 om? (Ret. 141)
2.5 x 10717 cm? (Ref. 142)

2% 10710 ;¥ . 1 (estimate)
-10 3 -1
2X 10 cm” +5 = (estimate)
-10 3 -1
1.6 X 10 cm” +s = (Ref. 143)

Figs. 8-55, 8-56

Fig. 8-56 (Refs, 144, 145)

10731 cm® . 6 (Ret. 142)

10717 ¢m3 - 57 (Ret. 142)
2% 107 emS . 5 (Red. 146)
27% 1077 cm? - 57! (Ref. 147)

photodissociation of OCS8e. This CO concentration
is ineffective in controlling the electron tem-
perature, which rapidly rises to about 1.3 eV. The
CO vibrational temperature equilibrates with the
electron temperature by electron inelastic and

superelastic collisions. Since the CO vibration-to-
translation relaxation time is very slow,'4? the elec-
tron temperature remains high and decays slowly
because of inelastic collisions with other species. At
the predicted electron temperature, the electron
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-
. A b - B
emperature, eV . -




density rises because of impact ionization t¢ a den-
sity of about 10'Scm3. The electrons rapidly
quench the Se('S) excited-state density. Figure 8-
57(b) indicates that when 40 Torr of C are added,
the electron temperature and density are con-
strained to smaller values. This constraint gives
longer Se('S) lifetimes by eliminating electron mul-
tiplication. These simple kinetics calculations agree
qualitatively with the experimental data presented
in §8.3.1. We have not analyzed the case of an at-
taching buffer gas (such as SFg), but we expect that
the remnant quenching in Fig. 8-57(b), caused by
the initial photoelectrons, would be eliminated.

To assess the significance of non-Maxwellian
eleciron kinetics, we calculated the electron dis-
tribution functions by solving the electron
Boltzmann equation. The results of the kinetic
modeling (Fig. 8-57) indicate that, for the ex-
perimental conditions, the fractional ionization of
the medium varies in the 107%t0-10 range.
Figure 8-58 shows calculated electron distribution
functions for two Se('$)/CO/Xe mixtures. Com-
plete photodissociation of the OCSe is assumed in
these calculations. The resuits presented in Fig. 8-58
clearly show that electron distributions in these
media are highly non-Maxwellian and sensitive to
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fractional ionization. The well in the distrioutions in
the 1-to-3-eV energy interva! is caused by CO
vibrational excitation. The corresponding peak in
the 4-to-8-eV.cnergy range is caused by electron
heating by superelastic collisions with Se(!S). In this
energy interval, CO vibrational excitation is ineffec-
tive in dissipating excess eclectron energy. Figure
8-59 shows the effect of non-Maxwellian eiectron
distributions on Se{!S) deexcitation and ionization
rate constants, respectively, for fracuonal ionization
and CO/Se('S) ratios of experimental interest. The
predicted rate constants only approach those
calculated for a Maxwellian distribution at the
highest values of fractional ionization. The rate con-
stants for other electron-collision processes may
also differ substantially from those calculated
assuming a Maxwellian clectron distribution.

In summary, we have found that the electron
distributions are generally non-Maxwellian. Thus,
raie constants for electron collision processes are
sensitive to fractional ionization (>1075), relative
CO concentration (nco/nocse > 1), CO vibrational
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temperature, and fractional Xe electronic excitation
(n*/n > 107%). Non-Maxwellian electron effects
must be included to achieve satisfactory agreement
between modeling and experiments. The modeling
supports the hypothesis that electron heating and
multiplication car lead to rapid quenching of
Se('S). Addition of an electron-cooling buffer, such
as CO, can prevent electron multiplicaiion;
however, it does not eliminate 'S guenching by the
initial photoelectrons.

In practical applications, the magnitude of 'S
photoionization may limit laser-aperture scaling,
even if the electrons produced are rapidly removed.
Because the 'S atoms are produced by propagation
of a photodissociation wave across the laser am-
plifier, the direct loss of 'S atoms by photoioniza-
tion can be serious at the pump-radiation entrance
boundary. The 'S atoms at this boundary are
bathed in intense pump radiation for virtually the
entire amplifier pumping time. Figure 8-60 shows
the fractional loss, caused by photoionization of 'S
atoms near the window, vs the width of aperture



that is bleached by two-sided pumping. At an OCSe
density of 1016 -m=3, the absorption length (7)) is
about 1 cm. If we limit the fractional loss near the
window to 0.2 (i.e., 9.1 average across the aperture),
the maximum width that can be pumped with a
10-1-cm? photoionization cross section is 40 cm.
However, the allowable width exceeds 1 m with a
10-1%-cm? cross section. Hence, if the !S photo-
jonization cross section is as large as 10718 :m?2, it
poses a serious limitation to scaling these lasers to
very large sizes.
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8.5 Advanced Research and
Technology

There is a continuing need for small-scale
theoretical and experimental investigations of new
techniques and candidates that might permic the
construction of fusion lasers of higher efficiency and
greater simplicity than the current lasers described
above. These investigations include the identifica-
tion of:

® New and more efficient pump sources for
the conversion of electrical or chemical energy to
light.

® New storage media or compression tech-
niques with superior characteristics.

® New theoretical techniques to analyze ex-
isting or propesed laser systems.

@ New wechnology to improve the engineer-
ing and performance of fusion lasers.

During the past year, we have pursued sevcral
research projects that show interesting possibilities
for advances in these areas. The ionic-charge-
transfer bands discussed in the following subsection
(8.5.1) are candidates for an efficient new class of
pump sources somewhat related to the efficient, ion-
pair radiating states in the rare gas halides. The
resonant Ramon processes discussed in §8.5.2 may
permit Raman compression with higher intensity
gain than will the off-resonant vibrational scatterers
discussed in §8.2 and 8.3. Subsection 8.5.3 discusses
experiments aimed at understanding the limits to
scaling RGH discharge lasers, and §8.5.4 and 8.5.5
cover advances in theoretical techniques that are
generally applicable to the analysis of all the ad-
vanced lasers discussed here.

8.5.1 lonic-Charge-Transfer Pump Sources

The chief cause of inefficiency in current laser-
pump sources is the lack of efficiency in the conver-
sion of electrical energy to light output. Therefore,
we have a continuing interest in radiative transitions
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with the potential for more efficient conversion of
electrical excitation to fluorescence or laser output
than exhibited by current pump sources.

A class of transitions that may be useful as ef-
ficient pump sources are ionic-charge-transfer
bands in low-pressure, electron-beam-excited gases.
We have begun a rtudy of these charge-transfer
bands in rare gases to improve our understanding of
their properties and kinetics. The potential curves
were ohtained theoretically, and the emission spec-
tra and high pressure kinetics were studied using a
short-pulse electron gun.

The spectra of almost all ccmbinations of
heteronucleur rare-gas ions have been identified by
Tanaka et al.'® who observed bands corres-
ponding to charge-transfer transitions that can be
symbolized by X*Y — XY™, The low-lying states of
the mixed ions correlate to the ionic ground-state
multiplets of the constituent ions X* and Y ¥, and
the transition energy corresponds roughly to the dif-
ference beteen their ionization potentials.

Using the LAMP!S! short-pulse (25-ns), high-
repetition-rate (50-Hz), 80-keV electron gun, we
studied the spectrum (and its time dependence) of
Ar/Xe mixtures in the vicinity of 330 nm (Ref. 152)

and of Kr/Xe mixtures in the vicinity of 490 nm. In
both mixtures, a strong band is seen that resembles
the shape of the RGH emission bands (see also
Tanaka et al., Ref. 150); indeed, such a spectrum is
expected. The spectra of both the rare gas halides
and the mixed noble gas ions represent charge-
transfer transitions and thus have a large radiative
rate. However, there are several differences. In the
rare gas halides, the upper curve is ionic and is
deeply bound because of the Coulomb attraction,
while the lower state is repulsive. In the mixed rare-
gas ions, this strong Coulomb attraction is absent.
For example, the upper curves of Kr¥Xe are
slightly attractive because of a charge-induced
dipole force —a/R“, while the lower curves, corre-
spondirg to KrXe*, may have significant binding
(0.2 to 0.5 ¢V). The similarity of the spectrum of
mixed noble gas ions to that of a bound-free ex-
cimer, RGH-type transition results from the great
displacement of the potential minima of the upper
vnd lower states. Therefore, the emission goes to
very high vibrational states of the ground state, ter-
minating on a nearly flat potential curve.

The physical basis of our picture can be seen in
Fig. 8-61. On the left side of the figure we show our

Xe(18g) « Kr*(2py ) — Ke(1Sp)

Xel1Sp) = Krt 2Py ) — Ki{1Sg) =

e X6 {2P4 o) = Kri18p)

%e*(2P5,,) — Kr('Sp)

Myzg

M2 u
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estimated potential-energy curves for XeKr?; on
the right, the potential energy curves for Krf
calculated by Wadt!53 are reproduced. It is clear
that the ground-state Kr*(?P, ,) ion can recombine
with the Kr in the strongly attractive I, .., state and
hence is rapidly deactivated. The upper-state
Kr*(?P,,) can form the slightly atiractive IV,
states of XeKr* or the more repulsive 11, and
11,5 states of Krf. The formation of the excited
XeKrt state leads to the observed radiation.

Our kinetic studies show that the formation of
the upper-state Kr*Xe is directly from Kr*, which
in turn is produzed bv electron impact from Kr.
One of the two spin-ur .it-split doublets, the lower
Kr¥(%p,.,) state, is quickly deactivated, while th:
other one, Krt{2P, ), stores enerpy for some time
(74eact = 70 ns at 2 atm), losing energy mostly by
collisional deactivation.

There are several interesting consequences (G
our studies. First, the Kr*(?P,,) and other
analogous states, Ar*(2P,.,) and Xet(?P ), are
quite long-lived and thus keep the electron density
high even in pure gases. The influence of these
species on rare gas laser performance needs to be
studied. Second, in pure gases, there is a population
inversion between the 2P , and 2P , states (the lat-
ter being deactivated via molecular ion formation
and dissociative recombination), and laser action
can be expected. Also, the depopulation of the 2P,
state by stimulated emission couid better the perfor-
mance of the rare gas excimer lasers both by “*force
feeding” the excimer state and by the disappearance
of a possibly absorbing molecule (the collisional
complex formed from the ZP,,2 ion). Third, popula-
tion inversion can be expected on the
Kr*Xe - KrXe" transition and analogous transi-
tions.

There are possibilities of analogous systems in
the rare-gas-alkali ions. One promising example is
the (NaXe)* ion. The upper state Xe¢*Na is pop-
ulated directly from Xe*, and since Xe has both
higher ionization energy and higher stopping power
than Na, kinetic processes favoring population in-
version are expected even in a 50/50 Xe/Na mix-
ture. Our calculations show that the upper state is
bound by 0.3 eV, while the lower state has only a
charge-induced dipole (-a/R% minimum, since
both Xe and Na* have closed electronic shells. The
transition is expected to fall at 170 nm, and the ef-
ficiency could be comparable to the Xe) excimer
laser, which emits at that wavelength. This transi-

tion is therefore an interesting potential pump
source for the Se(!S) laser using OCSe photo-
dissociation, which is discussed in §8.4.
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8.5.2 Near-Resonant Raman Frocesses

Metal Vapor Systems for Compressors. A
Raman process that is close to resonance with an
intermediate state can reduce the gain for the
backward second-Stokes process. which is the most
important limit on the intensity gain in a Raman
compressor. The scatterer should have a large
Stokes shift and a sharp intermediate state to avoid
single-photon absorption of the pump in the wings

" of the intermediate level. These conditions are most

easily satisfied for electronic Raman scattering in
atoms. with the liability that the appropriate atoms
are metals and semimetals that require high tem-
peratures to get the desired vapor densities.
Figure 8-62 shows a possible candidate for a
near-resonant KrF compressor operating in atomic
calcium. The KrF pump photon lies 1433 cm-!
below the 4s6p'P| state, wiich serves as a near-
resonant intermediate state. The most desirable
Raman transition is the trapsition of highest quan-
tum efficiency vy, which terminates on the 4s3d'D,
state and gives a Stokes wavelength of 532 nm.
There are other possibly competing Raman transi-
tions »; and »,, as well as the possibility of
resonance-enhanced two-photon photoionization,
and these competing processes must be understood.
Large-scale configuration-interaction calcula-
tions were completed for the (4sns)'S, (4snp)'P°,
and (4snd)'D states of Ca, The wave functions,
which contained up to 550 space-spin configura-
tions, were chosen to describe both the correlation
of the two valence elsctrons and the dynamic
polarization of the 3s and 3p orbitals of the M-shell.
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Using the calculated one—l:;hoton transition
momenis and the experimental transition energies,
we have evaluated the Raman cross section and the
gain coefficient as functions of laser frequency for
both the main transition (4s2)'S ~ (4s3d)'D and the
possible parasitic transitions (4s2'$ — (4s5s)!S and
(5H'S = (4s4d)'D. As Fig. 8-63 shows, the Raman
cross section for (459)!S - (4s3d)!D at KcF pump
energy (40 300 cm™!) is larger than our earlier es-
timates, which neglected M-shell polarization, but is
still about a factor of three less than initial crude
estimates, ¥ which neglected all states other than
4s6p'P|. Figure 8-64 compares the gain v in cm/W
for the transitions vy, vs'. and v; as a function of
pump wavelength for a calcium density of 10'6 cm-3
(vapor p zssure of Ca at 820°C). The v, parasitic is
predicted to have a gain rcughly equal to that of the
vs, which is probably tolerable in a compressor. The
forward saturation energy at this particle density is
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predicted to be 0.13)/cm? giving a l/)ackward
saturation energy of about 0.5 J/cm? with a KrF
pump of 0.1-cm~! line width. Restricting the pump
intensity to 12MW/cm? to avoid ground state
depletion,'** one would now predict that a calcium
compressor at this density would accept a 400-ns
pump pulse at about 5J/cm2, which is more
favorable than initial estimates. !4 However, experi-
ments at LLL and AVCO,!55 which attempted to
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observe superfluorescent forward Raman scattering
at 532 nm, have been unsuccessful to date. It is not
yet clear whether this result stemmed from ex-
perimental difficulties with the hot vapor cells, from
superfluorescence on tae infrared transitions v, and
v.. or from other problems ‘such as two-photor.
photoienization in the intense focused KrF beams.
A resolution of this issue requires more careful ex-
periments, which are in progress.

Several other atoms have been proposed for
use in a KiF compressor. Thallium has an energy
defect of 1765 cm™! for KrF pumping with a Stokes
wavefength of 308 nm; however, it has been
shown!56 that a competing 1650-nm transition has
far higher gain, in agreement with our theoretical
estimate that the infrared pain should be a few hun-
dred times higher. Thallium could be useful at other
wavelengths, and experiments to study the physics
of near-resonant Raman scattering in this atom are
discussed in the rext subsection. There are other
potential atomic candidates for KrF compressors,
such as antimony and bismuth: however, only crude
eslimates are possible for these atoms, since the line
strengths are poorly known. Both of these materials
also have a significant dimer concentration in the
vapor phase, and these dimers may have interfering
absorption or stimulated scattering. Further study
is planned to resolve these issues.
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Theory of Raman Scattering Driven By Noisy
Fields. As pointed out in §8.2.3, an incoherent,
noisy, or multifrequency field causes a large
forward-to-backward ratio of the Raman gain. The
gain caused by a noisy multicolored field becomes
especially interesting when the field is close to
resonance with an intermediate level, where one ex-

pects a transition from a Raman to an optically
pumped amplifier.

The thecretical problem is quite complicated,
especially if the fields are strong. All calculations
were carried out for a single three-level atom, de-
picted schematically in Fig. 8-65. The driving field is
near resonance with the (0.1) level pair and can be
“strong™ (saturating). We calculate the suscep-
tibility for a weak monochromatic field applied near
resonance with the (1.2) level pair. The stochastic
pump field, #(1) = # exp{-i¢(1)], is modeled as a
field of constant amplitude ¢, that undergoes a
“phase diffusion,” a Markov process, giving
<<explig(t) - ig(1)] >> = exp[-Mt' - ). " > t,
corresponding to a Lorentzian spectrum. The
resulting complex gain (susceptibility) formula is

B, ) = ZLE- [n,,]? GGy

Q2 ko +k
. _ _0 10 12 l
(A +s+kp, Moy -ny)+ 4 __7\+iA+k;0 f

G(s) = ,
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g = |1 |* & -

and k;; is the relaxation rate from level i to level j.
This is a T, rate. which includes collisional and
radiative relaxation. The corresponding off-
diagonal (T,) relaxation rate is kij, and the matrix
element is pj. The total density of atoms is N. and
the center of the driving field is detuned by A from
resonance with 0 — 1. The first term is the result of
“optical pumping™ into the intermediate level | by
the Lorentzian tail of the input field. It peaks on
resonance: A = 0, and » = A. The second, Raman,
term has two parts: the Raman resonance at » = 0,
and a contribution that subtracts from the optical
pumning (peaking again at s = A) and comes from
the Raman effect populating the final level, level 2.

In the limit A - 0, the formula reduces to one
derived by Mollow!57 for a monochromatic field.

We evaluated the equation on the computer
and also integrated it over a Doppler distribution
for parallel incident and probe fields. Three sample
calculations (a, b, and c) are shown in Fig. 8-66.

We are presently extending the calculations for
a Gaussian random field of arbitrary spectrum.

Reference

157. B. R. Mollow. Phys. kev. A 8. 1949 (1973).

Authors

A. Szoke
J. Cooper (JILA)
C. R. Willis (Boston U 'niv.)

8.5.3 RGH Discharge Laser
Technology

Because the RGH discharge lasers have
become important laboratory tools, there is strong

interest in the development of more power™ and
reliable devices of (his type. Also, the freg oncy
control and the mode yuality, which are o winable

only in an wscillator—amplifier system, are required
for many RGH laser applications. In 1975
progressed in hoth these arcas. We constructed -«
tested several high-power state-of-the-art di- * ve
lasers, and we developed electrical circuits for
reliable synchronization of two dischurges for an
oscillator—amolifier laser system.

Because of the short duration ot the laser
pulses. the main difficulty that we encountered in
operating a reliable oscillator-amplifier system was
in the synchronization of the two discharges. When
rugged spark gaps were used as the electrical power
switches, drifts and jitters of tens of nanoseconds
were observed. 1o overcome ibis probhlem. we
developed a special electrical cireuit for d:iving two
discharges for an oscillator-amplifier application.
In this circuit. in spite of the jitter of individual
triggered spark gaps. the relative timing of the lwo
discharges remains reproducible and easily ad-
justable. The system is rugged and requires
minimum maintenance.

Figure 8-67 shows the layout of the oscillator-
amplifier system. The electrical schematic for the
entire system is shown in Fig. 8-68.

A two-stage Marx bank. which provides power
for the amplifier, has u« common spark gap with the
oscillator puiser. The common gap is triggered
about 50 ns after the other Marx-bank spark gap.
This assures synchronization between the pulse go-
ing to the oscillator and the one going to inter-
mediate storage for the amplifier. A self-triggered
overvoltaged spark gap then switches the power
from the intermediale stage to the peaking
capacitors ot the amplifier. The delay is adjustable
by varying the pressure in the self-iriggered spark
gap and by changing the value of the intermediate
storage capacitor. The delay gap is pretriggered
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(basically ultraviolet-preionized) and  thus the
breakdown occurs at a well-defined voltage, in this
application adding less than 1 ns of jitter to the
system.

The use o1 an intermediate storage stage also
increases the power input 10 the laser by reducing
the inductance of the driver and allowing operation
at higher voltages. The laser amplifier shown in
Fig. 8-67 has an interelectrode separation of 3 cm,
provides uniform preionization from beneath a
screen electrode, and generates 400 mJ of KrF
radiation in a neerly diffraction-limiied mode.

To find the limitations to scalability of a simple
RGH discharge laser, we constructed a larger dis-
charge device and the more powerful electrical
pulser needed to drive it. Figure 8-69 shows the
device, known as SP-111: its electrical system is
shown schematically in Fig. 8-70.

The laser body is machined from 2VC plastic
and coated on the inside with a Kel-F grease to
protect the plastic frcm the fluorine. The top elec-
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trode is solid aluminum, while the bottom one is
shaped from a fine stainless steel screen with greater
than 50% transparency. Three flash rods, located
under the screen electrode, provide the preioniza-
tion for the main discharge. Suprasil Brewster win-
dows are used for the laser. The laser cavity consists
of a maximum-reflectivity 10-m-radius-of-curvature
mirror and an uncoated quartz flat as the output
coupler. The high voltage pulser, used to power the
main dischurge consists of a 0.05-uF capacitor, is
enclosed in a metal can for low inductance and
pulse-charged by a two-stage Marx bank to 120 k V.
A pretriggered spark gap (EGG 15-B pressurized to
30 psi of air) fires at proper voltage and is used to
pulse-charge the BaTiO; peaking capacitors. The
voltage across the laser reaches 100 to 200 kV,
depending on the pressure and composition of the
gas inside.

For a given operating pressure (above 1000
Torr), the best results were obtained when the laser
was filled with 1000 Torr of our standar¢ premix
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Fig. 8-68. Electrical circuit for the oscillator-amplifier KrF discharge laser.

(3 F5/100 Kr/900 He) and then pressurized further
with pure helium. Figure 8-71 shows the plot of out-
put energy vs pressure n the laser as helium is
added to the mix. At firsi, the output rises; then it
levels off at about 45 psia. Typical output pulse
energy in this regime is 0.9 to 1.0 J in a 25-ns pulse.
The overall efficiency of this laser is quite posr
because of impedance mismatches in the pulser;
however, an estimate of the efficiency, considering
only the energy of the BaTiO; capacitors as the in-
put energy, vields approximately 1%, which is com-
parable to that of other discharge KrF lasers. The

beam dimensions are 1.5 X 4.5 cm, and ihe longer
dimension is limited by the aperture of the optics
used. The obtainable length should be on the order
of electrode separation, which is 6 cm.

We measured power density in the center of the
beam by observing the laser output through a slit of
known dimensions. Figurc 8-72 shows a plot of the
center power densily vs the toial output energy. The
graph shows a linear dependence, which means
there is no significant change in the beam profile
with increasing power output. This linear depen-
dence also means that at the highest powers
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achieved here (9 MW /em?) there was no evidence of
flux limit by such effects as unsaturable losses.
Thus, discharge lasers longer than 100 cm may be
built without loss of efficiency.

Measurements of laser performance were also
made with larger peaking capacitors. As some of the
0.6-nF capacitors were replaced with 2,0-nF
capacitors, the output energy began to decline and
the output beam showed strong striations. The
spacing between the stripes coincided wit, ‘he grid
size of the screen of the lower electrode. Apy - :ntly,
the larger peaking capacitors result in too slow a
voltagr rise time between the electrodes, and some
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sort of prebreakdown instability has enough time to
grow. To overcome this problem, one could install a
low-inductance switch (such as a rail gap) in series
with the peaking capacitors. Experiments using this
approach are described in recent publications.!58:159
Another possibility is to use e-beam initiation 5f the
discharge, described in §10.6.5 of this report. Either
cf these approaches may be used to further extend
the output power and energy capabilities of a
discharge-driven KrF laser.

In conclusion, we have demonstrated that a
simple uliraviolet-preionized laser is capable of out-
put power as high as 40 MW. However, we also
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Fig. 8-70.  Flectrical circuit for SP-HI (bias resistors omitted).

came to the conclusion that further increase of the
output power will require a more complex driver
circuit for the discharge.
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8.5.4 Advances in the Thicory
of Photoionization of Small Molecules

Among the various properties of the electronic
continuum of small molecules, cross sections for
photoionization are important in a wide range of
nractical applications. Nevertheless, until quite
recently, these processes have resisted any
wyslematic  attempt at theoretical investigation,
targely because of the enormous computational dif-
liculty in obtaining continuum wave functions when
noncentral and nonlocal molecular fields are in-
volved. Consequently, much theoretical effort in the
past few years has been directed at the development
of methods that can provide the relevant cross scc-
tions without a detailed solution of the appropriate
molecular wave equation.

The Stieltjes-Tchebycheff (ST) moment-theory
technique!® has emerged as one of the most
promising approaches for ab initio investigation of
molecular photoionization. During 1978, we
undertook a variety of systematic ST studies,
including calculations of the cross sections for
photoionization in the outer shells of Arj
(Ref. 161), Fy (Ref. 162), HyCO (Ref. 163), H,0,
and HCN, and in the K-shell (an inner shell) of N,
(Ref. 164). The theoretical details of the ST
technique were discussed in the 1976 annual report
and will not be repeated here. The key feature of the
method, which has made such rapid progress
possible, is its reliance on a finite number of
transition energies and oscillator strengths that can

be calculated in Hilbert space. In addition, since
finite point-group and electron-exchange sym-
meiries are basic ingredients of the standard bound-
state technology that is used to implement the
method, we can avoid many of the simplifving
approximations nceded in other techniques, such as
the use of one-center expansions, additive atomic
apprcximations, and local exchange potentials.
The studies undertaken at Livermore, together
with similar investigations carried out elsewhere,
have repeatedly pointed out the strikingly non-
atomic features that are found in molecular
photoabsorption, most notably the ubiquitous ap-
pearance of broad-shape resonances in photoioniza-
tion cross sections. Such behavior is readily ap-
parent in the photoionization cross sections of Fj
(Ref. 162) and HyCO (Ref. 163), which are shown
in Figs. 8-73 and §-74, respectively. Examination of
the dominant excitations in the resonance regions of
these molecules and other first-row diatomics has
cnabled us to systematically classify these reso-
nances in terms of compact «* and =* orbitals.
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In many cases, we have been able to evaluate
not only total photoionization cross sections but
also partial cross sections for production of
molecular ions in specific electronic. states. An ex-
ample is given in Fig. 8-75, where we show the
branching ratios in H,CO photoicnization 10 the
four lowest ionic channels and a comparison with
experimental values.'%5 Such calculations assume a
frozen-core model for the photoionization process
and photoejection of an electroi. from a specific
molecular orbital. Such “‘static-exchange™ calcula-
tions have proved quite reliable in a variety of cases
involving closed-shell molecules, but more
elaborate configuration-interaction calculations are
required when dealing with open-shell, or excited-
state moiecuiar species. or both. Our siudy of the
photoionization of Ar; (Ref. 161) is an example of
such a case.

Another case in which the frozen-core model
breaks down is in inner-shell photoionization,
where orbital relaxation following ionization or
excitation can be substantial. Moreover, since this
process takes place deep inside the melecular core in
an effectively “atomic” environment, it is often
necessary to localize the inner-shell excitation on a

particular stomic center to obtain good results. For
homonuclear diatomics, this means abandoning the
conventional g,u symmetry at the mole lar orbital
level. By carrying out broken-symn..ify con-
figuration-interaction calculations on N, (Ref. 164),
we were able to clarify the nature of the 400-eV
'llg'u resonance states that occur just below the
K-edge.
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8.5.5 Advances in the Theory
of Autoionization

Resonant autoionizing states of molecules and
autodetaching states of molecular negative jons play
crucial roles in many collision processes involving
low-cnergy electrons, e.g., in dissociative attach-
ment, dissociative recombination, and Penning
ionization.'®® In discharge or e-beam-pumped
lasers, such processes may constitute important
steps in the kinetic pathway to forming the upper
laser level. For instance, in rare gas fluoride lasers,
the dissociative attachment of electrons to Fj is the
dominant mechanism for forming F-ions.'®7 In rare
gas excimer lasers, the dissociative recombination of
clectrons with molecular ions, ¢.g., Xed or Xet,
leads to rapid formation of atomic and molecular
excited states.!®® Thus, quantitative descriptions of
molecular resonance phenomena are required for
constructing kinetic modeis of these gas lasers.
lasers.

Although the formal theory!%® of resonant
scatlering of electrons from molecules has been
developed during the past {3 years, there have beon
very few ab initio studies of autoionizing reso-
nances. even in diatomic molecules. The main
reason for this has been the lack of practical
methods for calculating the decay lifetimes 7 of
molecular resonances within the Born-Oppen-
heimer approximation.

During 1978, we developed two new ap-
proaches. the Stieltjes-imaging method'%%170 und
the complex-basis-function technigue,'”"'72 for
calculating the resonance parameters of autoioniz-
ing states. We implemented the Stieltjes moment-
theory technique, which has been used extensively
for calculating accurate molecular photoionization
cross sections,'”? for molecular resonances. During
the year, we used this method to study several well-
known resonances of complex atoms,'®¢.g., He" or
Mg, and of diatomic molecules,!” e.g., Hy" and
N3. The complex-basis-function technique!?! is an
extension of the complex-coordinate method,!?
designed to tnake the method practical for treating
resonance states with more thar two electrons. We
demonstrated the utility of this &, proach by
calculating the resonance energy and width of the
2p2 shape resonance of Be~.!?! I adZition, we made
significant progress in implementing the method for
molecular resonances. '’

The Stieltjes moment-theory technique is based
on the *“golden-rule” definition of the resonance
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width I', which is inversely proportional to the
decay lifetime, ie., I' = #/7. Direct application of
the golden-rule formula to molecular resonances is
difficult because of the complexitics involved in
determining the background cominuum into which
the resonance decays. When the clectron-target
interaction is anisotropic and nonlocal, as in the
case of molecules, the computation of electron-
scattering wave functions is an arduous lask. The
present method avoids the explicit construction of
molecular continuum orbitals by utilizing well-
established, bound-state technigues for approxi-
mating both the resonance state and the scattering
continuum. Sticltjes moment-theory  techniques,
developed earlier for molecular photoicnization
studies,!™ are used lo extract the correctly
normalized width I from the computed discrete
representation of the nonresonant background.
Because the method uses square-integrable basis
functions exclusively, its implementation requires
only existing atomic and molecular structure codes.
Many-electron effects, such as correlation and
polarization, are easily incorporated nto the
calculation of the width through standard
configuration-interaction techniques. Once the
resonance width has been determined, the energy of
the resonance can be computed hy a straight-
forward evaluation of the required principal-value
integral.

To demonstrate the utility of the Stielijes-
imaging technique, we calculated!™ the widths of
several, doubly excited autoionizing states of He,
the well-known 19.3-eV 2S resonance of He™, and
the 2P shupe resonance of Mg~. In ail of these
cases, our computed resonance parameters agree
closely with the values obtained using other
methods. We also applied the method to several
core-excited, Feshbach-type resonances in the
e+ HJ system and the well-known *II, shape
resonance of N3 (Ref. 165). Our study of the 'Z%
and I, autoionizing states of H, has shown that
simple approximations, such as describing the ejec-
ted electron with undistoried Coulomb waves, may
yield incorrect resonance widths. The computed
energy and width of the 2I'Ig resonance of N3, as
functions of internuclear distance, are shown in
Fig. 8-76. These results, obtained with a frozen-core
static-exchange potential, agree reasonably well
with the results of other very recent calculations.

The method of complex coordinates or basis

functions!™ is based on a mathematical description
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of a resonance as a state with complex energy E .
- iI'/2, at which the scattering amplitude is infinite.
The real part of the complex energy gives the
resonance position, and twice the imaginary part of

the complex energy is the decay width. The
resonance wave funtion is expanded in terms of
complex basis functions. and the many-electron
Hamiltonian is diagonalized to yield the complex
resonance energy directly. In the original complex-
coordinate method, '™ the basis functions were con-
structed by using the coordinate transformation
r -+ re”® for each eclectron. Although this method
yielded good results for autoionizing states in two-
eiectron atoms, ¢.g.. He**_its applications to com-
plex atoms suffered rom siow convergence. Our
analysis of the theoretical foundations of the
method has shown that convergence can be greatly
enhanced by aliowing only lunc.ions referring to the
active, valence electrons tv become complex. while
keeping the basis functions for the core electrons
real.

We implemented tne modified complex-basis-
function technigue by using a separable expansion
for the many-clectron Hamiltonian, and we
demonstrated its utility in several applications to
model problems.!”! Calculations on the 2P shape
resonance of Be viclded 0.73 eV and 1.} ¢V for the
position und width, respectively. These values are
consistent with estimales derived from caleulated
p-wave phase shifts, using effective range theory.
The behavior of the complex cigenvalue of this
resonance as a ‘unction of the transformation angle
fis shown in Fig. 8-77. The stationary points asso-
ciated with the curve correspond Lo the complex
resonance energy Ep . - il /2.

DCirect application of the complex-coordinate
transformation to molecular problems is imprac-
tical because it would require abandoning the
Born-Oppenheimer separation of electronic and
nuclear  motions.!™  We  have achieved a
breakthrough in this &rea by using complex basis
functions constructed from st. adard Gaussian
functions, e.g., ¢, in which the scale parameters
« have been transformed: o —» ae 2%, The fact that
this transformation leaves the bound states of a
molecule unchinged has been verified by computa-
tions on HY {Ref. 172). Application of the method
to a shape resonance in an anisotropic model poten-
tial yielded resonance paramcters in excellent ac-
cord with the values obtained from a separable-
potential  T-matrix calculation.'’”? These results
suggest that further investigation of the complex-
busis-function method and its application to
mnlecular resonance phenomena will be
worthwhile.
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SECTION 9

ENERGY AND MILITARY APPLICATIONS

9.1 Introduction

Our goal is to foresee the opportunities and
problems in the engineering development of inertial
confinement fusion (ICF). Our studies form a
bridge between the current physics research
program and such ICF users as the energy utilities
and the military. A power plant that produces elec-
tricity is a familiar example of an energy applica-
tion. An example of a military application might be
a simulation facility to test the response of satellite
components 1o x rays and neutrons similar to the
radiation from a nuclear weapon detonation. We
have set three primary objectives:

® To identify the most promising ICF ap-
plications.

® To formulate programs for the required
technological development.

® To provide management information
necessary to direct program resources toward
yielding maximum benefit in the shortest time.

Conceptual design studies of power plants and
test facilities are one of our more useful tools for
early detection of potential technical problems. We
assess emerging new technologies and work with the
energy industry on their eagineering and commer-
cialization. We can save precious developmental
rescurces through design inrovations that shorten
the required developmental time. Finally, we work
closely with industry to realistically and eco-
nomically plan the required technological develop-
ment programs and strategies.

In this section, we report the results of two ma-
jor studies: a conceptual design of a laser fusion
power plant for electricity generation, and an
assessment of fissile-fuel production for conven-
rional nuclear reactors in a hybrid fusion-fission
reactor. In each case, the fusion reactor functions as
an energy converter in which small pellets contain-
ing deuterivm and tritium are injected into the
chamber at the rate of one to ten per second and il-
luminated by high-energy laser beams. The pellets
are compressed to kigh densities and heated to tem-
peratures of millions of degrees, conditions that are
sufficient to ignite a thermonuclear reaction, The

reaction releases hundreds of times more energy
than that of the laser beams.

Energy from the reaction is released in the form
of neutrons, x rays, and energetic peilet debris. To
convert this energy, which is released in repetitive
pulses, into useable form, we surround the chamber
with a blanket that absorbs the energy yet survives
the radiation. For electricity production we use a
liquid-lithium blanket that captures the energy in
the form of heat, which can then be transferred to a
steam cycle. For fissile-fuel production, we capture
the neutrons in a blanket of fuel rcds containing fer-
tile elements, which arc transmuted to fissile ele-
ments that can fuel another reactor.

The first study is the conceptual design of a
1050-MW, power plant, which is a collaboration
between LLL and a team of university and in-
dustrial contractors. Project responsibilities are as
follows:

® Lawrence Livermore Laboratory: Overall
energy conversion design, optics, fluid mechanics,
system integration, environmental aspects.

® Encrgy Technology Engineering Center
(run by Rockwell International for the Department
of Energy): Liquid-metals systems, corrosion, heat
transfer, tritium.

© Rockwell International, Energy Systems
Group: Chamber engineering, thermal and stress
analysis, material selection.

@ Bechtel National, Inc.. Heat transfer
systems, stea:n cycle, safety, building layout and
costing.

® Colorado School of Mines: Corrosion of
steels by lithium.

e University of California~Davis: Stability 5°

liquid jets.
Cooperation of team members has provided a study
that is balanced between the innovative concepts re-
quired for fusion systems and the engineering ex-
perience gained from building fission reactors and
components,

The energy conversion concept of the study
calls for a dense array of lithium jets to be injected
inte a laser fusion target chamber between each

"



pulse. The lithium forms an effective 1-m-thick
blanket between the fusion pellet and the first struc-
tural steel wall. This design requires no first-wall
replacement for the iife of the power plant and
allows the use of available materials and techniques.
It is called the High Yield Lithium Injection Fusion
Energy (HYLIFE) concept.

When this study began, we intenticnaily chose
a very high gain to determine the design constraints
and considerations for high-yield pulsed-energy
conversion systems. We now consider this combina-
tion of pellet gain and driver energy to be optimistic
in terms of theoretical pellet performance.

Section 9.2 is a report of the results of this
design study. It describes the approach and design
philosophy, the chamber design, heat transfer
analysis, and steam and electricity generation. The
vital questions of optical survivability and pellet in-
jection and tracking are also treated. Because we
place as high a pricrity on public acceptance as on
economic competitiveness, we devote a subsection
to safety and environmerial features of the
HYLIFE concept. Technological development
issues are summarized at the end of each subsection.

The HYLIFE design is conservative and con-
structible with near-term advanced fission tech-
nology. Therefore, we foresee no major obstacles to
commercial electric power generation by ICF once
scientific feasibility is demonstrated.

Although we devoted most of our resources to
the HYLIFE study, we also completed neutronic
studies of several innovative 22Th and 238U-%2Th
blanket designs for fusion-fission hybrid reactors,
as reported in §9.3. We studied compound blankets
consisting of both fast and thermal fission portions
to take maximum advantage of energy and neutron
multiplication in added performance. The support
ratio, defined as the number of burner reactors that
can be fueled by a fusion-fission hybrid having the
same thermal power, was calculated to be between 6
and 30, depending on the many combinations of
fuel cycle, blanket design, and type of burner reac-
tor. These high support ratios imply that the cost of
electricity in a scenario that combines hybrids with
conventional light-water reactors (LWR’s) is insen-
sitive to the cost of the hybrid. Because hybrid costs
might be high (2.5to 3 times that of a LWR) and are
quite uncertain, this insensitivity favors hybrid
development.

Both the electricity producing and fissile-fuel
producing power plants appear to be feasible in

8-2

terms of both the net energy they produce and the
technology needed to build them. Our challenge is
to intelligently plan and implement the requisite
engineering development to ensure that the promise
is realized.

Author
M. J. Monsler

9.2 Conceptual Design of a Laser
Fusion Power Plant

9.2.1 Introduction

Our Energy Options. Demand for electricity in
the next century is so uncertain that recent studies
do not attempt to forecast beyond 1990.! If future
electricity demands can be economically met in an
environmentally and politically acceptable manner,
then electricity will continue to be an ideal form of
energy for homes and industry and will grow in im-
portance for transportation. It is clean in end use,
distributable, and can be made exceptionally
reliable through use of interconnected grids.

Planners must look past near-term reduced de-
mand forecasts, whivh can be met by a combination
of oil- and coal-fired boilers and uranium-fueled
light water reactors (LWR’s), to an era of dimin-
ishing fossil and fissile resources coupled with the
growing electrical demands of high-technology
economices. Even if solar heating and cooling, sup-
plemented by local electrical generation from wind
machines, etc., are used widely, the role of central
generation of electricity to provide power to urban
areas and industry is likely to continue.?

Useful criteria for judging long-term energy
sources are:

® Environmental acceptability.

® Econ.mic competitiveness.

® Operational inexhaustibility.

To these we might add the ever present political
constraints of assured security of the energy supply
and freedom from such misuse as terrorism and
weapons proliferation.

Onijy three long-term caergy sources now
exist—fusion energy, solar energy, and fission
oreeder energy. Each should be pursued through the
developmental stage to properly evaluate its relative



merits and costs. None is without problems. For ex-
ample, solar energy falls on the earth at no cost, but
its diffuse and intermittent nature leads to collection
and storage problems. Solving them, say by placing
collectors in space and beaming the power to earth,
may result in environmental and safety problems.

Ironically, solar technology has been found to
be the most wasteful of nonrenewable resources of
the three options because it requires so much
material and energy for the mining and manufac-
ture of components.3# Measured in man-days lost
per unit of net energy output (counting both oc-
cupational and public risk), solar-thermal electric
power is apparently quite risky to human health.’ A
solar-thermal system has been calculated to have
one-third the risk to health compared with a coal-
based system but 70 times the risk of a nuclear
system, again because of the huge requirement for
mining, smelting, manufacture, and transportation
of materials.

The fission breeder derives its inexhaustibility
from its ability 1o breed fissile fuel from fertile
feedstock while providing thermal power. Thus, the
breeder eliminates the need for additional mining
and enrichment beyond the initial loading of the
reactor core. Unfortunately, fission product poisons
build up so fast that the nuclear fuel elements must
be reprocessed frequently. Demonstration of com-
mercial feasibility is being held up in the United
States pending resolution of political problems in-
volving the risk of nuclear proliferation and the ac-
ceptability of reprocessing and waste disposal.
Current estimates place the capital cost of a liquid-
metal, fast-breeder reactor (LMFBR) at about twice
that of an LWR, in constant dollars. The fuel cycle
cost is also likely to be higher than that of an LWR,
an unfortunate irony for an inexhaustible energy
source,

Fusion energy is hard to evaluate in terms of
cost because, unlike solar energy and fission breeder
eniergy, the technical feasibility of generating useful
net power has yet to be demonstrated. As a result,
the configuration of a commercial fusion reactor of
either the magnetic or inertial type is both sketchy
and conceptual compared to solar-thermal or fis-
sion breeder devices.

Yet, the promise of fusion is relatively clear.
We can envision capturing the energy source of the
sun in a power plant on earth, in a concentrated and
continuously available form, thereby solving the
problems of solar energy. Burning a small amount

of deuterium, which is available at low cost from
water, this *captured sun” should have a negligible
fuel cycle cost and be free from geopolitical fuel
constraints. It should be a more acceptable
neighbor to the constming public than a fission
power plant with its poteatial radiological hazards
and the need to store its waste for millions of years.
A fusion power plant would be frez from the
air poilution of coal-fired plants and could poten-
tially save thousands of lives by eliminating coal
mining and transportation accidents. On the other
hand, we must master the control of tritium within a
fusion power plant to minimize leakage rates and
the chances for inadvertent relcases. The self-
contained fuel cycle possible with fusion power will
obviate the safety, diversion, and proliferation con-
cerns about the transportation of nuclear materials.
Finally, the growth of fusion power in some sense
substitutes factors we have in increasing supply (in-
novation, high technology, and industrial produc-
tivity) for things that are nonrenewable and in
diminishing supply (fossil and fissile fuels).

The HYLIFE Design Approach. Despite its ad-
vantages, fusion power will not be developed easily,
nor be absolutely clean, nor result in electricity ““too
cheap to meter.” The purpose of conceptual design
studies such as the one reported here is to identify
potential technical difficulties and 10 assess the
economic and social costs, which we seek to
minimize through early understanding and innova-
tion. We'seek to identify an attractive conceptual
configuration of a fusion power plant to take ad-
vantage of the potential of fusion energy while
pointing out a direction of minimum developmental
effort to achieve that potential. The primary output
of this study is not the design itself; rather, it is the
sum of the innovations produced in response to the
issues uncovered.

We established the following objectives at the
start of the study:

® Point design. Perform a consistent puint
design of a power plant for the generation of
baseload electricity, with an output near 1000 MW,
to allow comparisons to current technology.

® Performance. Assume that the technical
feasibility of laser fusion will be demonstrated in the
mid-198("s as now envisioned. Assume that pro-
jected fusion pellet gain as a function of input
energy is on the high side of what is now calculated.
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® Separability. Take advantage of the
separability of the ICF driver system and energy
converter system 10 ease engineering constraints.

® Environment and safety. Weigh public ac-
ceplability as heavily as economics in any design
trade-offs.

® Materials. Reject the quest for exotic
materials to withstand the fusion radiation. Modify
the flux and energy spectra of radiation with
damage-proof, reestablishable fluids. Use conven-
tional materials when possible.

® Long life. Strive for operation for full 30-yr
lifetime with no replacement of damaged first walls
or radioactive structure.

® Minimize developmental time. Design
within straightforward extrapolations of fission-
reactor state of the art to shorten the time between a
demonstration of technical feasibility and commer-
cialization,

These objectives proved to be quite restrictive.
They have led to a plant design that is remarkably
similar to an LMFBR of the SUPERPHENIX-type
now being built in France, particularly with regard
to liquid-metal technology and containment
building philosophy. We may have been un-
necessarily conservative in both emphasizing near-
term technology and requiring full service life. As a
result, projected capital cost is high, while the hid-
den developmental costs are low. On the other
hand, we do meet our goals of using common
materials and minimizing induced structural
radioactivity.

The HYLIFE Concept. The objectives stated
above were used in previous studies®7 as selection
criteria for the most promising concept for a laser
fusion energy conversion chamber. The lithium
waterfall concept,®? in which a neutron blanket of
lithium is placed inside the first structural wall, best
satisfied the objectives of no first-wall replacement,
no exotic materials, and minimum technological
development. The general concept is not new. Its
progenitors include a number of liquid-wall!®-!3
and fluid-rain’*!3 concepts. The HYLIFE concept
solves many of the problems uncovered in these ex-
ploratory studies.

The HYLIFE design!6 is the second iteration
of the general concept, the first being a 380-MW,
power plant.8 The present 20-man-yr study, a team
effort, has resulted in an energy conversion chamber
that is simple in design. Conceptually, it can operate
without damage with very high yields of several
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thousand megajoutzs for up to a few times a second.
The chamber operating conditions chosen, 2700 MJ
at 1 Hz, provide 1055 MW, when coupled with a
superheated steam-clectrical generation facility.

Simple iu concept, the chamber configuration
is basically a steel chamber in which a blanket of lig-
uid lithium shields the steel wall from the neutron
and x-ray energy. The pellet is injected horizontally
into the center of the chamber and ignited by two
opposing clusters of horizontal laser beams. Figure
9-1 is a schematic of the HYLIFE chamber. A
lithium energy-conversion blanket, consisting of a
dense array of 20-cm-diameter jets, is injected into
the chamber between each laser pulse. The array
provides an effective blanket thickness of 1 m be-
tween the fusion peflet and the first structural steef
wall. The pellet and laser beams are injected
through a specially arranged corridor in the array of
jets.

The lithium blanket reduces the 14-MeV
neutron flux from the pellet by a factor of 200 or
more. Thus, a cylindrical first wall having a 5-m
radius could operate 21 full-power years (30 yr at
70% availability) at an integrated neutron flux of
0.32 MW/m?2. The wall fluence without the lithium
protection would be 5.7 MW/m2 hence, the power
density within the reactor vessel is high, ap-
proaching that of a fission reactor. A common low-
alloy ferritic steel (2.25% chrome~1% molybdenum)
is used throughout. The tritium breeding ratio is
controllable between 1.0 and 1.7.

The fluid configuration in the chamber is an
hexagonal array (0.5 packing fraction) of 20-cm-
diameter lithium jets. The array effectively isolates
the chamber from the shock of the fusion pulse and
minimizes the wall stress from the impact of
lithium. High-pressure blowoff gas, which results
from x-ray and debris deposition in the lithium,
merely blows through the array of jets, like wind
through trees. The force of the volumetric expan-
sion of lithium, which results from neutron absorp-
tion, is primarily taken up in liquid-fiquid interac-
tions of colliding jets. Finally, the enormous area of
the fluid at a relatively cold temperature (500°C)
acts as an effective condensation pump. Thus,
mechanical vacuum pumping of hot plasma is not
needed.

Table 9-1 summarizes the quantitative charac-
teristics of the HYLIFE power plant. The plant re-
quires 16 liquid-metal pumps to inject the lithium at
4.4 m/s into the 5-m-radius chamber. The primary
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Table 9-1. Summary of HYLIFE power

plant characteristics,
System parameters

Fusion power 2700 th
Gross thermal power 3215 MW,
Grose electric power 1255 MW,
Net electric power 1060 MW,
Net clectrical efficiency 3%

Laser and pellet parameters
Beam energy 3M)
Pellet zin 900
Yield 2700 M)
Pulge repetition rate 1Hz
Laser cfficiency 3%
Power consumption 100 MW,

Energy conversion chamber

Hejght 8m

Radius Sm

Material 2.25 Cr-1.0 Mo

Neutron flux at midplane: 2
With lichium 0.32 MW/m
Without lithium $.76 MW/m®

Number of jets 300

Jet diameter ar midplane 02m

Velocity at midplane 9.9 m/s

Lithium flow rate 93.3 m/s

Packing fraction of jets 0.5

Cffective blanket thickness 1m

Tritium breeding ratio 1.7

Lithum temperature {av) 500°C

Effective temp rise/pulse 13°c

lithium-recicculation pumping power is 20 MW,,
only 1.6% of the gross electric power. A conceptual
drawing of a HYLIFE power plant, cut away to
show the relationship of the chamber, heat transfer
loops, laser mirrors, etc., is shown in Fig. 9-2.

Figure 9-3 is a power flow diagram of the
power plant. A low fraction (16%) of total recir-
culated power can be attained with a high gain
pellet, even with an advanced laser having low elec-
trical efficiency. In conjunction with an inter-
mediate sodium loop, the saturated steam cycle that
we selected provides a gross electrical power of
1250 MW, at a gross electrical efficiency of 39%.
The net electrical power is 1055 MW,, resulting in a
net electrical efficiency of 33%.
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Combination of the following features should
lead to an economically attractive power plant:

Low recirculation power.

High power density.

Use of common steels,

Low-temperature operation.

No first-wall replacement.

Standard liquid-metal pumping techniques.

Environmentally, a savings of radioactive waste
greater than a factor of 200 is possible for two
reasons: the lithium protection reduces the induced
activation in the wall by over a factor of 20 (Ci or
kg); and the first wall will not have to be replaced
10 to 15 times. during the useful life. Finally, if
isotopically tailored Mo is used to manufacture th-e
steel, we may be able to reuse tic steel structure af-
ter 20 yr.
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9,22 Lithium Blanket Configuration

Introduction. The fundamental feature of our
energy conversion concept is a blanket of liquid
lithium that surrounds the laser-initiated fusion
energy pulse inside a compact, high-power-density
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chamber. The blanket primarily shields the chamber
structures from the damaging effects of fusion
radiation. It absorbs the xrays and debris that
would otherwise ablate a solid material. It also at-
tenuates and moderates the neutron flux enough
that even the first structural wall will last for the
30-yr life of the proposed power plant.

We call the region of flowing lithium a blanket
because it is where the kinetic energy of the fusion
products is converted to thermal erergy. Placement
of the energy conversion blanket inside the first
structural wall is an important concept in the design
of fusion reactors, A portion of the lithium flow is
circulated through heat exchangers as the primary
coolant. Therefore, we want as much energy as
practical to be deposited directly in the flowing
lithium, In this way, the heat load and cyclic ther-
mal stress to the chamber structures can be reduced.

The flowing lithium blanket performs two
other significant functions. It breeds the tritium re-
quired to fuel the DT pellets. As much tritium must
be produced as the system consumes, a constraint
that is easily met. It also serves as a vacuum pump
for the chamber, condensing the lithium vaporized
by each fusion energy pulse.



Thus, the flowing lithium serves as:

@ A radiation shield for the chamber struc-
tures.

® An
medium.

@ The fertile material for tritium breeding.

@ A vacuum pump.

Its effectiveness in performing each function de-
pends on the blanket configuration. The configura-
tion also must be stable, must be reestablishable
between pulses, and must allow laser beams to reach
the pellet at the center of the chamber.

Several potential blanket configurations per-
form the required functions and meet the various
constraints. We find, however, that the blanket con-
figuration also strongly infiuences the design of the

energy conversion and removal

first structural wall and even the rest of the plant.
The response of the lithium blanket to the pulsed
energy deposition is discssed in §9.2.3. In some
configurations, the lithium strikes the first struc-
tural wall at high velocities and induces high
dynamic stresses, which we want to avoid. The total
flow rate required to circulate and mazintain the
lithium blanket is a function of its configuration. A
low flow rate reduces both the number of large
liquid-metal pumps required and the size of the con-
tainment building.

Annular Blanket. The sim ‘onfiguration is
formed by injecting lithium duw. . ard through an
annular nozzle at the top of the chamber. The flow
forms a hollow cylindrical blanket around the
pellet, as shown in cross section in Fig. 9-4(a). The

(a)

Pellet

Annular lithium

blanket Chamber wall

Lithium blankets

Fig, 9-4. (2

Four lithium blanket A

tacer beam

Beam tube

Semigircular ~
lithium bianket

Lithium jets

(b} semicircular: (c) multiple semicircular; and (d) jet array.
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blanket thickness decreases continuously with ver-
tical distance from the nozzle as the fluid is ac-
celerated by gravity. The shortest path for neutrons
through lithium is just slightly below 2 horizontal
midplane through the pellet. Bécause the first struc-
tural wall 1s closest to the pellet at this midplane, it
is where the wall 1cceives the highest radiation flux.
Therefore, we use the midplane conditions to
specify the chamber design. There is uniform
azimuthal shielding because the blanket thickness is
constant at a given vertical position.

Erperiments with water at the University of
California-Davis (UC-Davis) have shown that this
flow confignration can be established and is stable
over lengths corresponding to many times the
chamber height.!? Figure 9-5 skows the annular
flow pattern in one such experiment.

One principal disadvantage of this configura-
tion is that beam tuhes must penetrate the flowing
lithium to allow the laser beams to reach the pellet.
This presents two basic problems. One is that the
beam tubes are directly exposed to the intense fu-
sion radiation. The minimum distance from the
pellet to the beam tubes is set by the allowable
radiation damage and heat flux levels for the tube
material. This in turn determines the minimum in-
ner radius of the lithium annulus. The minimum
flow rate is also fixed by the tube position because
the flow rate for an annular blanket of a given
thickness decreases with decreasing radius. Thus,
the beam tubes become a design limiting feature.

The second probiem is that the beam tubes split
the lithium blanket and form lasge inverted V-
shaped openings below the tubes. UC-Davis

. vV=bBEmi
Reynolds No. based

Onmieignpa L
Re = 35,000 -

9-10



researchers have experimenta™ - demonstrated this
behavior using both circular and aerodynamically
shaped tubes. Significant additional flow is needed
to protect the first structural wall near these open-
ings. .

Another principal disadvantage of his con-
figuration is that its response to the fusion energy
pulse results in an unacceptably high dynamic load
on the first struccural wall. Three basic factors con-
tribute to the acceleration of the fluid. First, a high
pressure builds up inside the annulus as lithium is
vaporized off the inucr surface. This pressure ac-
celerates the annular blanket radially outward.
Second, as a result of the short-range energy deposi-
tion, lithtum is ablated off the inner surface, which
sends a pressure wave radially outward. When the
pressure wave reflects off of the outer surface of the
blanket, lithium is spalled off toward the wall.
Third, the sudden deposition of neutron energy
causes the lithium to disassemble in all directions.
Part of the blanket accelerates toward the wall.

Semicircular Blanket. Dividing the annular
blanket into two semicircular blankets {Fig. 9-4(b)]
alleviates some of the above problems. Because the
laser beams can now penetrate through the open-
ings between the two halves, no beam tubes are
needed. Also, the inner radius of the blanket can be
made small to reduce the flow rate. Some lithium
vapor can vent through the openings and thus
reduce the fluid acceleration due to pressure
buildup in the central region. Unfortunately, too
much fluid is still accelerated into the chamber wall
as a result of the spallation and neutron energy
deposition.

Multiple Semicircular Blankets. The semicir-
cular blankets can each be divided into an inner and
outer blanket [Fig. 9-4(c)]. The lithium spall
resulting from the short-range radiation comes off
the outer surface of the inner blanket and strikes the
outer blanket instead of the chamber wall. Also, the
neutron-induced motion causes the two blankets to
collide with each other while only the outer half of
the outer blanket moves unimpeded to the wall.
Thus, much of the ‘aduced fluid kinetic energy is
dissipated in fluid-fluid collisions.

Jet Array. Continued segmentation of the
lithiem blanket, to provide more channels for
venting the central region and more layers to in-
crease the amount of energy dissipated in fluid-fluid
impacts, leads to the blanket configuration shown
in Fig. 9-4(d). The lithium blanket consists of many

individual jets arranged in a hexagonal-close-
packed (HCP) array within a more or less annular
envelope. Channels are left for beam entry.

While the jet array resuits in some azimuthal
variation in blanket thickness and requires a more
complicated nozzle design, it has some significant
advantages over the other configurations. It
provides many channels for venting the vaporized
lithium and presents a large surface area of liquid to
recondense vapor and lower the chamber pressure.
The vapor is condensed so quickly that additional
vacuum pumps are not required. The array also ab-
sorbs much of the imparted kinetic energy in
fluid-fluid impacts. These effects combine to
minimize the dynamic stress in the chamber wall.

The jet array is used for the HYLIFE design. It
adequately protects the chamber structures from
radiation damage, absorbs nearly all of the system
energy, breeds more tritium than the system burmns,
and operates as an efficient vacuum pump. The jets
are stable against breakup over the length of the
chamber, and they are injected fast enough to
reestablish between pulses. Most importantly, the
configuration minimizes the stress to the chamber
wall and allows beam entry without the use of beam
tubes.

HYLIFE Blanket Configuration. The HYLIFE
lithium blanket consists of 300 jets requiring a flow
rate of 93.3 m3/s. Their position at the chamber
midplane is shown in Fig. 9-6. Nearly all jets are
arranged in an HCP array within a more ar less an-
nular envelope around the pellet. Twenty of the jels
form the laser beam apertures. The nominal mid-
plane parameters are listed in Table 9-2. The
thickness of the jet array is 2 m and the packing
fraction (the ratio of the lithinm cross-sectional area
to total area) in this region is 0.5. Thus, the lithium
blanket provides the equivalent of 1 m of shielding
to the blanket structures. These parameters were
selected based on neutronic considerations dis-
cussed in this section and on blanket response con-
siderations discussed in §9.2.3.

Nozzle Plate. The jets are injected through a
nozzle plate at the top of the 8-m-high chamber,
The plate contaias a hexagonal array of injector
nozzles set nearly vertically at the inner edge and
gradually slanting to ~45° at the outermost row,
Dimensions of the nozzles are shown in Fig. 9-7,
The entrance diameter and triangular pitch are the
same and equal 045 m. The exit diameter D is
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Fig.9-6. Cross section of HYLIFE chamber.

Lithium jats
Bianket structure coolant
Steel first wali

Graphite reflector

Steel pressure vessel

Table 9-2. Parameters of jet arrcy at midplane.

Annulus inner radius 0.3m
Annulus outer radius 25m

Jet diameter 0.2m
Number of jets 300
Packing fraction 0.5

Jet speed 9.9m/s
Flow rate 93.3 m’ls

0.30 m and the plate thickness L is 0.40 m, The noz-
zle L/D of 1.33 is slightly less than the ASME
design, which calls for an L/D of 1.6.

8-12

Because the maximum exit packing fraction
with this nozzle design is 40%, the outer rows are
focused toward the center of the chamber. By
directing the jets radially inward, we obtain a higher
packing fraction at lower elevations even though the
jet diameter is continuously decreasing. At the
chamber midplane, for example, the packing frac-
tion is 0.5 while the jet diameter has decreased to
0.2 m (a 44.4% reduction in cross-sectional area of
the jet).

To simplify the manufacture of the nozzle
plate, we assume that each nozzle has a circular
cross section in the plane perpendicular to its flow
direction. Nozzles that are slanted to the vertical



then have elliptical openings at the plate entrance
and exit, wkich prevents the outer nozzies from be-
ing arranged in the normal HCP configuration. The
net effect is that, for a given number of jets, the
radial position of the outermost nozzles is larger
than if all the jets were directed vertically
downward.

All jets have the same injection speed, which is
determined by the height of the lithium pool above
the nozzle plate. The required speed is calculated by
an iterative process based on the velocity require-
ments and position of the outermost jets.

First, the minimum vertical component of the
velocity is fixed at 3.1 m/s to meet the constraint
that the jets must reach the bottom of the 8-m-high
chamber within the interpulse time of 1 5. The radial

position of the outermost jets is then estimated and
the horizontal velocity component is calculated so
that the radius of the outer edge of the array is 2.5 m
at the midplane. Knowing the two velocity compo-
nents, we calculate the maximum injection angle
that is required by the outermost jets. We can then
calculate how much the array must be displaced
from the normal HCP configuration and, thus, es-
timate a new outer-jet radius. Using this method, we
find that the nozzle array extends to 2 radius of
4.5 m, the required injection speed is 4.4 m/s, and
the maximum injection angle is 45°.

A sheet of lithium flows down the inner surface
of the chamber wall to provide cooling, added
shielding, and erosion protection. This sheet is
0.05-m thick at the midpiane and requires a total
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Now rate of 15.5 m3/s. It is fed from the same reser-
voir that supplies the jets.

Beam Agerture/Neutron Stop. We use a set of
20 crisscrossing lithium jets to establish a flow pat-
sern that allows the beams to reach the pellet un-
~hstructed while leaving no area of the chamber
~all unprotecied. Ten jets are crossed over each
seam, five to each side, in a direction perpendicular
o the beam plane to form a gothic archway of
fithium. (The beam plane is the vertical plane
through the pellet and centerline of the two beams.)
This archway protects the nozzle plate and part of
the chamber wall above the beam while forming a
narrow passageway for the beam.

A triangular region of the wall above the beam
and a rectangular strip below the beam are not
shielded from neutrons by the crossing jets. These
areas of the chamber wall are therefore removed.
Lithium flows through a ducting system located be-
tween the inner chamber wall and the outer vessel
wall to fill these areas as illustrated in Fig. 9-8.
Lithium enters the ducting from the same pool that
feeds all the jets. A stream 0.4-m thick and 1.5-m
high is directed to cross over the beam in a direction
perpendicular to the beam plane and is then redi-
rected 1o enter the chamber below the beam. Thus,
the chamber wall has a long narrow opening while
the opening in the outer vessel wall is only slightly
larger than the laser beam at that point. A flow rate
of ~2.7 m3/s is required above each beam.

Figure 9-9 illustrates the beam aperture/
neutron stop formed by the flowing lithium. Only
two of the ten jets are shown. The jet specd is
4.4 m/s, and diameter at the nozzle plate is 0.3 m.
These values are the same as those for the other jets
in the blanket array. Note that the cross section of
the cluster of laser beams is a vertically orientated
rectangle. The beam converges to the pellet from an
8-m X 2-m mirror array located 60 m away. All
crossing jet nozzles are displaced 0.2 m from the
beam plane.

The injection angle #, required for a jet to cross
over the laser beam without intersecting it, increases
with the radial position of the crossing jet. The out-
ermost jet, which crosses the beam plane 4.5 m from
the chamber centerline, requires an injection angle
of 9.5°, At the position of the chamber wall
(r = 5m), the projection of the open triangular
space above the beam is 1.5-m high and the projec-
tion of the apen rectangular space below the beam is
0.32-m wide at the bottom of the beam. The
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parameters given here include a design allowance
for a possible variation in the injection head of
+10%. Also, the jets crossing near the center of the
chamber do not interfere with the jets in the blanket
array until they are below the beam. With this flow
configuration, no bare metal is exposed to the fu-
sion radiation in the region of the beam apertures.

Injector Assembly. Lithium is delivered to the
nozzle plate and the other flow channels (15 m?/s is
channeled between the chamber wall and the outer
vessel wall) through the injector assembly illustrated
in Fig. 9-10. The total flow of 129 m?/s enters the
top of the chamber through 16 inlet pipes. The
lithium pours downward through baffles into an up-
per pool. The baffles reduce sloshing of the lithium
while providing for lateral flow. This is accom-
plished by using a coarsc hexagonal-shaped
honeycomb structure. It is placed so that its lower
edge ends above the top of the orifice plate. Is sides
are perforated to allow flow between adjacent ver-
tical flow passages.

The orifice plate and pool of lithium it supposts
isolate the circulating pumps from pressure puises
in the fusion chamber. The orifice plate uniformly
meters the flow of lithium to the injection pool
above the nozzle plate. The flow baffles above the
nozzle plate serve three purposes:

@ To inhibit wave formation and turbulence
caused by the rain of lithium from the orifice plate
above.

® To distribute the liquid evenly over the
nozzle plate entrance.

@ To provide a flow L/D 35 to reduce the
turbulence at the nozzle entrance.

The hole in the center of the nozzle permits
pressure equalization between the chamber and the
nozzle plate pool. A repiaceable graphite plug is
positioned above the hole in the nozzle plate, where
it is directly exposed to the fusion radiation. Ad-
ditional information on the injector assembly is
provided in Ref. 18.

Jet Stability. Understanding the fluid dynamics
of the lithium blanket is of prime importance to the
HYLIFE concept. We are analyzing the problem on
both theoretical!®-2! and experimental fronts.”
Our studies address the following topics:

® Stability of the liquid-lithium jet.

@ Effects of the pulse energy on the jet.
® Reassembly between pulses.

® Condensation of the lithium vapor.
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Fig. 9-8.  Lithium flow configuzation to fill areas not protected by crossing lithium jets.




Fig. 9-9.  Beam aperture and neufron
stop formed by Nowing lithlum.
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turbulent jet breakup, we can estimate the intact jet
length based on the work of Phinney23 and Kusui, 4
For Weber numbers (ratio of inertial to surface ten-
sion forces, We = pVZD/o') greater than 625, Kusui
proposes a correlation of the intact length as
follows:

2 55 + 1.085 (We)?5 |

[v] Ind

Phinney’s results and Kusni's correlation
(Fig. 9-11) agree closely for small-diameter jets. Us-
ing Kusui's correlation with the HYLIFE jet
parameters (p = 485 kg/m?, V = 4.4 m/s, D = 0.3,
a = 0.35 N/m) gives an intact length of ~46 m, far
lurger than the chamber height of 8 m.

Experimenters at UC-Davis have investigated
the stability ol planar water sheet jets and annular
jets.? They are now experimenting with the cylin-
drical jets proposed for HYLIFE. With sheet jets,
any finite disturbance in the planar surface creates a
local pressure gradient caused by the velocity dif-
ferences in the gas flowing around the disturbance

Jet diameter D =0.30 m
-
g
o -

/7 HYLIFE
7

o wmmm Phinney results

—ce—— Kusui correlation

Symmetrical (dilational or “sausage’’)

Fig. 9-12. Wave forms in planar liquid sheet jets.

(as seen from a reference frame moving with the lig-
uid jet). In the absence of other forces, the distur-
bance grows with distance from the nozzle.

It the fusion pulse causes ringing of the nozzle
plate, the jet may receive a sinusoidal disturbance, If
the resulting sheet jet is unstable, it takes the form
of a periodic wave that grows with distance from the
nozzle. Figure 9-12 shows the two types of wave
form that occur. They are antisymmetrical (sinuous)
and symmetrical (dilational or “‘sausage™ shaped).

For both wave forms, aecrodynamic forces are
destabilizing. For the antisymmetrical wave, surface
tension forces are also destabilizing. In general,
both wave forms exist on a fluid sheet as a supe.-
position, but the antisymmetrical wave dominates
the symmetrical wave in both size and growth rate.
Therefore, only the antisymmetrical wave form is
considered significant.

The UC-Davis experiments emphasized jet
breakup caused by wave growth, Experiments using
water sheet jets of Reynolds numbers up to Re
= 1.3 X 10% revealed two main causes of wave
growth: (1) aerodynamic effects of the sheet waves
flowing through the still air; and (2) initia!
transverse momentum effects, i.e., the initial
transverse velocity imparted to the fluid by a
vibrating nozzle. Breakup caused by mechanisms
other than wave growth were also observed and
analyzed qualitatively. Theoretical predictions of
the wave growth were compared to measurements
of the actual wave growth.

The following parameters were used in the ex-
periments: (1) frequencies cf nozzle vibration of 20
to 500 Hz; (2) vibration amplitudes of 0 to 2 mm; (3)
sheet thicknesses of 2.5 and 7.9 mm; and (4) am-
bient pressures of 0.20, 0.67, and L.0 atm. Results
showed the measured wave amplitudes decreased to
as little as 1/100 of the value in 1,0-atm air as am-
bient pressure was reduced. The aerodynamic ef-
fects became negligible compared to initial



transvetse momentum effects at the lowest pressure
(0.20 atm).

At all flow conditions, breakup caused by wave
growth was not observed, even when the wave am-
plitude grew to 10 times the initial sheet thickness.
Theory and the above experimental results indicate
a negligible aecrodynamic wave growth for the
proposed lithium jet in the low pressure (<0.1 Torr)
chamber. Thus, any wave growth would probably
result strictly from the initial transverse momestum
effects, which are analogous to an oscillatory steer-
ing of a garden hose nozzle.

Other experiments, performed with struts
placid through th= sheet jets, revealed splashing of
fluid at the leading edge, or splitting of the flow
beneath the trailing edge, or both. The struis
modeled the laser tubes penetrating the lithium
sheei. These experiments strongly support the
climination of beam tubes. _

Experimental and theoretical studies were per-
formed on the convergence length of sheet jets.
Convergence length is defined as the distance from
the nozzle to the point where the edges meet after
being pulled together by surface tension. Similar
studies were done on hollow annular jets. Both
theories and all experimental results indicate a con-
vergence length on the order of 1000 times the sheet
width or annulus radius for the proposed laser fu-
sion flow conditions. Clearly, the normal steady ef-
fezts of gravity and surface tension should not com-
promise the uniformity of blanket protection.

Nuclear Performance. The flowing lithium
serves as an energy conversion blanket, a radiation
shield for the chamber structures, and as the tritium
breeding medium. We did one-dimensional (I-D)
neutronics studies to determine how nuclear perfor-
mance varies with blanket thickness. We used the
TARTNP Monte Carlo2’ neutronics code to deter-
mine several reactor system parameters, including:

® Spatial energy deposition profile.

® Total energy deposition per DT fusion
event.

® Helium production and atomic displace-
ment rates in the chamber wall.

© Tritium breeding ratio.

The effect of compressed fuel upon pellet out-
put has been included in all neutronics, materials
damage, and activation calculations presented in
this report. A 14.1-MeV fusion neutron source is
uniformly distributed throughout a DT fuel region
that has a compressed density-radius product pR of

3.0 g/cm? The neutron spectrum of this pellet is
shown in Fig. 9-13, as is the spectrum after I m of
lithium. The absolute numbers correspond to the
flux at a gistance of 5 m from the fusion pellet.

Radintion Damagz. Damage to the first struc-
tural wall is evaluated in terms of the helium
production rate and the atomic displacement rate.
Both rates are time-integrated and do not represent
the instantaneous rate at the time of the fusion
puise. The rates are expressed per unit equivalent
neutron wall loading to facilitate comparison with
other fusion concepts. The equivalent neutron wall
loading is defincd as

2
¢, = 0.8 B 4mRE |

where Py is the thermenuclear power (yield X
repetition rate) in MW, and R is the chamber wall
radius in m. At the midplane of the HYLIFE cham-
ber, v, = 69 MW/m? (Pry = 2700 MW,
r = 5.0 m). Recall that the minimum path length for
neutrons from the pellet is in the midplane. Details
of the calculations are given in Ref. 26.

Figure 9-14 shows the reduction in the helium
production rate realized by protecting the chamber
wall by a region of lithium. The production rate is
measured in atomic parts per million (appm) of He
per yr per MW/m?2 of equivalent neutron wall
loading. Note that the nickel content of Type-316
stainless steel results in a helium production rate
that is about twice that of ferritic steel.

= From pellet

R e

—— e After 1.0 m Li
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Ferritic steel

helium. Current design minimums for uniform
elongation in the LMFBR program range from 0.2
t0 0.5%. Helium production, therefore, does not ap-
pear to be a limiting factor for the HYLIFE design.
The effectiveness of the lithium blanket in
reducing the displacement damage rate in iron is
shown in Fig. 9-15. For 1 m of protection, the dpa
rate is reduced to ~0.5 displacements per atom
(dpa) per MW-yr/m2 For the ferritic wall at
¢y = 6.9 MW/m2, the total accumulated displace-
ment damage after 21 full-power years is 73 dpa.
The result for the stainless steel is 77 dpa total.
Radiation-induced swelling is generally
assumed to be a linear function of dpa after some
incubation dpa. Ton irradiation experiments of
ferritic alloys indicate that they resist swelling better
than Type-316 SS. Experiments with high-Cr ferritic
alloys EM12 (9% Cr) and HT9 (12% Cr) showed
0.7% and 1.8% swelling cfter 80 dpa at their peak
swelling temperatures of 550°C and 500°C,

The production rate in the ferritic wall pro-
tected by | m of lithium is 0.6 appm per MW -yr/m?
or 4.1 appm per year for our reference case at 6.9
MW/m2. Over a 30-yr operating life at 70%
capacity factor, the accumulated helium concentra-
tion is less than 90 appm. For the stainless steel wall
the value is 190 appm helium.

Atomics International studied the effects of
helium on the tensile properties of alloys by
irradiating miniature tensile specimens with alpha
particles. Austenitic samples with low helium con-
centrations (40 appm) lost ductility more rapidly
with increasing temperature than did ferritic steels
with the same helium content.2”28 Twenty percent
cold-worked Type-31u stainless steel (SS) was
irradiated and tensile-tested at 575°C. 1t retained a
total uniform elongation of 1.5% while containing
2030 appm helium.?

If the superior ductility retention of a ferritic
steel can be extrapolated to a high helium regime,
then we can expect ferritic steels to retain at least 2%
elongation at 500°C with greater than 2000 appm
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respectively.’® However, neutron irradiation tem-
peratures generally correlate to an ion irradiation
temperature that is about 100°C higher. Therefore.
we expect little swelling in zither of these alloys
under our system conditions of neutron irradiation
at 500°C because little swelling occurs at 600°C
during ion irradiation.

There is also evidence that swelling increases
with increasing Cr content up to a point. Thus, the
2.25 Cr-1.0 Mo alloy considered for our design
would exhibit even less swelling under the same con-
ditien. The alloy showed only 0.8% swelling after
115 dpa at 550°C.30

E: "% cold-worked Type-316 SS, which is
more  ¢ll. s-resistant than annealed stainless
steel nows a swelling rate that is 4 to 6 times that
of - itic alloys HT9 and EM12. From the correla-
tic .0 Ref. 28, 20% cold-worked Type-316 SS
would have ~4% swelling from the 77 dpa expected
after 30 yr in the HYLIFE chamber. A maximum of
10% swelling has previously been suggested as an
end-of-life damage limit for Tokamaks.>! Thus,
even stainless steel could be used in our system with
these radiation damage limitations.

Radiation Damage Limits. Radiation damage
limits have not been made for ferritic steels, but the
limited data suggest that they are less susceptible to
the effects of neutron radiation than are the
austenitic stainless steels. As a conservative estimate
of damage limits for ferritic steels, we adopt the
limits that have been suggested for Type-316 SS.
Reference 31 suggests an accumulation limit of 500
appm-He for Type-316 SS at an operating tem-
perature of 500°C.32 Assuming a dpa-induced swell-
ing limit of 10%, the correlation in Ref. 28 gives a
displacement damage limit of 165 dpa. To avoid
replacing the chamber wall in the HYLIFE con-
verter, we want the radiation damage levels to
remain below these limits for 21 full-power years (30
yr at 70% capacity factor) of operation. For a given
lithium blanket thickness, damage rates are propor-
tional to the fusion power and inversely propor-
tional to the square of the chamber wall radius.

Figure 9-16 is a plot of the allowable fusion
power (yield X repetition rate) vs chamber radius
based on the damage limits of 500 appin-He ac-
cumulation and 165 dpa. The damage rates are for
ferritic steel with 1 m of lithium protection. The
figure also shows the steady thiermal stress limit in a
3.5-cm-thick wall caused by nuclear heating. Thus,
consideration of radiation damage would allow the

Helium production {imit

Displacement
damage limit

Thermal stress limit

Lithium thickness = 1.0 m

Wall thickness =35cm
Total helium =500 appm
Total dpa =165

chamber wall radius to be as small as 3.3 m, but
stress considerations force us to a larger chamber.

Energy Deposition. Figure 9-17 shows how
neutron-induced energy deposition varies with the
lithium blanket thickness for different zones. For a
given thickness, a spatial energy deposition profile
can be constructed from these curves. The curve
labeled “Total” is the sum of the other three curves
plus the energy leakage.

Note that neutrons deposit 2.1 MeV or 15% of
their original 14.1-MeV energy in the pellet on the
average. This energy plus the 3.5-MeV alpha parti-
cle energy accounts for 32% of the pellet energy and
is delivered to the lithium blanket in the form of
x rays and debris. Exoergic neutron reactions with
blanket materials (primarily SLi) resuit in a net
energy gain for the system. We define the system
energy multiplication Mg as the total energy
deposited in the system (neutron plus alpha) divided
by 17.6 MeV. About 95% of the total system energy
is deposited directly in a 1-m-thick lithium blanket.
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Lithium plus pellet

Graphite reflector

A two-dimensional (2-D) neutronics model
(Fig. 9-18) is used for an accurate analysis of the
system energy deposition and tritium breeding
performance.?? A total of 20.7 MeV is deposited in
the system per DT fusion reaction. This represents
an Mg of 20.7/17.6 = 1.176. This value times the
thermonuclear power of 2700 MW (yield X repeti-
tion rate) gives a fusion chamber tiermal power
output of 3175 MW,. Additional heat from the
liquid-metal pumps raises the plant thermal power
to 3212 MW,

Of the 20.7 MeV per fusion reaction, 19.2 MeV
are deposited in lithium in the chamber (zones 2, 4,
16 of Fig. 9-18). Although this is 93% of the total
energy deposited in the system, the mixed-mear.
temperature rise of the lithium is only 13.4 K “er
pulse. Thus, the lithium blanket, which circulates at
nearly constant temperature, helps to decrcase both
the heat load and cyclic thermal stresses on the
chamter’s structural components, Only a smali
fraction of the circulating lithium is diverted to heat
exchangers where thermai energy is removed.
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Ar additional 0.7 MeV is deposited in the
remaining lithium zones in the vessel (zones 6, 8, 11,
14, 18). Therefore, 96% of the total system energy is
deposited directly in the liquid lithium.

The small fraction of total energy that does
reach the chamber wall will induce a thermal stress
distribution. Figure 9-19 shows the energy
derosited per cm? of steel averaged over the wall
thickness at the chamber midplane. For a given wall
thickness, the specific energy deposition varies in
ooth the radial and vertical directions. A 10-cm-
thick wall, for example, has a neutronic heat load at
the midplane that decreases nearly lincarly from
5.5 J/cm3 at the inner edge of the wall (r = 5.0m)to
2.0 J/cm? at the outer edge (r = 5.1 m). The average
heat load for the entire 8-m-high cylindrical wall is
2.6 3/cm3.

In the HYLIFE design the chamber wall is
cooled on both sides by flowing liquid lithivm. The
calculated temperature profiles and thermal stress
distributions are discussed in detail in §9.2.3.

Uniformity of Coverage. Because the protective
lithium blanket is composed of a large number of
individual jets, thcre is an azimuthal variation in the
blanket thickness. Figure 9-20 shows the straight-
line path length through an HCP array of 0.20-m-
diameter lithium jets as a function of azimuthal
angle in the horizontal midplane. This angle is
measured from the vertical plane through the laser
beams. For this plot, one row of jets was removed to
provide a path for the beams. Thus, the lithium
thickness is zero at zero degrees. The jets are
arranged within an annular envelope with an inner
radius of ~0.5m and an outer radius of ~2.5m.
The mean lithium thickness of 1.0 m equals the
packing fraction (0.5) times the thickness of the an-
nular envelope.

As Fig. 9-20 shows, the "thium thickness is
within +£0.1 m of the mean at most angles. Some
variations can be reduced by rearranging jets within
the array. For example, an outer jet at 60° could be
removed and used to provide additional thick ness at
30°. The variation about the mean decreases as we
decrease the jet diameter and increase the number of
jets. However, large jets are more stable than small
jets. In the compromise between a completely uni-
form blanket thickness and improved jet stability,
we give jet stability priority.

The fusion neutrons will not follow straight
lines from the pellet. Rather, they will undergo
several collisions and scattering interactions with
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Fig.9-13. Two-dimensional neutronic- mode? of HYLIFE,

Zone number Dese iptic . E
B | Central region, lithium {Li) vapor --
2 Jet array, Li st hatf density
QULCr regioi Li vogor
4 Sheet fall coolant, Li
5 First structural {or chamber) wall,
ferritic steel (FS)
8 Wall coolant, Li
7 Graphite reflector
8 Coofant and shield, Li-
9, 15, 19 Vessel wall, F5
10 Nozzle.plate, FS
1 Injection head pool, Li
12 Graphite plug
i3 Orifice plate, FS
14 Inlet collect region, Li
16 Lithium
17 Splash baffle, FS
18 Outlet collecticn region, Li

lithium. Scattering allows for path lengths through
lithium that are even shorter than the straight-line
path lengths. It also tends to \mooth the azimuthal
fluence variation at the chamber wall as a result of
minor variations in flux distribution from pulse to
pulse at any given point on the wall.

Even if we assume the radiation damage to be a
function of the straight-line thickness through the
lithium blanket, we find that the differential varia-

tion of damage in the azimuthal direction is approx-
imately the same as :he differentiul variation in the
radial direction. Radial var:ation results from at-
tenuation of the high energy flux by the steel itself.
We also conducted three-dimensional (3-D)
neutronics calculations to ¢ termine whether
neutron stream*g between rows of jets was a
problem. There was some variation in flux, but it
was of the same order as rne standard deviation.
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Thus, the jet array does not provide a com-
pletely uniform blanket of protection for the cham-
ber wall, but we believe that the flux and radiation
dan.age distributions will be essentially the same as
those for a uniform blanket.

Tritium Breeding. The lithium blanket is the
source of tritium needed for the fusion fuel. Tritium
is bred from either isotope of natural lithium (7.4%
SLi and 92.6% 7Li) by the following neutron reac-
tions:

SLi+ n-%He+ T + 4.8 MeV
Li+n-%He+T+n-2.5MeV.

As shown in Fig. 9-21, the "Li reaction has a
threshold of approximately 4 MeV. This reaction is

| ¥ig 920, Adimhalvariationinlithum 1.3
Blanket thicknew, S
12—
19
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important since it produces a T atom and a low-
energy neutron that can breed more tritium with
SLi. The HYLIFE blanket configuration exposes
lithium to the high-energy neutron flux from the fu-
sion pellvi. Thus, the number of 7Li(n,n'T)a reac-
tions is maximized. The thick lithium blanket a'so
thermalizes and absorbs many neutrons in tritiura-
producing reactions with Li.

The graphite reflector provides further ther-
malization and reflects neutrons back into the in-
terior lithium zones. Any neutrons leaking out the
graphite region are absorbed in the lithium zone
between the graphite and outer pressure vessel wall.
This outermost lithium zone serves as a coolart for
graphite and vessel wall and as a shield. Thus, the
HYLIFE configuration tends to maximize the
tritium breeding ratio. The results of the 2-D
neutronics calculations indicate a total tritium
breeding ratio (TBR) of 1.74, with 0.68 T /n coming
from "Li reactions.

Because the power plant only requires a TBR
of 1.0 to maintain a self-sufficient fuel cycle, excess
tritium will be recovered from the liquid lithium. It
may be used to fuel other types of DT fusion reac-
tors, D-3He fusion reactors (tritium decays to 3He),
fucion—fissior: hybrids, synthetic fuel producers, ac-
tinide burners, or propulsion systems. If, however, a
market for excess tritium does not develop, there
are modifications that can be made to the HYLIFE
concept to reduce the TBR while maintaining its im-

portant features. Little can be done to decrease the
contribution to the TBR from 7Li, but one or more
of the following mcrlifications can reduce the num-
ber of SLi(n,T)a reactions:

® Introduce a neutron poison in the lithium
stream to compete for thermal neutrons.

@ Limit the thickness of the lithium blanket.

@ Prevent neutrons from reflecting back into
lithium zones.

@ Reduce the concentration of SLi in natural
lithium.

A detailed discussion of these options is given
in Ref. 34. We conclude that the most attractive
modifications, if required, are to reduce the concen-
tration of 8Li to ~0.3% and to replace the graphite
reflector with a boron carbide zone. The number of
61 reactions in the lithium blanket is reduced, and
leakage reutrons are captured in !B instead of in
6ii. This approach allows us to maintain a i-m
blanket thickness, reduce the TBR to ~1.0, and
keep the coolant chemistry uncomplicated.

The economic penalty for using isotopically
tailored fithium is expected to be small. Because 7Li
is the major isotope of lithium, the throughput of
the separation process is very high and the cost is
dominated by the cost of the feed material.
Therefore, the cost of separated ’Li is only in-
crementally higher than that of natural lithium. One
disadvantage of this approach is that the thermal
flux to the chamber wall is increased.

Conclusions. In terms of nuclear performance,
the unique feature of the HYLIFE design is that the
energy absorbing blanket region is inside the first
structural wall. Because 93% of the system energy is
aeposited in the lithium within the vacuum chamn-
ber, radiation damage of the chamber is essentially
eliminated as a design constraint. Such designs
result in high blanket-energy multiplication factors
and high tritium breeding ratios. Ferritic steels,
which show high resistance to lithium corrosion, ap-
pear to have little susceptibility to radiation
damage.

The HYLIFE lithium blanket configuration
breeds tritium in a controllable fashion. It is stable
and reestablishable, and it allows the laser beams to
reach the pellet without beam tubes. A highly
segmented flowing lithium blanket (the configura-
tion calculated to be most favorable iv: reducing im-
pact stress to the charber wall} c2.: ve created with
an array of cylindrical jets, winch provides accept-
able neutronic protection.
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TechnoZagical Development. The lithium injec-
tion assembly and resulting fluid dynamics of the
HYLIFE lithium blanket require further tech-
nological development. We necd to study the injec-
tion nozzle itself through experiments on an array
of HCP circular jets with realistic nozzle
narameters. These experiments should produce high
Keynolds numbers through both high-velocity flow
and large-diameter nozzles. The injection head
should be supplied by a pool of fluid as is proposed
for the HYLIFE design.

In such an experiment, we would quantily real
nozzle effects and investigate their dependence on
parameters such as packing fraction, entrance
fength/diameter ratio, and height of the lithium
pool. We would like (o determine, for example,
whether a uniform head of lithium can be main-
tained over a nozzle plate that has a very high ratio
of flow area to total area (i.e., packing fraction
~0.8).

We must also investigate the reestablishment of
chamber conditions after each pulse. We can divide
this investigation into two subcategories: re-
establishment of the lithium blanket configuration
and condensation of the vaporized lithium. Both
processes depend on the blanket configuration after
the fusion energy pulse. We consider the reestablish-
ment issue to be more a questior. of the exact length
of time required than a question of whether or not
the chamber conditions reestablish.

Finally, we need to investigate further the beam
aperture/neutron stop. We propose a crossing jet
configuration with added horizontal flow streams at
the chamber wall for the HYLIFE design, but we
believe that innovation is still needed. We must also
do detailed 3-D calculations of neutron streaming
out the beam ports.
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9.2.3 Blanket Response

Because it will determine the lifetime of the
chamber structure, the response of the first-wall
blanket to the pulsed fusion energy deposition is a
critical factor in the structural design of an energy
conversion chamber.

General Response. The response of a con-
tinuum to internal erergy deposition depends on
both temporal-spatial deposition profiles and on the
thermal and physical properties of the cont‘nuum.
We consider first the effects of the temporai-spatial
deposition profiles by assuming that a pulse of
energy is deposited in the form

q""(x) = qg" exp (-ux) , (1Y}

where qqg'"’ is the energy deposition in the surface
layer of the continuum, and u is the energy attenua-
tion coefficient through the continuum. We define
the characteristic thevinal time of the energy deposi-
tion in the continuum as the ratio of the energy
storage in the distance u~! 10 the rate of heat con-
duction across the distance u~!, or

= @a?t

where « is the thermal diffusivity of the continuum.
We also define the characteristic mechanical
response time that results from energy deposition in
the continuum as the time required for a distur-
bance to propagate the distance u~!, or

T = W,

where c is the wave velocity in the continuum.
Two cases are of special importance for inertial
fusion. These cases are

1'<1'm<<r.l. (Case 1)

and

T KL 7. (Case II)

For Case 1, the time variation effects produced by
heat conduction are smali compared to those
produced by the pressure wave. Because the energy
is deposited in a short time, the initial temperature
rise and pressure rise can be estimated by simple
models,

)
AT(x) = g—pcv )
and

Apx)=Tq"(x) , 3)

where q'”’(x) is the energy deposition at position x in
the continuum, and g, C, and I' are the density,
specific heat at constant volume, and Griineisen
constant, respectively, of the continuum. Approx-
imate theories of uncoupled dynamic ther-
moelasticity and viscoelasticity can then be used to
determine the moving stress pulse produced by the
energy deposition.

For energy deposition times that are long com-
pared to the thermal characteristic time (which is
long compared to mechanical characteristic time,
Case 1), the stress can be determined by quasi-static
thermoelastic or viscoelastic theory. The tem-
perature history can be determined using classical
diffusion theory.

Several parameters should be minimized to
reduce the temperature rise and pressure rise per fu-
sion pulse. The amplitude of the temperature pulse
can be minimized by minimizing the ratio of the
energy attenuation coefficient to the specific heat at
constant volume x/C,. The amplitude of the
pressure pulse can be minimized by minimizing the
product of the Griineisen constant and the energy
attenuation coefficient T'u. Generally, for fusion
products this involves using materials of low atomic
number.

If the pressure cannot relieve itself because the
deposition time is too she it, a relief wave moves
into the continuum from the surface. If the con-
tinuum is a solid, and if the tensile strength is ex-
ceeded, the surface will spall with a velocity

2(x+8)
1 Nt
=g f APGMX @
2x
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where - is the acoustic velocity of the material, 4 is
the .i:x . wess of the spalled region, and AP(x') is
given .; : 3. (3). The thickness of the spall region is
detern..aed from

Ap [2(x+8)] = Ap(2x) -0 , )

where o, is the tensile strength of the material. For a
liquid with cssentially no tensile strength, the
velocity of the spalled material at any position x is
given by

2(x+8)
_lim 1 et
V(X)—s—-o _chB f AP(x)dx‘} . (6)
2x .

HYLIFE Fusion Events. The fusion yield se-
lected for the HYLIFE converter is 2700 MJ. The
DT fusion reactions in the compressed pellet (pRpye
= 3) release about 80% of their energy as 14.1-MeV
neutrons and 20% as 3.5-MeV alpha particles.
However, the alpha particle energy and some of the
neutron energy is attenuated and absorbed in the
compressed pellet. Of the 2700 MJ produced by DT
reactions, 35 MJ are lost due ts endoergic neutron
reactions in the pellet, 1800 MJ escapc the target as
neutrons, and the remaining 865 MJ escape as
x rays plus energetic pellet debris. The x rays include
a hard component generated from the hot burning
pellet and soft components radiated from the cool-
ing debris as it expands.

The geometry for cur 1-D Monte Carlo
neutronics calculations using the TARTNP code’’
is shown in Fig. 9-22, The x-ray deposition profile
was calculated using the BUCKLE code,?® and the
debris deposition was determined analytically using
previously described methods.’” The neutron energy
and the hard component of the x rays are deposited
throughout the thickness of the blanket. The soft
x-ray and pellet debris energies are deposited in a
thin region of the inner surface of the blanket.

Energy flow in the chamber is shown in Fig.
9-23. The neutron plus gamma ray energy is in-
creased by 27% in the reactor primarily through the
exoergic SLi-neutron capture reaction. The blanket
absorbs 92% of the neutron plus gamma energy. Of
the total 3156 MJ,, 94% is absorbed by the blanket,
6% is absorbed in the walls and reflector, and oniy
about 0.01% leaks from the reactor vessel.
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Macroscopic Response. Because the energy
deposition time of the x rays and neutrons is short
compared to the characteristic times, the response
of the blanket to energy deposition can be estimated
using the methods of Case I described above. The
deposition time of the pellet debris is long compared
to the characteristic times. Hence, analysis of
blanket response to debris energy can be estimated
using the methods of Case II.

X rays arrive first at the blanket. Hard x rays
have low specific energy, hence little effect on the
motion of the blanket. The range of soft x rays in
the blanket is short refative to the neutrons. The
short range results in high specific energies and
associated high pressures at the inner surface of the
blanket. The analytic model for estimating spall
velocity, Eq. (6), does not apply here because the
material properties vary over the large pressure
gradient in the thin deposition region. The large
pressure gradients cause the pressure wave to form a
shock wave that moves through the blanket.
However, the relief wave from the front surface
travels faster than the shock wave. As a result, the
pressure wave is highly attenuaied by the time it
reaches the back surface of the blanket.

Because of the large pressure gradients, the
response of the fall to x rays is calculated using
codes such as CHART-D?.3 or AFTON.*04! Ade-
quate representation of the x-ray energy deposition
in the fall requires fine zoning if CHART-D is used.
This results in excessively long computational times.
We solved the zoning problem by using the variable
zoning option of AFTON, in which the problem ini-
tially has fine zones in the deposition region and
coarse zones elsewhere. As time progresses, the
zones are resized so that fine zoning is always pres-
ent in the region of the moving pressure pulse.

The neutrons arrive at the blanket after the
x rays. Neutron energy is deposited throughout the
fall since the mean free path for 14-MeV neutrons in
lithium is long. Therefore, the pressure rise in the
lithium is small because the specific energy is small.
The blanket disassembles into the cavity from t'
front surface with a relief wave moving into the
blanket at about the acoustic velocity of the
material.* The velocity of the material spalled into
the chamber is essentially that given by Eq. (6) for
the appropriate energy denosition profile. Momen-
tum from the spalled lithiv.n causes the back sur-
face of the blanket to move toward the structure
with a velocity profile that is the mirror image of the
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Fig. 9-23. Energy flow in the reactor chamber.

Kinetics of the Blanket. There are two sources
of motion for the blanket. One is the rapid
volumetric energy deposition that disassembles the
blanket into vapor and drops having velocities nor-
mal to the surface. The other is the pressure of the
gas vaporized from the inner surface of the blanket
by the soft x rays. Heated by the pellet debris, the
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vapor pushes outward on the blanket in a way that
is a function of the blanket design.

We considered two different blanket designs.
The early design used a lithium fall.**4> The current
design uses an array of lithium jets.%6 The
qualitative and quantitative responses of the jet
array are described below.

Lithium Jet Array. A cross section of the
HYLIFE converter chamber (Fig. 9-6 of §9.2.2)
shows the lithium jet array.# Figure 9-25(a) depicts
the jet array converter at 10 ns after a fusion pulse.
The soft portion of the x-ray pulse energy has been
absorbed near the inner edge of the jets with *“line of
sight” to the fusion event. The resulting high energy
density in the thin region has vaporized some of the
liquid. Hot gas moves normal to the line-of-sight
surface of the jet.

Figure 9-25(b) depicts the converter at 25 us.
Expanding hot vapor radiates energy to the jets,
producing more two-phase material that moves into
the center of the cavity. The relief wave from the
neutron energy deposited in the jets has moved from
the surface to the center of the jets. Thus, the jets are
now a mixture of liquid and vapor expanding out-
ward normal to their surfaces.

A depiction at 50 ps is shown in Fig. 9-25(c).
Hot cavity vapor moves through the jets that are
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now a liquid-vapor mixture. The jets are then set in
motion in an outward normal direction to the cavity
center by the drag of the vapor on the jets. Because
the inner rows of jets have a higher velocity than
that of the outer rows, the jets will coalesre into a
slug of material moving outward. This slug will
have a lower terminal velocity than the slug of alig-
uid fali because of the gas venting through the jet
array. .
The momentum of the jet array is given by‘"

V) ® 6.94gYC, (%)
NG ]

X
IC( (TVP -Ti) + hlg + Cvg(T -Tvp)

(R YR o

1-082479 R;

i=1
where

g = fraction of x-ray and debris energy coupled
to tk= cavity vapor,

Y = fusion event x-ray and debris cnergy yield,

5 = specific heat ratio of the cavity vapor,

C, = specific heat of the liquid,

hgg = heat of vaporization of the liquid at Ty,

C,, = specific heat at constant volume of the
cavity vapor,

Ty = liquid temperature corresponding to a
specific vapor pressure,

T; = bulk liquid temperature,

T = cavity vapor lemperature,

R; = radius of jets,

R; = radial position of ith row of jets,

¢ = jet packing fraction in the array,

N = pumber of rows of jets in the array,

Cp = drag coefficient.

We used the following values to simplify the equa-
tion: a 2760-MJ fusion event with 32% of the yield
in x rays and debris energy; lithium jets at an initial
temper.ture of 773 K; initial lithium vapor pressure
of 0.1 Torr; and a packing fraction of 0.5. Equation
(7) then becomes

</ R
(mV) g, = 46X 10%g¢, Z (1 + !—‘L) kg mis .
i=1

(8)

For 8 rows of 0.2-m-diameter jets, the total momen-
tum becomes

M), gy = 4 X 10°gc, kg*mss . )

Energy transfer from the hot cavity gas as a
function of time is shown in Fig. 5-26. The gas loses
more than half its energy in 20 ps, assuming that it is
optically thin. Thus, for this case in which

gx1-05=05,

the drag coefficient of the hot lithium cavity gas
over the jets is given by*

Cp=02D/" ,

where D is the jet diameter in m. This expression
assumes that the jets remain as a single-phase liquid
continuum with a pitch-to-diameter ratio of 1.35.
We also assume that the flow of the cavity vapor is
subsonic through the jet array by virtue of the for-
mation of a detached standing shock wave on the
inner side of the array.

We combined the expressions for the drag co-
efficient and the energy coupling to get a total
momentum of 6.2 X 10% kg-m/s for a 2700-MJ ‘u-
sion event in an array of 0.2-m-diameter jets located
0.5 m radially from the event. The space-time
diagram for the response of the jet array is shown in
Fig. 9-27. The jets coalesce into a slug 3 m from the
fusion event.
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Future work on the response of the jet array
should consider a range of fusion energies and ini-
tial radii for the first jet row. In addition, the effect
of the highly time-dependent flow conditions in jet
drag should be investigated. Finally, because the
array disassembles into a noncontinuous two-phase
flo » by the time the cavity gas starts to vent through
the first row of jets, interaction of the flowing cavity
3as with the droplets should be considered. These
droplets will certainly improve the transfer of heat
from the cavity gas, but they will also increase the
effective drag of the fluid columns.

Conclusions. The jet array appears to lead to
less induced momentum in the outward nornal
direction than does the previously considered
lithium fall. Partial venting of the high-temperature
cavity gas through the array is primarily responsible
for this reduction. However, we need to model bet-
ter the jet array response to the flow of the cavity
gas. Response of the blanket to a fusion pulse is a
complex thermohydrodynamic problem that re-
quires an extensive and balanced experimental and
analytical program for its solution.
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9.2.4 Materials Considerations

Materials exposed to the lowing liquid lithium
and 1o the pulsed radiation are subjected 1o
mechanical and thermal loads, liquid-lithium corro-
sion. radiation damage, and synergistic effects.
Materials must retain adequate strength, ductility,
and dimensional stability under cyclic stresses while
exposed to the degrading effects of molien lithium
and radiation. They should also be easy 1o fabricate,
be low cost, and make limited use of scarce or im-
ported elements.
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Austenitic vs Ferritic Steels, We considered
only commercially available materials with an eye
to avoiding a developmental program that would be
needed to certify 4 new material. We compared two
general categories of steel: austenitic stainless steels
and ferritic steels,

The austenitic stainless steels (SS) such as
Type-316 and Type-304 are stronger than the
ferritic steels. Moreover, most radiation damage
studies have been done with Type-316 SS. Major
disadvantages of austenitic stainless steels arise
from the fact that they contain ~ 10% nickel. Liquid
lithium leaches nickel from the metal surface. This
process weakens the steel and results in the
transport of nickef throughout the system. Exposed
10 a neutron flux, nickel activates to form *3Co and
60Co. These radioactive isotopes will then be pres-
ent in the chamber walls, the flowing lithium, and
the heat exchangers.

Because nickel has a higher cross section for
helium producing (n, «) reactions than does iron,
the rate of helium production in Type-316 S8 for the
HYLIFE design is about twice that in a low-alloy
territic steel. Austenitic stainless steels need 2 to 10
times more chromium than do ferritic steels. This is
an important resource consideration since there are
no US sources of chromium.

Ferritic steels offer several other potential ad-
vantages compared to austenitic SS. They appear to
be more resistant 1o both helium embrittlement and
void swelling induced by displacement damage.#5-52
They exhibit less dissolution attack in lithium but
may require a Nb microalloy or heat treatment to
stabilize against grain boundary corrosion,33-54
They also result in less activation and cost Jess,

We selected the low-alloy ferritic steel 2.25
Cr-1.0 Mo for the HYLIFE design. This stee! is
used extensively in the United States for heat ex-
changers and steam generators; the version
stabilized with Nb is used in Europe and Japan in
both fossil and nuclear systems.

Radiation Effects. A comparison of the radia-
tion damage in ferritic steels and austenitic SS is dis-
cussed in §9.2.2. Neutron activation of the different
types of steel is covered in §9.2.9.

Lithimm Corrosion. Corrosion in liquid lithium
is one of the most important materials problems
that must be solved for the HYLIFE design.
Although corrosion in liquid lithium is similar to
that in liquid sodium, lithium is generally con-
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sidered more corrosive than sodium.35 The principal
types of corrosion includeS®:

® Simple dissolution.

® Temperature-gradient mass transfer.

o Concentration-gradient or dissimilar metal
mass transfer.

® Intergranular penetration,

® Impurity reactions.

& Alloying between liquid metal and solid
metal.

The following variables can influence the type
and severity of lithium corrosion on specified con-
tainer materials®®:

® Temperature aud temperature gradients.

® Cyclic temperature fluctuation.

® Flow characteristics.

® Impurity levels in the liquid meta! and the
material.

® Ratio of metal :urface area to liquid
volume.

® Material surface condition, including grain
size, finish, etc.

® Number of materials in contact with the
same liquid metal.

® Stress and stress gradients.

@ Heat treatment.

A detailed overview of lithium corrosion is
given in Refs. 53 and 54. The general trends in
lithium corsosion of ferrous alleys are discussed
below along with comments on how they apply to
the HYLIFE design, which uses 2,25 Cr-1.0 Mo.

High temperature, temperature gradients, and
chemical activity gradients promote dissolution and
mass transport.’6-6! At the maximum lithium tem-
perature in the HYLIFE design (500°C), corrosion
rates of 2.25 Cr-1.0 Ma are low. The main tem-
perature gradient occurs in the intermediate heat ex-
changer (IHX) where the temperature of the
primary lithium drops from 500 to 340°C. The fu-
sion chamber aperates at essentially a constant
500°C. Chemical activity gsadients are minimized
by using 225 Cr-1.0 Mo for all components and
piping thrcughout the lithium-flow system.

Corrosion rates increase with the nickel con-
tent of the alloy.362 We eliminate this concern by
using nickel-free 2.25 Cr-1.0 Mo. .

Nitrogen seems to be the most troublesome im-
purity in lithium and results in accelerated
corrosion.53-66 Nitrogen levels above ~ 500 appm in
lithium can lead to severe grain boundary attack of



both ferritic and austenitic stainless steels. To pre-
vent this attack, the lithium will be purified when it
is first loaded into the system. Once operation
begins, the lithium is never exposed to the at-
mosphere, which is the principal source of nitrogen.
Nitrogen impurities that enter the lithium from the
steel pipes will also be removed during early c.pera-
tion. Nitrogen monitoring will be required during
plant operation, but we expect nitrogen levels to
remain low.

Carbon impurities also accelerate corrosion
rates.57:68 In some cases, chromium ions in the steel
tend to diffuse to the grain boundaries and form
chroniium carbides. The carbides may then react
it numium and promote cracking along the grain
boundaries. To prevent cracking, extra-low-carbon
steels or grades stabilized with minor additions of
titanium or niobium may be required. The stabiliz-
ing additives tend to tie up most of the carbon and,
thus, prevent the formation of chromium carbide.
Low-chromium steeis are less susceptible to this ef-
fect.

Chromium depletion in stainless steels may
lead to nickel dissolution from the chromium-
depleted (nickel-rich) regions adjacent to grain
boundaries.5%70 This effect is unimportant with
2.25Cr-1.0 Mo. With austenitic steels, the effect
can »e minimized by using stabilizing additives or
hea. treating the metal to move Cr from inside the
graiis to the depleted regions.

Stresscs and flow increase corrosion rate.
We must aliow for these unavoidable influences in
the HYLIFE system, which uses liquid lithium.

‘We are supporting experiments on lithium
corrosion at the Colorado School of Mines
(CSM).” In the first year of testing, specimens
of both unstabilized 2.25 Cr-1.0 Mo and Type-304
SS were exposed to 500°C static lithium. Two
types of coupons were used. Welded and bent metal
strips were used to identify potential joining
problems and to cnable evaluation of the influence
of complex stress states. Thin rectangular sheets
were used to determine the rate of material weight
loss as a function of the impurity content of the li-
quid lithium. These preliminary studies were
designed to reveal catastrophic effects and also to
help define parameters for further study. Although
their results are not directly applicable to flowing-
lithium systems, these experiments are an important
precursor to the design of flowing-lithium test
loops.
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The results confirmed that ferritic steels show
good corrosion resistance and dramatically il-
lustrated the need for low nitrogen levels in the
lithium. Figure 9-28 shows the weight loss for
2.25 Cr-1.0 Mo as a function of time and nitrogen
concentration, The corrosion rate increased sharply
when the nitrogen concentration was increased
from its initial level of ~0.05% (500 appm) to
~0.4% (4000 appm).

Analysis of the spot-welded specimens of un-
stabilized 2.25 Cr-1.0 Mo showed that the welds
caused crystals of iron to grow adjacent to the
boundary between the weld and base metal. One
case of severe penetration in the fusion zone of the
weld was also observed. No explanation of the
cause is yet avuilable.

The CSM researchers also noted the impor-
tance of heat treatment on the structure of ferritic
steels. One typical structure is a mixture of body-
centered-cubic (BCC) crystals with masses of alter-
nating lamellae of iron carbide and BCC plates.
Another structure is composed of BCC crystals in-
terspersed with spheres of carbides. Each structure
may behave differently with respect to lithium com-
patibility.

Tests with 304-SS showed much less grain
boundary attack than was expected based on tests
of Type-304L, a low-carbon stainless steel. The
corrosion rate increased rapidly with increased
nitrogen levels.

Debris from the fusion pellets will introduce
impurities into the liquid lithium of the HYLIFE

= I. - l, r 1 ’

Heat treatment:
isothermatly
trensformed
and tempered

Weight loss —




plant. The CSM researchers are continuing tests on
lithium compatibility; for example, tests with 304-
S$S in lithium contaminated with lead showed an in-
crease in the corrosion rate. They are evaluating
various heal treatments of unstabilized
2.25 Cr-1.0 Mo and 2.25 Cr-1.0 Mo stabilized with
Nb. The tests will show the effects of lead-
contaminated lithium at 500°C with low nitrogen
concentrations (<400 appm).

Conclusions. We now believe that 2.25 Cr-
1.0 Mo, a low-alloy ferritic steel, is the most attrac-
tive steel for the HYLIFE chamber. The ferritic
steels have shown good resistance to fithium corro-
sion at the temperatures of interest. At low nitrogen
concentrations, 2.25 Cr-1.0 Mo can likely give the
desired service life of 30 yr.3 The low chromium
content of this steel is an advantage i terms of
corrosion resistance, resource use, ccst, and
possibly even resistance to radiation-incuced swell-
ing. The lack of nickel makes this material more
resistant to corrosion and results in less neutron ac-
tivation,

Technological Development. Unfortunately, the
data base from which we must draw our conclusions
about radiation damage and lithium corrosion—the
two key areas >f technologicul development re-
quired for materials—is meager. We hope to do the
following:

® Study the time-integrated damage effects of
neutrons on ferritic steels in existing fast-fission-
reactor test facilitics.

® Plan new materials test facilities to quantify
the effects of pulsed radiation. (Instantaneous
damage rates are up to 108 times the time-integrated
rates,”’)

® Quantify the effects of flowing liquid
lithium on candidate materials. Research must
proceed from static testing and thermal loops to
systems that reasonably simulate operating condi-
tions, such as pumped loops containing stressed
specimens.

® Consider the synergistic effects of radia-
tion, corrosion, and fatigue.
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9.2.5 Chamber Design

We have wide latitude in specifying the
geometry of the HYLIFE converter chamber
(Fig. 9-29). The primary consideration is the protzc-
tion of the first structural wall. We must also con-
sider the roles of the energy converter (as power
plant, fissile-fuel producer, etc.) as well as manufac-
turing and remote handling ccustraints.

The chamber of a HYLIFE-type converter
must serve both as a vacuum vessel between the at-
mosphere and the fusion cavity and as a container
of the effects of the fusion pulse on the liquid
blanket.

We selected a cylindrical double-wall geometry
for the emergy converter for the following two
reasons:

® To provide for ease of fabrication and
access 10 inner components for repair.

® To separate the function of withstanding
the inward, steady compressive load from
withstanding the vitward, pulsed, tensile load.

The HYLIFE chamber has a metal inner liner
to withstand the reaction forces from the lithium
impact (see §9.2.3). Hence, the outer chamber needs
to perform solely as 1 vacuum vessel. The inner finer
can be easily removad through the top of the cham-
ber in the event of catastrophic failure. The
HYLIFE cenverter also contains splash baffles and
orifice plates to reduce the transmission of the
pressure pulse to the pumps and external flow cir-
cuits. The pressure pulse results from deposition of
the neutron energy in the lithium blanket. These
orifice plates and baffles can also be removed
through the top of the chamber.

This subsection is primarily a discussion of the
respanse of the chamber inner liner to the fusion
puise, because we have identified this to be the
dominant design constraint,

There are two sources of stress in the inner
liner: impact of the moving lithium bianket, and
thermal stress from deposition of neutron energy in
the liner. Estimates of the two stresses, givén below,
are combined in a model that esiimates the syn-
ergistic effects,

Lithium Impact Stress. The equation of motion
of a thin cylindrical shell responding to a squure
pressure pulse is’®

-

2 P(t

i+ w u=p—6‘ 10)

where u is the shelf displacement, R is the radius of
the shell, E and p are the elastic modulus and den-
sity of the snell material respectively, and 6 is the
shell thickness. If

Po,t<1

b = 0,t>7,

then the solution to Eq. (10) is

P
. o}

A cos wt + Bsin wt + — ST
pde

C cos wt + D sin wt Jt2T7 an

u(t) =

937
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Fig. 9-29. Laser fusion HYLIFE converter chamber.
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Using the initial conditions, u(0) = 0 and 4(0) = 0,
and matching displacement and velocity at t = r, we
obtain

P

u(t) = _Q; (1 - cos wt)
P <7, az
. Po
u(t) = 2o S0 wt
Py
u(t) = {cos w(t - T) - cos wit]
pbw?
=7 . (13)
- Po
u(t) = pa—w [sin cwrt - sin w(t - 7))
The stress in the shell is given by
E
o(t) = ® u(t) . (14)
Thus, the stress at the end of the pulse is’®
-p (B 5
(1) =Py (5 ) & ~cos wr) . (15}

The maximum hoop stress occurs at turnaround
when 0(t) = 0 or sin wt = sin w{t - 7). This max-
imum stress is®

Orax = P0 (?) V 2(t —cos wr) . (16)

For an impulsive impact with interaction time much
less than the wall-response time, sin wr = wr, and
Egs. (15) and (16) reduce to

a(r)=%(p—§5) P2 asa)
Onax = (% \—/p—E) PoT - (16a)

The pressure from the liquid colliding with the shell
is

P0 =p,c v,
where v, ¢, and pgare the velocity, acoustic velocity,
and density of the liquid, respectively. The pulse

time width is

T=f—,
<

where w is the thickness of the liquid region striking
:a€ shell, and

1 if fluid sticks to wall

f= 2 if fluid bounces elastically from the wall .
Thus,

my
Por=fp/vw=f-A—, Qa7

where m/A is the mass of liquid per unit area.

Equations (15) to (17) describe the stress in the
shell. We investigated the stress in an array of
lithium jets.

Jet-Array Stress, We assumed that a 2700-MJ
fusion pulse was contained in a 5-m-radius chamber
protected by an array of liquid jets having a
thickness equivalent to 1 m. The peak dymamic
stress in the chamber liner from the impact of the jet

where R is the chamber radius and h is the chamber
height. Using the results for the array momentum
from §9.2.3, and the properties of steel,

For a liner radius of 5 m and a chamber height of
8 m, the peak product of hoop stress times wall
thickness, in MPa-m, is

amaxﬁ =1.25f

for a 2700-MJ fusion pulse. Because
i€f<€2,
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we chose a value of f of 1.5, which gives a peak
product of about 1.8 MPa+m, roughly 50 times less
than that for a continuous annulus of liquid.

Stress from Neutron-Energy Deposition.
Absorption of neutron energy in the first structural
wall, which is cooled on both surfaces, will produce
4 temperature distribution that, in turn, will induce
a thermal stress distribution. The internal heat
source calculated using the TARTNP Monte Carlo
neutronics-photonics code®! in spherical geometry
is shown in §9.2.2. Previous time-dependent
TARTNP calculations®? show the deposition time
to be of order ~1 pus.

" A steady-state periodic solution was found for
the wall cooled on both surfaces with internal
energy generation.$? The temperature rise during
heating (~0.8 K) is spatially uniform and negligible
compared to the temperature profile in the wall.
Thus, a steady-state analysis using the appropriate
time-averaged energy deposition is valid because

where

- and # are the heating and cycle times, respec-
tively,

K is the thermal conductivity,

« is the thermal diffusivity,

h is the convective heat transfer coefficient,

o is the wall thickness.
For a spatiaily uniform internal heat source, and for
cooling of both the inner and outer surfaces, the
solution of the steady-state energy equation in cylin-
drical geometry is

Qrz K1K6 —KZKs KSK(» + K4K5
TM=-F "\Kx, 75Tk K K, '
- 1og YRRy 1Kq - K K
(18)
where
ha h b
4 i h
K == Kp=p

840

K3=1-Kllna , K4=1+K._,lnb y

.’ .
K5-4K (K1-2)+’l‘a N Ks'-q'fi(K2+2)+Tb R

and a and b are the inner and outer coordinates of
the slab, respectively.
Q is the time-averaged volumetr;~ heat rate, and
subscripts a and b refer to the inner and outer coor-
dinates.

The elastic thermal stress is given by

= KK, - K,K
SOE 1Q a2 g2 2, {16 25
%015 Jak @ TP T2\ K, KK,

X 1 )(azln-r-ﬂzozln!i)-l s
b2 - a2 a r 2

= 2
4 (r)=% 2 [(ﬁ) -a2—b2+r2]

T

K K - KK 1
l(l K4 + KZKS

+
2(b? - a%)

2
X [321.,2 +b2n 2 (Q) in 9] . a9
a r a

=-
Gge=0,,0~0 ),

where @ is the linear coefficient of thermal expan-
sion, E is the modulus of elasticity, and » is
Poisson’s ratio,

Temperature profiles for three wall thicknesses
are¢ shown in Fig. 9-30 anc inermal stresses are
shown in Fig. 9-31. The azimuthal and axial stresses
are indistinquishable. The peak thermal stress is
plotted as a function of wall thickness in Fig. 9-32.
These numerical results are for 2700-MJ fusion
pulses at |1 Hz, equal inner and outer convective
coefficients of 14.7 kW/m?2:K, and equal fluid tem-
peratures. The inner radius a is 5 m.
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An additional thermal stress results from the
sudden temporal deposition of energy in the wall. It
can be estimated by means described in §9.2.3. This
transient thermal stress is about 4 MPa, which is
negligible compared 1o the stresses calculated from
Eq. (19).

Synergism of Wall Stresses. The first structural
wall of the fusion energy converter is subject to both
steady and dynamic stresses. Thermal stress, which
results partly from spatial temperature gradients
caused by neutron energy deposition, dominates the
steady stress. Secondary photons that emerge from

o

_Axial and hoop thermial strese, MPa

tadisl tharma) 'm‘.’n,"ﬁ_r"- o




the lithium blanket also contribute to the thermal
stress.

The major dynamic stress is the response of the
structure to the impact of the lithium. A minor part
of the dynamic stress is the pressure rise from the
sudden deposition of neutron energy. However, this
pressure rise is small because the temperature rise in
a single pulse is negligibie compared to the steady
temperature profile in the wall.

To determine the design adegquacy of the first
structural wall, we must calculate a combined
loading by adding a mean stress to an alternating
stress, The Soderberg law is an empirical law that
refates the allowable stress 1o the alternating fatigue
strength and the static yield strength for a given
steady stress, This law is

g g

a m

S <1- 5 . (20}
y

where

=, = allowable alternating stress,
m = mean stress,

Sy = yield strength,

S = alternating fatigue strength,

The Soderberg limit is an additional constraint.
We must also meet the failure criteria8® on mean
stress,

0, SS, . {21)

m

where S, is the allowable stress for 10° h at 800 K.
We now |d°nl|fy the mean and alternating stress
limits as follows

1a] stress,

fio (ASTM 387,
' K, we have

Thermat stress.
{steady}

Allowable
dynamic

Allowable
steady limit

l,,,/

\\\\’I’Ii':’}:/(//

-—,' o~

36 mm (Fig, 9-31). To satisfy the dynamic stress
consideration (Soderberg’s law), the thickness must
be between 23 and 54 mm. To satisfy both the static
and dynamic stress constaints, the thickness must be
between 23 and 36 mm. Because the uncertainty for
the dynamic stress is much larger than that for the
steady stress, we chose a 35-mm-thick wall.
Chamber Top and Bottom. The top and bottom
of the chamber are protected from neutron damage
by a splash baffle and nozzle plates. These “high-
impedance™ plates partially hold up the lithium
flow for protection, but they are porous enough to
allow partial relief of the pressure buildup in the
chamber from vaporized lithium. The lithjum flow-
ing freely through the lithium pipes and splash baf-

~ fle will not transmit pressure pulses to the circula-

tion pumps. We have yet to design in detail the
splash baffle and nozzle plate and to determine the
loads and stresses.

Other Design Considerations. To design a

viable energy converter, we must consider such
problems as the fabricability of its components, the
assembly of the components into the converter, and
the periodic inspection and maintenance of the
components to ensure surprise-free operation with a
minimum of unscheduled shutdowns. We must also
consider disassembly of the components for repair,
replacement, or decommissioning of the converter.
We plan to use inexpensive, easily fabricated
-materials in the HYLIFE converter so that it can be
~assembled or disassembled as easily as the innards
.of a coffee pot. The 2.25 Cr~1.0 Mo ferritic steel is
geasily fabricated into the shapes required for the
IY LIF E conyester.




The HYLIFE converter parts are easily assem-
bled in the following order:

® Graphite blanket.

® First structural wall.

@ Splash baflle.

® Nozzle plate.

@ Orifice plate.

These components rest freely on supports provided
in the chamber. The required tolerances are un-
demanding. The lithium inlet pipes are welded to
the vessel, and then the top cap is welded on to the
vessel. Disassembly requires cutting the welds and
removing the components in the reverse of the
assembly procedure.

Inspection and maintenance of the converter
components must be performed remotely. The
flanged opening in the top cap can be opened during
scheduled shutdowns for this purpose. For further
discussion of remote inspection and maintenance,
sce §9.2.9.

Conclusions, The chamber design for the
HYLIFE converter allows for easy fabrication,
assembly, inspection, and maintenance. Qur present
calculations call for a 35-mm-thick, S-m-radius first
structural wall made of ferritic steel. The wall will
be protected by a 2-m-thick annular array of 0.2-m-
diameter lithium jets. With a packing fraction of 0.5
for the jet array, the first wall can survive for 30 yr
as the primary structure containing the 2700-MJ,
1-Hz fusion energy pulses. .
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9.2.6 Liquid-Metal Circulation System

As described in §9.2.2, liquid lithium is used to
shield the chamber from the fusion radiation, to
remove the heat from the chamber and transfer it
to the power-conversion cycle, and to breed tritium
to fuel the system. In this subsection, we describe
the circuits of flowing liquid metal required for each
of these functions. Additional inforraation can be
found in Refs. 87 and 88.

Protective Lithium Blanket. The total flow rate
of the protective lithium-blanket circuit is 129 m3/s.
As Table 9-3 shows, most of this flow is in the array
of lithium jets. Other contributions to the total flow
within the chamber are as follows:

® Sheet flow on the inside surface of the
chamber wall to provide cooling and added radia-
tion protection.

® Cooling flow between the chamber wall
and steel-clad-graphite reflector.

® Flow between the reflector and the vessel
wall to both remove heat and to minimize thermal
neutron leakage.

Table 9-3. Circulating lithium flow raws, m3/s.

Jet array® 93.3
Sheet flow on chamber wall . 15.5
Beam aperturcs” 54
Chamber wallfreflector coolant® 7.0
Reflectorfvesect wall coolant? 7.5
Total 128.7

*1ncludes jets that cross over besms to form part of besss
aperture.

Elow crossing horizontally above snd below beams.

“Chanael b fiest { wall and graphice ceflecter.
"Mmm-du-vndnl:*om
28 a neutren shiekd,
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The lithium-blanket circulation system consists
of 16 individual loops that bring lithium from the
bottom to the top of the HYLIFE vessel. Each loop
consists of one pump and piping of 1.22-m (48-in.)
internal diameter. Bellows relieve the stresses of
thermal expansion in the piping. The loops are
grouped into four cells of four loops each in con-
junction with a primary heat transfer loop whose
flow is diverted from the circulation loops. We
chose 16 pumps for the following reasons:

® To keep the pumps a manufacturable size,
yet retain the cost advantages of scale.

® To allow the pumps to be clustered closely
around the reaction vessel.

@ To be devisable by four to coordinate with

the four heat transfer loops.
The piping size was chosen to provide a flow
velocity near 6 m/s; it is zctually 6.9 m/s. Although
a higher velocity would allow us to reduce the
lithium inventory by using smaller, less expensive
pipes, we limit velocity to minimize erosion over the
30-yr plamt life.

Figure 9-34 shows how the 16 pumps are
arranged around the fusion chamber, and Fig. 9-35,
an elevation, shows two of the loops.

There is a vertical distance of 16.2 m between
the top surface of the lithium pool at the bottom of
the vessel and the horizontal centerline of the pipes
that bring the lithium back into the top of the vessel.
The pump must supply this head as well as friction
losses in the lines and exit losses around the circuit.
The total pump head required is approximately
23.5m.

Because we deem gas pressurization unfeasible,
the suction side of the pumps requires a minimum
head that must be provided by an actual height of
lithium. Losses on the suction side necessitate an
even greater height of lithium than the theoretical
value needed to prevent cavitation. A total of 5.8 m
of lithium is needed between the top surface of the
lower pool to the centerline of the pipes bringing the
lithium into the suction side of the mechanical
pumps. Thus, the centerline-to-centerline distance
from pump inlet up to reaction-vessel inlet is 22 m.




Definition of Terins. We will define three terms
that describe the pump characteristics before ex-
plaining our seleciion of a pump design. These
terms are specific speed N, suction specific speed S;,
and net positive suction head NPSH.

Specific speed is used to describe a mechanical
pump in terms of impeller shape. Numerically, the
specific speed relates to the pump rpm N, the flow
rate Q in gpm, and the developed head H in ft, by
the formula Ny = N‘\/(_)/ H*. The highest efficiency
impeller shape occurs at an N of approximately
2500. Higher N values mean smaller diameter im-
pellers for a given head and capacity. Depending on
S;. there is a lower limit on Ny before impeller
diameter becomes too large to be cast by a steel
foundry in this century. The power used by the
pumps increases markedly as Ny increases above
2500.

The pump suction specific speed is given by
S, = NVQ/NPSH¥, This formula is similar to that
for N, except that it relates the pump rpm and flow
rate to NPSH rather than to developed head. Like
N;, S, relates to the geometry of the pump’s rotating
elements. Centrifugal pumps commonly have an §;
range between 8000 and 12,000. An axial pump may

have an S; of from 20,000 to 30,000. The higher the
suction specific speed, the lower the required
NPSH.

The NPSH is the absolute pressure, including
dynamic head, in fect, at the pump inlet. An NPSH
that is too low will cause pump cavitation, damage,
and eventual failure. The plant must therefore be
able to supply an NPSH to the recirculation pumps
that will allow safe, cavitation-free pump operation
for a long time. With a fixed head and capacity, the
necessary NPSH is determined .y Ngand S,.

Pump Design. Our main pump-design objective
was to minimize the plant lithium volume and
thereby reduce the plant tritium inventory. Because
the lithium circulation system accounts for about
75% of all the lithium in the plant, our design could
have a significant impact. We also wanted to reduce
the pump power requirements.

We considered only pump designs that were es-
sentially conventional in their hydraulic design and
fabricability. This meant limiting S to 12,000 or less
and limiting the impeller diameter to 2.6 m. A larger
S; may be possible if advanced combined axial-
centrifugal pumps can be developed. We limited the
impeller diameter by requiring that the impeller be a
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ferrous casting and by estimating that the Jargest
such casting possible in the United States by the
year 2000 will be ~2.6 m.

We focused our design effort on selecting N,
and S; for the lithium circulation pump; N,
describes the shape of the rotating hydraulic ele-
ments in the pump, and S; defines the suction re-
quirements that resuit from the pump geometry.
Their proper selection produces the least volu' - of
lithium in the system and a reasonable requirement
for pumping power, within the limitations imposed.

We determined the hydraulic design of the
pump with the aid of a mathematical model of the
lithium-blanket circulation system. We varied pump
paramelers (in particular, Ng and S;) to examine
their effect on the circuit volume, pump impeller
size, and pumping nower. Figure 9-36 shows a line
of constant lithiu:a volume on a plot of S, vs N;.
The direction of variation of the parameters of in-
terest are shown with respect to the pump design
selected for the HYLIFE converter. We selected
values for Ng of 2725 and for S; of 11,000 to

minimize the system volume. The pump diar:zter is
~2.6 m. Table 9-4 lists the pump parameters.

The volume of lithium in the pumps and piping
associated with the lithium-blanket circulation
system is ~1950 m>. The total plant lithium volume
is ~2700 m3. About 500 m? of the additional 750 m3
are within the vessel, and the remaining 250 m? are
in the primary heat-transfer loops and tritium-
recovery systems.

Table 9-4. Lithium pump parameters.

Flow rate .06 m’ss
Speed 198 spm
Developed head 23.5m
Net positive suction head, NPSH 3.7m
Specific apeed, N, R 2728
Suction specific speed, S e 11,000
Number of pumps 16

Taotal bianket ciecalation pumping power 19.9 mwe

Lithium pump for HYLIFE /
-M—— Decreasing pump afficiency

J
W

increasing NPSH

Limit of 2.6-m-diam impelier

Y
wz}‘

Increasing system volume

requirement



An important feature of the circuit is that the
variable-speed pumps can maintain the total re-
quired flow rate (129 m?/s) even in the event of a
pump failure. Thus, repairs could be made without
shutting the plant down.

Heat Transfer System. The heat transfer system
(HTS) consists of three subsystems:

® A primary system that uses lithium to
transfer heat from the reaction vessel! to the second-
ary system.

® A secondary system that uses sodium to
transfer heat from the primary system to the steam
generators.

® A steam-and-feedwater system that func-
tions as the actual power cycle (a superheated-steam
Rankine cycle) for thc production of electricity.
(The generation of steam and electricity is discussed
in §9.2.7.)

The locations of the HTS components are shown in
Fig. 9-34 and in Fig. 9-37, an elevation.

The same pumps that circulate the lithium
directly back into the HYLIFE vessel also circulate
lithium through the primary HTS. A second-stage
booster is added to the top of the basic pump dis-
cussed in the previous subsection. Of the 8.06 m3/s
of lithiura that enter the bottom of each circulation
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pump from the HYLIFE vessel, only 0.6] m3/s en-
ters the second stage of the pump.

The second stage provides the necessary ad-
ditional head to circulate the lithium coolant
through an intermediate heat exchanger (IHX) and
back to the top of the vessel where it joins the
lithium that is circulated directly. A total of
119.2m3/5 of lithium at constant temperature
(500°C) is directly recirculated to the top of the
vessel while 9.8 m?/s return at 340°C after passing
through an THX. The total additiona! pumping
power required 1o circulate the primary lithium
coolant is 4.0 MW,

The primary HTS consists of four loops, each
with one IHX supplied by four lithium circulation
pumps. Each loop (four pumps, one IHX) is totally
independent except for the common flow path
within the vessel. The pumps and IHX’s are fixed
components. Thermal expansions are accom-
modated by expansion joints (bellows) located in
each major horizontal and vertical run of piping.
We placed piping supports and seismic snubbers
throughout the primary HTS in compliance with
the ASME Boiler and Pressure Vessel Code, Section
I, Class L.

The lithium flow within the pipes is limited to
9m/s and is adjustable on a loop basis through
variable-speed pumps. Leak detectors and electric
heaters affixed to the pipes are encapsulated by the
30 cm of insulation that surrounds all the piping
wnd components of the primary HTS.

The overall layout of the blanket circulation
and primary HTS represents a simple, symmetric,
and markedly compact design. The two factors that
we considered most in establishing the basic layout
were the locations of the lithium pumps and the
primary shield wall. The primary lithium pumps are
positioned on a 22-m radius from the reactor cen-
terline. This arrangement accommodates the piping
run required by the elbows and bellows located out-
board of the primary shield wall and maintains a
minimum of | m of access space between all adja-
cent components and the cell walls or both. The
positioning of the primary shield wall provides an
access annulus for the vessel and maintzins a
minimum of | m of wall between pipe penetrations
to ensure structural integrity.

The positioning within the reactor containment
building complies with standard practice in the
design of existing liquid-metal systems. Such com-
pliance is advantageous in that it allows the
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piethora of existing design data, developed for
liquid-metal-cooled fission reactors, to be applied
directly to the HYLIFE converter concept.

The secondary sodium loop is needed to reduce
the radiological consequences of a reaction between
liquid lithium and water that would result from a
stearn generator failure. The lithium in the primary
coolant loop contains activated corrosion products,
pellet debris, and radioactive tritium. The tritium
that diffuses from the lithium to the sodium through
the walls of the IHX is the only radioactive con-
taminant in the secondary coolant loop.

Sodium is used as the secondary fluid because
it is easy to remove hydrogen isotopes from sodium
by using cold traps. Tritium can be removed to a
concentration of less thar i ppm by weight in the
circulating sodium. The diffusion of tritium into
water is not a problem because the partial pressure
of tritium above both cold-trapped liquids is about
the same. The important consideration is the
amount of tritium that would be within the iiquid
metal exposed to water in the event of a steam
generator failure.

Another point in favor of sodium is the ad-
vanced technology of modular steam generators
based on a sodium system. Large facilities for study-
ing ways to handle sodium-water reactions are
operating. To build similar facilities to study
lithium-water reactions would take years of time
and millions of dollars.

Each secondary sodium loop consists of an
IHX, a sodium pump, and three hockey-stick steam
generators. The sodium pumps are located in the
hot leg between the IHX and the steam generators.
The sodium hot- and cold-leg temperatures are
484°C and 316°C, respectively. The flow rate of
each pump is ~4.5 m3/s for a total of 18 m3/s, and
the total pumping power required for the seconda:y
sodium HTS is 12.1 MW,

Tritium Recovery System. We selected a tritium
recovery sysiem based on a molten-salt
(LiF-LiCI-LiBr) extraction process. This approach
is being studied intensively at Argonne National
Laboratory?® with funds from magnetic fusion
energy programs. The Argonne researchers have
built a loop specifically to evaluate this concept.

In this process, lithium is routed from the hot
leg (500°C} of the primary HTS to a mixer where it
contacts the molten salt. The mixture is then
allowed to separate in a settler, the tritium {and
deuterium) having undergone exchange from the



lithium to the salt. The lithium is then rerouted
through a surge tank back tou the hot leg of the
primary HTS. The molten salt is processed through
an electrochemical cell in which the tritiumn is
removed for transfer 1o the pellet manufacturing
unit. The salt is recycled to the mixer. This relatively
simple and compact system keeps the tritium con-
centration in the lithium at 1 ppm by weight by con-
tinuously processing approximately 0.12 m3/s of
lithium.

The system is divided into four identical basic
processing units. Each unit contains a separate
mixer-settler and electrochemical cell, and each is
served by a common salt and lithium pump backed
by a spare. Further redundancy is incorporated by
having each unit designed with a 33% operating
margin.

Lithium Storage and Processing. The system for
storing and processing lithium drains and stores the
plant lithium and maintains lithium purity levels
commensurate with corrosion and nuclear-
performance guidelines. The system is divided into
four independent units, each serving a cor-
responding primary HTS. Each large drain tank is
sized to accommodate a volume somewhat greater
than 25% of the total lithium inventory. Few
pumps, valves, heaters, flow meters, leak detectors,
and little insulation are needed for the system.

Various trapping and exchange stages within
the cell routinely process the lithium to remove im-
purities. The nature and size of these systems de-
pend on the type and level of impurities in the
lithium. We now expect the lithium to contain ap-
preciable levels of Br, Cl, and F from the tritium
recovery system, and an equally problematic
amount of debris from the pellet. These impurities
are highly corrosive and represent a potentially
sizable source of radioactivity.

The tritium recovery system, the liquid-metal
storage and processing system, and also the gas
storage and processing systems are housed in the
lower level of the reactor containment building as
shown in the plan view of Fig. 9-38. Thus, all of the
primary tritium-bearing systems are contained
within a leak-tight barrier. The tritium system, gas
systems, and each lithium-system quadrant are
housed in independent and touwlly isolated cells.
This arrangement provides an additional tritium
barrier and limits the extent of a lithium spill. As
shown in Fig. 9-38, the sodium drain tanks are also
located in separate cells on the lower level.

Conclusions. Liquid-metal circulation systems
comprise the bulk of the hardware within the
HYLIFE power plant. The liquid-lithium flow
systems consist of 16 liquid-lithium pumps with a
combined capacity of 129 m3/s. Ahout 92% of this




flow simply circulsies from the bottom of the
HYLIFE vessel tc the 1op, to continuously
replenish the lithium pools needed to establish the
flowing protective lithium blanket w thin the fusion
chamber. The remaining 8% is d: :rted and cir-
culates through intermediate heat exchiungers before
returning to the top of the vessel. These two circuits
require a combined total of 23.9 MY | of the plant’s
clectric power production. There is also a liquid-
fithium loop associated with the tritium recovery
system, which is based on a4 molter-salt extraction
process. A [inal lithium loop is re ruired for the
removal of other contaminants such s pellet debris,
corrosion products, and eleinents from the salt ex-
traction system.

Besides the liquid-lithium loc ps, an inter-
mediate heat transfer Joop with sodium as the work-
ing fluid is part of the plant design. This loop is
primarily -a radiation barrier between the primary
lithium coolant and the stesm generators.

All liquid-metal systems have be :n designed ac-
cording to current standards and practices. The
secondary sodium system is based on the
technology developed for the LMFBR program.

Technological Issues. Many di fereni compo-
nents will have to be developed anu tested for the
liquid-metal systems of the laser fusion power
plants. General categories include such items as
valves, heat exchangers, instrumentation, pipe ex-
pansion joints, purilication equipment, and pumps.

Valves are needed to modulate flow and to
isolate lines, We are not now certzin whether the
valves used in sodium systems will ' ¢ applicable to
lithium systems.

Intermediate heat exchangers w il transfer heat
from a lithium primary loop to a sodium sccondary
loop. Because large surface areas are required for ef-
ficient heat transfer, the heat exchangers will be ex-
cellent pathways for the diffusion of tritium 1o the
sodium or to the environment. We must understand
tritium diffusion through these components to
design a safe plant.

Instrumentation will be needed to monitor the
plant. On-line measurements of flow rates,
pressures, temperatures, liquid levels, and the
amounts of impurities and tritium in the lithium
and sodium are all necessary for plant control. The
ability to detect impurities in the lithium is impor-
tant because of the tendency of lithium to become
more corrosive as impurity levels increase.
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4 arz needed to eliminate
3 [Bewiuse minimizing the
armay o tiz2 plaat s ong of our goals,
we memd thz valume of lithium in ex-
ensiun oo Meizble expansion joints for liquid-
metad ppinz huse not been developed yet.

We need o deveiop equipment to remove im-
purittes and tnuum from the liguid lithium. Cold
trapping, which is conventional in sodium systems,
will nat be sufficient for a lithium system. Gettering
with hot traps will also be needed to remove lithium
impuritics. The molten-salt tritium extraction
process proposed for the HYLIFE plant is only in
the eariiest stages of study.

The design, fabrication, and tesiing of liquid-
lithium pumps is an important area of technological
development for the HYLIFE power plant concept
or for any other fusion concept that uses flowi g
liguid lithium,.

Much work has already been done in the
development and testing of liquid-sodium system
componznts for thc LMFBR program. This ex-
perience provides a significant technology on liquid
metals and a measure of the loag developmental
times required for liquid-metal system components.
However, beczuse lithium and sodium differ, we
may be faced with new problems and obstacles.
Furthermore the HYLIFE power plant needs
liquid-metal systems that will not be studied as part
of the LMFBR research and development effort.

[ [irne
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9.2.7 Steam and Electricity Generation

The pri~ ary purpose of the HYLIFE converter
is the production of electricity in a central power
stition. Thus, we are interested in the energy
transfer from the primary coolant to the steam cycle
to the turbine-generators that produce electricity.
We discuss below the thermodynamic cycles that we
considered and describe the one that we selected.

Thermodynamic Cycles. The HYLIFE con-
verter and power plant are designed to use near-
term state-of-the-art technology. Thus, we have
drawn heavily on current and near-term LMFBR
technology. We investigated the two alternative
steam-cycle conditions proposed for the Prototype
Large Breeder Reactor (PLBR). These PLBR cycles
include the saturated steam cycle proposed by the
GE Bechiel team and the superheated steam cycle
proposed by hoth the Atomics Irternationul/Burns
and Roc team and the Westinghouse/Stone and
Webster team.

In an evaluation of alternative PLBR steam cy-
cles, Lewe 2t al.?! identified the following conse-
quences of the fundamental differences between a
saturated steam cycle and a superheated steam cy-
cle:

® Higher sodium and steam temperatures in
the superheated steam cycle lead to a greater poten-
tial for creep fatigue damage in the steam generator
and result in higher developmental risk.

@ Higher steady-state, sodium-to-water tem-
perature differences in the saturated steam cycle
complicate the steam generator design, necessitating
protection of the tubes in the sodium entrance
region, prevention or accommodation of departure
from nucleate boiling (DN B), and protection of the
upper tube sheet.

® The design and development of turbine-
generators differ in that the saturated steam cycle
can use LWR turt ‘nes that have been, or will be,
field tested in 1000-MW and 1350-MW sizes, while
the superheated steam turbine requires deveiop-
ment.

® Steam-generator water-side transients are
more severe for the superheated steam cycle.

® Higher sodium temperatures increase the
design difficulty of sodium-side components in the
superheated steam cycle.

@ Sodium-side transients are more severe in
the saturated steam cycle.

® Thermal efficiency of the superheated
steam cycle is greater: hence, there will be less heat
rejection to the environment.

® The superheated steam cycle has a poten-
tial for growth through increasing temperature and
pressure.

Lewe et al. made the following judgments:

® In terms of licensing, the cycles do not dif-
fer significantly.

@ Differences in thermal efficiency and waste
heat rejection must be balanced against the dif-
ferences in the capital and operating costs.

® Alternative designs have not been suffi-
ciently developed to permit a final judgment on
relative capital and operating costs.

® Risk and reliability wiil be problems for the
first few turbine-generators developed, but not for
subsequent units.

Hoffmun and McDowell performed energy
balances for the HYLIFE-converter power plant
based on both steam cycles.%? For an increase of
electrical conversion efficiency of ~11% (from 35%
for the saturated steam cycle to 39% for the
super heated steam cycle), the net plant efficiency in-
creased ~15% (from 27.7% to 31.2%).

Bused on the strong leverage of electrical con-
version efficiency and net plant efficiency, we chose
the superheated steam cycle for the HYLIFE-
converter power plant. If we find that the lower
availability and higher capital cost of the
superheated steam cycle outweigh its efficiency ad-
vantage over the sa‘urated steam cycle, we will
reconsider our selection.

Heat Transport System. The heat transport
system for the HYLIFE-converter power plant is
made of three subsystems (Fig.9-39).9-93 The
primary system uses lithium to transport the fusion
energy 1o an iniermediate heat exchanger (THX).
The secondary system uses sodium to transport
energy from the lithium primary system to steam
generators. The third system is the steam cycle that
converts the thermal energy to electrical energy by a
turbine-generator set. The primary and secondary
systems are discussed more fully in §9.2.6.

The pump system that recirculates the lithium
blanket and includes the primary heat transport
system coi.sists of four independeni loops. Each
loop contains four 8.66-m3/s, two-stage, comdined
axial-centrifcgal pumps and a 794-MW, IHX. The
pumps continuously circulate 92% of the primary
lithium flow through the HYLIFE vessel through
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1.2-m-diameter rezirculation piping. Expansion
joints (bellows) in each vertical and horizontal run
of piping accommodate thermal expansion. These
bellows also reduce the space required for the
primary piping, allowing for a small reactor con-
tainment building. The remaining 8% of lithium
flow is routed at 773 K to the IHX through 0.6-m-
diameter piping.

The IHX characteristics are given in Table 9-5.
The exchangers are of the two-pass, tube-and-shell,
counterflow type construction, They are made of
2.25 Cr-1.0 Mo steel and are mounted vertically in
the reactor building.

The secondary heat transport system delivers
sodium at 755 K to the steam generators through a
conventional looped piping arrangement. The
steam generators are divided into four independent
and identical loops. The loops are operated in a
parallel once-through mode, which allows a single
module to serve as both an evaporator and
superheater. Hot-leg sodium from the 1HX is
delivered uniformly to each of the three steam
generators in a loop. The three cold-sodium return
legs are manifolded into a common 0.9-m-diamete -
line.

Hot sodium enters the steam generator in the
upper portion of the vertical section, 23 m from the
bottom of the unit. The sodium is distributed

Table 9-5. Characteristics of the intermediate heat
exchangers (IHX) (Source: Ref. 93).

Number of loops 4
Number of IHX's per loop 1
Duty per IHX 794 MW,
Type 2 pass, wbe and shell, vertical
Surface ares per THX 6121 m?2
Number of tubes 5088
Tube diameter 25 mm
IHX maverial 2.25 Cr-1.0 Mo
Lithium flow rate 2.5 msin
Lithium inlet cempersture 773K
Lithium exit temperature 613K
Sodium flow rate 4.7 msh
Sodium inlet temperature 589 K
Sodium exit temperature 755K
Log mean temperature

differences 209K
Lithium pipe diameter 0.6 m
Sodium pipe diameter 09m

Table 9-6. Steam generator characteristics (Source:

Ref. 93).
Type Hockey stick, shell and tube
Material 2.25 Cr-1.0 Mo steel
Number in plant 12 (3 per loop)
Duty/unit 265 MW,
Surface area/unit 2370 m?
Tube diameter 15.9 mm
Tube wall thickness 2.77 mm
Number of tubes/unit 2025

Sodium Water and steam
Fluid parameters (shell side) (tube sidc)
Temperature in, K 755 516
Temperature out, K 589 730
Inlet pressure, MPa 1.14 16.2
Outlet pressure, MPa - .09 158
Flow/unit, kg/s 1255 405

around the annulus, passes downward, then exits
4.5 m above the bottom of the steam generator. The
feed water enters at the bottom of the assembly and
flows upward through the tube bundles where it is
heated by the downward flow of sodium around the
tubes. Superheated steam exits 1t the top of the
steam generator.

Table 9-6 svmmarizes the parameters of the
conceptual steam generator. The hockey-stick
steam generators are scaled up from previous types
designed by Atomics International. We chose them
because they appear to represent a relatively simple,
proven, and economical method of steam genera-
tion for large liquid-metal reactors. The differential
tube-to-tube and tube-to-shell thermal expansion is
accommodated by the offset-leg (hockey-stick)
arrangement of the upper section. Each steam
generator produces 265 MW, of 730-K, 15.8-MPa
superheated steam.

The superheated steam is delivered to a low-
speed (1800 rpm), tandem compound, nonreheat
type of turbine. No such turbines exist for the
HYLIFE-converter power plant, but several tur-
bines could be modified for the superheated steam
cycle. As an example, we chose an Allis Chalmers
design that has a 1.12-m last-stage blade (TC4F-
44" LSB). The unit has four cylinders: a single-flow,
high-pressure (HP), barrel-type cylinder; a double-
flow, intermediate-pressure (I1P) cylinder; and two
double-flow low-pressure (LP) cylinders.
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Two moisture separation cyclones are located
between the IP and LP cylinders to maintain a 1%
moisture level at the LP inlet. The need for the
cyclones is not definitely established at this time in
LWR systems. The IP cylinders are modified ver-
sions of the existing LWR HP cylinders. The barrel-
type HP element has been developed, but not com-
pletely designed for fabrication, The generator and
exciter units are near-existing hardware and will re-
quire little or no modification for this application.

In general, we selected the 1800-rpm turbine
because it is more efficient and operates under more
stable conditions (higher availability) than a 3600-
rpm turbine of the same capability.

The turbine-generator set produces 1244 MW,
of which 194 MW, supply the power requirements
of the laser, pumps, and other auxiliary equipment.
The net 1050 MW, establish the net thermal ef-
ficiency of the HYLIFE power plant at 33%.
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Figure 940 shows details of the steam cycle, which
we adopted from an Atomics International PLBR
design.®

Conclusions. We must balance the risks of poor
performance and reduced availability for turbine-
generator sets developed for the superheated steam
cycle against the inherent improvements in the ef-
ficiency and environmental impact of that cycle.
Therefore, choice of the saturated steam cycle on
the basis of present turbine-generator advantages
may result in our abandoning technically and
economically attractive alternative systems of
superheated steam cycles in the future,

We selected the superheated steam cycle over
the saturated steam cycle in the spirit of fusion
energy being a relatively clean, abundant energy
source. We plan to develop high efficiency plants
with concomitant low heat rejection and, hence, low
environmental impact.
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9.2.8 Opticnl and Pellet-Injection Systems

The laser, pellet, and energy-converter sub-
systems must all be integrated for the successful
operation of an Experimental Test Reactor, the first
laser fusion system to use a repetitively pulsed laser.
To achieve this integration, we must consider the
following problems:

® Survivability of the final optical system.

® Protection against tritium migration and
neutron streaming.

® Constraints on beam focusing.

® Performance limitations on the aiming and
timing of laser beams and pellets.

Two separate aspects of these problems must
be merged in the conceptual design. The first is a
trade-0)i’ in the design of the optical focusing system
to attain both long life and adequate focusing.
Large f-number optics allow us to place the final
mirrors far from the pellet, giving long mirror
lifetimes.%® Unfortunately, these optics also lead to
large minimum focal-spot sizes and, if we are not
careful, awkward design of the reactor containment
vessel.

The second aspect involves the choice between
active pellet-trajectory correction or active pointing
of the high-energy laser beam or, perhaps, the use of
both.% There are systematic and random errors in

the delivery of both the pellet and laser pulse, in
both space and time. In this subsection, we first ex-
amine the optical survivability issue, since it has the
most impact on the configuration of the system.
Then we address the error analysis of injecting a
pellet and aiming a high-power laser beam.

Final Optical System. We envision the laser
system to be physically separated from the fusion
energy conversion system. The separate laser
building can be built in half the time of a contain-
ment building, reducing capital cost. Separation
provides increased accessibility and maintainability,
at less total cost, but it necessitates windows in the
energy-converter building to admit the laser beams
and to prevent tritium migration. The final focusing
configuration must be designed to freely transmit
light in one direction while preventing the opposite
migration of x rays, debris, neutrons, lithium vapor,
and tritium.

Figure 9-41 is a schematic of the proposed final
focusing system. The laser beams pass through the
optical tunnel connecting the Jaser and energy con-
version buildings and enter windows, which are the
primary interface. The beams are then cylindrically
focused through slits in a neutron shield.

Each of the 30 slits {one per laser beam) is a few
millimeters wide by a meter long. The combination
of a partial vacuum on each side of the slit and a line
focus will keep intensities below breakdown
threshold. Each slit in the shielding is in a separate,
hydraulically activated safety gate, which may be
closed quickly in case of window failure, or for nor-
mal shutdown. The final mirrors focus the beams
onto the pellet at the center of the chamber.

Fusion products follow the reverse path of the
laser beams. The neutrons, x rays, and debris are
first apertured by the chamber’s lithium blanket so
that they do not strike the chamber structure direct-
Iy. A set of replaceable baffles located in the bram
tube near the entrance to the chamber catch lithium
droplets, condense out lithium vapor, and further
restrict the direct neutron beam to only that solid
angle subtended by the final mirrors. The baffled
region is vacuum-pumped to prevent lithium vapor,
tritium, and other gases from migrating up the
beam tube. Following the baffled region there is a
safety gate, a heavy sliding door that may be closed
to isoiate the optical tunnel and hall of mirrors from
the liquid-metal circulation system.

The region between the safety gate and the final
mirrors is filled with low-pressure xenon gas, dense
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enough to stop the debris and soft x ~ays that would
otherwise damage the surface of the mirror. The
neutrons and hard x rays penetrate deeply into the
mirror substrate, causing insignificant volumetric
heating. The neutron streaming and gamma scatter-
ing in the optical corridor®” and mirror hall are ef-
fectively trapped inside because the slotted safety
gates through which the beams pass are so small in
area.?%98 Further protected by another right-angle
turn and a pressure balance, the window should not
suffer significant radiation damage, activation, or
physical damage.

There are three barriers against tritium leakage
from the optical system:

@ Tritium must pass the baffled region of the
laser beam tube, where the vacuum pumping oc-
curs, and migrate against the pressure gradient of
counterflowing xenon gas.

@ Tritium molecules have a small probability
of finding and passing through the small laser beam
slots.

® The window, probably made of quartz, is
the final physical barrier against diffusion of
tritium.
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We have yet to quantify the small loss rate of
tritium by this pathway.

Survivability of the Final Optics. We have iden-
tified the following techniques for protecting the
final optics against various types of incident radia-
tion:

Solid angle reduction.

A magnetic field to deflect iors.

A replaceable transparent film.

A transverse gas flow.

A rotating shutter.

A gaslens.

Liquid-metal mirrors.

Only the solid angle reduction allowed by high
f-number optics reduces the fluences of all compo-
nents, neutrons, ions, x tays and neutral particles,
and blast effects.

We combine high f-number optics to reduce the
neutron flux with a gas, of high atomic number Z,
io absorb x rays and debris. In the HYLIFE design,
30 laser beams are focused on a target from a dis-
tance of 60 m by an a:ray of 1-m? mirrors. The frac-
tion of total solid angle subte.ded by the mirrors,
6.6 X% 1074, dramatically reduces the radiation flux.



A region of high-Z gas prevents the x rays and
debris from striking the final optics. This gas stops
the x rays by the photoelectric effect and ther-
malizes the debris through collisions. To some ex-
tent, these processes are already at work in the
lithium vapor in the chamber. We can estimate the
requirement using mean-free-path arguments.

Xenon is taken as an effective high-Z absorber,
though almost any gas that is otherwise compatible
could be used. We graphed the mean free path of
x rays vs their energy in one atmosphere of xenon
gas (Fig. 9-42), using data from the LLL library of
photon cross sections.?® We expect x rays through-
out the 100-eV to 20-keV region of the spectrum.
Softer x rays have short mean free paths in the gas
and are readily absorbed in the lithium vapor.

From Fig. 942 we see that 0.2 cm-atm
(1.52 m-Torr) of xenon will provide attenuation of
one mean free path for 3-keV x rays. To obtain a

factor of 100 reduction in x-ray intensity, we need to
provide 4.6 mean free paths of gas, equivalent to
7m-Torr of xenon. We also want to absorb the
radiation over a long distance to prevent generation
and effective transmission of shock waves. Hence, a
30-m section of the beam tube containing 0.25 Torr
of xenon should be adequate. Any pressure distur-
bances created in this low-density gas are unfikely to
have sufficient amplitude to affect the mirror.

An additional benefit accrues from this
scheme. The counterflowing gas isolates the cooled
optical surface from the hot lithium vapor, which
might otherwise tend to condense on the optical sur-
face.

The laser intensities in this region are below
10° W/em?, safely clear of any breakdown thresh-
olds in a 0.25-Torr gas.

Refracting vs Reflecting Optics. The optical
damage limit, energy per pulse, wavelength, and size
of the final laser amplifier aperture combine to dic-
tate the total required arca of the final mirrors or
lenses. Assuming a 10-J/cm? damage threshold and
3 MJ of laser energy per pulse, a beam area of 30 m?
is required. Both fabricability and radiation-
damage considerations lead to a choice of mirrors
over lenses.? It is now less costly to diamond-turn
large mirror blanks on a lathe controlled by an in-
terferometer than to cast and polish glass blanks of .
similar size for the same surface figure accuracy.
Also, bulk neutron damage thresholds are generaily
lower in glasses than in metals. In all cases, we are
more concerned about loss of optical performance
due to changes that are radiation-induced, than we
are about changes in strength, embrittlement, etc.

Depending on laser wavelength, the final
mirror may have a high-reflectance coating. If the
metal acts only as a substrate for a dielectric
coating, absorptivity is irrelevant. However, in both
coated and uncoated mirrors, high dimensional
stability is requirsd to maintain surface accuracy.
Cooling readily handles both the volumetric mirror
heating caused by the deposition of neutrons and
hard x rays and the surface heating caused by ab-
sorbed laser radiation.?

We identified two mechanisms that could
shorten the lifetimes of metal mirrors:%5:100

® Increased optical distortion due to swelling
from (n, a) helium production reactions in both un-
coated and coated mirrors.

® Distortion and decreased damage thresh-
old of high-reflectance coatings.
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Nonuniform swelling of the metal substrate
causes the surface distortion. The helium produced
in (n, o) reactions migrates to form microscopic
bubbles. These bubbles can cause surface distortion
on the order of a wavelength of light, which
degrades optical performance. No experimenta)
data are available to demonstrate this postulated
optical effect, but we can predict its onset based on
volumetric swellizg rates of neutron-irradiated
materials.

At 60-m distance, the neutron flux is
0.042 MW/m2, For a mirror temperature of 300 K,
the volumetric swelling rate of any of the metals
considered (Mo, Al, Cu, Ty, should be below 10-3%
per year. Estimating the linear deformation by Ax/x
= (AV/V)/3, and setting it equal to a maximum
allowable distortion of \/8 at A = 0.25 pm, we
calculate a2 mirror lifetime of 10.6 yr, a favorable
value.

The second postulated determinant of lifetime
is the degradation of optical coatings. Little is
known about dielectric coating performance in a 14-
MeV neutron environment. Testing is required to
gather this information, Fortunately, the use of high
f-number optics eliminates the need for new and ex-
pensive test facilities. The neutron fluxes the mirrors
will experience are 100 times less than those on a
reactor first wall, and are, therefore, experimentally
accessible much earlier. For example, the LLL
Rotating Target Neutron Source (RTNS-H)
produces a continuous source of 13- to 15-MeV
neutrons at the rate of 4 X 10'3 neutrons/s.!% we
could obtain a neutron flux of 0.18 MW /m? over a
1-in. witness sample, enough flux to accumulate a
1-yr dose for the HYLIFE design in 12 wk. Thus,
we will soon be able to obtain superb data on radia-
tion damage to optics without waiting for fusion
test reactors. Osnly the question of the pulsed vs con-
tinuous irradiacion will remain.

Pellet Injection amd Tracking. The conceptual
system for peliet injection »ad tracking that we
identified for integration with the HYLIFE con-
verter has some unique characteristics. Pellets are
injected with a repeating gas gun positioned
horizontally alongside a cluster of laser beams. No
pellet trajectory correction is desired or required.
Simple tracking of the target requires a low-power
faser jiluminator, an x-y position-sensing
photadetector, and a trajectory prediction scheme.
Two-degree-of-freedom (x-y) beam steering is
preferred, without refocusing capability. Both the

9-58

tracker and the adaptive mirror are placed in the
laser building out of the radiation environment.

The clearest attack on this problem is to
organize an error analysis around the following
functions:

® Injection. The pellet may not go exactly
where it was aimed or it may not arrive at the ex-
pected time.

® Tracking. The pellet may not be where it
appears to be.

@ Pointing. The beam may not go exactly
where it is aimed.

® Focusability. The beam focal spot size is
larger than ideal.

We considered space-time error contributions from
(1) target position unceriainties caused by perturba-
tions and tracking error, and (2) such deviations of
the laser optical train from the ideal as misalign-
ment, jitter, gas turbulence, mirror figure error, dif-
fraction, and other limits ci: steering and focusing.

We chose a horizontal pellet injection scheme
for our conceptual design. A pneumatic gas gun
may have to stand off many tens of meters for radia-
tion protection. It is awkward and costly to have an
~50-m appendage extending upward in the contain-
ment vessel when it is not necessary. If redundancy
in iarget injection is required, a gas gun can be in-
staised alongside each of the opposing beam paths.
Gravity will cause the pellet to drop somewhat dur-
ing its trajectory, but in a repeatable manner. Only
the shot-to-shot variations are important.

The options and reasoning for the issue of tra-
jectory control versus beam control are shown in
Fig. 9-43 and explained in Ref. 96. We advocate the
shaded sequence of steps in Fig. 9-43. This ap-
proach is based on the use of an adaptive pointing
mirror, a membrane-like mirror surface driven by
piezoelectric actuators or electrostatic forces,!02-104
These mirrors can be placed in the laser building,
safely out of the radiation path.!% They can even be
placed in the small-diameter portion of the optical
train before the largeést laser amplifiers, so that they
need only be ~10cm in diameter rather than ap-
proximately 1 m.

Pellet Injection. We assume that the pellets are
spherical, with diameter depending on yield. They
have fairly critical tolerances on layer thickness and
finish and are, perhaps, cryogenic. It is common
practice in gas gun technology to encase the pellet in
an expendable projectile called a sabot,% which
provides protection against damage from handling,
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barrel friction, and rifling. The sabot insulates the
pellet from detrimental heat transfer with the ac-
celerating gas or the barrel. Figure9-44 is a
schematic of a pellet injection system.

We included a coast section of length L =
60 m between the gun shielding and the reactor first
wall, primarily to reduce the x-ray and debris
fluerce per shot to low levels.

Several constraints interact to restrict opera-
tion to ranges of muzzle velocity, gun length, and
acceleration. We can derive a lower limit on velocity
because the pellet cannot enter the chamber until
the last 10% or so of the interpulse time. This
restriction allows the chamber to clear and
reestablish chamber conditions. If ¥ = pulse repeti-
tion frequency and Ry = the chamber wall radius,
then these two constraints are written as

asa v?lORw\]l.

max ’

The total time spent in acceleration and coast
should not exceed the interpulse time. Otherwisz, at
least two pellets are in the gun at the same time. One
pellet would then be exposed to radiation from the

previous pellet fusion, a situation we can easily
avoid by imposing the constraint

(20, 12)% + Lyt

where ¢, and a are the acceleration length and ac-
celeration, respectively. This constraint results in
the curve that bounds the allowed operating region
in Fig. 9-45. The velocity that is attained for a par-
ticular acceleration is shown by the operating line.
The most favorable operating point is determined
by the minimum velocity and acceleration allowed
by the constraints. Actual maps are provided in
Fig. 9-46 for pulse repetition frequencies of | and
10 Hz. We chose the nominal values shown in
Table 9-7 to obtain long tracking times by minimiz-
ing velocity and to save space and money by
minimizing acceleration length.

Note thai the 10-Hz system requires almost 10
times the acceleration and velocity of the 1-Hz
system, even though we have decreased the coasting
distance to 20 i (a higher pulse rate would result in
lower yield and would require less standoff dis-
tance) and increased the acceleration distance ten-
fold. Even sc, the acceleration of 8990 g seems high.
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For comparison, a 0.30-caliber bullet experiences an
acceleration of ~50,000 g, a home-run baseball
~1500 g. Unfortunately, we do not yet know the ac-
celeration limit for a pellet to experience damage,
but Devaney suggests 6000 g.m"‘~'°7 Thus, a 10-Hz
system may be problematical within the given
constraints,

We can easily estimate the sensitivity of the
final position to errors in injection velocity. The
pellet emplacement error in the vertical direction Ay
due to errors in the nominal final velocity v is

We suppose that the pneumatic gun is accurate to
0.1% in velocity and then calculate a vertical posi-
tion error of 8.6 mm for the I-Hz case, and 24 um
for a 10-Hz case having greater velocity and shorter
coast distance. We cannot control this error, but we
can predict it by measuring the velocity at the muz-
zle. Coarse adjustmerit to a pointing mizror can be
made during the en'ire coast period of the pellet.
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Tracking. We nuust estimate both the position
of the pellet and its arrival time to know where to
point the beam and when to fire the laser oscillator.
The pellet trajectary is tracked over time and a com-
puter then fits the data to a model of the flight tra-
jectory, using a Kalman filter or other scheme for
real-time estimaticn and control.

Three methods of tracking have promise:

1. One tracker for all n beams.

2. A shared-aperture tracker-pointer system for
each beam,

3. Same as method 2, rlus an active target-
designation system.

Method 1 is simplest, least expensive, and has
the largest errors. Method 2 has an advantage in
that it is far more immune to errors from beam self-
alignment and mirror jitter, and it eliminates error
from the relative misalignment between different
beams. Method 3 provides even greater accuracy.
The target designation system points a low-power
test beam at the target through the optics of the
high-energy laser (HEL) in a closed-loop strategy.
Returns of the designator pulses from the pellet can
assure us that the optics are indeed on target.
Method 3 seems to be more expensive and
sophisticated than necessary.



Total flight time of pellet
not to exceed interpulse time
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for a given
acceleration length

\Velocity must exceed critical value

required to travel radius of chamber
in fraction of interpulse time

Method 2 is illusirated in Fig. 9-47. A tracker
system is located in the laser building, away. from
the hostile reactor environment. During the last 2to
5m of its flight, the pellet is imaged onto a
photodetector in the tracker. Because the HEL
beam axis and the peilet trajectory are almost
paralle, this is possible within a rez.onable tracker
field of view (FOV). The pellet is passively il-
luminated with a CW laser, so that the tracker sees a
bright glint off the target. The laser illumination
cone and tracker FOV can be closely matched. An

example of a large (1.22 m) tracking telescope is dis-
cussed in Ref. 108.

The most attractive feature of this system is
that the tracker optical path, with light rays
emanating from the target, is the reverse of the HEL
path. The paths share the same optics. The system is
particularly insensitive to static or dynamic align-
ment errors. Because the rays share the same optical
elements and path, an index-of-refraction gradient
in a gas laser amplifier or angular mirror vibration
will not cause errors. Each beam has a dedicated
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Table 9-7, Acceleration and coasting characteristics of
pellet injections at pulse repetition rates ¥ of 1 and
10 Hz.

Characteristic Yy=1Hz Y =10 Hz
Acceleration, g 1024 8990
Acceleration length, m 2 20
Acceleration time, ms 63 66
Final velocity, m/s 64 600
Cossting distance, m 60 20
Coasting time, ms 937 34

tracker and intrinsically follows any change in ap-
parent target position.

Both the tracker and the pointer are placed
ahead of the large laser amplifier in the small-
diameter part of the beam. Assuming D and d to be
the diameters of the large and small beams, respec-
tively, the tracker sensitivity is enhanced by the
magnification ratio (D/d) in this scheme. The error
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in the target plane (Ar), is related to the minimum
resolvable distance (Ar)y on the face of the
photodetector through the ratio of the primary
focal length to the detector focal length (Z;/Z4) and
the magnification ratio, as follows:

Z
(Ar)t=(z—f) (%) @n, .
d

Using a magnification ratio of 10, focal lengths of Z;
= 50 m and Zy = 0.3 m, and a readily achievable!®
detector resolution of (Ar)y = 3 X 10~ in., we ob-
tain a t pical tracker error in the target plane of
(Ar), = £0.125 mm. This is much smaller than the
size of a pellet.

The effects of misalignment and slow
vibrational jitter of the aptics are irrelevant because
of the shared path.

Pointing. The pointing mirror system can also
be placed in the laser building ahead of the largest
laser amplifiers where the beam is of small diameter,
say 10 cm rather than 1 m. Such a 10-t0-1 reduction
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in the diameter of an active mirror reduces cost by a
factor of ten. In addition, since an angular deviation
from an ideal ray path is reduced by the magnifica-
tion ratio when a parallel beam is increased in
diameter, we can expect any pointing errors to be
ten times smaller in the target plane. Two benefits
accrue. The beam magnification helps increase
tracking sensitivity and decrease the sensitivity to
pointing errors. A disadvantage is that the max-
imum angular range of the adaptive pointing mirror
is reduced.

Pointing can be done in two phases, using a
coarse and a fine adjustment. Coarse pointing is
performed during the relatively long coasting stage
of the pellet trajectory, based on an estimate of the
pellet final position and arrival time. The computer
generates this estimate from a simple measurement

of velocity at the end of the acceleration region of
the gas gun. The angular velocities of the beam re-
quired in this phase are / < 5 mrad/s, well within
the state of the art.!1?

In the fine peinting stage, we remove the
remaining errors detected during the tracking
period while the pellet is in the chamber. Because
both the required lateral movement in the target
plane and the time allowed for performing correc-
tions are much smailer during this phase, the
angular velocities required of the mirror are no
larger than before.

Deformable mirrors are not absolutely re-
quired. Movable mirrors, supported on two-degree-
of-freedom gimbals, can also do the job at these low
rotation rates. However, adaptive optics are likely
1o be part of any future gas laser system for use in
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power plants because of their versatility in removing
a wide variety of wave-front distortions. Pointing is
a logical and desirable additional role for an active
mirror.

The pointing errors are of two types: those due
Lo misalignment and jitter of the opticai elements
hetween the tracker and pointer, and those due to
the difference between the actual angle of the mirror
and the intended angle. If the linear stroke of a
piezoelectric transducer can be controlled to +4f,
then the error angle of the reflecting light ray is
(2A¢/d) and the error angle at the target plane is
2A¢/D. Similarly, the error angle in the target plane
due to a mirvor jitter angle of #; would be +26,d/D.
If we assume that there are m independent mirrors
between the tracker and the pointer, and sum the
squares of the angle variances, the total error angle
due to pointing is

2 8.d\?
z_ 2;“) (.J_)
OP—(D +m\y/ -

(The factor of m becomes m2 only if the errors are
correlated, as they would be in intensity-dependent
optical-path distortions, for example.) Let us
assume that Af/f = 0.01 is the precision possible at
the maximum stroke of ¢ = 15 um. Furthermore, we
assume mirror diameters of d = 10cm and D =
I m, a jitter angle of 5 urad, and m = 3. The total
pointing error is about one microradian. Thus,
lateral error in the target plane is only 50 um, a
negligible amount. This insensitivity is primarily
due to the system magnification.

Focusability. In any optical train, therc are
many sources of distortion that will cause the beam
to diverge from the intended geometrical path.
Some lead to unintended beam steering and others
cause defocusing, but all stem from deviations of
the optical path from the idea!. Some are the same
from shot to shot, as is mirror figure error. Others,
such as turbulence, are time-dependent. Turbulence
is random, but boundary layers present a very
organized disturbance. Thermal distortion of
mirrors and thermal blooming in beam tubes are
‘ntensity-dependent. Some of the sources of
degradation in focusability are:

® Large-scale random irregularities in steady
flow.

® Smali-scale turbulence.

® Thermal or momentum boundary layers.
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® Acoustic waves generated by energy addi-
tion.

® Entropy disturbances in flow from acoustic
interaction.

® Surface figure errors in mirrors.

® Thermal distortion of mirrors and solid
windows,

® Aerodynamic windows.

® Thermal blooming in beam tubes.

® Neutron-damage-induced distortion of fi-
nal focusing mirror.

® Breakdown in chamber gas.

® Diffraction.
We discuss here diffraction and both turbulence and
acoustic waves in the gas laser ampiifiers.

Diffraction limits the spot size of the lases
beam in the focal plane to the minimum allowed by
the wavelength and f-number of the primary focus-
ing system. The angular deviation from the
geometrical op%ics ray path is

1.27
0, = D -

D

If there were no other degradations, the radius of
the focal spot would be

1.2)\Zt

I = Zo, -

Spatial variations of the index of refraction of
the gas laser medium produce a degrading effect, ex-
panding the minimum focal spot. The effect is
similar to the distortions seen in looking across a
hot road on a sunny day. The effect has two causes.
One is the random turbulence and irregularities pre-
sent in the gas wind-tuanel flow. The other is the
regular pattern of acoustic waves remaining in the
flow from the rapid energy addition of the previous
pulse. We can estimate the average effect of these
disturbances by using the following formulae fo
angular deviations:

L fAp
6 =(-ﬂ) (n--l)—b(—)
A Ay b # Jacoustic

re(2) 0o

p turbulent



where
n = index of tefraction of a gas at standard
density,
p/p; = ratio of average density to standard
density,

L, D = length and diameter of region of gas,

Ap/p = amplitude of fluctuation, peak to peak,

a = scale size of turbulence,

b = mode number of acoustic waves = 2D,".

acoustic,

For small variances from the geometric ray
paths, we can obtain the expected defocusing angle
by summing the variances. The expected spot size is
then

- 2,02, 92\
l's-Zf (BD+0A+0T)

122 [ L)
=z (T) +lz(n-1)sl
2 ApY  Aa Apz #
X {b (_) Y-t <_) )
LN L sy

Table 9-8 gives typical values of laser
parameters for two gas lasers of interest, the CO,
laser in the infrared and the KrF*/CH4 Raman
pulse compressor laser in the ultraviolet.

Common parameters are the diameter D =
| m, the turbulence scale size a & 0.2 D, the mode
number of the must important remaining acoustic
wave b = 3, and the peak-lo-peak fluctuation am-
plitude (Ap/p)a = (dp/odr = 5 X 1074 The first
two acoustic modes contribute primarily to pure
steering and pure focusing, which can be easily
corrected by the optical system.

Table 9-8, Laser parameters for caiculation
of focusrbility.

Parameter coz KSF‘ICH "
Amplifier length, m 9 (triple pasec) 18 {single pass)
Density, p/p 2.7 1.0

Index of refraction (n-1) 1.7 107 444 x 107
Wavzlength A, m 106x%1¢%  0.268% 10

Calculated spot diameters are 1.4 mm for A =
10.6 um and { mm for A = 268 nm. The diffraction
contribution, which dominates the CO, laser
system, is negligible in the KrF* /CH, laser system
in which refractive contributions dominate. These
results are discussed further below.

Integrated Injection and Tracking Errors. The
two interrelated problems are:

@ Allocation of interval durations needed for
each activity, within the budget determined by inter-
pulse time.

® Allocation of spatia! errors accumulated in
nerforming the individual activities, within the
budget determined by pellet size.

Figure 9-48 summarizes the first problem for
two pulse repetition rates, ¢ = t and 10 Hz. The
1-Hz system accelerates the pellet 1o 64 m/sin 2m
at 103 g, while the 10-Hz system requires z velocity
of 600 m/s and an acceleration of 9000g. The
available tracking times for the two systems ure
78 ms and 8 ms, respectively.

The second problem, the allocation of spatial
errors, has been studied for wavelengths of 10.6 um
and 268 nm, the longest and the shortest currently
envisioned for fusion lasers. The envelope diameter
of the expected spot size, including the errors in
tracking, pointing, and focusing, was calculated as a
function of the focal length of the primary mirror.
For the parameters chosen, we found that a 60-m
focal length system can have spot sizes less than
2 mm in diameter, quite compatible with plausible
reactor pellet diameters.

Conclusions. We propose a conceptual design
for a pellet-injection and final optical system, most
of which is feasible within the state of the art
Although many other approaches are possible, we
draw the following conclusions:

® A high f-number focusing system, con-
sisting of two opposing clusters of laser beams,
leads to low fluences of damaging radiation on the
mirrors. It allows mirror lifetimes of greater than
1 yr, thereby noi compromising the availability of
the power plant. )

® A low-pressure xenon-gas region in the
beam tubes sufficiently protects the mirrors from
surface damage without degrading the laser beam.

® Horizontal peliet jnjection is both feasible
and desirable; sabots are recommended: accelera-
tions and velocities required for the 1-Hz system are
acceptable.
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Fig. 9-48. Timing considerations for 1- and 10-Hz pulse repetition frequencies.

® Beam pointing can be performed in two
phases: coarse pointing, performed during pellet
coast to remove relatively large pellet emplacement
errors caused by variations in muzzle velocity, and
fine pointing, performed during the final tracking
phase to remove small remaining errors.

® A shared-aperture tracking-and-pointing
system, using the same optical train as the laser, is
attractive since it eliminates a host of misalignment
and vibration errors,

® Both tracker and pointer can be located in
the laser building, away from the hostile radiation
environment of the reactor. Adaptive optics are
feasible and can be used in the small-diameter por-
tion of the beam ahead of the final gas laser am-
plifiers.

® For primary focal lengths of 60 m, the spot
diameter of all the errors is a small fraction of the
pellet diameter for a 2700-MJ, 268-nm system.

® Pointing and tracking considerations favor
laser fusion scenarios with high-yield pellets, low
repetition rate, and short-wavelength lasers. In
general, engineering a pellet-injection and beam-
steering system will not impede the progress of laser
fusion.
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Technological Development. We nced to:

® Develop and test high-reflectance mirror
coatings and substrates tolerant to neutron irradia-
tion.

® Develop optical system configurations to
reduce neutro,s and tritium teakage outside the con-
verter building to licensable levels.

® Demonstrate  injection, tracking. and
pointing at required performunce levels in
laboratory simulations.
As we have pointed out, a system can be tested now.
It is the definition of acceptable regulatory stan-
dards for such items as containment penetrations
for laser windows that is likely to be critical.
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9.2,9 Environmental and Safety Considerations

We integrated environmental and safety factors
into all phases of the HYLIFE converter design
from the onset of its deveiopment. Safety issues
mnust be identified and quantified early in the evolv-
ing design, though it is difficult to do so. Environ-
mental and safety corsiderations significantly in-
fluence such engineering choices as the selections of
structural materials and methods to contain
tritium, !

Environmental and safety issues are in-
creasingly important to the government and the
public. Many current problems in the nuclear fis-
sion industry are attributable to an overzealous ad-
vocacy of nuclear electric power generation in the

late 1950’s along with little early consideration of
environmental issues.

Our task in the HYLIFE ccaverter design
study has been to adequately claim the realistic
promises of the concept while beginning to identify
problems and to suggest ways to solve them. We
have addressed the following concerns:

® Choice of materials for minimum activa-

tion.

® Identification of source terms for shielding
design.

® Requirements for remote maintenance
systems.

® Incorporation of safety features in the
design.

® Plant layout and isolation systems.

We discuss each concern in this subsection.

Induced Activation in Structural Materials. Two
steels appear to offer a good combination of
strength, compatibility with liquid lithium, and
reasonably low activation when protected from the
total output of the fusion pellet in the HYLIFE
chamber. Type-316 stainless steel (SS) is a com-
monly used material in many large pressure-
container structures. Several magnetic-fusion con-
ceptual designs make use of Type-316 SS, notably
the University of Wisconsin Tokamak system
UWMAK-I

OQur original liquid-lithium waterfall concept
for a laser fusion reactor called for Type-316 struc-
tural steel. We discovered, however, that the nicke:
in stainless steel presents two problems. Nickel is
leached out of the outer layers of Type-316 SS duyr-
ing lithium corrosion. This process creates a ferritic
layer that may shield the remainder of the steel from
some further corrosion.'!Z A greater problem is that
nickel activates in fast-neutron reactions 1o produce
isotopes of cobalt, which emit high-energy gamma
rays and have relatively long half-lives.

These observations led us to consider ferritic
2.25 Cr-1.0 Mo as the HYLIFE structural steel.
This ferritic alloy is presently ASME-approved for
use in steam generator conmstruction in nuclear
power plants. 1: offers good resistance to lithium
corrosion at temperatures up to 500°C and contains
no nickel.

Figure 9-49 presents a comparison of radio-
isotopes produced in both Type-316 SS and 2.25
Cr-1.0 Mo ferritic steels. The isotopes are arranged
in order of increasing half-life. The activity, in
curies. of each isotope was computed based on 1 yr
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of operation in the HYLIFE chamber at 3176
MW ! Only those radioisotopes parented by iron
are produced in increased amounts in ferritic steel
compared to Type-316 SS.

Another parameter of interest in comparing ac-
tivation in the two steels is their respective rates of
gamma energy output. Figure 9-5¢ shows the
gamma emission rates for significant isotopes in the
two stezls, and Fig. 9-51 compares the total emis-
sion raies. The data presented in the two figures
were calculated for activation duriag 1 yr of full-
power reactor operation. Throughout the important
period for maintenance and inspection between | d
and | mo after shutdown, ferritic steel emits ap-
proximately one-third as much gamma energy per
hour as Type-316 SS. Beyond 8 yr after shutdown,
the dominant gamma emitter in Type-316SS is %Co
(5.27-yr half-life, E, = 1.13 MeV and 1.33 MeV). In
ferritic sieel, Mo (100-yr half-life, E,, = 0.03 MeV)
is dominant; it is not on the scale of Fig. 9.51
because: of its low activity.

Once we selected 2.25 Cr--1.0 Mo ferritic steel
as the structural material in the HYLIFE con-
verter,)'3 we were able to procced with more
detailed 2-D activation calculations to comprehen-
sively define the source term in HYLIFE chamber
steel for environmental and shielding applications.

We soon found that this material, when pro-
tected by a 1-m effective thickness of liquid lithium,
activates even less than some exotic malterials es-
pecially chosen to reduce the level of radioactivity in
other fusion-reactor first-wall designs.!

Figure 9-52 compares the activation of
HYLIFE chamber steel to that of various magnetic-
confinement first-wall structures after 2 yr of opera-
tion at a wall loading of 1.25 MW/m?. For the
period from shutdown to 2 wk, during which time
much maintenance and inspection would be per-
formed, the ferritic steel activity is greatly below any
MFE struc.ural material, including aluminum
alloy. In the long term, HYLIFE chamber activity
falls 10 a negligible level in approximately 1000 yr,
as Mo decays. As we show in a subsequent sub-
section, this time can be significantly reduced if one
or more of the parent isotopes of %Mo is separated
from the feed molybdenum uscd in the ferritic st=el
structure.

Activation in the ferritic steel structure is quite
unevenly distributed. Figure 9-53 shows that over
93% of the induced radioactivity is produced in the
rones of steel immediately adjacent to the lithium
flow within the chamber. Because the average
gamma ray emitted from radioisotopes in the ac-
tivated ferritic steel has an energy of approximately
0.8 MeV, outlying layers of less activated material
in the chamber will provide significant self-
shielding. Remote systems will still be required for
maintenance and inspection operations near or on
the chamber exterior surfaces; however, the radia-
tion environment encountered by such devices will
be relatively benign, requiring. for example, little
speciai protection for remote television cameras.

The same may not be true for electronic com-
ponents inserted directly into the chamber center
for inspection and servicing of the first-wall
assembly. Figure 9-54 illustrates the gamma ex-
posure rate at the HYLIFE chamber center after
1 yr of operation. The exposure rate will remain
above 10 R/s to beyond 2 wk following shutdown,
Similar curves follow for exposure rates | m from
the chamber side and § m above the chamber top,
with values scaled down by factors of 6.2 and 38.75,
respectively, from the rates shown in Fig. 9-54.

The long-term radioactivity remaining in the
structure after final shutdown is of concern from the
standpoints ~f decommissioning and dismantling
the reactor and reducing wastes that ultimately
must be isolated from humans. Figure 9-55 shows
exposure rates at the chamber center after a full ser-
vice life of 30 yr at a 0.7 capacity factor. The activity
of Mo (E, = 0.835 MeV) falis off rapidly between
10 and 29 yr, but Mo sustains an exposure rate
greater than 10 mR /h to 800 yr after shutdown.
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The scientific feasibility of laser isotope separa-
tion of molybdenum isotopes has been dem-
onstrated in laboratory experiments.!!> If this or
other proce<ses prove economical with large feed
quantities, removal of Mo to two orders of
magnitude below its natural abundance (14.8%) can
move the 10-mR /h exposure rate point to less than
20 yr after shutdown. This is shown by the bottom
curve in Fig. 9-55 for #3Mo activity resulting only
from fast neutron reactions in **Mo. This feature
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would greatly reduce the environmental impact of
lcag-term radioactive wastes from nuclear fusion
power production, It raises the engaging possibility
of reprocessing reactor steels after brief cool-down
times.

Shielding Source Term. We have completed
calculations on the production and inventory of
radioisotopes in the HYLIFE chamber, including
decay times up to 50 yr after shutdown and produc-
tion of radioactive daughters during decay. Some of
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Fig. 9-53. Induced aciivity in internal and exterior patts of the reactor.

our results are used in the preceding analysis and in
first-order bulk-shielding computations. Walls of
Portland concrete (normal density, p = 2.35 g/cm?)
that are 2-m thick will reduce the exposure rate in
the pump cells surrounding the HYLIFE chamber
by a factor of 1.62 X 10!, allowing contact main-
tenance if activity in the lithium flow, or from
aggregated radioactive cerrosion products, is suf-
ficiently low.'14

We also compiled spectral data for the neutron
and gamma ray fluences at various points in the

Suwrf

F Corrected for self-shiel

I
NI

HYLIFE chamber during operation. However, ex-
posure rates during full-power operation have not
yet been calculated, since such rates will be strongly
dependent upon neutron and photon streaming in
ducts and voids in the reactor and associated piping.
More detailed design and analysis are reguired
before further shielding computation is meaningful.

Remote Systems Requirements. Scheduled and
unscheduled maintenance using remotely controlled
systems may be required during both operation and
shutdown on components located in high-radiation
areas. Also, inspection of walls, piping flanges and
welds, and other lithium loop components may re-
quire remote viewing techniques. We believe that
many of the systems already in use in hot-cell or
fission-reactor operations may be directly ap-
plicable in the HYLIFE power plant. Certainly, the
ingenious systems designed for first-wall inspections
in the much more hostile Tokamak environment
could be used in HYLIFE with modification.

Regularly scheduled maintenance may be
needed on

® Chamber head assembly and injection
nozzles.

® Chamber interior and openings.

@ Pellet injection apparatus.

® Laser beam tunnel components.

@ Lithium cleanup traps.
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® Pumps, casings, and valves. ® Pellet injection tube.
® Laser beam optics. ® Pumps and valves.
The reactor building is equipped with an overhead ® Components of tritium extraction facility.

crane for head and major component handling.
Operations using the crane will be performed either
from a neighboring viewing room or by using
remote television monitors. Another television
system of great application might be a remotely
controlled mobile cart with a boom-mounted, fully
articulated television head and grappling mech-
anism. After the head or plug of the HYLIFE
chamber is raised, such a device could be lowered
into the chamber for visual inspection or main-
tenance.

Inspections during operation or while the
HYLIFE chamber is shut down may be required on
Piping, flanges, and welds.

Interior wall of chamber.
Injection plates and splash baffle.
Beam tube coupling and blast baffles.
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@ Lithium cleanup traps
Many of these areas will require remote viewing
systems, We believe, however, that systems pres-
ently in use for LMFBR's and LWR’s can be ap-
plied with little modification, since the layout of
major components and the cell design of the
HYLIFE converter building are similar to those of
present reactors.

Safety Features. Many safety features are in-
trinsic to the design. We incorporated others to
reduce both the possibility and consequences of an
accident.

During operation of the reactor, isolation
systems and comparted tuilding construction en-
sure the ability to rapiaiy close off an accident area
and thereby limit the spread of radiation or
chemical hazards. These isolation features include



® Reactor containment building separated
from the laser building.

® Separate pump, intermediate heat ex-
changer, and tritium processing cells.

® Fast-acting valves and narrow aperture
windows in the final turning optics.

® Separate steam generator and turbine
building.

® Isolated lithium storage and processing
systems with drain tank capacity exceeding the
volume of lithium in the plant.

Perhaps the most cogent isolation feature in-
trinsic to the HYLIFE power plant is simply the
physical separation of the laser from the fusion
reaction. This, combined with an ability to rapidly
dump and store the primary lithium coolant, effec-
tively separates energy-bearing systems from one
another and from the main site of radioactivity, the
HYLIFE chamber.

Liquid-lithium spills probably present the
greatest accident consequences in the HYLIFE
power plant design. When ignited and burned in air,
lithium produces flame temperatures high enough
(>2000°C) to melt the ferritic steel used in the
plant. However, nitrogen or an inert gas such as
helium or argon will either prevent ignition entirely
or limit fMlame temperatures to below 1300°C.!1%
The many characteristics and design safety features
to limit lithium spill and fire hazards are described
in the following excerpts from a Bechtel report!!”:

® Liquid-metal systems operate at low
pressure relative to LWR’s. Consequently, failure is
less likely and, should it occur, would be less
catastrophic.

® Systems containing lithium or sodium are
designed and fabricated to the highest standards.
Conservative design, in addition to system inspec-
tions, provide confidence that a large system break
will not occur. If small cracks were to occur, they
would be detected by instrumentation or inspection,
and the system would be drained before leakage
became significant.

® Should lithium or sodium leak into a space,
the steel cell liners would prevent reactions with the
water in the concrete. Because of conservative
design, only a small amount of concrete would be
exposed to react in the unlikely event of a cell liner
crack.

® An atmosphere of helium in the chamber
cell and argon in other areas containing lithium is
maintained to preveat reactions with air in case of a

leak. Backup *‘inerting’ systems are available if
primary systems fail.

® Systems are separated so that an accident
in one area would not affect the entire plant.

® The actual amount of tritium associated
with a hypothetical spill of lithium is a small portion
of the total inventory of tritium in the plant. For ex-
ample, if 10% of the lithium werc spilied, this would
release about 5% of the tritium in the plant. Based
on exposure estimates by the Electric Power
Research Institute, the tritium released would give
an integrated dose of less than 2 rem over a 1-km?
area adjacent to the plant.

Containment of Radioactivity. The presence of
physical barriers to prevent the release and spread
of radicactive isotopes is necessary both for normal
operational safety and for environmental and public
safety during an accident. We have included three
barrier types within and around those areas bearing
radioactivity and have provided for a fourth barrier,
if needed, as follows:

® Primary reactor boundary.

® Compartmentalized cells in the vicinity of
the reactor.

® Reactor containment building.

® Secondary containment (confinement).

The primary reactor boundary is the chamber
itself, including the fast-acting valves for isolating
the chamber from the tunnel complex extending out
to the final turning optics. The laser tunnel is a
vacuum vessel and will be designed to contain
whatever tritium, activated pellet materials, and
corrosion products and other isotopes present in the
lithium vapor might be blown into the tunnel at
each fusion pulse. A layout of the chamber and tun-
nel system portion of the reactor containment
building (RCBY) is shown in Fig. 9-34 (§9.2.6).

Figure 9-56 illustrates the cells in the RCB. The
cells are bounded by concentric walls of concrete
2-m thick and by radial walls 1.5-m thick. Surfaces
subject to contact with lithium in a spill, or those
containing tritium, are lined with 0.635-cm-thick
steel and insulation, as required. This cellular mode
of design is also carried out in the tritium recovery
and processing area, in pump and trap systems, and
throughout the intermediate heat transfer loop.

Containment of ail sources cf radioactivity is
provided within the overall RCB. The isolation
valves in the final laser optics system are part of this
barrier. Components and subsystems in the RCBin-
clude
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/i Reactor containment .

@ Chamber and laser tunnels.

® Pellet manufactuiing facility and storage of
pellets.

® Pellet injector.

® Tritium extraction, cleanup, and storage.

® Liquid-metal loops.

® (Coolant cleanup traps and storage tanks.

Finally, we considered providing a secondary
containment shell structure around the entire
primary reactor containment building. The gap be-
tween the two barriers would be maintained at a
negative pressure to prevent leakage to the environ-
ment of any radioisotopes or chemicals passing
across the primary containment barrier. In fact, this
addition; * protection mzy not be required. The
overall racioactive hazard present in the HYLIFE
converter is substantially lower than that of
comparably-sized fission power plants or other fu-
sion schemes. The decision whether to incorporate
secondary containment will have to be made
weighing the relatively low risk to the public, along
with the soundness of the celtular and primary reac-
tor containment structures.

Licensing Considerations. We compared
HYLIFE power plant chziacieristics to the licens-
ing requirements that are anticipated tc % mposed
on fusion power plants. Thorough design is re-
quired for preparation of the required Safety
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Analysis Report (SAR), and the report for the
HYLIFE plant may differ in detail from present-
day SAR’s for fission plants. Nevertheless, it is
helpful to consider the major licensing issues likely
to appear. Because so much of the HYLIFE system
is similar to LMFBR plants, a standard SAR for
this type of liquid-metal-cooled reacior was used by
Bechtel National, Inc., as a basis for a conceptual
SAR for the HYLIFE plant.!'” Some of their
findings are included in the following conclusions.

Conclusions. The HYLIFE design provides
significant environmental and safety advantages
when compared :o present-day nuclear fission
technology, or to most other concepts o magnetic
or inertial fusion. These include:

® Induced activation in the structure and in
pellet materials is relatively low and is manageable
with existing techniques.

® Long-term radioactive waste is practically
nonexistent.

® Areas requiring remote maintenance and
inspection can be served with present-day systems
for LMFBR in most cases.

® No large-scale replacement of activated
structure is required for the entire service life of the
plant.

® Energy-bearing systems arc physically
isolated from each other and from the activated
structure.



Technological Development. Several issues
remain to be resolved in achieving a full under-
standing of the HYLIFE environmental and safety
characteristics. Experiments that can be conducted
in the near future 10 resolve these issues include:

® Corrosion and transport of radioisotopes
in a dynamic lithium loop, including spontaneous
trapping phenomena.

® Solubility definition to establish levels of
bromine from tritium removal to be expected in the
coolant flow.

® Activation cross sections for bromine and
debris in the coolant, and ferritic steel in the
HYLIFE structure, to validate computer calcula-
tions.

Major technological development is needed for
the following items:

® Tritium containment structure throughout
the extraction, bottling, and pellet fabrication
processes.

® Traps and cool-down storage facilities for
removal of radioisotopes from the liquid-lithium
flow.

® Specific remote systems for special applica-
tions such as chamber interior inspection and ser-
vicing.
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9.3 Fission—Fusion Hybrid Reactors

9.3.1 Introduction

We have been investigating the potential of
laser-fusion-driven hybrid resctors at LLL for
several years. Initially, neutronic studies! 18119 were
used to identify attractive hybrid blanket configura-
tions and to estimate an upper bound on their per-
formance. More recent hybrid studies of engineer-
ing, environmental, and economic issues, as well as
neulronic aspects, were carried out in collaboration
with Bechtel Corp,'2-122 ynd  Westinghouse
Corp.'23, In gencral, these studies confirmed the at-
tractive features suggested by our neutronic studies,

Several other important features of laser-
fusion-driven hybrids emerged from the more
detailed engineering design studies. Most impor-
tantly, we found that these hybrids will cost at least
twice as much as light water reactors (LWR’s) and
probably more than fission breeder reactors, but the
cost of electricity is insensitive to the capital cost of
a hybrid that provides fissile fuel for LWR's. The
cost of electricity increases by only 20 10 40% when
the capital cost of the hybrid ranges from two to
three times that of an LWR.

We also conclude that fissile fuel production is
the most attractive use of a fusion-fission hybrid,
Simultaneous electricity production is desirable
only because it makes the fuel product cheaper. A
hybrid that produces fissile fuel results in system
electricity costs lower than those of a power
producer and more directly satisfies our energy
needs.

The engineering design studies were based on
hybrids that produce plutonium for use in LWR’s,
In 1978, we analyzed laser-fusion-driven hybrids
that produce 2%U for consumption in modified
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LWR’s and in advanced converter reactors such as
heavy water reactors {HWR’s), spectral shift con-
trol reactors (SSCR’s), or high-temperature ges
reactors (HTGR's).!24125 A 23U.producing hybrid
is attractive for two reasons: 233U is a more efficient
fuel than plutonium for thermal fission reactors,
and the 23U-thorium fuel cycle may be less
vulnerable to proliferatien than the uranium-
plutonium fuel cycle.

The possibility of commercial nuclear power
increasing the proliferation of nuclear weapons has
led to an indefinite postponement of reprocessing
and recycling of plutonium. The current national
energy policy also calls for an intensive search for
alternative reactors and nuclear fuel cycles that do
not allow direct access to materials used in nuclear
weapons. If reprocessing is not allowed, hybrids
could still be used as power producers with
throwaway fuel cycles.

Such hybrid power plants could be fueled with
either thorium or depleted uranium, thus ts<ing ad-
vantage of the energy multiplication characteristics
of fuels that are abundant and cheap. Hybrid
systems will be significantly more expensive than
LWR’s; therefore, electricity generated from
hybrids that do not produce fissile fuel will cost sub-
stantially more than it does now. However, one ad-
vantage over an LWR’s fuel cycle would remain: no
uranium mining, milling, or enrichment would be
required.

We estimate that a depleted uranium hybrid
blanket could multiply fusion neutron energy more
than 15-fold. Therefore, this power-producing
hybrid could operate with fusion energy gains one-
tenth that required for pure fusion power produc-
tion. With fuel burnups of 30,000 MW -d/Mg, this
system would increase the energy extracted from
uranium in a throwaway fuel cycle by a factor of
five.

Another noareprecessing option is the fissile
enrichment of depleted uranium fuel by irradiating
it in a hybrid. The fuel would subsequently be used
in an LWR. The feasibility of this approach de-
pends primarily on the development of high-burnup
fuel elements that could operate in both a hybrid
and an LWR. Aliernatively, the enriched hybrid
fuel could be partially reprocessed without remov-
ing the fission products. The hybrid fuel would be
declad, ground up, homogenized, and compacted
into LWR fuel pins. All of these operations would
be conducted at high cost in shielded hot cells.
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Either of these fissile-fuel-nroducing options could
provide enough fuel for two LWR’s of equivalent
output power. This is a three-fold reduction in the
fissile fueling capability available with full
reprocessing.

All of the nonreprocessing options that we
have considered produce fissile fuel less efficiently
and generate more costly electricity than do the
reprocessing options. The hybrid scheme we
propose to prevent proliferation requires reprocess-
ing, and it would work like the scheme proposed by
Fuveson and Taylor!26 for a fission economy based
on fast breeders and thermal converters. In this ap-
proach, thermal fission reactors would be supplied
with 233U that has been diluted with enough 38U
that it is no longer weapons grade material.

A fission-fuel-producing complex consisting of
a fusion breeder, a fuel-reprocessing facility, and a
fuel-fabricating facility would be located in a
safeguarded area. The complex would provide
denatured uranium to thermal burner reactors
located outside secure areas. However, with 238U in
their fuel, the thermal reactors would produce some
plutonium; therefore, their spent fuel must be
removed and shipped back to the safeguarded fuel
complex, where the plutonium can be removed. It
would then be either burned in the fusion breeders
or stored. The more thermal reactors that can be
fueled from a 233U-producing hybrid, the smaller
the fraction of energy that must be generated in
secure areas under government control.

Two attractive 233U-producing blankets have
been identified frem neutronic scoping calculations
and incorporated into the LLL/Bechtel'?2 hybrid
design. Incorporating these blankets into our ex-
isting engineering design allows us to evaluate the
overall performance of laser-fusion-driven 233U
producers. In evaluating the two fusion breeders, we
have estimated (1) the number of fission converter
reactors (LWR’s, SSCR’s, HWR’'s, and HTGR's)
they can fuel, (2) their capital cost, and (3) the cost
of electricity in the combined fusion breeder-
converler reactor scenario. We also investigated the
sensitivity of electricity costs, in the combined
scenarios, to fusion breeder capital costs and to
whether the fusion breeder produces electricity.

9.3.2 Neutronic Scoping Studies

In our neutronic scoping studies, we soughi a
blanket configuration that maximizes 23U produc-
tion per unit of thermal energy while maintaining an
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2300 and 3290 MW of thermal power, respectively.
The higher energy multipfication of the U-Th
blanket leads to 1 fusion breeder that produces
twice as much net electricity (671 MW, vs 335
MW,). This 2xcess electricity can be sold to reduce
the price of the 23U produced. However, this
enhanced energy multiplication is gained at the ex-
pense of a 40% reduction in 233U production per
unit of thermal energy.

The 233U production capabilities of both fusion
breeders can be put in perspective by looking at the
number of thermal burner reactors they can fuel.
Figure 9-59 gives the number of equivalent thermal-
power LWR’s, SSCR’s, HWR’s, and HTGR's :t.at
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each of tke fusion breeders can fuel. The 233U con-
sumption rates for the LWR, SSCR, and HWR
were obtained from Ref. 127, The censumption rate
for the HTGR was based on a system with a conver-
sion ratio of 0.85. We should also note that all con-
sumption rates are for denatured uranium (12%
my,,

The performance of the LLL/Bechtel hybrid
should be compared to that of the 233U-producing
hybrids. The LLL/Bechtel hybrid produces 0.88
kg/MW, yr of 2%Pu—enough to fuel 6.25 LWR’s,
7.73 SSR’s, 100 HWR’, or 6.6 HTGR’s of
equivalent thermal power. It is also interesting to
compare the 233U production rates of the Th and
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Fig. 9-87. Schematic of & 23U-breeding
hybrid blanket,

adequate tritium breeding ratio (TBR). Maximum
fusion energy multiplication was an important, but
secondary, objective. Specifically, we wanted a
blanket design that produces raore than | kg of 233U
per MW,-yr of thermal energy, while maintaining a
TBR. greater than one and multiplying the fusion
energy as much as four-fold.

We performed exploratory calculations using
spherical coordinates, with the fission zone
sandwiched between a sacrificial first wall and a
tritium breeding region. We considered two 233U-
nroducing hybrid blankets: a thorium (Th) blanket
and a uranium-thorium (U-Th) blanket.

Figure 9-57 is a schematic representation of the
U-Th blanket, which consists of a uranium fast-
fission zone surrounded by 2 moderaior region and
a Th blanket. We investigated the performance of
both the Th and the U-Th blankets for various zone
thicknesses, fission fuel types (metal or carbide),
coolant types (sodium, lithium, or enriched
lithium), and moderator types (beryllium or
graphite). The volume fractions of fuel, coolant,
and structure in the fission blankets were selected to
be consistent with compositions used in the
LLL/Bechtel hybrid. In all cases, a ferritic steel
(2.25 Cr-1.0 Mo) was used as the structural material
in the fuel cladding and blanket.

933 Two—Djmensionll Calculations

We carried out 2-D calculations on the most at-
tractive Th and U~Th blankets obtained from the
spherical calculations. The blanket configurations
were revised to closely approximate the engineering
features and cylindrical geomstry of the LLL/
Bechtel hybrid. The fission blanket in these calcula-

tions is a 10-m-high cylindrical shell with an inner
radius of 5.93 m. The first wall is a sacrificial liner
of graphite blocks that are attached to, and sup-
ported by, a lithium-cooled molybdenuni structure,
Lithium-cooled tritium-breeding blankets are
positioned in the top and bottom of the reactor and
behind the radial fission blanket. The fission
blankets selected for the 2-D calculations were a 35-
cm-thick thorium blanket, cooled with natural
lithium, and a U-Th blanket with a 5-cm-thick zone
of uranium-metal fuel, cooled with enriched lith um
(40% SLi by weight).

A side view of the U-Th radial fission t anket
is shown in Fig. 9-58. The uranium fission zone is
composed of one row of hexagonally shaped steel
process tubes containing a 7-rod cluster of steel clad
uranium-metal fuel pins. The moderato between
the uranium and thorium zones is a lJ-cm-thick
region of beryllium. The thorium zone consists of
three rows of sieel process tubes containing a 19-rod
cluster of steel clad thorium-metal fuel pins. In the
Th blanket system, the uranium and beryllium
zones were eliminated.

93.4 Analysis of Fusion Breeders

To evaluate and compare the Th and U-Th fu-
sion breeders, we selected laser and target param-
eters that appear feasible in light of curreni
technology. The selected parameters and the
resulting performance of the two 223U producers are
presented in Table 9-9. In both designs, fusion
tzrgets producing 100 MJ of fusion energy are
irradiated by a 1-MJ laser at 13 Hz. The 1300 MW,
of fusion power is multiplied by 1.77 in the Th
blanket and by 2.53 in the U-Th blanket, yielding
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Table 9~9, System performance of two Isser-fusion-
driven 233y producers. (The 1-MJ, 13-Hz, 4-beam
laser system is 3% efficient, and the pellet lias a gain of
100 and a yield of 100 M].)

1“ ] Ui = o 3
Thermal power, MW, ¢ 23%0 3290
Thermonuclear
power, MW, 1300 1300
Pluconium production,
W eyr 1] 0.61
233 .
U production,
ky/MW -yr 19 1.10
Grosa clectrical power,
th 828 1184
Laser input powex,

A 433 433
Auxilisry power, MW, A 60 80
Net ~1-:trical power,

th 338 671
Recirculating power

fraction 0.60 043
System efficiency 14.6% 20.4%
Av blanket encrgy

multipl., -don 177 2.53
Av tritium beeeding

ratio 1.05 115
Av first-wall geutron

flux, MW/m? 235 2.35

U-Th blankets to those of an LMFBR. The produc-
tion rates for oxide-, carbide-, and metal-fueled
LMFBR’s have been estimated at 0.077, 0,115, aid
0.134 kg/MW, - yr, respectively.'??

9.3.5 Cost Analysis

Capital cost estima’cs for Th and U-Th fusion
breeders allow us to estimate both the cost of 223U
produced by these facilities and the cost of elec-
tricity from fission burner reactors that use the
233y, Both blanket designs are similar to the
LLL/Bechtel hybrid design; hence, their cost has
been estimated by extrapolating from the most re-
cent estimate for the reference blanket.'2 The cost
per kW, of the LLL/Bechtel hybrid without a laser
or a target fabrication facility was shown to be ap-
proximately 1.75 times that of an LWR. Major dif-
ferences between the LLL/Bechtel hybrid and the
firsion breeders discussed here irclude the follow-

ing:

@ Lithium replaces sodium as a coolant in the
fission zones of the 232U producers.

® Ferritic stec] replaces stainless steel as the
struciurai and fuelcladding material in the 233U
producers.

® The 2¥U prod ..s have lower blanket
power densities fc Liven first-wall flux.

® The 28U producers have less thermal
power than the 4000-M W, reference system.

The first two points shoald make the 233U
producers less expensive than the reference system,
while the last two should make them more expen-
sive. [The effects of less power output can be seen by
noting that a 690-MW, LWR costs approximately
45% more (per kxW,) than a [200-MW, LWR.] Ac-
counting for all four points, we estimate the follow-
ing capital cost ranges (per kW) for the Tk and
U-Th fusion breeders without lasers and target
fabrication facilities,

® Thsystem cost: 1.710 2.2 X LWR cost.

® U-Thsystem cost: 1.5t02.0 X LWR cost.

The LWR we took as a reference costs
$284/kW, in 1978 dollars. It was taken to be a 1200-
MW, plant, ordered in 1978 for delivery in 1987.
This reference LWR produces electricity at 35.2
mills/kW-h with a 16% rate of return on capital,
assuming operation and maintenance charges of
3.66 mills/kW-h and uranium costs of $43/ib.
With $100/1b uranium, it will produce electricity for
46.1 mills/kW -h.

We have not done detailed cost studies on the
laser system or target fa..ication facility. If we
allow $400 million for the laser and $100 million for
the target fabrication facility, the cost range of the
Th fusion breeder becomes 2.5 to 3.0 times that of
the reference LWR. Fer the U-Th sysiem the cost
range becomes 2.0 tc 2.5 times that of the reference
LWR. The effect of these capital cost ranges on the
cost of 233U from the Th and U-Th fusion breeders
is shown in Table 9-10. The cost of 233U ranges
fram 65 to 80.9 $/kg for the Th system and from
69.6 t0 97.0 $/kg for the U-Th systeni. The last en-
try in Table 9-10 gives an indicaticn of how much
the cost of 33U increases whien the excess electricity
is not sold.

The cost of electricity from fission burner reac-
tors that have been supplied with 233U from the Th
and U-Th fusion breeders is shown in Fig. 9-60. To
determine the cost of electricity from the HWR and
SSCR, refative to the LWR, we made the fcilowing
estimates'28; (1) the capital cost of the HWR was
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Table 9-10. Cost summary for the z”U—pmducing fusion breeders.

Thorium hybrid Uraniom-therium hybrid

Capital cost estimate 2.5 X LWR 3.0 X LWR 2.0 X LWR 2.5 X LWR
Revenues required foe capital cost at 16%

rate of return, $/KW-yr 114.2 137.0 92.5 115.2
Revenues required for fusion beeeder faet

cyde, $/Fyr 12.1 12.1 121 12.1
Revenues from sale of electricity at 35 mills/

k¥-hr and 75% capacity factor, $/kW-yr -33.5 -33.5 -46.9 -46.9
Cost of 233U at 75% capacity factor, $/g 65.0 8.9 69.6 97.0
Cost of 233U ar 75% capacity factor with

no revenues from electricity, $/g B84 104.3 1261 153.5
%For thociur fuel, fabrication = $30/kg, ssing = $300/kg, burnup = 10 MW-d/kg.
For uranium fuel, fabeicction = $30/kg, ing = $170/kg, benup = 6 MW-d/kg.

380



Cost r;nge for
— fusion breeder
produced 233y

LWR with U,0,
Ve
at $100/1b

Cost of electricity, mils/kW * h

© . LWR with 1J40g
at $43/ib ]

sscR o .
7] A [ ] i
25 40 60 80 100 120 140
Cost of 27, $/9

Fig. 9-68. The cost of electricity from fission reartors fueled
with 23U from s fusion breeder.

taken to be 15% higher than that of the reference
LWR; with an additional cost of $160/kW, for
heavy water. and (2) the capital cost of the SSCR
was taken to be 5% higher than that of the reference
LWR, with an additional cost of $40/kW, for the
heavy water reactor inventory.

Finally, the contribution of the 233U-Th fuel
cycle to the cost of electricity for all the fission reac-
tors has been estimaied on the basis of the data in
Table 9-11. The refabrication, spent-fuel shipping,
and reprocessing costs were compiled and averaged
from Refs. 127 and 129-131. The high refabrication
and reprocessing costs for 233U-Th fuels result from
the need to remotely handle radioactive fuel in
shielded facilities.

The results showa in Fig. 9-60 are encouraging.
They indicate that therial burner reactors fueled by
fusion breeders can supply the world with
reasonably priced electricity for hundreds of years.
Assuming U2 prices of 65 to 100 $/g, LWR’s and
SSCR’s pro-"ice electricity that costs from 38.5 to
44 mills/kW -h. This is only 10 to 25% higher than
the cost of electricity from the reference LWR, with
$43/1b uranium. Unfortunately, the HWR, with the
best 28U utilization (Fig. 9-59), produces electricity
at higher cost than do the other two reactors: 46.5 to
51 mills/kW -h, when the price of 223U ranges from

Teti~ 9-11. Fuel cycle cost bases for thermal reactors
using 233U-Th fuels.

Cost basis Reactor type
Refabrication $300/kg HM®  LWR, SSCR
$200/kg HM HWR
Spent fuel shipping $20/kg HM LWR, SSCR
$15/kg HM HWR
Reprocessing $300/kg HM LWR, SSCR, HWR
Plant capacity factor 75% LWR, SSCR,
80% HWR
Fixed charge mte on
capital 16%
Present worth dis~
count rate 10%
Basic inflation rate 6%
*Heavy metal.

65 to 100 $/g. We had expected the cost of elec-
tricity from HWR’s to be more expensive at lower
213U prices, but less sensitive to 33U price in-
creases. Instead, we found the HWR's better fuel
utilization to be outweighed by higher fuel cycle
costs (associated with the HWR’s lower fuel burnup
limits) and higher 233U inventory requirements.

References

118. ). A. Maniscalco. “Fusion-Fission Hybrid Concepts for
Laser-Induced Fusion.” Nuc. Tech. 28. 98 (1973).

119. A. G. Cook and J. A. Maniscalco. 33U Breeding and
Neutron Multiplying Blanket for Fusion Reactors,
Lawrence Livermore Laboratory. Livermore, Calif..
UCRIL.-77284 (1975).

120. ). A. Maniscalco, A Concertual Design Study for a Laser
Fusion Hybrid. Lawrence Livermore Laboratory, Liver-
more. Calil.. UCRL-74682 (1976).

121. L. F. Hansen and J, A. Maniscalco, Neutronic Study of a
Laser Fusion Hybrid Reactor Design. Lawrence Livermore
Laboratory, Livermore, Calif., UCRL-78069 (i976).

122.  Bechtel Corporation. Laser Fusion-Fission Reactor
Sistems Study. Lawsence Livermore Laboratory, Liver-
more, Calil., UCRL-13796 (1977).

123. L. F. Hansen. R. R. Holman, and J. A. Maniscilo,
“Scoping Studies of Blankei Designs for a Power-
Generating Laser Fusion Hybrid Reactor.” Trans. Am.
Nuc. Soc. 26 (1977).

124. J. A. Muniscaico and L. F. Hi . “New Initiatives in
Laser Driven Fusion-Fission Energy Systems.™ in Repor:
on the 2nd MFE-Fusion-Fission Energy Systems Review
Mi1g.. Lawrence Livermore _aboratory, Livermore, Calif.,
UCRL-81509 (1977).

125. ). A. Maniscalco, L. F. Hansen, and W. O. Allen, Scoping
Studies of a U Breeding Fusion Fission Hybrid,
Lawrence Livermore Laberatory, Livermore, Calif,,
UCRL-80585 (1978).

L2



126.

127.

H. A, Feiveson and T. B. Taylor, Bull. of Atomic Scientists
32, 14 (1976).

Y i Chang et ul., Alternative Fuel Cycle Options: Perfor-
mance Characteristics and Impact on Nuclear Power
Growth, Asgonne National Laboratory, Argonne, J.,
ANL-77-70 (1977},

S. Strauch, Deputy Director, U.S. Department of Encrgy,
Office of Fuel Cycle Eval privale ication
(April, 197K).

Atomic Industrial Foram,
Economics, (Nov. 10, 1977).

P. R. Kustin ct ul., Assessment of the Tharivm Fuel Cycle in
Pover Reactors, Qak Ridge Nationul Lahoratory, Oak
Ridge. Tenn., ORNL-TM-5565 (1977).

Reprocessing-Recycle

131. N. L. Shapiro ¢t al., Assessment of Thorium Fuel Cycles in
Pressurized Water Reactors, Electric Power Rescarch In-
stitute. Palo Alto, Calif.. EPRI NP-359 (1977).

Major Contributor
W. R, Meier

Authors

J. A. Maniscalco

(now at Exxon Research
and Engineering Co.)

L. F. Hansen

W. O. Allen

(Bechtel National, Inc.)



SECTION 10

CONTENTS

10,1 Introduction . . . . . . L e 10-1
10.2  Atomic Vapor Actinide Laser Spectroscopy~—Neptunium . . . . . .. . .. .. ... .. .. 10-2
1020 Experimental . . . . .. ... L o 003
10.2.2 f{onization Potential . . . . . . .. ... ... L L 10-3
1023 Results . . . . . . .. e 10-4
10.2.4 Lifetimes and Transition Probabilities . . . . . ... ... .. ... ... ... ... 10-7
10.2.5 New High-Lying Levels . . . . .. ... ... ... ... ... ........... 10-7

10.3 Laser Photochemistry and Reaction Dynamics . . . . . . . ... . ... ... ........ 10-9
10.3.1 Reactions of Lascc-Excited Atoms with Halogenated Methanes . . . . . . . .. .. 10-9

10.3.2  Single-Photon Infrared Laser-Induced Photochemistry Facility . . . . ... .. ... 10-14

10.3.3  Associative lonization Reactions of Alkaline Earth Elements . . . . . . . .. . ... 10-16

10.3.4 Crossed Molecular Beam Studies—Uranium Ground-State Chemistry Survey . . . . 10-19

Inorganic Oxidizers . . . . . . . . . . ... .. .. Lo 10-20

Organic Oxidizers . . . . . . . . .. ... 10-22

Halogenated Methanes . . . . . . . . . ... .. ... ... . ......... 10-23

10.3.5  Scattering Theory—The Hg-K System . . . . . . .. . .. ... ... . ...... 10-24

10.4  Laser-Induced Unimolecular Decomposition Studies. . . . . . . . . ... .. ... ...... 10-26
10.4.1 Laserlsotope Separationof 'SN-1IN . . . ... 10-27
10.4.2  Photochemistry of Crystalline Uranyt Compounds . . . . .. . ... ... ..... 10-31
Survey of Crystalline Utanyl Visible Photochemistry . . . . . . .. . ... ... 10-31

Uranyl Formate Monohydrate [UOXCOOH); H,0] . . . . ... ... ... ... 10-32

10.5 Photon-Atom Dynamics . . . . . ... ... .. .. L 10-35
10.5.1 Theoretical Background . . . . . . . .. .. ... Lo 10-35

Basic Equations . . . . . .. ... Lo 10-35

Computer Modeling . . . . . .. .. ... ... ... ... ... .. ... 10-35

Fitting Rate Equations to Excitation Dynamics . . . . ... ... ... ..... 10-37

Limitations of Rate Equations . . . . . . ... ... .. .. ........... 10-37

Definition of Virtual Levels. . . . . . . . ... ... . ... ... ........ 10-39

Calculation of Long-Time Average Populations . . . . . . . . .. ... ... ... 10-39

Relaxation Phenomena . . . . . .. .. . ... . ... ... ... 10-41

Fluctuations and Statistical Effects . . . . . ... ... ... ........... 10-42

Light Propagation in Multilevel Absorbers . . . . . . ... ... . ... ... 10-42

10.5.2 Experimental Investigations . . . . . . . . ... ... ... ... 10-42
Saturation Studies . . . . ... L.l 10-42

AC Starx Effect . . . . . . . ... 10-44

10.5.3 Fluorescence Probing of Laser Pumping . . . . . .. ... ... ......... 10-45

10.5.4 Deflection of Atoms in Resonant Radiation . . .. .. ... ........ ... 10-50

Theory . . . . . . . . L e e e 10-50

Numerical Example . . . . . . . . . ... ... ... ... ... ... ... 10-52

-10-iii



10.6 Laser Technology Developments . . . . . . .. ... ... ... ... .. .......... 10-53

16-iv

10.6.1
10.6.2
10.6.3
10.6.4

10.6.5

10.6.6

10.6.7
10.6.8

Line-Narrowed ArF Laser Oscillator . . . . . .. ... . ... ........... 10-53
ArF-Pumped Raman Laser Analysis . . . . . ... ... ... .. .......... 10-56
Tunable Vibrational Ultraviolet Generation by Raman ScatteringinH, . . . . . . . . 10-59
Closed Cycle Operation of Rare Gas Halide Lasers . . . . . . ... ... ...... 10-64
FlowLoop .. ... .. ... . . . ... 10-64
Discharge Excitation Circuit . . . . . . . .. . .. .. ... .......... 10-65
Closed Cycle Test Bed Operational Characteristics . . . . ... ... ... .. 10-66
E-Beam-Switched Discharge Rare Gas Halide Lasers . . . . ... ... . .... 10-67
Experimental Setup . . . . .. . ... .. ... ... 10-69
Laser Characteristics . . . . . . . . . . . . . . o e 10-69
Discharge Characteristics . . . . . . .. . ... .. ... ... ... ... 10-70
Annular Copper Vapor Laser . . . . .. ... ... ... ... ......... i0-71
Annular Laser . . . . . .. ... e e 10-71
Pulse Modulator . . . . . .. ... ... ... 10-72
Laser Characteristics . . . . . . . . . . . . . . e 10-72
Dye Development . . . . . . .. . ... 10-73
Laser Systems Capability . . .. . . ... ... .. ... ... . .. 10-76
Copper-Vapor-Laser Pump System . . . . . ... ... ... .......... 10-77
MOPA Operation . . . . . ... ... ... ... e 10-78



SECTION 10

SELECTED HIGHLIGHTS OF ADVANCED ISOTOPE
SEPARATION PROGRAM

10.1 Introduction

Laser isotope separation (LIS) involves a
general class of photophysical and photochemical
processes that center about the use of very
monochromatic laser radiation to selectively isolate
particular isotopes of aloms or isotopically sub-
stituted compounds. The isotope differences thai
are important for LIS are evident in the electronic
and vibrational spectra of these species. They ap-
pear as slight shifts in the absorption spectra of
atoms and molecules (typically 5 to 10 GHz for
atomic uranium). Coherent Jaser sources are
available with line widths (0.1-1.0 GHz) and fre-
quency stabilities (typically 1-5 MHz) that can
easily resolve these isotope shifts. Consequently, by
the absor-tion of tuned laser radiation, it is easy to
excite and preferentially ionize the isotope of
interest.

It was this atomic vapor process that was used
at LLL in early 1975 to demonstrate enrichment of
macroscopic quantities of reactor grade uranium.
Since the pioneering Morehouse Project, we have
heen evaluating the technology options and physics,
scaling laws for LIS processes that use the atomic
vapor. Studies performed by LLL indicate that laser
isotepe separation of uranium, using the atomic
vapor process, can reduce not only the capitai and
operating costs for primary enrichment plants, but
can also provide an economic means of processing
tails from the present gaseous diffusion plants and
planned gas centrifuge plants.

The major advantages from such processes
stem from a farge (about 10 times) reduction in
plant capital costs. Such costs dominate the present
enrichment enterprise:

o Expansion of capacity, which permits more
efficient tails stripping, is limited by plant capital
costs.

® Enrichment services contracts would be
controlled by the capital turnover rates, if existing
technologies (gaseous diffusion, gas centrifuge)
were used by the private sector.

® Uprating of installed plant capacity is
currently capital-intensive.

The projected sharp reduction in plant capital
costs gives uranium LIS high economic leverage,
even if we realize no further gains in separative
work unit costs (presently more than $100/SWUi).
Our program goal is to develop processes that can
enrich uranium up to light water reactor (LWR)
grade and also achieve efficient tails stripping with
FY 1980 unit costs in the range $10 to $46/SWU.

Based on our projections of reduced power,
capital, and operating costs for a large-scale LIS
uranium enrichment facility, we havz implemented
an Advanced Isotope Separation (AIS) program.
The main objectives that dictate the structure of our
long-range AIS research and deveiopment plan are,
first, to demonstrate the technology of an LIS
reference process as soon as pussible and, second, to
assure that we meet the economic target of the LIS
praocess by actively developing backup and ad-
vanced technology to compiement the mainline
technelogy, thus increasing the potential of the
process to surpass the target.

Of the many feasible and economic options for
subsystem development opua to us, all use near-
term technology and various subsystems. We have
developed «.ndidate designs for each option, most
of which are interchangeable for integration into a
final LIS process. The economic payoff is poten-
tially high for several options, We are therefore
keeping the options open, presently preferring aot
0 single out any one set of subsystems for system
integration. This approach reduces the residual risk
and also increases the potential for achisving costs
even lower than now projected.

The AIS program is structured in four major
stages:

® Technology Evaluation (1978-80)—t0 de-
termine basic process parameters and o establish
component scaling relations.

& Component Development and Integration
Demonstration {1980-84)—to scale process compo-
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nents to final size and to integrate them into an
operating system.

® Engineering Demonstration (1984-87)—to
establish the operability, maintainability, and
economic feasibility required for commitment to a
full-scale production facility.

® Production Demonstration (1987-92)—to
hring a full-scale plant on-line for commercial
production.

The time schedules are tentative, reflecting the
unpredictability of funding anu national goals for
nuclear power.

It should be emphasized that the key systems
components for the atomic vapor processes ad-
vocated in this program already exist. In the past
year, we have focused on research engineering of
many subsystems with an eye toward initial scale-
up. Our efforts generally have been quite successful,
and we have followed our projected time schedules.
Although many scientific and technical questions
remain hefore engineering hardening and commer-
cialization of the atomic vapor process can begin,
we are encouraz-? by our continuing .--ogress.
Through an appropriate and timely allocation of
resources, we believe all potential problems can be
solved.

Detailed descriptions and reviews of develop-
ments in uranium LIS at LLL are given elsewhere.!
In this section we present only a few selected
highlights of the AIS program, representing some of
the supporting research. An important theme of the
experiments described here is that proved methods
for generating a scientific data base for uranium
have been successfully applied to related atomic and
molecular systems. The purpose of such experi-
ments is twofold:

® To create a body of infermation on which
comparisons to uranium can be drawn to extend
our predictive capabilities.

® To investigate economically attractive
alternate applications of program technologies.

Section 10.2 describes experiments using laser
techniques pioneered at LLL that have unraveled
the excited state spectra of the atomic actinide nep-
tupium (Np). In §10.3 we focus on experiments
bearing on the role of laser excitation on reaction
rates and dynamics in vapor-phase atom-...olecule
collisions. In §10.4 we examine laser-induced uni-
molecular decomposition of important isotopic
compounds in both solid and vapor states. Section
10.5 updates recent theoretical developments

10-2

describing the behavior of atoms and molecules
bathed in intense resonant or nearly resonant light
fields. The results are important for modeling
photophysical and photochemical systems of in-
terest. Finally, in §10.6 we review some laser
technology developments during the past year.
These advances impact not only on the uranium LIS
effort but also on those alternate applications of
program technologies under study.
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10.2 Atomic Vapor Actinide
Laser Spectroscopy—Neptunium

To investigate neptunium, we have used the
laser spectroscopy techniques®> developed to study
uranium and the lanthanides. The first ionization
potential (IP) of Np was determined by both the
threshold of photoionization and the convergence
of Rydberg series. Thresholds and Rydberg series
were obtained from several different laser-
populated excited levels. The Rydberg convergence
values are the most accurate and yielded a value of
50,536(4) cm~! [6.2657(5) eV] for the IP of Np.*
This value is somewhat larger and much more ac-
curate than the values obtained by surface
ionization® [6.16(6) eV], by appearance potential®
{6.1(1) eV], or from the 5f 5752 to 5f 37s8s interval
[6.19(12) eV]. The lifetimes of five levels were
determined, and estimates of transition proba-
bilities were made from emission intensities.” For
thz three-step excitation of the Rydberg series, it
was necessary to determine new high-lying levels
because none were known® in the required energy
range.

*Numbess in parentheses give the uncertainty in the final digit.



10.2.1 _Experimental

The experimental apparatus used has been
described in detail.>? In the experiments, an atomic
beam of Np was irradiated sequentially in time by
the output of two or three tunable pulsed dye lasers.
These lasers stepwise-excited and photoionized the
atoms (thresholi detection) or populated bound
Rydberg levels, which were field-icnized.

The Np beam was generated, using a resistively
heated tungsten tube oven containing a single
crystal tantalum crucible loaded with 0.5 g of pure
3INp metal. Sufficient vapor density for our experi-
ments was produced by heating the oven to 1900 K
or less. Because of the vapor pressure relation be-
tween Np and NpQ,!? and because no quadrupole
filterirg was used in the field ionization experiment,
it was necessary to eliminate NpO from the source
by heating at about 1650 K for approximately 12 h,
Because NpO can absorb at the laser wavelengths
used, this procedure avoided background photo-
ionization of the NpO.

10.2.2 1cnization Potential

We first determined the photoionization
threshold because it is easy to recognize and it
would give us an ionization potential accurate to 30
em~!. We used this potential to limit the region of
search to find Rydberg series. For the threshold
searches, we used two-step photoionization tech-
niques, Our search range, determiued by the uncer-
tainties and variation in the reported*-% IP values,
was about 2400 cm-! or 430 4. Figure 10-1 shows a
photoionization threshold of Np marked by the on-
set of very strong dense autoionization features.

Autoionizing Rydberg series were sought but
none were found because of the very dense
autoionization structure from *‘valen.e” levzls. To
obtain Rydberg series in Np, it was necessary to ap-
ply ionization techniques? where the bound Ryd-
berg levels were ionized by a pulsed electric field ap-
plied several microseconds (5 ps, in this case) after
the last populating laser was fired. This postpopula-
tion ionization aillowed decay of the shorter-lived

Np* +e E,em™ !
P
A
Scunned
— 28,762
A
3866.7A

Np ionsign —»

Fig. 185, Neptonium photlonication
threshold spectrum [threshold at 4993 A
marked by the onset of very strong awto-
Ionization peake, yields an ionization po-

tentlaYof S0.518 cmr? {7634 éV)} excita- .
tion acheme is shown ot e, i
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Table 10-1, First ionizetion potentials of neptunium determined by various cechniques.
fonization potentiad,
em™ fev) Method Reference
' 49,685(480) (6.16(6)}) Surface ionjization

49,200(610) [6.1(1)] Appearance potentis! 5
49,930(970) [6.19(12)] 75217684 Interval interpolated 6
49,750 [6.193] Semiempirical 11
50.517(25)' (6.26!3(30)‘] Photoionization threshold This work
50,536(4) [6.2657(5)) Rydberg scrics This work
'Uncemimy based on observed diff b ph thresholds and Rydbery series limits in uranium and the

lanthanides (Refs. 2 and 3).

valence states that would obscure the Rydberg
series. Several scries were obtained by this tech-
nigue.

10.2.3 Results

The photoionization thresholds were obtained
using two-step excitation schemes. Six thrcsholds
from sia different excited states of Np were deter-
mined. The values obtained varied from 50,514 to

50,521 cm™' and yielded an average value of
50,517(6) cm~! [6.2633(7) eV]. While the precision
of the threshold value is very good, it is 19 cm™!
below the more accurate ionization potential ob-
tained from Rydberg convergence limits (see Table
10-1). The same approximate difference (15 to 40
cm™!) between the threshold value and the Rydberg
convergence value was found for the lanthanides
and for uranium, The difference is attributed to an

H
2
L]
g ! 4
g - \ ) b #4851, of NI
'¢°' PR W WA TR RTINS A B A O N E RN A RIN T 26
. e R . . N .
279 299 319 340 382 429 479 Limit Tl
Paites SRt . e ) of Npit
: KPS PR l-_;i..lu:nnuumm i e

; *35»'7

437 487 538590 - Limit

umm m)mrm-humwmau). o
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unknowt experimental parameter, such as electric
fields from ion optics, intense laser radiation,
and,‘or collisional effects.

Eight Rydberg convergence limits were ob-
tained by three-step excitation techniques and one
by two-step excitation. A tf:~ee-step scan containing
two Rydberg series is shown in Fig. 10-2. The ex-
citation scheme is shown at the left. The 1.3-us-wide
field ionization pulse of 7000 V /cm was applied 5 us
afier the laser 3 pulse. As indicated in the figure, one
series converges 10 the 5 %6d7s’Ls ground state of
the ion while the other series converges to the 5f #7s?
314 level 24.27 cm~! above the ground state.” For the
latter series, the shorter markers are calculated posi-
tions, assuming that the fractional part of the quan-
tum defect (n - n*) was constant at 0.3, This is the
value obtained from the higher members (longer
markers) of the series,

ch are indebicd 10 J. Blaise, Luboratoire Aime Cotton, Or-
say. France, and to M. Fred. Argonne National Laboratory,
Arponne, lll., for providing us with the unpublished low-lying
energy levels of singly ionized Np.

As can be seen, these two series explain most of
the observed features. In addition to the twy limits
at 0.00 and 24.47 cm~!, Np has a third limit at 83.49
cm-! above the ground state, so that many of the
unexplained features in the scan could be Rydberg
members converging o this limit. The next limits
are more than 900 cm~! away.

Values of n* for the Np series were determined
using the equation

n® = (R/(assumed level - level value)] # . a)

The variation in quantum defect (n -~ n*) vs n with
change in assumed limi for the two series in
Fig. 10-2 is shown in Figs. 10-3 and 10-4. The value
of n is not necessarily the principal quantum num-
ber but a number chosen close to r* to evaluate the
variation in quantum defect. The series convergeitce
limit (ionization potential) is taken as the a~sumed
limit that gives the most constant quantusa d-.2t us
a function of n for the high-quantum-number Ry~ -
berg levels.

ionization lmit).

5 | T 1T T T 1 I
Assumed ionization
4' | jimit {em™) ]
50,540
L
3+ —g—® -
o/ *
oo 50,538
2L . ot —e——2 |
—u g
. " °
? —_ 60,536
AR § ", ,o/ r—e————¢ |
._._.‘.
-~ L L e 9,
Ne—o . T gme—*T \,_,./ Nog_ 50534
ot \.__.\. \. —]
\.—.-—.—'._.\
[ TN T e
&
-1 n® = {H/[assumed limit-leve! value) }‘A e 0532 -
. 5.'.-
-2 r’-
J U R § 1 ! I I L I 1 A :
30 3 38 42 46 50

Kig. 19-3.  Variation in quantuin defect (n-n*) vs n whll chug In. muned ionimton u-u ror nquunhq urksh Fig
verging (o tbe prownd state of melon(umed Ihl( ulvinxth -ml m-hn' quntunddm is 50.536«" n-i khh-u
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For the three Rydberg series conversing to the
level in the ion 24.27 cm=! above the ground state,
the convergence limit was corrected by 24.3 cm™! to
yield the ionization potential.

By this method, three values of 50,535(4) cm™',
five values of 50,536(4) cm~!, and one value of
50,537(3) cm~! were obtained from the nine ob-
served Rydberg series. These yield a value of
50,536(4) cm~! for the ionization potential of Np.
The uncertainty is considerably larger than the stan-
dard deviation of the nine values and represents the

estimated uncertainty in obtaining limits from the
quantum defect plots (see Figs. 10-3 and 10-4).
Table 10-1 summarizes the ionization potential
determinations for neptunium. Our values are
higher but more accurate than the other experimen-
tal findings and the value obtained by Rajnak and
Shore,!! which was based on regularities in selec-
tron binding energies in 1NsM ¢ : urations. The
ionization potential derived fror. I’ dberg series is
the most accurate value. The ¢: = .z ionization®
and appearance potential® values ai. 1 ywer than this

‘Table 10-2. Lifetimes of five excited states of neptunium and estimated branching ratios and transition probabifities.
Excited Teansition,* Branching Transition

level* Lifetime, cm™! Wavelength,® ratio, Pl‘oblblllty. A,

o™ ns Odd Even A B.P. 106
26,264.37 108 + 10 0 26,264 38064 05 02 4212
27,824.89 37«3 2033 27,824 3876.2 0.7 ¢ 0.1 19+3
28,752.40 403 28,752 2831 3856.7 08 0.1 20:3
28,986.45 768 28,986 2831 3822.2 09 0.1 12:14
29.023.76 288 + 25 29,023 2831 3816.8 09 0.1 3:04
Sgvel energy, Ho igr , and length from Ref, 7.

blnnch'm; ratio estimated from intensities in Ref. 7.
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value beyond the quoted uncertaintics. Sugar's
value.® obtained from interpolited {75 to f"7s8s
intervals in the actinides, agrees within the uncer-
tainties.

10.2.4 Lifetimes and
Transition Probabilities

The lifeimes and new levels were determined
using technigues explained in detail elsewhere.?
Lifetimes were determined from plots of the natural
logarithm of the ion signal vs delay time between
the photoionizing laser pulse and the populating
pulse.

Lifetimes of two ¢ven and three odd levels of
Np are given in column 2 of Table 10-2. The transi-
tion and its wavelength are listed in columns 3 and
4. The branching ratios (B.R.) in column 5 were es-
timated from unpublished data of M. Fred et al.’
These branching ratios were used with the equation:

A=BR/T (2)

to calculate the transition probabilities given in
column 6. The uncertainties estimated for the
branching ratios and the transition probabilities
may be conservative. The uacertainties could be as
large as 50% of the value.

10.2.5 New High-Lying Levels

New high-lying even and odd level were found
by multistep rhotoionization techniques. These new
levels were determined during our search for three-
step laser excitation of Rydberg levels. To obtain
the levels, laser 1 was fixed at a known wavelength
to populate an odd or even level in the range 16,000
to 19,000 cm~!. Laser 2 was scanned over the
desired wavelength range, and laser 3 was fixed at a
wavelength to ionize any levels populated by scan
laser 2. We found 37 even levels and 27 odd levels.

The high even levels of Np are reported in
Table 10-3. Searches were made from three different
levels. Their wavelengths, energies, and J's are the
headings for columns t, 2, and 3 of the table.
Column 4 gives the average energy of the levels
found. The estimated uncertainty in the level energy
is less than 0.5 cm™! when cbserved from two or
more odd levels, and about | cm™! when observed
from only one level. Because the odd ievels used
have J values of 4.5 and 6.5, the selection rule

AJ=0. £1 can be used to assign 3 values (sce
column 5). The only case where an unequivocai
assignment can be made is for the value 5.5, Further
searches from other levels could improve the J
assignment.

High odd levels obtained in a search from the
19.373.87 em=!, J = 3.5 even level are listed in
Table 10-4. They are uncertain by about Icem-,
Their J value can be 2.5, 3.5, or 4.5,

These energy level searches are by no means a
complete coverage of the energy ranges. They were
performed to obtain levels for use in our three-step
laser excitation studies. Six of the levels were used to
seiarch for Rydberg series,
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Table 10-3. High even levels of neptunium observed from the three odd levels given as headings for the first three
columns (¢xcitation wavelength, energy, and J valuej.

A, wavelength, A 6188.39 6120.49 . 6073.59
0dd level, cm™! 16,154.29 16,334.00 16,459.34
Odd level, ) 4.5 6.5 4.5
Even level® Even
Obszrved level encrgy., em™? energy, cm ™! level, J
b 33,128.4 L 33,1284 5.56.5,1.5
b 33,162. b 33,162.7 5.56.5,7.5
b 33,176.3 b 33,176.3 5.56.5,7.8
b 33,273.8 b 33,2738 5.56.9,7.5
33,364.6 b 33,364.6 3.54.5
33,3677 -b 33,3677 354.5
33,3725 33,372.2 32,3717 33,372.2 5.5
33,435.4 33.434.3 33,434.8 5.5
33,445.3 33,445.0 33,445.0 33,445.1 5.5
33,454.5 33454.5 6.5,7.5
33,476.0 33,476.3 33,4762 3.54.5
33,487.8 33.48,.3 6.5.7.5
33,4911 334917 33,4904 3.54.5
33,495.7 33,495.8 33,495.7 33,495.7 5.5
33,527.7 33,527.6 33,527.7 33,527.7 55
33,538.4 33,538.4 6.5,1.5
33,548.5 33,548.1 33,548.3 3.54.5
33,556.5 33,556.5 3.54.5
33,569.6 33,569.6 3.54.5
33,582.7 33,582.3 33,582.4 33,582.5 5.5
33,584.0 33,585.2 33,584.6 5.5
33,608.4 33,608.4 6.5,1.5
33,634.2 33,634.2 354.5
33,641.5 33,6415 3.54.5
33,632.7 33,652.7 33,652.5 33,652.6 5.5
33,673.4 33,673.3 53,6732 33,673.3 5.5
b 33,679.5 33,679.5 6.5.1.5
b 33,684.9 33,684.9 3.5,4.5
b 33,7633 33,704.1 33,703.7 5.5
b 33,712.5 33,712, 3.54.5
b 33,7177 33,717.7 3.54.5
b 33,7294 23,729.4 3.54.5
b 33,736.0 33,736.2 33,736.1 5.5
_b 33,742.5 33,742.3 3.54.5
_b 32 510 33,761.0 3.54.5
b 33,7704 33,770.3 33,7704 5.5
b 33,774.0 33,774.0 6.5,7.5

‘The uncertainty is £0.5 em™! for levels with two or more of, .rved values and £1 em™! for the others.

o search made,
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Table 10-4. High odd levels of Np obtained from the
19,373.87 cm”}, J =3 ~ 2ven level, populated by A g at
6043.7° 7A (2831-19, 373); the J of the upper levels
observed could be 2.5, 3.5, or 4.5,

Ay, Lev:ll,' Az lxvc_li'

N ocm’ A cm
5939.95 36,204.4 5804.95 36,595.8
£026.35 36,243.0 5803.21 36,600.9
5896.15 36,329.4 5769.67 36,701.1
5890.00 36,347.1 5754.26 36,717.3
5874.97 36,390.5 5764.01 36,718.1
5861.74 36,428.9 5757.35 36,738.1
5849.38 36,465.0 $755.02 36,745.2
5846.52 36,473.3 3/53.15 36,7508
5844.35 36,479.7 5742.77 36,7822
5831.24 36,518.1 5736.25 36,802.0
5827.39 36,529.4 5735.00 36,805.8
5819.69 36,552.2 5723.63 36.840.5
5806.88 36,590.1 5713.06 36,782.8
§700.63 36,910.9

fLevel uncertainty is about £1 em™l,

10.3 Laser Photochemistry
and Reaction Dynamics

Several studies in laser photoc!..~stry and
reaction dynamics are detailed in thi scction. The
common theme of each experiment in the first three
subsections is the use of a laser to initiate chemical
reactions by placing one of the reagents in a specific
internal energy siate favorable to the ensuing
chemical reactio.. By studying the forms of internal
energy that effectively initiate such reactions and by
measuring the reaction rates as a function of quan-
tum aumber (E’, V"', J'), a more complete picture
of the dynamics of reactions, particularly those tak-
‘ng place at high temperatures. cait be obtained. It is
possible that the understanding developed from
sucl -tudies may eventually result in improvements
in commercially significant high-temperature
:hemical syntheses. The final t vo subsections out-
line recent survey work on the chemicai and scatter-
ing behavior of high-Z atoms. This work was
carried out Lu gain a basic understanding of th:
chemistry of tiiese systems, so that parallels or con-
trasts in their behavior with that of lighter atoms

could be used to improve current, isotopically selec-
tive, photochemical reactions of interest to the AlS
program.

10.3.] Reaciions of
Laser-Excited Atoms with
Halogenated Methanes

In last year's annual pr ~ram report!? we
presented our preliminary results on the reactions of
laser-excited alkaline earth atoms with hydrogen
hatides and halogenated methanes. The reactions of
these polyatomics with ground-state alkaline earth
atoms t-. form the diatomic product are exothermic
by a considerable amount. However, in several in-
stances, these reactions are apparently inhibited by
large barriers along the reaction coordinate. These
reactions hold great promise for isotopicaily selsc-
tive photochemistry because:

© The reaction cross sections, when the reac-
tants are placed on a potential surface conducive io
chemical reaction, are normally very large
{~100 4% because of the harpoon-like reuction
mechanism, '3

® Reactions can be initiated by a modest ex-
penditure of energy when compared with reactions
that are endothermic from the ground state and that
require substantial energy simply to bring the reac-
tants to thermoneutrality.

® A wide variety of reagents is cvailable that
assures maximum flexibility in reagent selection.

In the following pages we report our results on
reactions of this type. The focus of our studies has
been to determine the role of the electronic state of
the atomic reagent in the outcome of these reac-
tions, and to determine the state-lo-state distribu-
tions of energy in these reactions in order to fully
understand the dynamics of the reactions studied.
In the reactions reported here, we study i a
systematic fashion, using the .nethod of laser-
induced fluorescence,' the cffect of electronic ex-
citation of the attacking metal atom on carbon-
halogen bond rupture.

The exoergic reactions of metal atoms with
halo; <nated methanes have played an important
role in the study of reaction mechanisms. Following
the initial molecular beam studies of Brooks!S on
the reaction of potassium with oriented CF,l. a
number of reports appeared tha* expanded on the
course of reaction and subsequent deposition of
avzilable energy in systems of this type. Observa-
tions by Nazar, Polanyi. and Skrlac (H + NQC!
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and H + IC1),'6 and more recently work by Smith,
Whitehead, and Zare (Ba + CFJI),I‘, suggest that
there are two basic modes of attack in reactions of
this type. It has been shown that, depending on
(1) the vertical electron affinity of the various
halogenated methane reagents, (2) the dissociative
behavior of their respective negative ion species,
and (3) the change in geometry that can occur in the
bonds of the leaving CH,4_ X, radical, vibrational
excitation of the new MX bond can vary from being
the dominant mode of energy disposal in the reac-
tion to a relatively ineffective mode of energy
deposition. Because the reactions of electronically
excited atomic species may be greatly influenced by
the large number of potential energy surfaces
available to the reactants, it is of interest to see
whether similar dynamics are observed on excited
state surfaces; i.e., whether or not considerations
similar to those just given can lead to predictive
ability for energy deposition in excited state reac-
tions.

Of added interest in these reactions is their
potential to yield different chemical products. When
the halogenated methane contains more than one
type of halogen, reaction of either halogen with the
attacking metal atom is exoergic, and each product
channel's exoergicity is approximately equal to that
of the others. While no evidence of branching to
yield different diatomic products has been reported
in reactions of this type from ground state reagents,
it is of interest to see whether a similar pattern is
maintained in the case of electronically excited
atomic reagents.

The laser-induced fluorescence apparatus is
identical to the apparatus described previously.!®
Briefly, the beam apparatus consists of a differen-
tially pumped vacuum chamber with the atomic
oven contained in one chamber. This chamber is
normally evacuated to less than 10-6 Torr, The oven
containing the metal is then heated resistively to a
temperature sufficient to give an atomic number
density of approximately 10!'! atoms/cm? in the
laser-induced fluorescence detection zone. The
vapor issues through a slot ssparating the oven
vacuum chamber from the static gas chamber,
where the reactant gas is present at pressures rang-
ing from 2 X 1073 to 2 X 104 Torr. No vibrational
relaxation of the metal halide products is observed
under these conditions. A mass speetrometer,
located in the static gas chaiaber, is used for on-line
gas purity analysis.
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We repnrt the scsults of reactions with ground
state ('Sq) strondum and barium atoms and also
laser excited strontium (3P|) and barium (3D2 and
3D,). Laser excitation of strontium to the 3P, state
ai 14,504 cm-! is performed with a flashlamp-
pumped Oxazine 720 {Exciton Corporation) dye
laser (Chromatix CMX-4) with a per pulse energy of
approximately 1 MJ and a repetition rate of 10 pps.
Laser excitation of barium to its 3D, and 3D states
from the ground 'Sy electronic state is achieved by
cascade or radiative pumping from the 3P, level at
12,636 cm™!, which is excited by the output from an
optical parametric oscillator (Chromatix Model
1026) having an approximate per pulse energy of
0.5 MJ and a pulse repetition rate of 10 pps. The *P,
state of barium has a radiative lifetime of 2.9 us and
decays with a large branching ratio into the D
manifold. Given the ratios of the lifetimes of the 3P,
and 3D states and the mean collision time of the
atoms under the conditions reported here, the
barium excited state reactions that we observe are
predominantly from the D, and ’D; states at
9215 cm-! and 9033 cm-!, respectively.

The product, laser-induced fluorescence spec-
tra were detected by mon.toring laser excitation of
the X2 states to either the Al BX* or
C?r,,,, excited electronic states. Figures 10-5
through 10-7 show typicai excitatinn spectra (un-
normalized fsorescence intensities vs exciting laser
wavelength) for a few of the reactions studied. The
resulting spectra are analyzed using standard
nethods'* to determine the disposition of internal
energy in the resulting product molecules.

Table 10-5 gives an overview of the reactions
studied. Included in the table is the bond energy of
the carbon-halogen bond of interest. The exother-
micity of each reaction is also shown. In many of
the reactions studied, the pessibility existed that
more than one diatomic metal halide product could
be formed. For example, the reactions to form BaCl
or BaF from CF;Cl are reaction pathways that are
approximately equally exoergic. However, in no
case were we able to detect formation of a metal
fluoride diatomic product. In all cases where more
than one type of halogen was contained in the
reagent molecule, the bond between the carbon
atom and the heavier of the two halogens was
always broken. This result is consistent with the
known photodissociative behavior of these reactant
species; namely, if the reactions are visualized as
proceeding through an electron jump mechanism,
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Fig. 105, Overview of BaBr excitation spectrum from Ba("S) plus CF Br.

the added electron is inserted into an antibonding
molecuiar orbital localized near the heaviest
halogen, which in turn favors the kind of molecular
decomposition observed.

Recent reports regarding the difference in reac-
tivity of the 3P, and 3Py spin orbit states of
mercury'%-2® make of interest similar studies of the
relative reactivity of barium 3D, and 3D,. Because
these states are populated in our experiments by
means of radialive cascade from the 3P| state, they
are formed with a relative rate determined only by
their statistical weights (verified experimentally by
the intercepts of curves A and C in Fig. 10-8). The
subsequent depletion of these states by the reactant
gases can then be monitored by the use of a probe
laser to connect the populated metastable 3D states
to a common higher-lying fluorescing state. When
measurements of this type are made as a function of
reactant gas pressure, the rate of depletion of the in-
dividual spin orbit states is an accurate monitor of
the relative reactivity of the 3D, and 3D states. We
can eliminate the possibility that rapid in-
tranwiltiplet relaxation equilibrates population with

the 3D manifo.  cefore reaction takes place,
because no detectable amount of 3Dj state is seen in
these experiments. Using this method of measure-
ment, we have determined that the relative reac-
tivity of the 3D, and 3Dy states is identical to within
10% (see Fig. 10-8).

A full description of the reaction dynamics that
emerge from these studies is given in Ref. 21.
Briefly, we find that, when the dissociative behavior
of the relevant negative polyatomic ion, the
geometry change of the leaving radical in the reac-
tion, and the route of approach of the attacking
metal atoms are considered, qualitative predictions
of internal energy excitation in the newly formed
diatomic bond from ground state reagents have
proven reasonably reliable, We find that these same
concepts are reassuringly independent of the elec-
tronic state of the attacking atom, allowing one to
predict qualitatively the partitioning of energy in
the reactions of Ba{®D) with CH3Cl and CF4ClI (see
Tables 10-5 and 10-6). The observed relatively low
(high) fraction of energy deposited into vibrational
excitation of the BaCl product, from Ba(’D)

10-11



X2T+ -*CZHM
=0

X22* +C2Nypp
=43

X2T+=+C2M,
Av =44

40

V" =25

1 1 1 1 1 | L | 1 | }
5220 5200 5180 6160 5140
Laser wavelength, A

¥ig. 16-6. Resolved vibronic bandheads of BeBr from 8a(!Sg) plus CF3Br.

Table 10-5. Summary of reactions studied.™®

Alkaline earth atom and electronic state

Carbon-halide

and (band energy) Ba('s) Ba’p)* si(ls) sr(3ey
Ch,-F(108) 35.6) 6194 @240 (65.5)%
CH,-CK(81) 25.94 BaCl(52.2) (18.2)¢ (59.7)
CH;-Br(70) BaBr(19.1) £ SrBr(12.0) €
CCL,F~Ci(73) BaCl(37.6) - =€ -€
CClyC(70.4) BaCl(40.9) -¢ B} sml(sj.s) - .
CF4-F(125) NR(21.1) @7.7) (10.6) (52.1)
CF ;~Ci(86.1) NR(23.7) BaCl(50.0) as.z)¢ s6.79
CF;-Br(70.6) BaBr(20.3) -€ SrBr(13.5) -€

BColumn one contains carbon-halogen bond energy of interest. Columns 2 through 5 in the cal d reaction hermicities,

which include both the internal energy of the reactants and their mean relative kinetic energies. All values in parentheses are in
keal$/mole.
bAll alkaline earth halide diatomic bond energies are taken from Ref. 22; carbon-halide bond energies are taken from Ref, 23.

CExothermicity calculated from barium 3D2 state.
d'No reaction.

*Not studied.
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reacting with CH3Cl (CF;Cl), supports the conten-
tion that the nature of the reactant polyatomic is
principally responsible for determining the internal
energy distribution in the alkaline earth halide, and
that it is to a large degree independent of the surface
on which reaction occurs (see Table 10-6).

The differences in the reactivity of Sr(°P) and
Ba(*D) with halogenated methanes are clearly sur-
prising. While triplet barium is effective in breaking
carbon-chlorine bonds in both CH3Cl and CFCl,
triplet strontium is totally ineffective in this regard.
Most simple models would predict the opposite of
this experimental observation. For example, the
ionization potential of Sr(*P) is lower than that of
Ba(3D); one would therefore expect this lowering to

facilitate the electron jump needed to initiate the
chemical reactions. Furthermore, general rules,
suggesting that the more exothermic the reaction
the smaller the reaction barrier, also fail. It is the
more exothermic reactions of CH3Cl and CF;Cl
with Sr(3P) that do not proceed.

Still, the reaction of Ba with CH;Cl and CF;Cl
by way of excitation of the Ba(®D) state is a striking
demonstration of the ability to initiate chemistry by
placing the reactants on a surface conducive to reac-
tion. Clearly, the differences between Ba and Sr are
not understood, and it is expected that additional
data on reactions of this type will eventually lead to
added knowledge of the influence of excited state
surfaces (and their crossings) on the outcome of
such chemical reactions.
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It has already been noted that the present
results on the spin orbit states of barium. namely,
that *D; and 3D react at effectively identical rates
with certain halogenated methanes, are in contrast
to recent results on HgP, and 3Py reacting with
diatomic chlorine'® and bromine,2® where the 3P,
reactivity significantly exceeds that of 3Py. In the
present case, however, consideration of each spin
orbit state of 3D barium shows that each compo-
nent undergoes an avoided crossing with the ion-
pair states of the reactants; this is inferred from a
surface picture developed earlier'® in which the
reactants acquired ionic character by adiabatic as
opposed to diabatic mixing-in of jon-pair surface
character. Consideration of each spin orbit state
also shows that these crossings occurred at very
nearly the same radius. It is therefore expected that
each component would be equaliy effective in ac-
quiring the jonic character necessary for initiating
the chemical reaction. This acquisition is in contrast
to the mercury reactions, in which it has been point-
ed out that 3P, and 3P;, but not 3Py, are subject to
such crossings.2
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Table 10-6. Fractional deposition of reaction energy
into vibrational excitation of MX products for the
reactions of Table 10-5 (in percent).

Bl'sy  BaCPpy sl seim
ciga - BaCl(34) -8 -
CH;Br  BaBr35)® € SrBe(29) -

C < <

CCL,F  BaCit61) - A _

3
ccl, Bacl(72)? -© SICI(59) -
cFyat - BaCl(61) -4 -
CF,Br  BaBr(B8) - SrBr(79) ~¢

®No reaction.

Drhe renctions of Ba¢ ls) with CH3Br and CZl4 were also
studied in Ref. 13 where £, values were reported 33 17 and 75,

pectively. The di y is due primarily to use by
Romme! and Schultz of bond energies thar differ from those
used here. When the spectral data of Ref. 24 are used, and the
bond energies of this report, f,, values become 29 and 72,
ively, in good with our results.

(g

®Not studied.

In conclusion, we have reported studies on the
reactions of Ba ('S and 3D) and Sr ('S and 3P) with
several different halogenated methanes. We have
shown that, in certain cases, reactions with
prohibitively large barriers in the ground or lowest
reaction surface can be initiated by placement of the
reactants on surfaces with diminished barriers, We
have shown that interna! energy distributions of the
diatomic products formed on either ground or ex-
cited state surfaces are consistent with the current
models for the dynamics of these types of reaction.
Finally, we have shown that barium 3D, and 3D,
react at similar rates with CF3CI and CH;Cl, and
that this reaction is consistent with a picture that
takes into account the adiabatic crossings of the
various spin orbit states with ion-pair surfaces along
the reaction coordinate. It is hoped that extension
of the studies, reported here, to metal atom systems
of commercial significance will prove that
photochemical isotope separation methods can
become competitive with photophysical isotope
separation techniques in properly designed systems,

10.3.2 Single-Photon Infrared
Laser-Induced Photochemistry
Facility -
In conjunction with studies on the role of elec-
tronic excitation of chemical reactions, we have ini-
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Fig. 10-9. High-pawer tunahle optical parametric oscillator and amplifier system.

tiated a program to study systematically the effect
of change of vibrational mode and quantum num-
bers on the course of chemical reaction. The prin-
cipal aim here is to gain an understanding of the in-
fluence of vibrational energy (in particular, the dif-
ferences between various types of intramolecular
nuclear motions) in a simple system.

In recent years a number of methods have been
developed for generating the high-power-tunable
near-infrared radiation needed to pump these
vibrational systems. While substantial progress has
been made on methods such as frequency mixing
and Raman scattering (see §10.6.3), the optical
parametric oscillator (OPO) remains the method of
choice in the generation of high spectral brightness
radiation in the near infrared. In particular, the
angle-tuned LiNbOj; parametric oscillator, des-
cribed by Byer and others,26 is a simple and reliable
ool for generating high-power radiation from 1.4 to
4.2 um, An OPO based on the Byer design has been
constructed for the purpose of infrared photo-
chemistry experiments in our laboratory. This
device is shown in Fig. 10-9. Amplifier performance
has been described by Andreou.?’

A critical parameter in the construction of
high-average-power OPO's is the pulse length of the
Q-switched Nd:YAG pump laser. It has been
shownZ26 that 20 ns is the optimum pulse length for
operation of these devices. Unfortunately, commer-

cially available pump lasers now generally provide
much shorter pulse lengths, leading to reduced OPO
efficiency and reduced per-pulse power. A 7-ns-
pulse-length Nd:YAG laser, purchased from
Quanta Ray (Model DCR-1), was used as the pump
source. With this pulse length and a beam diameter
of 3 mm, a threshold of approximately 30 mJ has
been measured for the line-narrowed OPO (L-
shaped cavity with a grating used as the dispersive
device). The damage threshold has been measured
to be 100 mJ/pulse under these conditions. As a
result, the OPO can be operated in a reliable fashion
at pump powers not exceeding three times
threshold. While this means that an infrared energy
of about 4 mJ/pulse can be obtained in an approx-
imately 0 cm™' line width near degeneracy
(2.12 um), the output energy rapidly decreases as
the oscillator is tuned from degeneracy, because the
threshold rises rapidly when wggna # wigler- Tuning
of the idler wave 10 2.7 um has been achieved with a
singly resonant oscillator having an output mirror
that is 80% reflective at the higher gain signal
wavelength. Thus, while the device is reliable with
high power output near degeneracy, lengthening of
the Nd:YAG pump pulse to 7 > 12 ns appears to be
critical for full wavelength coverage. This modifica-
tion of the pump laser and construction of a
parametric amplifier are currently under way. It is
anticipated that this modification will easily permit
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tuning of the system with high average power from
1.4 to 4.2 pm.

A number of simple chemical systems have
already been identified for the initial studies with
this device. These systems are all slightly endother-
mic for unexcited reagent states and possess
moderately strong infrared absorption features be-
tween 1.4 to 4.2 pm, Some of these systems are the
reactions of aluminum with carbon dioxide, (101)
and (04°1) combination bonds, strontium with
various overtones of DF and HC], strontium and
barium with methyl chloride, »| and 4, and various
reactions of metal atoms with OCS.
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10.3.3 Associative lonization
Reactions of Alkaline
Earth Elements

Our motivations for studying associative
ionization and other chemistry of excited states in
alkaline earth elements include:

® Advances in Rydberg state chemistry.

® Wider knowledge of multiphoton ioniza-
tion processes.

® Application of alkaline earth vapors for in-
frared lasers and detectors.

® Wider knowledge of excited-state-excited-
state reactions.

Phenomena of the type we have observed in
our studies may be important in any **high deasity”
atomic vapor irradiated by resonant (multistep)
laser rzdiation.

In last year’s annual report,?8 we discussed the
following reactions and mechanisms of laser excited
states in strontium:

® Production of dimer ions by associative
ionization of strontium Rydberg states with ground
state atoms.

® Dimer ion production by excited-state-
excited-state reactions.

® Destruction of high-lying Rydberg states
by electron ionization in an avalanche mechanism
under c: .ain conditions.

® Two-photon transitions from Sr(5s Sp 'Py)
excited states to “‘core-excited” Sr(5p ns and 5p nd)
autoionizing Rydberg states,

These were all new observations for an alkaline
earth element. Associative ionization was known to
occur in the noble gases?? and alkali metals,30 but it
had not been established as occurring in the alkaline
earths, although it had been assumed to take
place. 3132

We have extended our studies of photo,
collisional, and associative ionization in atomic



vapors to calcium and barium. (The reactions ob-
served for these elements were similar to those for
strontium, but there were some differences.)

The experimental techniques were identical to
those used with strontium.3334 Briefly, a stream of
atoms in a vacuum chamber was irradiated sequen-
tially by two pulsed-dye lasers tuned to excite the
atoms to high Rydberg states through resonant
transitions. The atom densities in the interaction
region were varied from about 10'2 to 104
atoms/cm? depending on the reaction being
studied. lon detection was used exclusively, and a
quadrupole mass filter was employed to select either
the atomic ion or dimer ion of the element under in-
vestigation. Rydberg states of the atoms were ex-
cited by the process

A
1
M (ms? lSU) E{e—d.M (ms mplPl)

A, M (ms ns*+3s)
— or 3)
variable M (ms ndls? D),

where m is 3 for calcium and 5 for barium and
n 2 m. For calcium, A; was 4226.7 A, and for
barium, 5535.5 4.

The associative ionization reactions

M (ms nl) + M (ms? 1S) > M} + e, “
and
M(msmp1P1)+M(msmp1Pl)—>M;+e' s (5)

were observed under conditions of high atom den-
sity in the beam (stream). Dimer ion production by
the excited-state-excited-state reaction (5) required
considerably higher densities than from Rydberg
states, reaction (4), when n for reaction (4) was large
or greater than 12. At low n, the dimer ion signal
from reaction (5)—single laser irradiation at
A|—was relatively larger. For Sr, the signal from
reaction (5) was equivalent to that from reaction
(4)—\| + Ajirradiation—and for Ba, it was larger.
These observations can be explained by the decrease
in production of dimer ions by reaction (4) at low n

that results from the shorter lifetimes of these Ryd-
berg states and the presumably smaller cross section
for the reaction. In Ba, the measured lifetimes for 6s
nd 'D, levels range from 20 ns at n = 8 t0 226 ns at
n = 12; they then increase to 580 nsat n = 17.3

The mechanism for reaction (5) is still un-
known. The dimer ions could arise either directly
from 'P; ~ Py collisions or indirectly from celli-
sionally populated Rydberg states that subsequently
associatively ionize. At present, we favor the latter
mechanism.

The destruction of high-lying Rydberg states
by the electron avalanche mechanism was found to
occur in Ca and Ba. The mechanism involves the
reaction

M(msnl)+e >M'+2e, 6)

where the initial electrons are produced by
photoionization,

Ay
M(msnl) > M* +e”(2eV) . (7)

The process results in a decrease in the dimer ion
signal at line center as A, is scanned across the 'P; to
Rydberg state transition (see Fig. 10-10). It is more
pronounced in Sr and Ba than in Ca because the
photoionization cross section [reaction (5)} is
greater for Sr and Ba. As seen in Fig. 10-10,
decreasing the intensity of A, reduces the avalanche
process by decreasing the number of 2-€V electrons
produced by photoionization [reaction (5)] so that a
“normal” line shape results. The 4sdp !P|-4s
23s!Sy transition is normal in both scans because
production of electrons by photoionization at this
transition has not reached the critical value.

Two photon transitions were observed in Ca
from the 4s 4p !P level to autoionizing levels of the
4p ns and 4p nd Rydberg series that converge to the
4p 2P, , and the 4p 2P, , levels of the ion, These tran-
sitions are two-photon, two-electron transitions
that occur at high vapor densities near the resonant
one-photon transitions from the 4s 4p 'P, level to
bound Rydberg levels. They appear as satellite lines
near the strong resonant transitions and were first
observed in Sr.3* We have observed these two-
photon transitions in Ba, also.
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For an associative ionization reaction to occur,
the excitation energy of the atom(s) plus the binding
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Table 10-7. Binding energies of alkaline earth
dimer ions.?

Lowest Rydberg

yielding Binding energy
Ionization Dimers No dimers Greater  Less
Element potenrinl" than than
Ca 6.113  5.045 - 1068 -°
St 5.695 4,920 4,766 0.775 0.925
Ba 5.212 4,434 4,261 0.778 0.951

A All values in electron volts (eV).
hlonlzntion potentials and Rydberg level energies from Ref. 36,
®Not determined.

energy of the dimer ion formed must exceed the
jonization potential (IP) of thc metal atom. Thus,
by determining the lowest Rydberg level that un-
dergoes the associative ionization reaction, one can
determine an energy value that the binding energy
of the dimer ion formed must equal or exceed.
Because of the relatively l.rge energy interval
(~0.2eV) between Rydberg levels in the region
defined by (IP ~ dimer ion bir.ding energy) for the
alkaline earths, an accurate value for the binding
energy (dissociation energy} of the dimer cannot be
obtained by this technique. Only the limit values
given in Table 10-7 can be found. As indicated in
the table, the dissociation energy of Cadb, is at least
1.07 eV. This is in agreement with the value 1.04 eV
calculated from theory by Liu and Olsen,?’

The binding energy for the Cab ion is greater
than that for Srb or Bab, indicating that the binding
energy is higher for the lighter alkaline earth ele-
ments. The dimer ions of the alkali metals are more
stable for the lighter elements (Cs, 0.70 ¢V; RbY,
0.73 eV; K%, 0.75 eV; Nab, 1.01 eV; Li%, 1.55 eV).38
We plan experiments with Mg to confirm that this
stability is true in the alkaline earths.
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10.3.4 Crossed Mclecular Beam
Studies—Uranium Gronznd-State
Chemisiry Survey

During the past year, we initiated an extensive
study of the reactivity of uranium atoms in the gas
phase. Such information is important in developing
uranium photochemical isotope enrichment pro-
cesses, i.e., those based on a laser selectively induc-
ing chemical reaction. This study allows us to iden-
tify candidate systems for such processes, as well as
to evaluate various proposed schemes for chemical
separation of the photochemical products of
photoinduced reactions from the unreacted
uranium. Furthermore, an understanding of the
dynamics of ground-state reactions is essential in in-
terpreting resulis of excited-state experiments.

This section discusses the chemical properties
of uranium with various oxidizers (both inorganic
and organic) and mild halogenating agents.
Uranium is regarded as an extremely reactive ele-
ment; this perception is based on the properties of
the suiid and liquid phases, especially at high tem-
peratures. Our results indicate that gaseous
uranium exhibits a wide range of reactivity and that
a number of reactions, although quite exothermic,
proceed rather slowly. What is perhaps more impor-
tant is that we find the pattern of reactivity of
uranium remarkably similar to that of other heavy
metals.

Conventional techniques for studying gas
phase reactions are unsuitable for highly refractory
elements. Such reactions, however, can be easily in-
vestigated in the molecular beam facility. A beam of
the reagent intersects an atomic uranium beam; a
rotating detector (a small quadrupole mass spec-
trometer with an electron-bombardment ionizer)
then nonitors reaction products as a function of
scattering angle.

The mass-sensitive detector allows easy iden-
tification of the reaction products. Further, the
measured angular scattering pattern yields impor-
tant details about the dynamics of the reaction ii-
self. The dynamics information of interest includes
the reaction mechanism (the time scale of the in-
teraction and the preferred directions into which the
product is scattered), and the dcpusition of the reac-
tion exothermicity in product vibration, translation,
rotation, and electronic modes. Both of these fac-
tors determine the angular range where reaction
products will be found. Such information on where
to look is essential when sear:hing for reaction
products of a photoexcited beam. Typically, the
density of excited uranium can be 10 to 100 times
lower than the ground-state density (see §10.5.2),
and a similar decrease in the product flux is expec-
ted.

Extraction of an absolute reaction cross sectiun
from relative reactive scattering measurements is
not straightforward. First, the detector is confined
to a single plane and cannot collect all of the scat-
tered product. Second, an absolute rate measure-
ment requires calibration of the cross beam inten-
sity and very careful control of the beam geometry.
We have developed such techniques for elastic
scattering® and will apply them to reactive scatter-
ing in the near future. For the present, we estimate
total reaction cross sections by comparison with the
U + O, reaction, which has a reported cross
section?0of 18 42,

A schematic of the apparatus as designed for
ground-state chemistry is shown in Fig. 10-11. We
operate the uranium source at 2500 to 2600 K and
the gas source at approximately 360 K. The gas
source backing pressure is set to | Torr for all gases
studied; this typically gives rise to a 0.5 to 0.8% at-
tenuation of the uranium beam, with only a
moderate increase in the main chamber background
pressure. The gas beam is chopped with a
mechanical flag at a slow rate (0.2 Hz); the dif-
ference in count rate with the gas beam on and off is
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Fig, 10-11. Schematic of molecular beam facility coafigured for crossed molecular beam chemistry.

the reactive scattering signal. This signal is averaged
for approximately 4 min before we proceed to a new
angle. After four or five angles, we return to a stan-
dard reference angle (usually 10deg LAB) to
correct for long-term drifts in the beam intensities.

Inorganic Oxidizers. The first set of reactions
studied involved diatomic and triatomic oxidizers
(05, NO, CO31, N;O, NO3, 803). In each case, the
reaction producing UO was exothermic with ~AH
ranging from 32 kcal/mole (NO) to 143 kcal/mole
(N,0) (see Table 10-8). Large UO signals were ob-
served for the reaction of U with O,, NO, SO, and
NO,, and a full angular distribution for each
reagent was measured. Plots of these distributions
are found in Fig. 10-12, The dashed lines indicate
the distribution of centroids (center-of-mass oi the
colliding pair); this distribution represents the scat-
tering pattern that would be observed if the reagents
did not separate after colliding. UO signals were ap-
proximately 30 times lower for U + N;O and U
+ CO,, and no attempt was made to measure the

10-20

angular distribution of the UO product. After each
distribution was completed, we calibrated the ap-
paratus by running the U + O, reaction with the O,
source pressure set equal to that of the oxidizer.
This procedure makes each of the normalized scat-
tering distributions absolute to within a common
proportionality constant. For the oresent, we es-
timate total reactive cross sections from the ratio of
the product intensity at 10. This procedure is crude
at best, as it ignores both kinematic (differing ox-
idizer masses) and dynamic effects (different reac-
tion mechanisms—see below); nevertheless, we es-
timate at most a moderate error (50%). Table 10-8
lists reaction cross sections relative to the U + O,
cross scition of 18 A2. We found reaction cross sec-
tions ranging from 35 42 to less than | A2. These
rates are not correlated with the electronic struciure
of the gas or with reaction exothermicity; for exam-
ple, the reaction involving fission of the weakest ox-
idizer bond (N,0) was very slow. Also, the SO; and
CO; energetics were comparable, yet a large dif-



Table 10-8. Cross section for production of
uranium oxide in reactions of uranium with selected
inorganic oxidizers.

Elecaronic F xm:h:rn'lit:il:y,‘l Cross sectinn,b
Oxidizer strte keal/mole a2
2
NO Ty 32 33
1
SOz Al 51 9
1.+
COz Eg 56 <1
3 -
02 EB 64 18
2
NOz Al 110 12
N,0 g+ 143 <1

8Exothermicities calculated from bond strengths tabulated in
Ref. 41.

bEsti.mlte obtained from ratio of scattered intensity (see text).

ference in rates was observed. Details of the inter-
molecular interaction clearly play a major role in
determining reaction rates in this set of simple and
highly exothermic reactions.

In the case of reaction with NO and 0, the UO
product distribution peaked near the distribution of
the centroids, indicating a long-lived collision com-
plex. Furthermore, the angular distribution was not
much wider than that of the centroids, suggesting
that only a small fraction of the available energy
was channeled into transiation.

To confirm our observations about the
dynamics in the U + O, reaction, we measured the
velocity distribution of the scattered UO. A time-of-
flight chopping wheel, installed at the detector en-
trance aperture, admitted a pulse of UO; the spec-
trum of arrival times was then recorded. For these
sets of measurements, we replaced the effusive gas
source with a high-pressure nozzle source to better
define the O, velocity. A typical product velocity
distribution is shown in Fig, 10-13 along with that
for the uranium beam itself (nominal temperature,
2600 K). A rather complicated analysis is required
to convert these spectra to a detailed plot of product
intensity as a func.ion of both angle and velocity.
This analysis is under way and will be completed in
the near future. Nevertheless, we can draw some
qualitative conclusions. Both the scatiered UO and
U beam time-of-flight spectra peak around the same

: — | = ’ 'T ;-.‘v- U| e 'M
§ U+02'>U_0+0

Scattered UO flux
\

i \I\‘\;—

- o/ . o
PR IS LS TRNN AU T e e O

-10 4] 10 20 30 . 40
Lab scattéring angle, deg '

Fig. 10-12. Laboratory anguisr distribution for. L0 pro-

duct froia U+ 02, U+ NO, U + Nl)z. U+ SOz rucdom_:
(dast:ed Hnes indi the distribution of cenir .error bars
represent 1 standard deviation of. lhe mean -~ éfror Inrs' S

smaller than the size of the qymbol aré umimd)

arrival times. The product distribution also appears
narrower than that of the main beam. These two ob-
servations confirm that the reaction deposits little if
any of the exothermicity in product translation.
The UO from the U + NO, reaction is
forward-peaked, indicating a direct (i.c., instan-
taneous) reaction mechanism. The U + SO, reac-
tion also appears to be forward-peaked; however,
our inability to measure the UO product close to the
U beam (where elastic scattering of a small UQ con-
taminant in the beam masks reactively scattered
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UO) makes this observation quite tentative. Both
these systems exhibit the same inefficient channeling
of the exothermicity into product translation. The
obscrved deposition is consistent with the high den-
sity of electronic states in UQ,

Qrganic Oxidizers. Because little is known
about the reactions of metal atoms with organic
molecules, we investigated the reactivity of uranium
with two classes of organic oxidizers: alcohols

o)

(R-~0OH) and ketones (R—g—i(). Our prime motiva-
tion was to discover sufficiently inert reagents for
possible use in photochemistry-based isotope
separation processes,

The carbonyl bond strength in aldehydes and
ketones is approximately 175 kcal/mole,%2 making
reactions with U to yield UO barely exothermic.
Fission of the C=0 bond is also a rather uncommor.
reaction channel, and we expected uranium and
ketones to be quite unreactive. We intersected
beams of acetone and uranium and measured larse
scattered UOQ signals. Cross sections were extracted
as before by calibration with U + O,, and we es-
timated a reaction cross section of 33 42. The
angular distributicn peaked around the centroids,
inferring a long-lived complex. We suspect that the
reaction involves rearrangement of the CH ,—C—CH,
fragment to form a stable molecule, such as propene
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CH,=CH—CH,. Such a rearrangement would make
the reaction more exothermiic and could explain the
high reactivity. We intend to test this bypothesis by
measuring the reaction of uranium with for-
maldehyde where such rearrangement is impossible.

Recent laser-induced fiuorescence studies?? in-
dicate that Group 111B metals (Sc, Y, La) react
with wate: and alcohols 10 form the oxide. Because
the detectior. scheme is not sensitive 10 hydroxides,
the relative yic!d of oxide and hydroxide is un-
known., We crossed uranium with beams of water
and small alcohols (CH3OH and C3HsOH) to deter-
mine the major product. Because the masses of the
possible products differ by only one atomic mass
unit, separation of the two products requires great
care. As we increased the resoivtion of the mass
spectrometer, the apparent sigral a: the UOH mass
decreased much more rapidiy than the UQ signal.
We conclude that U> is the major an:, most likely,
the only product. Cro:s sections for these reactions,
which are listed in Tzoble 10-9, range from 4 42 for
methanol to 9 A2 for vrater.

Formation of tht oxide in these reactions in-
volves rupture of both the R—0 and 0—H bonds in
the alcohol. A rezction mechanism in which
uranium simply extracts the oxygen, leaving behind
separate R and K fragments, is endothermic, This
reaction must then involve simultaneous formation




Table 10-9. Cross sections for oxidation reactions
with selected organic oxidizers.

Table 10-10. Relative cross sections for reactions of
uranium with halogenated methanes.

Exo- Cross
thermicity, section,®
keal/mole A2

Reaction
U + CH,COCH, ~ UO + CH,CCH, 10° 33-
U+ CH,OH— U0 +CH, 93 4
U+ C,H,0H~ UO + C,H, 93 6
U#H20~U0#H2 66 9

*Estimate obtained from ratio of scattered intensity (see text).

l.'l-is!imlu:cl.

of both R—H and U—0 bonds and most likely
proceeds through a long-lived complex. We ob-
served the scattered UO to be peaked close to the
centroids. consisient with the proposed mechanism.

The reactivity of both ketones and alcohols, for
which we observed moderate to large cross sections
despite rather complex rearrangements of the
organic fragments, contrasted markedly with that of
certain simple inorganic oxidizers exhibiting very
low reactivity.

Halogenat~d Methanes. The reactions of a
number of halogenated methanes (CH3X, CF3X,
with X = F, Cl, Br, I) with various metals (Li,*
Ba, 4546 §r 4546 Cy %6 Sn47) have been well charac-
terized. The reactivity of these substituted methanes
decreases in the order X = I, Br, Cl, and F; one
generally observes MI and MBr product but rarely
any MCi or MF. In some cases excitation of the
metal atom is effective in inducing reaction®’ (e.g.,
Ba + CF;Cl, CH)Cl). We reacted uranjum with a
set of halogenated methanes (CCly, CH;l, CF;Br,
CF1Cl, and CF,) to determine whether uranium ex-
hibits a similar pattern of reactivity.

Extraction of total reaction cross sections for
these reactions is much more difficult than for reac-
tions producing UO, because the sensitivity of the
detector to UX relative to UO is unknown. Hence,
we report only relative cross sections. Table 10-10
lists the reactions studied and estimates the relative
cross sections. We observe a pattern of 1eactivity
that is essentially identical to that for the Group 11A
metals, i.e., the iodide is more reactive than the
bromide. Some UC] is observed in reaction (4) of
Table 10-10; however, the signal is just above the
background noise level, and we consequently assign
only an upper limit to the relative cross section. No

Reaction Relative cross section
(1)U+C(.‘.l4—~UClerCIS 0.5
(2)U+CHSI-*UI+CH3 1.0
(3) U+ CFyBc~ UBr + CFy ~0.2
U+ Ccml - UCl+ CFs 0.05
(5) U+ CF, ~UF + CF; NR*

NR = no reaction product observed.

UF is observed in reaction (5) even though the reac-
tion is estimated to be approximately 30 kcal/mole
exotbermic, nor is any UF seen in reactions (3) and
).

Angular distributions were measured for scat-
tered Ul and UCI from the first three reactions. The
UI from the reaction with CH,l, and UBr from the
reaction with U + CF;Br, are backward-peaked.
The UCI from U + CCl, appears sideward-peaked.
Again, these features are in qualitative agreement
with those of the corresponding Ba and Sn reac-
tions.

The bond strengths of the uranium halides are
completely unknown, except for a reported value of
156 kcal/mole for the UF bond.*8 We can, however,
use the product angular distribution and in par-
ticular a complete velocity-angle distribution to es-
tablish lower limits for these unknown bond
strengths.

We found that the reactivity of uranium with
Freons parallels that of a number of other metals.
These systems may then offer some promise for
isotopically selective photochemistry.
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10.3.5 Scattering Theory—
The Hg-K System

Numerous atomic properties, such as cross sce-
tions for atom-atom elastic scattering, rely for their
determination upon the computation of curves (or
surfaces) of potential energy of the transitory
molecule, found during the collision, as a function
of internuclear separation. Other properties, such as
lifetimes and fluorescence spectra of excimers, re-
quire additional details not only of the energy but
also of transition dipole moments as a function of
internuclear distance. Traditional approaches to the
computation of such molecular energies and dipole
moments rest upon the Born-Oppenheimer approx-
imation, which hypothesizes the clectrons accom-
modating the instantaneous position of the various
nuclei; the molecular properties then stem f{rom
numerical solutions to the multielectron
Schrodinger equation (perhaps with relativistic
corrections) at a succession of values for fixed inter-
nuclear separation.

This ab initio computation of molecular poten-
tial energy curves becomes progressively more time-
consuming as the number of electrons increases, so
that the theoretical prediction of the scattering of
two heavy atoms is prohibitively expensive. For this
reason various simple approximations have been
employed over the ycars. Some of these have proven
remarkably reliable in describing potentials between
rare gas atoms, and so it is natural to hope for
similar success for these models when applied to
heavy open-shell atoms. To test this possibility, we
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chose the mercury-potassium system and carried
out a succession of increasingly elaborate computa-
tions hasca on increasingly complicated models.

Some of the simplest ab initio models of inter-
molecular potentials rest on the assumption that
there occurs ra rearrangement or distortion of the
clectron density distribution when the atoms come
together. One can then employ, for alf internuclear
distunces, clectron densities appropriate 10 free
atoms. The classical electrostatic (coulomb) poten-
tial energy of the two overlapping frozen electron
densities p (1)) and py(ry) is, for internuclear separa-
tion R,

) ) ] ]
= d = ==}
Vmul(R) f vy fdvzplpz (R + S "2)

Here, individual contributions express the repulsion
between nuclei, the repulsion between clectrons,
and the attraction between cach nucleus and the
clectrons.

To this classical electrostatic energy we must
add quantum mechanical contributions: the zero-
puint kinetic energy Vi, (R), the exchange energy
Vexe (R), and the correlation energy Vo (R). The
simplest model for these corrections, the electron
gas approximation, uses formulas appropriate to a
uniform electron gas. This model periiis us to com-
pute the interaction energy:

V(R) = Vconl(R) + Vkin(R) + chc(R) * Vcorr(R) '

given the charge densities p4(r,) and pp(rp) for the
electrons of atoms A and B about their respective
nuclei.

One of the standard models for electron den-
sities, the Thomas-Fermi Statistical Model,
assumes that the electrons form a classical charge
distribution. With the incorporation of an exchange
energy, the madel becomes the Thomas-Fermi-
Dirac (TFD) Model. The electron density and, in
turn, the potential V(R), are expressible in terms of
the TFD function. Abrahamsca has shown?%-30 that
such potentials are well described by the
Barn-Mayer parameterization:

V(R) = cePR |



From Abrahamson's ables’! of b and C values
together with a combination rule, one can readily
obtain potential energy curves for any pair of
4atoms.

The clectron densities computed from TFD
theory are inadequate in several respects: they ter-
minate abruptly at finite distances, rather than fall
exponentially as more realistic densities do, and
they fail to describe atomic shell structure. Thus, it
is natural to employ more realistic ¢lectron den-
sities, such as those obtained from a self-consistent
field (SCF) computation in place of TFD densities.
Gordon and Kim® advocated this procedure and
demonstrated that, when appiied to interactions
between closed-shell atoms, it predicted potentials
in good agreement with empirical potentials.

To construct the free-atom electron densitjes,
we solved the numerical Hartree-Fock (HF) equa-
tions using the code of R.Cowan (Los Alamos
Scientific Laboratory). This cede includes a
relativistic correction for | = 0 orbitals: the correc-
tion has been shown to be mportant for heavy
atoms. We used numerical tables of these electron
densities, lineariy interpolated. to construct
numerical quadrature approximation to the
necessary integrals. We verified that we could
reproduce the tables of noble-gas potentials
pubiished by Gordon and Kim3? as well as the
mercury-mercury potential published by Pyper,
Grant, and Gerber. 53

The Thomas-Fermi-Dirac and Gordon-Kim
models neglect all distortion of the electron clouds
during a collision. At the opposite exireme, one can
assume that the electrons instantancously adjust to
the current nuclear positions throughout the course
of the collisien. In this approach one must deter-
mine the energy of a diatomic molecule for a succes-
sion of fixed internuclear distances; the resulting
function is the adiabatic potential.

Ideally, one would like to .:.rry out a many-
electron, multiconfiguration, relativistic self-
consistent field calculation for each distance. Un-
fortunately, such a computation is beyond contem-
porary capabilities. Instead, we introduce a succes-
sion of approximations:

® We employ nonrelativistic wavefunctions.
Pyper, Grant, and Gerber’3 have shown that
relativistic corrections alter Hg-Hg Gordon-Kim
potentials by only a few percent. Thus, we expect
only a small error for this approximation.

® We represent the core electrons by an effec-
tive potential. We have used a single valence-
electron effective-core potential (ECP) for
potassium, determined by Topiol, Moskowitz, and
Meclius.** For mercury we have used two po entials:
a 2-electron potential (the 6s shell) by Bascn, New-
ton, Jafri, Moskowitz, and Topiol®® and a 12-
clectron potential (the 6s and 5d shells) by Hay,
Wadt, Kahn, and Bobrowicz.*®

In each case the potentials were obtained by a
similur procedure; starting with a set of orbitals®’
that satisfy the isolated-atom Hartree-Fock equa-
tions, one constructs from the valence orbitals a
nodeless lincar combination—a pseudo-orbital.
Then the effective core potential is constructed so as
to yield the pseudo-orbital as a solution of the
single-particle Schrodinger equation. Conven-
tionally, one employs a different effective potential
for cach angular momentum; one expresses each of
these as a superposition of Gaussian functions.

® Using the cffective potentials to represent
the effects of core electrons upon the two nuclei, we
carry out single-configuration, Hartree-Fock, self-
consistent ficld computations for the valence elec-
trons.

In our ECP computations, the valence elec-
trons (3 or 13 in number) move in a self-consistent
molecular potential generated by the electrons
themselves and by the effective cores. The energy as
a function of internuc car separation (the molecular
potentiul curve) includes coulomb repulsion be-
tween clectrons, intcraction between valence elec-
trons and cores, as well as kinetic energy of valence
clectrons. But it treats the core—core interaction as
the interaction between two nonoverlapping charge
distributions (and, hence, as a point-charge interac-
tion). This approximation must fail at small separa-
tion, where the cores overlap. To account for this ef-
fect, we computed the Gordon-Kim potential for
the core electrons and, after removing the point-
charge portion, added this correction to the
previously computed ECP values. These corrections
bring the ECP curves into agreement with the
Gordon-Kim curve.

Figure 10-14 compares results of our computa-
tions using five models: (I)the Thomas-Fermi-
Dirac potential constructed with Abrahamson’s
Born-Mayer parameterization (labeled A); (2) the
Gordon-Kim model (labeled G); (3) and (4), two
models in which potassium is represented by a
single valence electron, and in which' mercury is
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Ground states of potassium and mercury:
19 (2g): 152 - 2521’p6 . 3523ps *4s
B0L(5): 152 + 252908 - 3523p° * 3010452408
- 4d'05s%6p° - 454" %652

Fig. 10-14. Potentisl energy curves for potassium-mercury
system, computed in various approximations: A: Thomas-
Fermi-Dirac potential of Abrahamson; G: Gordon-Kim
P ial; 1-2: Effecti SCF with 1 el potassium,
2 electrons mercury in valence shells; 1-12: Effective-core
SCF with 1 electron potassium, 12 electrons mercury in va-
lence shells; 19-12: Effective-core SCF with (ali) 19 electrom

potassium, 12 electrons mercury in valence shells,

represented by 2 or 12 valence electrons movir,} in
an effective core (labeled 1-2 and 1-12, 125pec-
tively—these potentials include a Gordor-Kim
correction for the core-core interaction); and (5) a
calculation treating all 19 potassium electrons and
12 mercury electrons as a self-consistent field
problem (labeled 19-12). One expects that this
sequence of increasingly elaboraie models should
converge upon the true, theoretical, adiabatic
diatomic potassium-mercury potential. Indeed, the
curves of our less elaborate models do bracket the
most refined 19-12 curve.

For internuclear separations smaller than
about 2.5 4 (potential energies exceeding 1 eV), the
simple Gordon-Kim model provides an excellent
approximation to the potential energy; at larger
separation it falls too rapidly and so underestimates

10-26

the internuclear separation of the potential-well
minimum. The very simple TFD potential
overestimates (by some 10%) the separation dis-
tance for a given repulsive energy exceeding | eV
and, like the Gordon-Kim model, underestimates
the position of the well minimum. We conclude that
the Gordon-Kim model adequately represents the
repulsive portion of the interaction potential for
energies exceeding 1 eV.
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10.4 Laser-Induced Unimolecular
Decomposition Studies

This section includes two areas of study that
have application to separaticr technology beyond
present uranium laser isotope separation. One study
explores the potential for separating lighter isotopes
by the recently discovered cechnique of vapor phase,
multiphoton infrared photodissociation.

The other study examines a long-standing
problem in visible photodecomposition: the detailed
nature of the photoreduction of uranyl compounds.



Fig. 10-15.  Schematic diagram of appa-
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The investigation concentrates on crystalline uranyl
compounds and has potential application in nuclear
fuel reprocessing and isotope separation tech-
nology.

10.4.1 Laser Isotope Separation
of ISN-14N

During the past year, we began an evaluation
of applications of laser photochemistry for the
potential enrichment of '*N or !N isotopes. Our ul-
timate goal was to develop an economic and
scalable N or 1N enrichment process, using well-
engineered, efficient laser systems, There are two
significant applications for enriched nitrogen
isotopes: as a tracer in biology and agriculture, and
in the synthesis of uranium nitride for potential use
in liquid metal, fast breeder reactors.58

Current preduction of 5N is about 1000 kg /yr,
while the present enricament cost for 15N, by frac-
tional distitlation and chemical exchange tech-
niques, is about $65,000/kg or about $1000/mole.
The projected unit cost for a 300-Mt/yr plant, based
on the chemical exchange and fractional distillation
methods, is estimated to be $20,000/kg, providing
that suitable reflux technology and cascade column
performance are eventually demonstrated. After
systematic (technological and economic) evaluation
of the issues, we developed two photochemical
schemes®® that might be used for enriching !N or
14N isotopes from industrial chemical feed stocks:

® Multiphoton dissociation of CH;NH,
(methylamine) by a pulsed CO, laser,

@ Single photon dissociation of NO by « rare
gas halide laser.

Recently, we began a small scale experimental
effort to determine the feasibility and limitations of
these proposed schemes. The overall concept of the
infrared scheme is quite simple. Mixtures of
CH3;NH;/NO are irradiated with a tunable, pulsed
CO, laser. After selective dissociation of CHj,
I5SNHj, the !5NHj radical is scavenged by the NO.
The products of this reaction are known to be ’'NN
and Hy0. The CH; radical might react with NO and
form a CH3;NO molecule, or it might recombine to
give C,Hg. After laser radiation, molecular NN is
physically separated from the unreacted CH3NH,,
NO, CH3;NO, and H,0 by fractional distillation at
77 K. We describe the results of the infrared
photoiysis experiments beiow.

In Fig. 10-15 we show a schematic of the ex-
perimental arrangement for the infrared mul-
tiphoton photolysis measurements. Irradiation of
samples of methylamine was carried out with a
pulsed CO; laser. The typical laser power at 9.6 um
was about 2 MW or 0.4 J in 200 ns (FWHM). For
achieving high power densities in the reaction cell, a
Ge lens was used. The power dencity at the iocal
point was ab “ut 2 GW/cm?2 Power dunsity at the
focal zone could be attenuated with Ge: filters. The
multiphoton absorption spectra of polyatomic
molecules in a strong field were n.easured, using an
optical acoustic cell designed and fabricated at
LLL. We designed the acoustic detector and
acoustic cavity carefully su that they would register
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only the acoustic signals originating from the
spatially limited region where the laser beam was
focused. The visible luminescence emitted from the
focal zone during and after laser irradiation was
detected through a side window, usine a P28
photomuitiplier. The wavelength of the CO, laser
was determined by a precalibrated spectrum
analyzer. Gas pressure in the irradiation cell was
monitured using a capacitance manometer.
During the opto-acoustic experiments, an in-
frared laser beam of known wavelength and inten-
sity was directed into the spatially confined irradia-
tion cell. The pulse energy absorbed by the
molecules in the cell was rapidly degraded into heat
via a vibrational-to-translational energy transfer
process. The corresponding pressure changes were
monitored by the capacitor microphone, whose
signal was amplified and fed to the oscilloscope and
recorder. The background acoustic signal
associated with the molecular absorption at the un-
focused zone or lower laser power region was at-
tenuated by a pair of diaphragms with narrow aper-
tures. The background signals were normally de-
t:cted much later because of the finite transit time
required for acoustic wave propagation in the cell,

We carried out the photolysis experiments in a
similar stainless steel cell with the diaphragms
removed. Sample pressures were typically 260 Pa or
less. Following irradiation of the sample with up to
3000 laser pulses (10 to 15 min), we transferred the
entire sample to a 10-cm-long absorption cell for in-
frared analysis. Using a Beckman IR-9 spec-
trophotometer, we determined the extent of the
reaction by the changes of CH3'4NH; or CH;3'5NH,
absorption near 12.8 and 9.6 um. After the infrared
analysis, the irradiated sample was condensed at
77 K. The vapor pressure of noncondensibles was
measured by a capacitance manometer. The
chemical composition of the noncondensible gas
was determined by means of a quadrupole mass
spectrometer.

Matheson methylamine (98% purity) was
purified by repeated distillations in a closed system
from traps at -90 to -196°C. We generated
nitrogen-15 methylamine by dropping an aqueous
solution of nitrogen-15 methylamine hydrochloride
on NaOH pellets in a T-necked flask. We
transferred the CH3!’NH, vapors through a con-
denser and collected them in a long-necked flask,
surrounded by a dry ice-acetone bath. Residual
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water in CH3'5NH,; was removed by fractional
distillation.

One of the necessary conditions for selective
excitation or dissociation by the multiphoton
process is the existence of an isotope shift in the
spectral region of interest. Because the infrared
spectrum of nitrogen-15 methylamine was not
found in the literature, we made several measure-
ments with the Beckman IR-9 spectrometer. The Q
branch transition of the C-!N stretching mode was
found at 1031.5 cm~!. We confirmed that the
corresponding transition for the CH;'“NH,
molecule is 1044.0 cm-! (Ref. 60). Thus, the
vibrational isotope shift of methylaminic in the 9.6-
um regionis 12.5 £ 0.5cm™".

To optimize the overlap between the CO; laser
lines and the vibration-rotational transitions of
CH,'NH, to CH3N!H, molecules, we measured
the relative absorption intensities of the com-
pounds, using the spectrophone and CO, laser
described in Fig. 10-15. Figure 10-16 shows the
spectrophone data of methylamine CH;NH; ob-
served at various CO, laser power densities. The low
power spectrophone result was obtained with a con-
tinuous wave CQO; laser. The laser beam was
chopped at 10 Hz. Spectrophone data at higher
power densities were obtained with a pulsed CO,
laser. All spectrophone measurements were made in
pure methylamine gas in the pressure range of 5 to



10 Torr. The P(24) lacer line at 9.6 um was found to In principle, it is possible to use the

match well with the Q branch transition of nitrogen- luminescence intensity as an indirect measure of the
14 methylamine. At a laser power density of about extent of multiphoton absorption in gas. We made a
10 W/cm?, the spectrophone signal induced by the luminescence intensity scan of a nitrogen-14
P(24) line is roughly nine times higher than those methylamine sample at various CO, laser frequen-
signals induced by other laser lines of the same laser cies. During these experiments the methylamine
intensity, The contrast ratio of the spectrophone pressure was kept at | Torr, and the pulsed laser
signal decreases to about 3 to | as the laser power energy fluence was kept at about 62 J/cm2 The
density is increased to about 300 MW /cm?2, Similar luminescence intensity appeared to reach its peak as
measurements  nitrogen-15 were made. However, the laser was scanned to the region of the Q branch
no distinct strong spectrophone signal was ob- transition of methylamine. The luminescence inten-
served; i.e., none of the CO, laser lines were found sity was also found to increase with increasing laser
to match well with the vibration-rotational transi- power density. We made no atiempt 1o resolve spec-
tions of CH,;!NH,. In particular, at a power den- troscopically the origin of these luminescences.

sity of 300 MW /cm? and similar gas conditions, the Because the P(24) laser line at 9.6 um was
P(24) spectrophone signal observed in the nitrogen- found to match well with the Q branch transition of
14 methylamine gas is roughly three times higher CH;!“NH,, we performed a series of photolysis ex-
than that observed in the nitrogen-15 sample. periments to enrich nitrogen-14 in isotopic mix-

tures. Table 10-11 lists the experimental conditions
and gas compositions. Molecular NO was added as
a scavenger for the released NH3 and CH]j radicals.
The isotopic selectivity was determined from the
diminution rat: of each methylamine isotopic
species,

At a power density of 150 MW /cm? or higher,
weak visible or ultraviolet luminescence was also
observed during and after the excitation of the
methylamines. The time history of the luminescence
signal was monitored by the 1P28 photomultiplier.
The luminescence signal appears 1o be composed of
two distinct emission events. A fast rise and decay
signal occurs almost instantaneously at the onset of
the CO, laser pulse, and a slower decay signal lasts
for 1 us or longer. It is generally believedS! that the
instantaneous signal is due to emissions from the ex-
cited molecule or excited fragments formed in the
intense injrared field. The longer component is due
10 emissions from hot molecules or radicals excited where [CH3NH)y's are the initial mole fractions of
by the collisional energy transfer processes, methylamine in gas and A[CH3;NH,)'s are the

Table 10-11. Summary of experimental results.

P, Torr Laser fluence,
Run cn N o N5l mo, Jem? Selectivity,® 9.6-um transitions

1 0.8/0.8/3.2 50 14 P(24)
2 0.4/0.4/1.6 60 1.8 P(24)
3 0.4/0.4/1.6 30 1.2 P(24)
4 0.2/0.2/08 60 2.0 P(24)
5 0.4/0.4/1.6 60 1.2 P(32)
6 0.4/0.4/1.6 60 11 P(36)
7 0.4/0.4/1.5 60 1.0 2(6)

8 0.4/0.4/0 60 b P(24)

*The experimeital uncertainty of these values is roughly + 15%.

bNo conversion.
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changes in concentration of each species before and
after laser irradiation. The results are also sum-
marized in Table 10-11. Note that a maximum selec-
tivity of 2 was obtained using the P(24) line. We ob-
served smaller selectivity factors as the laser was
detuned from this transition. Mass analysis of the
irradiated sample frozen at 77 K indicated that
molecular Ny is the major volatile product, The
threshold laser energy fluence for reaction was
found to be roughly 30 J/cm2, In the absence of a
molecular scavenger, we found no change in
chemical composition of the irradiated sample.

Based on the experimental findings, we believe
that the primary multiphoton infrared dissociation
channel for CH3NH, is:

CHSNH2 -+ CH‘3 + NHE AH = 79 keal/mole .

It is known that NH, radicals react rapidly with NO
to yield molecular Nj, the major nitrogen-
containing product:

NH; + NO > N, + HZO’

k=8X 1012 cm?/molecule,s (see Ref. 62).

where k is the reaction rate. The competing recom-
bination reaction CH3 + NH3 + M is slow com-
pared to the scavenging reaction. In addition,
cleavage of the CH3-NH; bond is the lowest en-
dothermic channel for dissociation. The other dis-
sociation channels are:

AH = 96 kcal/mole
AH = 102 kcal/mole .

CH3NH2 —>CH3NH +H
- CH2NH2 +H

In the absence of NO, the lack of a measurable
enrichment and the lack of any change in the
chemical composition suggest that the three-body
recombination rate of CHy + NH; + M is con-
siderably faster than either CH; + CH3; + M or
NH; + NH; + M reactions.

Based on these results, we propose the follow-
ing set of steps for the overall processes:
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nhv
CH,'*NH, » CH,+'¥NH,  n3>26,

selective excitation/dissociation
14 . 14
NHj, + NO—~+ N, + HZO
M
CH3 + NO ~CH;NO
14 15 14 g 15 .
‘CH3 NH; + CH3 NH, = CH, Nl-l2 + (..l-l3 NHZ’
collisional energy traasfer
14 15 14 15
NH2 + CH3 NH2 —>\.,!13 NH2 + ""NH,,

collisional radical exchange.

In general, the energy transfer and radical ex-
change reactions tend to decrease the selectivity of
reaction. This decrease is consistent with our ex-
perimenual findings in which the observed enrich-
ment factor appears to be somewhat smaller than
the spectroscopic selectivity, namely, 3 to [.

Both the spectrophone and luminescence data
seem to indicate a stronger absorption of infrared
photons, because the laser was tuned to the Q
branch transition of nitrogen-14 methylamine. This
stronger absorption may be caused by two factors: a
better matching of the laser and molecular
vibrational frequencies, and a higher density of ab-
sorption lines of methylamine at the Q branch
region. Because a similar effect was not observed in
the nitrogen-15 sample, the second factor is
probably not important. The relative intensities of
the spectrophone signals observed in the
methylamine sample of different nitrogen isotopes
have also shed some light on the maximum enrich-
ment factor that one can achieve with high intensity
CO; laser radiation. For example, at the P(24) laser
transition, the contrast of nitrogen-14 vs the
nitrogen-15 spectrophone signal is roughly 3. The
experimentally achieved enrichment factor was 50%
of that expected.

Although the vibrational isotope shift of the
CH3-NHj stretch mode is sizable, the enrichment
factors achieved from these photolysis experiments
are quite small; this has probably resulted from the
overlap of the vibrational-rotational lines of
CH;NH; and CH;!*NH,, because of power
broadening under the intense infrared laser field.
The 3N isotope separation might also be achieved
by multiphoton dissociation of other nitrogen-
containing polyatomic molecules, such as NyHg, or
other amines using molecular NO as a radical



scavenger. However, the enrichment factor will
probably be small because of this limiting factor.

In summary, we have demonstrated a selective,
multiphoton infrared chemical process for enriching
19N in methylamine. An enrichment factor of twe
has been achieved from the irradiation of a
CH4'¥NH;/CH;3'NH,/NO  mixture, using the
P(24) line of the 9.6-um COj laser, The threshold
energy fluence for decomposing CH3NH; to CH;3
and NHjradicals was roughly 30 J/cm2. The radical
scavenger NO appears to be essential for obtaining
the selectivity in the photolysis, We believe '*N
enrichment could be directly achieved with a similar
photochemical scheme, using a continuously
tunable high-pressure CO, laser. Higher enrichment
factors might be possible by dissociating
methylamine, using a scheme incorporating pulses
from two infrared lasers, 53

References

58. V.1 Tennery, Nitrogen-;5 Enrichment and its Potential Use
in Advanced LMFBR Mixed-Nitride Fuels, Oak Ridge
National Laboratory, Oak Ridge. Tenn., Rept. TM-562]
(977.

59. H.L.Chen and J.W. Dubrin, Isotope Separation of '*N
by Selective Photodissociation of CH NH, or NO, UC LLL

. ! t .
Patent Disclosure. Lawrence Livermure Laboratory. Liver-
more. Calif., Invention Case No. 1L-6379 (1978).

60. A.P.Grayand R. C. Lord, “Rotation-Vibration Spectra of
Methyl Amine and it's Deuterium Derivatives.” J. Chem.
Phys. 26, 691 (1957).

61. V. N. Bagratashvili, I. N. Knyazen, V.S. Letokhov.and V.
V. Lobko, "Rescnance Excitation of C,H,; Molecule
Luminescence by Pulsed High-Pressure Continuously
Tunable CO, Laser.” Opt. Comr:a. 14, 426 (1975).

62. M. Gehring, K. Hoyermann, H. Schackle and j. Wolfrum,
“Elementary Steps for the Formation and Destruction of
Nitric Oxide in the Hydrogen-Nitrogen-Oxygen System,"
14th Symp. of Combustion. p. 99 (Pittsburgh, Pa., 1973).

63. R.V.Ambartzumian, Yu. A. Gorokhov, G. N. Markarov,
A. A. Puretskii. and N, P. Furzikov, “Separation of Os-
mium Isotopes by Dissociation of the OsO4 Molecule in a
Two-Frequency Infrared Laser Field,” Sov. J. Quantur
Electron. 7, 904 (1977).

Authors

H. L. Chen
C. Borzileri

10.4.2 Photochemistry of
Crysialline Uranyl Compounds

Low-temperature crystalline uranyl (UO%2)
compounds were considered for uranium isolope
separation during the Manhattan project. The spec-
tra of two compounds taken at that time showed

isotopic structure, but no photochemical activity on
which to bas: a separation process was observed in
the project’s limited investigation. Such a process
may still have considerable advantage over present
gaseous methods. As a resuit, the photochemical as
weli as spectroscopic properties of uranyls have
been investigated as part of the reaction dynamics
research activities.

The spectroscepy and photochemistry of
uranyl (UO%?2) compounds are subjects having ex-
tensive literatures dating back to the nineteenth
century.5465 A large number of distinct salts have
been synthesized with combinations of organic and
inorganic anions and alkali and alkaline earth ca-
tions. These uranyl compounds all have a charac-
teristic absorption in the visible region, which can
be exceedingly rich in structure. In aqueous solu-
tions, the lowes! excited state of UQ%? has proven
to be a powerful photochemical agent capable of
oxidizing such diverse anions as 1-, C,032, and H
CO3, and any number of alcohols.

The understanding of both the spectroscopy
and the photochemistry has proven to be an elusive
objective; almost all the photochemistry has been
done in solutions in which, as it appears, multiple
reaction pathways have obscured the nature of the
fundamental processes. Similarly, the spectroscopy
has generally been solution work at elevated tem-
peratures, where low resolution has reduced conclu-
sions to educated guesses.

Notable exceptions exist that have concen-
trated the properties of crystalline compounds, par-
ticularly at low temperatures 8 Here, the regular
crystalline array yields a simplified spectrum and
allows controlled studies of photochemical activity.
However, only three crystalline uranyl compounds
were reporied 1o react photochemically,8%67 each
containing the formate (HCOO) ligand.

Undaunted, we set about to survey the
photochemical and spectroscopic properties of a
large number of uranyl crystals to determine the ex-
act extent of crystalline photochemical behavior in
uranyls. We discuss here some results of that search
and one example of a detailed investigation into the
photochemical behavior of a uranyl crystal: uranyl
formate monohydrate.

Survey of Crystalline Uranyl Visible Photo-
chemistry. The first report of photochemical activity
of a crystalline uranyl compound was made by Mul-
ler in 1915 on uranyl formate monohydrate; scant
development has occurred since. Only the sodium
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Table 10-12, Survey of crystalline urany! visible photochemistry.

H,0 Li* Na* k* Rb* o’ NH} cny N Guan*
Formate 10 10 10 10 10 10 10 - -
Lactate 10 10 10 10 - - - - -
Glycolate 10 - 10 - - - - - —
Oxalate 1 3 3 1 - - 3 - 5
Acetate () - [} - - - - - -
Nitrate [] - - [ [] 1] - -
Chtoride Q - - 0 - 0 0 -

and ammonium salls of the formate have been
reported to be photoactive. The high lability of the
hydrogen on the formate has been suggested as the
key to the chemical activity in the solid state. We
prepared a number of compounds that have labile
hydrogen atoms on the ligands (the formate, lactate,
and glycolates) and that have reported photo-
chemical activity in solution (oxalaies); also, we
prepared a number of compounds whose virtues
were due more to their clean spectra than to an-
ticipated visible photochemistry.

The prepared crystals were illuminated in the
visible by exposure to bright sunlight, and a rank
order of activity was established. The resuits of this
survey are summarized in Table 10-12, which dis-
plays a matrix of compounds formed by the inter-
section of the anion ligand row with the cation (or
H,0) column. The numbers represent a rough es-
timate of relative photochemical activity. Blanks
appear where no compound was prepared. The sur-
vey uncovered a remarkably large number of active

Recorder sensitivity
increased 5X

ice fikes place froin two -
? e.vvlﬁlelhgoihgrhy

» S Mfe!lme)- S

crystalline systems and demonstrates that, to  large
degree, the photouctivity of a4 given reducing ligand
is independent of the particular crystalline structure
in which it is located.

Uraryl Formate Monohydrate [UOy(COOH ),
H;0]. Uranyl formate monohydrate (referred to
below as “the formate”) is particularly interesting
because of its photochemical activity. We have w0
far learned that fluorescence in the formate occurs
from at least lwo excited states, and that the for-
mate photochemistry, which proceeds with near
unit quantum efficiency at room temperature, has
extremely low quantum efficiency at 12 K.

A fluorescence spectrum of the formate with
laser excitation at 4682.5 4 is given in Fig, 10-17.
The regular repetition of groups of lines is charac-
teristic of urany! fluorescence spectra. The spacing
(850 cm!)y corresponds to the symmetric stretch
vibration in the ground electronic state of the linear

Recorder sensitivity
increased 10X

) Wavelength % A

‘_:Fig. l.-ll. UO;(COOH); B uzo nuomcence specmnn
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0OUO*2 group. The spectrum of Fig. 10-17 should
be compared to that of Fig. 10-18 in which the lzser
wavelength of 4908 4 corresponds to the longest
wavelength that excites fluorescence. Note that the
series of lines at 5072, 5304, 5557, 5833, and 6139 4
are entirely absent under long wavelength excita-
tion.

The excited state that produces the series of
lines beginning with 5072 A is distinguished also by
its lifetime. At 12 K, where all the fluorescence, ex-
citation, and absorption spectra presented here were
taken, it has a lifetime of 5 us, compared to the
400-us lifetime of other lines in the fluorescence
spectrum.

Figure 10-19 shows the fluorescence intensity
at 5124 A {the second peak in the progression begin-
ning with 4908 4) as a function of excitation (laser)
frequency. A sharp onset of fluorescence is observed
at 20,375 cm~! or 4908 4. Because this frequency is
observed both in excitation and in fluorescence (see
Fig. 10-19), it corresponds to a pure electronic tran-
sition. In both absorption and fluorescence,
therefore, vibronic progressions will be built on this
origin (see Figs. 10-17 and 10-20).

Figure 10-20 shows a similar spectrum for
production of fluorescence at 5072 4. In this case,

§ .

&
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- Fig. Il-l(l. lIO:(COOHn'HzO tx:llnllonnpettlulhahow-
ing 3072- Afl y s & function of excitsion-
(taser) fuqumcy (uumhlly no absorption. oceurs al 4908
and 48!5 Ay,

however, fluorescence does not begin until the laser
frequency exceeds about 20,480 cm~!, This spectrum
indicates that significant exchange of energy among
the fluorescing states does not occur until about 100
cm~! above the 20,375 cm~! origin.

An unusual aspect of the formate excitation
spectrium of Fig. 10-19 is that the origin at 4908 4
and the peaks at 4885 and 4864 A are of similar in-
teasity. In the absorption spectrum of the formate
that is given in Fig. 10-21, the absorption at 4864 4
is very much stronger than the absorption at the
other wavelengths. This type of behavior could be
explained by saturation of the absorption by the
laser, but this does not seem 1o be the case because
fluorescence intensity was observed to depend on
laser intensity. A more likely explanation is that the
4864-A absorbing state is coupled to one or more
other states. The excitation spectrum of Fig. 10-20
shows that 4864-4 light does cause fuorescence at
5072 A, while 4885- and 4908-4 absorption does
not. Thus, part of the absorption at 4864 4, which
would otherwise lead to fluorescence at 5124 £ and
related lines, is shunted over to the state that
produces 5072 A4, etc., fluorescence. It is not clear at
this point that coupling to this state alone is suf-
ficient to explain the difference between absorption
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and excitation spectra, We suspect, in fact, that a
third state is also coupled to the 400-us state, and
that this state may be the one responsible for
photochemistry.

The photodecomposition studies of the for-
mate have been carried out at room temperature by
previous workers,57 and a two-step mechanism has
been suggested to produce U(IV) from U(VI) in
which the first step to produce U(V) is photo-
chemical. The final products have been identified as
UO(OH)COOH) H,0 and CO,. The intermediate
products are in doubt, though formation of the
COOH radical has been observed. No suggestions
on how the charge transfer and decomposition take
place from a molecular structure viewpoint have
been made.

We have discovered in the following simple ex-
periment that the photochemical activity of the for-
mate is essentially nonexistent at 12 K, compared to
its activity at room temperature. A crystal of the
formate was irradiated for 4 h at room temperature
with blue light filtered from a quartz-iodine lamp.
The crystal turned from yellow to dark olive green.
A similar crystal was irradiated under the same con-
ditions except that the sample temperature was
12 K. The irradiation went on for 14 h without ap-
parent change in the crystal colar or other physical
properties. Its absorption spectra before and after
irradiation were identical. Apparently, sufficient
lattice energy must be present to permit reorienta-
tion, or some other change, to take place in the ex-
cited molecular complex. Otherwise, decomposition
does not occur.

1034

This observation suggests that a photochemical
quenching of fluorescence should occur as the tem-
perature is raised from 12 K toward room tem-
perature. Quenching of fluorescence is indeed ob-
served: at 12 K, as already mentioned, the lifetime is
400 us; at 40 K, it has dropped to 65 us; and at 60 K
itis 20 us. A plot of the logarithm of the lifetime as a
function of T~! shows a strzight line, implying that a
thermal activation mechanism is responsibie for
quenching. The rate of quenching is, therefore, of
the Arrhenius form k = kg exp-(E,/kT). In this case
the activation energy is E, = 100 cm~!, and the in-
finite temperature limit on the rate of quenching is
ko = 7 X 10%s. We cannot yet identify the extent to
which the quenching effect is due to photo-
chemistry, because nonradiative relaxation can also
be responsible. Thus, for example, at temperature
40 K, fluorescence at 5072 A is observed with ex-
citation at 4908 4, indicating thermally induced
radiaticnless energy transfer from thie 400-us state
to the 5-us state. This process must contribute to the
quenching of fluorescence from the 400-us state, but
it is not yet clear to what extent. Experiments are in
progress to determine the role of photochemistry in
fluorescence quenching and to characterize the
state(s) from which it originates.
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10.5 Photon-Atom Dynamics
10.5.1 Theoretical Background

Continuing our support on the experimental
‘evelopment of efficient schemes for selectively ex-
citing and subsequently ionizing atomic vapor
sources, we have developed theoretical models im-
plemented as computer codes that permit us to
foiow detailed time dependence of excitation and
ionization; this allows us to predict the effects of
modified operating conditions (e.g., choices of ex-
citation transitions and lase; i:iensities). By reveal
ing the fundamental beh-.vior of atoms expused t.
brief intense fields, our codes allow us to examine
the observable effert< of coherent excitation. These
studies are a natural outgrowth of the program
reviewed in last year’s annual report.8 The follow-
ing sections summarize some of our subsequent ob-
servations.

Basic Equations. Previous annual reports®8.6?
have described the model that underlies our
theoretical description of atomic vapor excitation
and ionization by multiple resonantly tuned pulsed
lasers. Because by design the laser-induced ioniza-
tion occurs more rapidly than competing collisional
or spontaneous emission processes, the dynamics of
excitation follows laws of motion expressed by the
time-dependent SchrGdinger equation in the
rotating wave approximation (RWA).70 In this ap-
proximation, we parameterize the N-level atom
dynamics by a set of N values for cumulative detun-
ings A, of laser frequencies away from Bohr fre-
quencies, of N values for probability loss rates vy,
from individual levels, and of N - 1 values for the
interaction energy between atomic transition dipole
moments and laser electric fields, traditionally ex-
pressed as Rabi frequencies Q.. These parameters
appear in the RWA Hamiltonian W governing the
time dependence of complex-valued amplitudes
Calv),

i‘% C, (M= z w_C ®,
m

whose ahsolute square yizlds the probability P,(1) =
}Co(1)?} of finding an atom in state n. As we have
previously pointed out,5571.72 the time-dependent
Schrodinger equation has analytic solutions under
special conditions. Consider an excitation flow

through an unbranching chain-like succession of N
adjacent linked levels (the N-leve) ladder); then, for
particular choices of the N - | Rabi frequencies and
resonant tuning of the N - 1 monochromatic ex-
citi ig lasers, the probability amplitudes become ex-
pr ssible in terms of well-known special functions.
Although such analytic solutions provide useful in-
sight into the mechanism of coherent excitation,
they do not provide a :cliable quantitative descrip-
tion of experimental conditions. Such realistic
modeling can be done only by direct numerical in-
tegration of the time-dependent equations of mo-
tion. For this purpose, we have developed computer
codes capable of integrating the appropriate equa-
tions, of carrving aut the needed statistical averages,
and of displaying results in useful graphical
form.

Computer Modeling. To illustrate the behavior
of pulsed coherent excitation, Fig. 10-22 sche-
matically depicts the excitation linkage ¢i a
hypothetical three-level atom. A pulsed laser is
tuned to the resonance ato.~ic frequency between
the ground state (level 1) and an excited state (level
2). A second simultaneous pulsed laser is tuned to
the frequency connccting level 2 with a third,
autoionizing, level. Our codes permit flexibilily ir
descriting the time dependence of the laser pulses;
for the following examples the pulse intensities
follow a Gaussian envelope.

Because the vapor source has a distribution of
thermal velocities leading to a distribution o)
Doppler-shifted deiunings, we must average the
numerical solutions over the Doppler detunings (an
example of inhomogeneous relaxation) to ohtain
theoretical excitation populations, Figure i0-23(a)
shows, for this example, the Doppler distribution of
un-ionized atoms at a succession of times. We ob-
serve that the lacer excitation preferentially removes
atoms from the center portion of the dis-
tribution—atoms whose Doppler shifts do not ap-
preciably exceed the peak value of the (time-
varying) Rabi frequency. Figure 10-23(b) displays
the (Doppler-averaged) probabilities for population
at each of the three levels, together with the ionized
fraction. Observe that the Doppler averaging has
nearly eliminated evidence of the population oscilla-
tions that characterize individual solutions to the
Schrodinger equation. Only a slight ripple gives
evidence of the underlying coherence.

The three-ievel model neglects several charac-
teristics of real atomic transitions. Many atomic
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ground states and most excited levels have an
angular momentum associated with the electronic
structure. A level whose angular momentum quan-
tum number is J has 2] + | quantized possible orien-
tations (each corresponding 10 a distinct magnetic
sublevel) of the dipole transition moment in the
laser electric field. Hence, there are 2J + | possible
Rabi frequencies among the atomic cnsemble.68.73
Like the effect of Doppler-shift distributions, the
distribution of orientaticns (or averages over
magnetic sublevels) acts to average out the apparent
population oscillations,’? although for the example
of Fig. 10-23 the resuiting effect is insignificant.
A second, potentially more significant, exten-
sion of the three-level atom occurs when nuclear
spin adds an additional angular momentum to the
electronic angular momentum. The resuitant totai
angular momentum F produces, through selection
rules AF = +1, 0, -1, a more complicated excitation
than the simple three-level chain. Figure 10-24
shows the excitation linkage diagram for a
hypothetical three-level atom whose electronic
angular momenta J = 5 -6 -7 couple with a
nuclear spin I = 5/2 to yield a range of values for
the total angular momentum F. The linkages satisfy
the selection rules AF = +1, 0, -1. Because the
hyperfine levels are not exactly degenerate (Fig.
10-24 exaggerates the assumed energy splitting), the
absorption coefficient for each transition exhibits
structure. The coefficient shown in Fig. 10-25(a) is a
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superposition of independent Gaussian profiles cen-
tered at the various hyperfine component frequen-
cies, with weights proportional to the transition
strength of the component.

The addition of hyperfine structure to the
model three-level atom produces the excitation
probabilities shown in Fig. 10-25(b). Population os-
cillations remain observable as small fluctuations.
The overall nicture is qualitatively similar to Fig.
10-24, although ionization here is less complete; ap-
preciable population remains trapped in relatively
inaccessible sublevels. The portrayal of un-ionized
Doppier distribution in Fig. 10-25(a) shows how
hyperfine splitting can act as an inhomogeneous
broadening mechanism by spreading out the reso-
nant frequencies; we no longer see a narrow band of
ionized atoms centered around zero detuning, but
instead we see a much broader ionization profile.

The foregoing examples illustrate the nu-
merical modeling resuits, which permit us to ad-
dress a broad range of issues concerned with choos-
ing laser characteristics to achieve optimum ioniza-
tion.

Fitting Rate Equations to Excitation Dynamics.
Although 'we expect the underlying dynamics of our
pulsed excitation experiments to comply with the
coherent Schrodinger equation, the introduction of

statistical averages over magnetic sublevel popula-
tions and over Doppler shifts, taken with the &Lyrner-
fine linkages, produces time-dependent excitation
and ionization functions that appear qualitatively
similar 1o those obtainable from rate equations.
Statistical averages damp the oscillatory behavior
typical of coherent excitation. Because integration
of simple rate equations saves considerable com-
putation time compared with the effort required to
compute statistical averages over hyperfine
linkages, we attempted to fit our computed results
into the form of rate equations by Jetermining em-
pirical rate coefficients. However, we found that
such rate equations would require time-dependent
rate coefficients or, alternatively, several rate con-
stants per transition. In general, using a single rate
constant, we would underestimate the laser power
required to produce a given amount of ionizatior,
some of the numerous transitions between hyperfine
subleveis of the atom are relatively weak and so act
as bottlenecks in the population flow out of some
levels. We conclude that rate equation approxima-
tions are not reliable predictors of our excitation ex-
periments.

Limitations of Rate Equations. Traditional
modeling of radiative-excitation dynamics, dealing
with incoherent low-intensity excitation, has ap-
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plied rate equations to the calculation of non-
equilibrium populations. Predictions of such equa-
tions can differ dramatically from predictions of the
Schrodinger equation. The following simple exam-
ples illustrate the qualitative differences that can oc-
cur between coherent and incoherent excitation.

As an example, we have previously learned’3-74
thay, for a lossless N-level system with 1adder-like
excitation, the SchrOdinger equation with equal
Rabi frequencies predicts long-time average popula-
tions close to the rate-equation steady-state values
of 1/N. The introduction of a small jonization loss
from the final (Nth) level of the ladder does not
alter the qualitative agreement between rate equa-
tions and the Schrodinger equation: all the popula-
tion eventually ionizes.
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Fig. 10-26. Sk igle-step excitation Unkages of multiple levels
to singie lonirng upper level: (a) the lambda system, (b)
equivalent sy jem, () the N-leg system, and (d) equivalent

system.

However, we have also pointed out%® a case in
which rate equation analyses fail to predict, even
qualitatively, the jonization process: in a coherently
excited three-level ladder with loss from ‘he middle
level—the lambda system; see Fig. 10-Z6(a)—only
half of the population can ionize. The rest remains
locked in a coherent state. By contrast, the rate
equations incorrectly predict complete ionization
for the lambda system.

We can readily trace the failure of the rate
equations in the lambda system to the importance
of phase relaiionships in the dynamics. Indeed, a
suitable redefinition of basis levels replaces the
lambda system with the system of Fig. 10-26(b): a
two-level ladder plus an isolated level.

The general N-leg system of Fig. 10-26{(c) is
similar; it is equivalent to N - | isolated levels and a
two-level ladder, so that only /N of the population
ionizes. Again, this result contrasts with a rate equa-
tion, which would predict eventual complete ioniza-
tion. As with the lambda system, it is the phase
relationships that permit the transformation from
Fig. 10-26(c) to Fig. 10-26{d); they cause destructive
interference between the excitation paths, thereby
diminishing the excited state population.

The interferences prevent vs from applying rate
equations to excitation with crossed polarization, as
illustrated in the case of excitation from a level with
angular momentum J = 0 to a level with J = 1, and
thence to J = 0 from whence ionization occurs. If
we neglect degeneracy and regard the system as a
three-level ladder—see Fig. 10-27(a)—then we ex-
pect all of the population to eventually ionize. This
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is indeed the case when both lasers are linearly
polarized along the same axis, but for other choices
of polarization there may be no ionization at all. To
understand thic effect, consider the magnetic sub-
level structure,” as shown in Fig. 10-27(b). Lines in-
dicate the linkages appropriate to linear polariza-
tion with quantization along the polarization axis;
the selection rule is AM = 0. We see that ir this
representation the system comprises a three-level
ladder with two extraneous unpopulated levels. All
of the population eventually ionizes, as we expect
from a ratc 2quation.

These same results must, of course, occur in a
helicity basis in which we express linear polarization
as a superposition of right- and left-circular
polarization (selection ruless AM = +1 and AM
= -1). Figure 10-27(c) shows these linkages with
their phases. However, if we change one of the
phases from + to -, the linkage represents crossed-
linear polarization, Fig. 10-27(d). We now find that
no excitation reaches the final J = 0 level, so that no
ionization ever occurs. Destructive interference pre-
vents this excitation. Rate equations, unable to dis-
tinguish between the linkages of Figs. 10-27(c) and
10-27(dj, predict complete i¢nization in both cases.

The foregoing examples emphasize a fun-
damental limitation of rate equations. Whenever
phases are important in the definition of a problem
(as they are in closed loops or in crossed polariza-
tion), rate equations are not a reliable model of ex-
citation dynamics.

Definition of Virtual Levels. The notion of “vir-
tual level,” as opposed to a “real level,” occurs
when we deal’”® with a nonresonant atomic (or

molecular) excitation process—a process for which
there is a mismatch (detuning) between the atomic
energy difference E and the excitation energy h. The
designations “real” and *“virtual” actually refer to
extreme cases of zero and large detunings, respec-
tively. We found it interesting to examine in detail’®
the transition between these extremes and to iden-
tify the dividing line between the two cases, by ex-
amining a three-level atom excited by two
monochromatic lasers. We let ionization occur from
the third level and assumed that two-photon excita-
tion to this ionizing level remained exactly resonant,
whiie the single photon transition to level 2 could be
detuned by an amount A.

From plots of the level probabilities P,(t) for
various detunings, with the choice of equal Rabi fre-
quencies for simplicity, we observed the gradual
change from resonant three-level atom behavior
when detuning was absent to regular two-level pop-
ulation oscillations bypassing level 2 when the
detuning exceeded two Rabi frequencies. Figures
10-28 and 10-29 illustrate this effect. We have
published a detailed illustrated account of this
behavior,’6

Caler!'»tion of Long-Tiise Average Populations.
The resonant excitation of atoms by mono-
chromatic lasers introduces several time constants:

® The Rabi frequencies, which set the time
interval over which the atom can respond to the ex-
citation.

® Relaxation rates, which set the time inter-
val for loss of coherence.

@ Ionization rates, which set the time scale
for loss of probability.
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It may happen that observations take place
over many Rabi cycles, yet still over a time interval
in which there is litile loss of coherence or of
probability. Such observations probe time-averaged
populations. These excitalion populations, es-
tablished -in the absence of relaxation, can be very
different from the steady state populations that rate
equations predict. To predict the populations, one
must determine, from solutions to the time-
dependent Schrodinger equation, time averages of
the probability Py(t) of finding level n excited. One
may use the RWA Hamiltonian W to express the
amplitude at time t in terms of the known initiai
amplitude,%8

Pn(t)=| z<n
m

One may then employ (right) eigenvectors R, (k) of
W and (left) eigenvectors Ly(k) of the transpose WT
to write:

eWtim> c, (0)

P, (0 _-Zk’ R_(k) B(k) R (K')* BK')*
’ Xexp [-(Z, -2, "0} ,
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where Z, is the k’th eigenvalue of W and where:

B(k) = 2 L, () C (0

m

is the initial component of the kth eigenvector. If
one now averages P (t) over a long time compared
with the characteristic times 1/Zy, the exponential
time factor averages to zero unless Z; = Z;'*. When
the matrix W is nondegenerate, eigenvalue equality
occurs only when k = k’, and the long-time average
can be obtained quite simply as the single sum’?

FZ

When degeneracies are present, as in problems
of ellipitical polarization, one must introduce two
modifications. First, one must explicitly bi-
orthogonalize the degenerate eigenvectors. Second,

R, (k) B(K)
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one must replace the single sum by a double sum
over degenerate eigenvectors:

P = g R (K)B()R_(K') BE')* 8 (Z, ~Z,.*) .

We have incorporated these two modifications into
the code BLOCHB and have verified that they are
necessary and sufficient conditions to permit com-
putation of long-time averages when degeneracies
are present.

Relaxation Phenomena. The single Schrodinger
equation fails to account for various relaxation
processes that destroy coherence. In previously
reported publications®®77.78 we have discussed ef-
fects of collision-induced relaxation (as cxpressed
through the Bloch equation) and of homogeneous
broadening of absorption lines as treated by imag-
inary diagonal elements of the RWA Hamiltonian.
Further inhomogeneous broadening occurs because
different atoms reside in slightly different environ-
ments. The distribution of Doppler shifts comprises
a significant source of inhomogeneous relaxation in
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an atomic vapor, and we have published detailed
examinations’®%0 of this effect upon excrtation and
ionization.

Fluctuations and Statistical Effects. Much of
our modeling idealizes lasers as monochromatic
efectric fields. Real lasers do not have zero
bandwidth, and we have therefore supported,
through contract, studies of fluctuations and
statistical effects in the excitation of atomic and
molecular systems. Conventional perturbation
methods assume the Rabi frequency to be much less
than the laser bandwidth, contrary to conditions of
interest to us. We have devised heuristic
techniques®\82 for ireating Nuctuations in both the
phase and amplitude of the electric fields; also, we
have obtained a general and exact algorithm8? for
incorporating the most cominonly assumed phase
noise (Gaussian, a short memory) into Bloch-
operator or density-matrix equations of motion.
The algorithm permits us to insert the laser
bandwidth directly into fluctuation-averaged
atomic equations as 4 parameter rather than a
stochastic variate, thereby permitting more compact
numerical modeling.

Light Propagation in Multilevel Abserbers.
Traditional treatments of radiation propagation,
applicable to fight of fow intensity, express the in-
cremental alteration of a propagating pulse through
Beer’s law of exponential attenuation. This treat-
ment fails in the regime of ccherent excitation:
where Rabi frequencies are much larger than relaxa-
tion rates, one can observe dramatic pulse reshaping
and self-induced transparency.85-87 To study this
regime, we are undertaking developrient of com-
puter codes ta integrate Self-consistent dynamic
equations for the electromagnetic field and the
atomic vapor. The codes are based on Maxwell’s
field equations, rather than on the equation of
radiative transfer, combined with the density matrix
or Schrodinger equation, rather than with the rate
equations or perturbation theory, Qur studies deal
with propagation of multiple-frequency pulses
through muitilevel Doppler-broadened systems.
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10.5.2 Experimental
Investigations

Saturation Studies. In modeling coherent ex-
citation of an N-level atom, the N - [ separate Rabi
frequencies are key parameters that provide the link
between theory and experiment. Each of the Rabi
frequencies is equal to the product of the resonant
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or near-resonant laser electric field amplitude and
transition dipole moment, divided by Planck’s cons-
tant. Thus, accurate modeling requires accurate
values of dipole moments. By measuring suitable in-
dicators of excitation we can determine these mo-
ments.

We designed one such series of experiments to
measure the removal of population from the atomic
ground state through excitation by a pulsed pump
laser. By plotting the removed fraction as a function
of laser intensities we obtained a saturation curve,
so called because the excited fraction appears to ap-
proach an asymptotic limiting value of 1/2 as the in-
tensity grows large.

Applying rate equations, we predicted that ex-
citation by a monochromatic pulse of duration T
should produce, in a two-level system, the excited

fraction F = | - exp (-2Q2T /v), where Q is the Rabi
{requency and y the appropriate width of the ab-
sorption line profile. By contrast, the Schrodinger
equation predicts an oscillatory excited fraction F
=1 -cos (2T). Various mechanisms, particularly
the averaging over various dipole-moment orienta-
tions, over various Doppler shifts, and over pulse-
to-pulse amplitude fluctuations, act to dampen the
apparent Rabi oscillations, thereby producing a
saturation curve similar to, though not identical
with, the saturation curve predicted from a rate
equation. Figure 10-30 ilfustrates the effects of these
mechanisms by comparing saturation curves for a
nondegenerate two-level atom with curves for
J = 6 6 transitions. In each case we show four
curves, corresponding to four successively broader
distributions of intensity fluctuations. The two-level
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atom undergoes pronounced population oscilla-
tions, which remain clearly defined even in the
presence of appreciable intensity fluctuations. The
presence of angular momenta, with 21 + 1 orienta-
tions, dampens the oscillations. Linearly polarized
light, for the J = 6 - 6 transition, also retains pro-
nounced population oscillations. Circularly
polarized light produces a wider range of Rabi fre-
quencies for J = 6 -» 6, and hence the saturation
curves for this polarization show little evidence of
population oscillations.

We have measured excitation probability over
a range of laser intensities to obtain saturation
curves for selected uranium transitions. In principle,
an accurate determination of laser intensity would
permit us to determine, by comparing the saturation
curve with theoretical models, the dipole transition
strength. In practice, experimental results du not
always provide clear distinction between model
curves; it is difficult, therefore, to obtain accurate
dipole moments with this technique,

AC Stark Effect. The population (Rabi) os-
cillations that play so dominant a part in the
dynamics of coherent excitation manifest them-
selves in the frequency domain as spectral side-
bands. The consequent splitting of absorption lines
into two (or more) components separated by the
Rabi frequencies—the dynamical or AC Stark effect
(or optical Autler-Townes effect)—offers a possible
means for determining transition strengths.388 To
observe this effect, we fixed a strong pump laser
coincident with a transition between two levels |
and 2 (with | the ground state or a populated ex-
cited state), and then we tuned a weaker probe laser
to a second transition 2 — 3 leading to ionization
from level 3. When we swept the frequency of the
probe laser, we observed two peaks in the ion signal.
This two-peak pattern is the AC Stark effect.

Previously this effect has been observed
(through fluorescence) and reported in two-level
systems of sodium atoms.3889 We have carried out
the first observations, in uranium, of an element
having large angular momentum (J =6). The
uranium system is not a two-level transition; rather,
it is a statistical average over 2J + | = 13 quantized
orientations of two-level systems, This orientation
average tends to wash out the conventional two-
peaked pattern. Nevertheless, theory predicts, and
experiments show, clearly resolved structure. Figure
10-31 shows experimental results taken at four suc-
cessively increasing power levels, The frequency
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splitting between peaks increases as the pump laser
is detuned from resonance; the smallest splitting (no
detuning) is the effective Rabi frequency. As the
pump is further detuned, the two peaks become
asymmetric. This asymmetry offers a second possi-
ble measurement of the Rabi frequency, as various
scientists have noted. Unfortunately, the asymmetry
is sensitive to details of the time dependence. For
square-pulse excitation at sufficiently short times
(on a scale fixed by the ionization rate), the peaks
are symmetric at any detuning. For longer times,
the ratio of peak values approaches an asymptotic



limit. One expects this limiting ratio to be the square
of the ratio of dressed-atom eigenvector compo-
nents, because under steady-state conditions these
are the system eigenstates. For a two-level atom,
this limiting ratio R follows the formula

R=(x+\/x2-l)2 .

where x is the separation between peaks, measured
in units of the Rabi frequency.

The experimental data only poorly fit this pat-
tern. We have investigated some of the possible
sources of this discrepancy. We have established
that the theoretical pattern differs in detail between
pump excitation by circularly polarized light and by
linearly polarized light (assuming that the probe
laser has the same polarization as the punip). We
have verified that the pattern does not depend upon
the relative phase of circular polarization between
pump and probe (e.g., right-right or right-left).

Because the results are so sensitive to time
dependence (under excitation conditions wherein
one does not reach the asymptotic peak ratio), it ap-
pears that the peak asymmetry does not provide a
useful diagnostic tool. Indeed, if the pulse rises suf-
ficiently slowly, th. asymmetry gives a measure of
the rise time.
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10.5.3 Fluorescence Probing
of Lasc: Pumping

For the past year the AIS Collision Physics
Group has been studying photochemical reactions
of uranium atoms. This research aims to dem-
onstrate a uranium-atom, photochemical, isotope
separation process.”® Our experiments consist of

passing a collimated beam of uranium vapor
through a beam of reagent, simultaneously
irradiating the beam intersection region with laser
light. The three beams (uranium, reagent, and
lasers) intersect orthogonally, as depicted in Fig.
10-32. We employ a pair of cw dye lasers,
propagating colinearly. The superposed lasers are
gently focused in one dimension with a 2- to 3-deg
convergence angle, which matches the divergence
angle of the uranium beam. Thus each atom en-
counters, during its flight through the irradiation
zone, Doppler-shifted monochromatic light at its
resonance frequency. The two lasers are polarized in
orthogonal planes, a consequence of our beam com-
biner. The lasers sequentially pump the uranium
atoms from the ground level (level 1, with ] = 6) to
an excited level 2 (J = 6) and then to a reactive lzvel
3 (J =5). Figure 10-33 illustrates the excitation
linkage and also indicates losses by radiative decay
to metastable levels.

The 1977 Laser Program Annual Report
(§9.4.3)*! described the molecular beam apparatus
and the lasers, as well as the unique electronic
system that locks two lasers within a few MHz of
their respective line centers.5?

Our experiments do not observe details of time-
dependent reaction dynamics. Rather, the flux I; of
reaction products from level i depends upon the
combination

li=“1n2 Vvi.'liPi .

where n, and n; are the particle densities of the two
colliding beams, V is the scattering volume, v is the
relative velocity of the reactants, and P; is the time-
averaged probability of population in level i during
the time T when uranium atoms reside in volume V.
We see that to determine s;—the object of our ex-
periment—we must determine, in addition to inci-
dent particle fluxes and the interaction volume,
both the reaction product flux and the average ex-
citation probabilities. Absolute measurements of
number densities pose challenging problems. We
circumvented these difficulties by comparing reac-
tion fluxes to flux T from a ground-level reaction of
a known cross section. We then needed only to
measure the relative fluxes of the two processes, Ii/1,
and the relative populations P/P;:

0, =a (/D) BB .
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We determine average populations by monitoring
fluorescence from levels 2 and 3. The expression for
fluorescence counting rate

F;= G Aian P,

invoives a geometric collection efficiency factor G
and the spontaneous decay rate A, for level i.

In the absence of laser excitation, reactions are
rare and the ground level Py is very close to unity.
Laser-excited levels radizatively decay to nonreacting
metastable states. When appreciable population
becomes so trapped, as is the case for uranium, the
sum of the 13,- from laser-connected levels is ap-
preciably less than unity. The measured flux is
correspondingly small, adding to the difficulty of
the experiment.
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It is nctoriously difficult to determine, from
observed count rates, the number density of
radiating atoms—i.e., to measure the geometric fac-
tor G. To circumvent these difficulties, we would
prefer to deal wich ratios of relative count rates. Our
experiments provided one such relative measure-
ment: the dip in level-Z {:orescence count rate
when the second laser was turned on, as compared
with the value when only laser | was present, It then
became the task of theory to relate this observed
fluorescence dip to population averages P;.

Theoty addresses population averages P; by
providing detailed histories of time-dependent level
probabilities Pi(t), which can then be averaged over
the duration T of uranium exposure to reagent:

T
/ dPyr) .

[

P.=
1

-
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Fig. 10-33. Schematic of two-laser excitation of uranium
atoms.

During the first portion (0,7) of the reacting time
{0,T) the uranium experiences laser excitation; sub-
sequently, the excited populations decay exponen-
tially in time because of radiative transitions. We
have examined several models, of increasing
sophictication, to predict the time-dependent
probabilities.

For our simplest models, we considered
stationary atoms irradiated by monochromatic light
for a time interval that is sufficiently long for the
atomic populations to approach steady state time-
averaged values, yet short enough for negligible
population loss to occur through spontancous
decay. During the transitions of interest, there is a

small probability (14% o less) that the decays
repopulate the levels of the excitation ladder. Such
decays produce optical pumping, whereas the major
portions of the decays to metastable levels act as
probability drains.

The very simplest model assumes that the atom
is a three-level system whose dynamics follows the
prediction of rate equations. Then, in tle
equilibrium steady state, all populations of laser-
connec.ed levels equalize. When only laser | acts,
the populations equalize between two levels,
whereas when both lasers act, all three levels
equalize. Thus this model predicts a fluorescence
dip of 33%.

As a slight refinement of the elementary rate
equation model, we note that each level has an
angular momentum J and conseyuently has 2J + 1
magnetic sublevels. When we excite the sequence
J=6-6 -5, using linearly polarized light, with
both lasers polarized in the same direction, the
system comprises 13 separate independent excita-
tion ladders, as indicated in Fig, 10-34. Simple ac-
counting then gives a fluorescence dip of 28%.

Application of rate equations to this problem
provides an extremnely simple procedure for com-
puting the P; values. However, the premises upon
which ¢ equations rest are not valid: rate equa-
tions appiv when relaxation (through collisional
phase interr::otion, for example) or incoherence (as
can occur witl. broad-band excitation) dominate the
coherent stimuiated emission and absorption.
Furthermore, rate equations cannot corigctly treat
the phase relationships essential for modeling
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cryssed polarization (see§10.5.1). We must instead
solve the RWA Schrbdinger equation 1o obtain the
time-dependent probabilities. Unlike solutions to
the rate equations, solutions tc the lossless
Schrodinger equation do not approach stationary

time-independent values; rather, they continue to
oscillate indefinitely with periods fixed by the values
of the Rabi frequencies. Nevertheless, the time-
averaged probabilitizs P; approach asymptotic
values within two oscillation periods (see Fig.
10-35;.

We eostimate ¢hat a typical uranium atom
undergoes detween 5 and 20 population osciilations
during transit of the laser beam. Thus infinite-time
averages (see §10.5.1) provide a satisfactory estimate
of Schrodinger-equation population averages in the
absence of decay. Employing such averages, we
predict, for the three-level atom with equal Rabi fre-
quencies, 4 fluorescence dip of 50% (contrasted with
the rate equation dip of 33%). A model with
magnetic sublevels and crossed polarization (see
Fig. 10-36) yields a dip of 46% (parallel polarization
yields a dip of 52%, contrasted with the rate equa-
tion results of 28%).

Because of the geometry of our intersecting
beams, the uranium atoms continue to react after
they have emerged from the laser beam. Thus, the
integral defining time averages f’i must extend well
beyond the lime when the laser stimulation governs
the dynamics: into time when populations simply
decay exponentially. Almost all atoms decay during
this irradiation-free flight, which endures for several
lifetirnes. Correction for this decay diminishes
predicted excited-state population averages by
roughly an order of magnitude.

The assumption of meonochromatic radiation
fails to treat correctly the variation in amplitude
and frequency of the laser field encountered by an

Level 3

7— Level 2

Level 1 .

Pa ar »hﬁun forJ=6—6 -'Slnnsﬂiom Selectlon rulu combine

ked subsy (unbrolun and d-shed lineu)




atom traversing a focused beam. For a typical laser
operating in the TEMg, mode, the spatial profile of
intensity follows a Gaussian pattern; this spatial
distribution leads to a Gaussian-profile time-
dependent Rabi frequency as atoms move steadily
across the beam. Such pulses, rising over several
population oscillations, produce adiabatic-
following population dynamics that can differ
dramatically from results for fixed-amplitude
square pulses (smoother pulse shapes tend toeturn
all of .lie population to the ground state).

Finally, we note that an atom traversing a
diverging radiation beam encounters a time-varying
carrier frequency, as it encounters the full range of
wave vectors. This frequency chirping can
profounrly affect the population dynamics (chirped
pulses iend to leave populations in excited states).
Figure 10-37(b) shows population histories for a
chirped Gaussian pulse, appropriate to modeling a
fluoresring three-level atcm (including magnetic
sublevels and parallel polarization). Figure 10-37(a)
depicts the populations in the absence of chirping
(i.e., for a plane-parallel laser beam of Gaussian
profile).

Realistic modeling must include an average
over Doppler speeds and a distribution over paths
in the diverging atomic beam, each of which meets a
slightly different field history.

Table 10-13 compares some of the results for a
few of the models we have studied. The differences
among these various models are striking. Further-
more, our most refined model indicates an ap-
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Fig. 10-37. C 1von of relstive poputatf Pn(t) for

degenerate system J = 6 — 6 = § excited by Gaussian fime-

profile pulses.

Table 10-13. Calculated average populations.

P,
1
Model Level 1 Level 2 Level 3 FD,%  (F,/FD) X 10}
3-leve! 0.310 0.0385 - — 1 laser —
rate cquation 0.196 0.0242 0.0301 35 0.86
Sublevel 0.346 0.0366 - — 1 laser —
rate equation 0.253 0.0257 ¢.0240 30 0.80
Sublevel Schrodinger equation 0.346 0.0366 - — 1 laser —
0.421 0.0191 0.0200 48 0.42
Sublevel Schradinger equation, 0.346 0.0366 - —~ 1 laser —
cross polarized 0.323 0.0201 0.0267 45 0.59
Sublevel Schradinger equation, with Gaussian
pulse and decay 0.257 0.0442 - — 1 laser —
No chirp 0.430 0.0209 0.0197 53 0.37
Chirp 0.262 0.0494 - — 1 laser —
0.213 0.0217 0.0402 56 0.72
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preciable sensitivity of the predicted fluorescence
dip to details of the dynamics and, in turn, to a
detailed description of the laser-beam profile. We
conclude that the fluorescence dip is not a reliable
indicator of population. However, our modeling
studies have given us valuable new insights into the
mechanisms of laser excitation and into the dif-
ficulties of monitoring excited state populations.
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19.5.4 D=flection of Atoms
in Resonant Radiation

The use of a resonant electromagnetic wave, or
a combination of resonant and static fields, to
deflect a beam of neutral atoms has been the subject
of renewed interest since the advent of higher-power
tunable lasers. A potential application of laser
deflection is to the problems of laser isotope separa-
tion.

Several methods of photodeflection have been
proposed,?297 some of which have been demon-
strated experimentally.?8-192 Most of these methods
require an interaction time that is long compared to
the naturai lifetime of the excited atoms. This re-
quirement makes the practical application of these
methods impossible in many cases, because an atem
excited by the resonant radiation makes transitions
to metastable states, which are not affected by the
applied field.'® Such transitions remove atoms
from the interaction cycle, and little or no deflection
is produced. The purpose of this section is to show
that, in a strong resonant standing wave, significant
atomic deflections can occur in a time less than the
spontaneous lifetime of the excited atom, and hence
the problem of transitions to metastable levels is cir-
cumvented by the speed of the process.
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When an atomic beam is irradiated by a strong
resonant electromagnetic wave, absorption-
emission processes proceed at two distinct rates.
Photons are absorbed from and emitted into the ap-
plied field at the induced rate Q, and occasionally
photons are spontaneously emitted, in random
directions, at the spontaneous rate . Deflection or
scattering of the atomic beam results when momen-
tum is transferred from the field to tie atoms, and
the rate of momentum transfer depends on the
nature of the applied field.

If the applied field consists of a single plane
wave, momentum is transferred to the atoms at the
spontaneous rate y. This momentum transfer (i.e.,
radiation pressure) proceeds at the spontancous
rate, because absorption followed by induced emis-
sion into the same field mode involves no net
transfer of momentum, while absorption followed
by spontaneous emission transfers an average of
one quantum of momentum for each spontaneous
event (isotropic spontaneous emission does not
carry away thc momentum acquired by the atom
through absorption).

If the applied field is composed of two or more
plane waves, an atom can absorb a photon from one
of the plane waves, and induced emission can cause
that photon to be emitted into a different plane
wave, with a resultant transfer of momentum at the
induced rate Q. Because the induced rate may ex-
ceed the spontaneous rate by many orders of
magnitude 1n a strong applied field, it is expected
that deflection processes operating at the induced
rate will be more efficient and more rapid than
processes operating at the spontaneous rate. In the
following subsections we wil! show that momentum
transfer in a standing wave proceeds at the induced
rate, a feature of the interaction that gives rise to the
rapid deflection mentioned above,

Theory. The Hamiltonian for an atom in a
classically prescribed electromagnetic field, in the
dipole approximation, takes the form

H=P22M+Hy-u-ERY , (8)

where P,/2M is the kinetic energy associated with
the center-of-mass momentum P, Hy is the
Hamiitonian for the internal motion of the atom, g
is the dipole moment operator, and E(R,t) is the
electric field evaluated at the center-of-mass posi-
tion R. Consider the motion of a two-level atom



with energy levels E; and E; in a monochromatic
standing wave E(x.t) = €#(x) cos t. Here the am-
rlitude &(x) will be a solution of the time-
independent wave equation V, & + (w/c)z g =0
Let ¢ (x) and ¢x(x) be the amplitudes of the atom
that is located at position x and occupies energy
levels E; and E,, respectively. Then it follows from
Eq. (8) that the Schrodinger equation for the two-
component wave function is

. awl h2 2
'hT=2_M VEY +Ep, -ué (deoswn y,
B, g2

ihTt=-m v? ¥, + Eu, -H& () coswr v, |
9

where u= (~ g+ ¢ 2\ is the transition dipole mo-
ment. In the case of exact resonance, w = (E;
- Ej}/h, the substitution ¢ = C| exp —iEt/h, ¢¥»
= C, exp -iEjt/h and a rotating wave approxima-
tion (i.e., neglect of nonessential terms that oscillate
at twie. the optical frequency) put Eq. (9) in the
form:

. dCl i 2 1
Mo wm VGG,
aC w2
h—=2=-dL g2o -1
ih 3 - 2M Vg, 2#& x)c,; . (10)

Equation (10) is decoupled by the unitary transfor-
mation:

— 9%
u, =27"(C, -C,) .,

w_=27"(C, +C,) . (11)

The equations of motion for uy(x) are:

allt h2
it SIS | ol 2 1
ih 3 - 2M Vi, £ 2#8 x)u, , (12)

and the probability density for the position of the
atom, P(z) = |¢1(x){2 + [y(x)]2, becomes:

P =lu, @12+ lu_ @12 . a3

Equation (12) states that the wave functionsuy
propagate independently of one another, and Eq.
(13) shows that there is no spatial interference be-
tween these waves. An atom initially in the ground
state (C, = 0) has an equal probability of being in
one or the other of the waves uy, and Eq. (12) im-
plies that these probabilities are time-independent.
The waves uy each satisfy a simple time-dependent
Schrodinger equation but with potential energies
V4(x) = £ (1/2) u¥(x) of opposite sign. Therefore,
the forces acting on atoms in the two waves are in
opposite directions, and it follows that the am-
plitude gradient of the resonant radiation will split a
narrow atomic beam into two components, in much
the same way as the magnetic field gradicnt split an
atomic beam in the Stern-Gerlach experiment.

If the atomic wave function is initially a plane
wave propagating in the positive z direction, and
this wave traverses a standing wave

12(8nl/c)v’ €coskxcoswifor0 < Z< L

l 0 otherwise ,
a4)

one finds that the transverse momentum density is
given by:

W, t) = z J2 @08 (@, -ntk) , as)

n=-co

where @= u (8 = I/c)/2/h , and t is the interaction
time.!93 Equation (15) states that the probability
P(t) that the atom has acquired transverse momen-
tem nh K (n = 0, %1, £2, ) is:

Pm=)2 @ . (16)

In cases of practical interest, ¢ is a large num-
ber. For |n|< Qt, the probability J2 (2t) is not a
monotonic function of n but teads to increase with
In| and has mmaximum rear |n| = Qt. For |n| >
Q, .I,Zl (§2t) decreases rapidly to zero as |n) increases.
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In view of Eq. (16), the maximum defiection is 6,
~ hk Qt/P,. This result shows quite clearly that
momentum is transferred to the atom at the induced
rate Q. The deflection geometry is illustrated in Fig.
10-38.

It is interesting to note that Eq. (15) is formally
identical to the equation for Fraunhofer diffraction
of a plane wave by a sinusoidal phase grating. In ef-
fect, the atomic beam is diffracted by the periodic
amplitude [& (x) « cos kx] of the sianding wave,
and the deflection angles 8, = n hk/P, are precisely
what one would expect on the basis of the optical
analogy, if the atomic beam is regarded as a wave of
wavelength equal to the de Broglic wavelength
Ag = h/P,.

Numerical Example. If the atoms issue from an
oven at temperature T, P, ~ (2MkT)/2 and
V, = (2kT/M)2 (here k is Boltzmann’s constant).
The rms deflection is:

- 1/2
Grms = hwmmx/z cP,

= (023212 . Qa7

Consider a mildly refractory, moderately
massive atom with a strong visible absorption. Let

T = 1000 K, M=16X10"2%

u=<l-€e2>=4D, w=3X10'5571 18)

Then, for I = 2.5 X 105 W/cm? in the interaction
region, we calculate

= -9
thax = 6-2 X107

= -2 =
Bpms=3-9%107% rad = 2.2 deg . as)

Thus, a 2-deg deflection is obtained for our
“typical” atom in a field of 2.5 X 109 W/cm2 The
interaction time required for this deflection is less
than the natural lifetime of the transition (1) ~ §
X 10-8s),
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10.6 Laser Technology
Developments

10.6.1 Line-Narrowed ArF
Laser Oscillator

Recent developments in rare gas halide (RGH)
laser technology have demonstrated these systems
to be efficient (~1%) high-energy (~1 J/litre atm),

broad-band (~300 cm™!) sources of ultraviolet. The
ultimate utility of RGH laser systems in spec-
troscopic applications or as pump sources for
Raman lasers depends on achieving line-narrowed,
tunable output. We have conducted experiments on
ArF lasers that have demonstrated continuously
tunable output over 320 wave numbers from 1928 to
1940 A4 with a line width of 0.25 wave numbers. The
ArF laser can be used directly or as a master «s-
cillator for a Raman laser pump. Because Raman
scattering may be used to access a wider spectral
region than ArF lasers alone, issues associated with
Raman lasers have been analyzed and will be dis-
cussed in the next subsection.

The experimental laser facility is shown in Fig.
10-39. The ArF laser output from the unstable-
resonator scraper mirror (upper right) is shown
directed toward diagnostics. The laser discharge
volume is 0.4 X 2.0 X 100 cm and is ultraviolet-
preionized by a double row of 40 spark plugs. The
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laser gas flow system combines fluorine, argon, and
a helium buffer in the optimum ratio (1:40:360) and
is capable of a longitudinal flow of 30 litre/min,
allowing continuous 10-Hz operation of the laser.
The average power and single-pulse energy are
shown in Fig. 10-40 as a function of pulse repetition
rate. These data were taken with a flat-flat stable
resonator without line-narrowing optics.
Line-narrowing and tuning experimeals werc
completed with the half-symmetric unstable
resonator'® illustrated in Fig. 10-41. The hole in

the scraper mirror is elliptical so that the optical
mode will more closely match the 4.0 X 20-mm gain
cross section. The optical cavity and team paths to
all diagnestics are purged with nitrogen to prevent
oxygen absorption. The coarse ArF tuning and
narrowing can be accomplished by either gratings
or prisms. Dispersion in quartz prisms at 1930 4 is
comparable to that produced by eschelle gratings in
high order (m = 30), although ultraviolet-grade
quartz prisms are preferred for their lower optical
losses.

Resonator
output

Convex
reflector

Scraper
mirror

1 350 ¢cm

Resonator length : 197 cm

Convex radius

Fig. 10-41. Half-sy bl with freq
will more closzly match the 4.0 X 20-mm gain medium).

y selective aptics (hole in scraper mirror is elliptical so that optical mode

Brewster
angle
N prisms

Magnification 1 4.0
Qutput coupling : 93.8%
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The two quartz prisms reduced the line width
10 20 cm™! from the 240 cm-! (FWHM) fluorescence
bandwidth, as shown in Fig. 10-42, These spectra
were recorded in the film plane of a 1.0-m spec-
trometer with an optical multichannel analyzer. The
spectrometer resolution was 5.0 cm=!. Both etalons

' Freospecmlranp1ﬂ em™!

are air-spaced with a variable super-Invar gap, are
piezoelectrically tuned, and have a reflectivity
finesse of 10. The etalon surfaces are matched to
A/70 at 1830 A, ensuring an overall finesse given by
the reflectivity (73.5%).

Because etalon peak transmission T is a strong
function of the dielectric coating loss L and the
mirror reflectivity R, where T = 1 —(L/1 - R)% two
low-finesse etalons were used instead of one with a
higher finesse. Losses for these etalons were be-
tween | and 2% at 1930 4, implying an overall
transmission of 79% for both. The free spectral
range is 25 cm™! for the etalon near the prisms and
2.5 cm~! for the etalon near the scraper mirror (Fig.
10-41). The laser line widths were measured with a
third analyzer etalon. The ring pattern was recorded
with a linear, optical multichannel analyzer. With
two prisms and the 25-cm™! etalon in the cavity, the
line width is 1.0 cmr~!. With both prisms and both
etalons the laser line'width is 0.25 cm~!, as shown by
the ring pattern in Fig. 10-43. These results are sum-
marized in Table 10-14 along with the laser energ:
for each line width. The fact that the laser energ-
drops by only a factor of 16 when the line width 15
reduced by a factor of 80 is consistent with the
homogeneous nature of the bound-free ArF laser
transition.

The tuning range of the ArF laser was also in-
vestigated. At a line width of 0.25 cm™!, the output
was continuously tunable over 320 cm™! from 1928
to 1940 4. The intensity variation of the laser out-
put over this tuning range closely resembles the
fluorescence intensity distribution shown in Fig,
10-42. At 2.7 Hz, the laser energy is 540 uJ at
1933 4 and 10 uJ at the band edges. The strong ab-
sorption feature at 1932 4 can be observed while
tuning. However, at gas exchange rates that are 10
times figher that those relevant for Fig, 10-42, this
absorption is just barely discernable while tuning

Table 10-14, Line widt}
ArF laser ac 1933 A,

anid eneigy characteristics of

Line width Single-pulse enecgy,
(FWHM), cm™1 m) @ 2.7 Hz
Fluorescence 240 -
Two prisms 20 8.6
+25 cm™! etalon 1.0 3.8
+2.5 cm™! etalon 0.25 0.54
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the laser and is considerably reduced in the fluores-
cent spectra, indicating that it is caused by long-
lived contaminants generated in the laser discharge.

These ecxperiments have demonstrated ArF
lasers with sufficiently high pulse energy (0.54 mJ),
tuning range (320 cm-'), line width (0.25 cm™'), and
repetition rate (1 to 10 Hz) to be u uscful spec-
troscopic tool. The amplified output of this system
can also be used to investigate Raman conversion to
other frequencies in the VUV.

10.6.2 ArF-Pumped Raman
Laser Analysis

For several reasons, Raman lasers are very at-
tractive devices for shifting the ArF frequency to
other spectral regions. Raman lasers can have high
conversion efficiencies (~50%), they can be scaled
very easily with laser pump power, and they can be
very compact devices at the pump energies of in-
terest here. The analytical details supporting these
conclusions are outlined below.

The theory of Raman scattering has been
developed by many authors.!%% In the small signal
limit, the Stokes intensity I grows exponentially as

1LM=1(0)exp (g1, 1), (20)

where I is the imensity of the pump and 1 is the
length of the medium. The gain coefficient is given
by

8= = 2 (:—5). @n
mhn?(5 -v)? vy +60,) n

In this equation, N is the number density, h is
Planck’s constant, n is the refractive index, 7| is the
pump laser frequency, ¥ is the Raman frequency
shift, 87y and &7y are the Raman aud laser line
widths, respectively (all frequencies expressed as
wave numbers). and (dedQ)(; is the total spon-
tanecus scattering cross section for light polarized
parallel to the plane-polarized incident light. Table
10-15 lists the properties of several Raman laser
candidates. The gains are extrapolated to A =
193 nm from the experimentally determined values
in the visible spectral region. The gain listings
assume the faser line width is much narrower than
the Raman line width. In fact, to achieve maximum
gain, this is a requirement for the ArF pump laser.
A laser bandwidth of 0.1 cm=! will be sufficiently
narrow for most scatterers listed in Table 10-15 for
which data are available. Notable exceptions are
LN, and Hj, (which has a narrow, pressure-
dependent line width).

Since overall laser efficiency is strongly influ-
enced by the Raman amplifier, a detailed model is
useful for assessing the utility of Raman frequency
conversion, The rate equations for forward Raman
scattering provide the basis for the amplifier model-
ing. Following the formalism of von der Linde,
Maier, and Kaiser,!0 one obtains for forward
Raman amplification

n, 9l oi w
L L L s
¢ Bt T E T wy BT @22)

and
LT
AR T A TR A 23

Table 10-15. Properties of selected Raman scatterers.

H2 CH 4 |_N2 Coz
Raman frequency shift, cm™! 3155 2916 2327 1388
Shifted AcF frequency, cm ™! 47,560 48,800 49,390 50,330
Raman line width, cm™! 0.01-0.07 0.34 0.067 ~0.5-1.0
Gain cocfficient, cm/MW 1.1x 102 2.4 X 107*P(atm) 0.2 ~10"%P(atm)

(at 193 nm*)

85 caled from data in visible region according to:

(v -vp)

~

2
W=y (v + 2%
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In these equations, Iy_is the pump laser intensity, I,
is the first Stokes intensity, n; and ng (n = ny) are
the indices of refraction, c is the velocity of light,
and « is the absorption coefficient. Backward scat-
tering is ignored because the amplifier will be driven
strongly in the forward direction by the input os-
cillator signal. Higher-order Stokes components in-
cluding anti-Stokss components arc also neglected.
This neglect is justified if the pump lasar intensity is
no greater than that required for efficient first
Stokes conversion. In any real amplifier these
higher order components will be present, but their
effect on overall device performance can be
minimized by careful design. A further simplifica-
tion can be made if the pump laser pulse length is
long enough. The time to reach steady state is given
by 1, = 2/cé# and is 10 to 1000 ps for scatterers of
interest. Because ArF pulse lengths are typicaily 20
to 40 ns, the steady state solution is valid.
Longitudinal and transverse pump geometries
have been analyzed in detail. In longitudinal pump-
ing, the Stokes oscillator signal and ArF pump
beam are focused colinearly into the same mode
volume within the amplifier. A quartz prism has
enough dispersion to allow combination of the two
wavelengths into one colinear beam. In the
transverse geometry, the pump beam is foc'sed into
the amplifier from both sides to maximize intensity
uniformity. The input signal is focused to match the
pumped volume. For high-prf operation, the Stokes

medium flows transverse to the beams. The
calculated extraction efficiency for these two con-
figurations is shown in Fig. 10-44. The analysis is
based on Egs. (22) and (23) under steady state con-
ditions. The Stokes and pump beams are assumed
to be spatially uniform in the plane perpendicular to
the propagation direction. For a fixed fractional-
input signal (Iyo/If), the first Stokes extraction ef-
ficiency depends only on the total small signal gain
giJ L, where Ipand I} are the peak Stokes and ArF
input power, respectively, and L is the amplifier
length. The value of w,/wy = 0.95 is typical of N,
and CHy. It is clear from Fig. 10-44 that, for the
same gain and Stokes input intensity, longitudinal
pumping is more efficient. However, the difference
in efficiency is smalier at higher Stokes inputs.

The advantages of transverse over longitudinal
pumping are that, for the same pump intensity, the
beam dimension along the medium flow directicn is
significantly smaller, and, for a given prf and
medium clearing ratio, the velocity required for
transverse pumping is smaller. In addition,
parametric coupling of the pump and first Stokes to
generate higher order Stokes components cannot
occur in a transverse geometry.

The dimensions of both longitudinally and
transversely pumped Raman amplifiers can be quite
small for the pulse energies of interest. The am-
plifier beam diameter d is dictated by the optical
damage limit ep(J/cm?) if one desires to minimize
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the amplifier length at a fixed extraction efficiency.
For longitudinal pumping with an output Stokes
pulse energy, Eg),

4, \®
d= ( (24)
"GD s1

. 25)

where (kg ;) is the total small signal gain required to
achieve the desired extraction efficiency kg and ¥,
is the laser pulse length. Similarly, for transverse
pumping, the height, width, and length are given,
respectively, by:

gsEsl
h = —— (26)
Tpkslx(ksl)

T l(slx(ksl)

O 21 TR 27)
gsGD
k
L=M . (28)
28, €p

T I|llH" T T

T TTTTY

Extraction efficiency

‘10

Amplifier dismeter, cm .

0.1 I Y Illllll oAl Illlll".
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100 mJ, implying beam diameicrs of ~ 0.5 cm).

The diameter scaling relationship for the lon-
gitudinal case—Eq. (24)—is illustrated in Fig.
10-45. The optical damage limit for quartz at
193 nm was taken as 1 J /cm2 The ArF pulse length,
typical of ultraviolet-preionized discharge devices,
is 30 ns. The beam diameter is shown as a function
of the required Stokes output energy. Shown in Fig.
10-46 is the amplifier length as a function of small
signal gain at the damage limit (33 MW /cm?). Small
signal gains for representative scatterers are also in-
dicated. The amplifier length is limited by output
beam quality requirements. The output phase varia-
tion A¢/2x for a density variation Ap/p is given for
gaseous media (nonturbulent flow) by

Table 10-16. Raman amplifier characteristics.

ArF pump energy 600 mJ
First stokes energy 300 mJ
Power gain s
Extraction efficiency 0%
Dimensions:
Longitudinal Transvesse
Scatterer D, cm L,em H, cm D, cm L, cm
!.N2 0.87 11 0.35 0.71 0.72
H CH (50 atm) 0.87 12.5 0.35 1.9 1.9
(50 amm) 0.87 280 Too small for pump beam quality
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where ng is the refractive index at density py. For
gases such as methane and COj, (ng- 1) = 4 X 1074
and, at 50 atm, A¢/27 = 1.2 L(cm) for a Ap/p of
1072, CO; at a power gain of 50 can have sericus
beam quality problems (A¢/2r = 200). However,
for turbulent flow, the phase distortion is reduced
by a factor (/L)/2, where 2 is the characteristic
scale of the turbulence. If @ is approximated by the
pump beam diameter (flow channel width), the
phase distortion is reasonable even for low-gain
systems such as CO,.

Scaling transversely pumped Raman amplifiers
is similar to the longitudinal case discussed above.
As an example, amplifier characteristics for both
longitudinal and transverse geometries are given in
Table 10-16. The ArF pump energy was taken as
600 mJ and the amplifier extraction efficiency as
50%. Note that, in the high and moderately high-
gain Raman systems, the amplifiers are very com-
pact devices.

This analysis has shown that Raman scattering
can efficiently convert (50%) the ArF laser output to

other spectral regions where the tuning range (320
em-!) may be utilized. In addition, Raman am-
plifiers can be relatively compact devices (1 X 10
cm) and can yield pulse energics in excess of 100 mJ.
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10.6.3 Tunable Vibrational Ultraviolet
Generation by Raman Scattering in H,

Last year in the atomic spectroscopy facility,
we embarked on an experimental program to
develop a tunable coherent light source to attain
wavelengths below 2200 4 for spectroscopy and
photochemistry applications (see §10.2 thrcugh
10.4). We have investigated and developed a
remarkably simple and versatile method based on
anti-Stokes Raman scattering (SRS) in molecular
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hydrogen vapor. Using this process, we have suc-
cessfully generated wavelengths to 1713 4. To our
knowledge this is the shortest wavelength ever
generated by vibrational Raman scattering. We
believe that, by extending the method described
below, tunability to 1300 4 may be possible.

The usual method for generating tunable ultra-
violet is second-harmonic generation and optical
mixing in nonlinear birefringent crystals. Although
these crystals can be transparent to below
1750 4,106.107  their birefringence limits phase
natching to considerably longer wavelengths. The
shortest wavelength reported in any nonlinear
crystal by optical mixing has been 18504 in
potassium pentaborate (KPB) and, by second-
harmonic generation, 2160 4 in deuterated
potassium pentaborate (D-KPB).!% However, KPB
and D-KPB are extremely difficult to work with,
owing to their very small noniinear coefficients
dd3;(KPB) = 1/10 d3(ADP)).'® The practical
lower limit for tunable nonlinear generation is
2220 A4, corresponding to the optical mixing of the
second harmonic of a tunable dye lased at 2805 4
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with the fundamental of Nd:YAG at 1.064 um.!10
Until rediscovery of anti-Stokes SRS in H,, there
were no viable alternatives for generating con-
tinuously tunable light to wavelengths below
2200 4.1

Stimulated Raman scattering was extensively
studied in the ecarliest days of quantum
electronics.!'2:113 With the advent of tunable light
sources in the infrared and powerful lasers in the ul-
traviolet, SRS has recently experienced a second
renaissance.!!3-115 The process we have used to ex-
tend the tuning range of visible dye lasers was ac-
tually first investigated over a decade ago, using
ruby (6943 4) and Nd:YAG (1.06 um) radiation by
Duardo and Johnson.!12 However, it seems to have
been overlooked even after the subsequent develop-
ment of tunable dye lasers, probably due to lack of
sufficient dye laser powers and to poor beam
qualities.

Our initial studies on anti-Stokes SRS were
performed with the fourth harmonic output at
2660 4 from a Nd:YAG laser, using the experimen-
tal geometry shown in Fig. 10-47. With this arrange-



Fig. 10-48. Raman generator output.

ment we ha-e generated, quite easily, at least five
anti-Stokes (AS) and five Stokes (S) components
under modest pumping conditions. The S5AS wave
occurs at 1713 4. The 6AS wave occurs at 1599 4
and, if present, would be totally absorbed by the
Suprasil dispersing prism used.

Thresholds for 4AS and 5AS generation were
less than 2 mJ (in a 5-ns pulse) under the conditions
shown in Fig. 10-47: 446 kPa of H,, focal spot
diameter approximately 13 um. With 15 mJ of
pump energy we have measured more than 150 uJ at
1844 4 (4AS) and about 5 uJ at 1713 4 (5AS).
Figure 10-48 shows the beams exiting thc Raman
cell and dispersed by the 60-deg prism.

Once the threshold for first Stokes is reached,
all higher-order components appear to light
simultaneously (i.., at the same pump intensity).
This suggests that the higher-order Raman
processes are parametric. This is not surprising
since the intensity at the focus of the pump is of the
order 10!2 W/cm2, assuming no pump depletion or

self-defocusing, That the process is parametric is
confirmed at higher hydrogen pressures (> 1.0 MPa)
where steep cone angles develop for the higher-
order Stokes radiation because of increased optical
dispersio: . These angles increase and eventually ex-
ceed the original diffraction angles of the focused
beams.

We have observed pump depletions greater
than 75%. The energy partitioning favors the low-
order Stokes and anti-Stokes, but a reasonable ef-
ficiency is achieved in the higher orders (~1%
energy in 4AS).

Using a commercially available dye laser
pumped by the doubled output of the Nd:YAG
laser, we have obtained similar results. With the dye
laser operating at 5600 4, we have observed 8AS
(1956 A) to 2S (1.048 um); with its second harmonic
at 2800 4, we have observed 4AS (1911 A) to 6S
(9279 4). We did not attempt to observe longer-
wavelength Stokes. We were prohibited from obser-
ving shorter-wavelength anti-Stokes by the quality
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¢ the output window (Homosil quartz) used in
ti cse experiments. The threshold and power conver-
sion efficiencies with the 2800-4 pump were similar
to those obtained with the fourth harmonic of
Nd:YAG at 2660 A. We measured about 25 ul at
8 1S (1956 A) for 65-mJ input (~5 ns) at 5600 A.
Although we have not yet made an exhaustive
parametric study, we have investigated some impor-
tant properties of these high-order Raman
processes. Because Raman processes are purely
parametric, the spectral line width of the an:i-
St >kes and Stokes emission should approach that of
th: pump!!6 independent of the Raman line width.
A aresult, optical resolutions Ax/ of 10-5 to 100
ar not only possible but routinely obtained at these
wazvelengths using the anti-Stokes SRS method.
Furthermore, because the Raman process is purely
vibrationa) [Q(1) mode], thke scattered radiation is
linearly polarized with the pump. Circular polariza-
tion of the pump induces rotational Raman compo-
nents [S{1) and S(0) modes} and reduces the conver-
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sion efficiency of the vibrational Raman lines. We
believe wiat the beams are close to diffraction-
limited. We attribute this to the diffraction-limited
pump, the tight focusing in the experiment, and the
low hydrogen pressures (<500 kPa) at which we
operated the cell.

It is useful to note that, with the output powers
available from commercial dye lasers, tremendous
spectral coverage can be achieved using SRS with
only a few dyes. In fact, with Rh6G alone, essen-
tially the whole spectrum to below 1750 4 can be
spanned, as shown in Figs. 10-49 and 10-50.

We believe that this SRS method, besides being
an extremely versatile spectroscopy tool, will find
immediate applications in both photochemistry and
quantum electronics. For example, the excellent
spectral and spatial properties of the scattered
radiation make an anti-Stokes generation device an
ideal signal source for injection-locking short-
wavelength excimer lasers. In addition, since SRS
gain increases with pump frequency, the pararnetric
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processes will have progressively lower thresholds at
shorter wavelengths despite increased dispersion
and potential gas breakdown problems. The ul-
timate limit may be the absorption edge of H,
(~1100 4). We believe tunable output to 1300 4
may be possible, using an ArF-laser-based
system,!!7 because the SAS(6AS) of the 1933-4 out-
put of ArF would occur at 1379 4 (1304 4). A
tunable device at these wavelengths would open up
new vistas in photochemistry and materials
research.
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10.6.4 Closed Cycle Operation
of Rare Gas Halide Lasers

Discharge-excited rare gas halide (RGH) lasers
have the potential for high average powers at high
pulse repetition fi- ;uencies (prf’s) by operation
with transverse gas flow. For practical operation,
these lasers must employ closed-loop gas flow with
minimal gas makeup. One of the greatest uncertain-
ties associated with such a system is the lifetime of a
gas fill. Initial data from a modified CO; gas
transport laser operated by Fahlen'!® indicated that
the gas degradation problem was severe, limiting
operation at 1 kHz to a few minutes' duraticn. To
carefully assess this issue as w..! as other ligh prf
phenomena at modest power levzls, we built a high-
purity closed-cycle-flow ultravi .let-preionized dis-
charge las; system desighated as the closed cycle
test bed (CCTB). To our knowledge, this system is

the first closed-cycle-flow, high-prf laser specifically
designed for operation with the rare gas halides.

Flow Loop. The flow loop, shown in Fig. 10-51,
is made entirely of materials that either passivate or
do not react with Fy. The flow ducts are fabricated
from type 304 stainless steel, with Viien O-ring
seals. Gas circulation is driven by a tube-axial fan
(nominal 600 cim, 300 litre/s). The 3/4-hp, 11,000-
rpm motor is enclosed in an O-ring-sealed housing
through which the propeller shaft extends. Isolation
of the motor and its bearings from the laser gas is
achieved with two shaft seals: a metal-bellows-
operated O-ring static seal and a gas-buffered
dynamic seal. The laser gas mixture is cooled by a
nominal 10-kW thermal capacity tube and fin heat
exchanger, which also serves as a flow-conditioning
device. Coolant for the heat exchanger is provided
by a temperature-controlled recircnlating chiller. A

Laser body

Flow
-Heat exchanger
) o°o o N
58 |

. Tube-axial blower -\ =
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turbomolecular vacuum pump is used to evacuate
the loop to a base pressure less than 2 X 10~6 Torr.,

A cross section of the laser head is shown in
Fig. 10-52. The aluminum discharge electrodes are
60 cm long and are separated by 2 cm. Arn
ultraviolet-preionization arc array, comprising 34
modified automotive spark plugs, is located
downstream of the electrodes. The discharge
current is returned through the flow by two sets of
wire grids. The gas flow field between the electrodes
has been measured with an array of pitot-static
probes. These measurements gave an average flow
speed of ~20 m/s with a maximum variation of
+4%.

Discharge Excitation Circuit. Both the main
discharge and ultraviolet preionizatior: discharge
are thyratron-driven. The main discharge excitation
pulser is shown sch'emalically in Fig. 10-53. This cir-
cuit is switched by two ceramic hydrogen thyratrons
(EG&G HY-53) connected in paraliel and mounted
in coaxial housings through which cooling oil cir-
culates. The circuit is connected to a command
charge pulser and protected by a thyratron inverse
diode circuit. Custom low-dissipation mica
capacitors are used as the energy storage elements.
The operating parameters for the discharge circuit,
with a typical RGH gas fill, are summarized in
Table 10-17. The preionization array is driven by a

Fig. 18-§3.  Main discharge excilation
Dulser circuit.

To command

charge 40 kV/ Storage capacitors: 21 nFtotal

-
TR SR Tyl

~ HY-E3 in coaxial, oil-filled housing

Peak capacitors: 15 nF tota

~ Current retums through flow.
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Table 10-17. Discharge circuit characteristics.

Table 10~-18. Summary of CCTB laser performance.

Charging voltage 40 kV
Energy stored i5)
Thyratren curvent pulse 6-kA peak

{cach tube) 100-ns FWHM
Discharge current pulse 20-kA peak
25-ns FWHM
Laser pulse 20-ns FWHM

10-nF capacitor, which is LC-charged to 20 kV and
switched by a thyratron into a set of 5-m-long cables
individually connected to the spark plugs. The syn-
chronization of the main discharge tubes and their
timing relative to the preionization circuit are con-
trolled by nanosecond-resolution digital delay
generators.

Closed Cycle Test Bed Operaticnal Charac-
teristics. Assembly of the closed cycle test bed
(CCTB) flow loop was completed in August 1978
with installation of the fan. Work on the system
through the next three months centered on increas-
ing the power dissipation capability and reliability
of the excitation circuits and performing an initial
characterization of the laser behavior. By year’s
end, continuous hour-!ong operation at 250 Hz and
brief operation to 600 Hz had been achieved. By
then the laser had been run with the four rare gas
halides of interest (ArF, 193 nm; KrF, 249 nm;
XeCl, 308 nm; and XeF, 351 nm), and the prf
dependence of the laser pulse energy and the gas
lifetime had been investigated. The maximum
average power obtained was 23 W, with XeCl. The
longest sustained laser operation was more than
i1 W for 2-1/2 h, again with XeCl.

The initial laser performance characteristics are
summarized in Table 10-18, which lists the optimum
gas mixture, the maximum pulse energy and average
power, and the typical gas fill half-life for the four
RGH’s. Data for XeF are shown for the two
fluorine donors F5 and NFj3. These results were ob-
tained with a stable resonator, using ultraviolet-
grade synthetic fused-silica optics. The output
coupler transmission was generally 70%, except with
KrF for which an uncoated flat was used. Fused-
silica windows have allowed the maximum laser
energies; however, CaF, and sapphire windows
have been found more resistant to laser and
chemical surface damage.
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Mixture
(partial Average
prewures),  Encrgy, power, Gas life,
System Torr m]) W (Hz) h
KrF Fy, Kr, He 80 13 (250) 2
2.5/150/1350
ArF Fy, Ar, He 47 7 {400) 0.25
2.5/150/1150
XeF Fy, Xe, He 34 5 (200) 0.5
3.5/15/1280
NFj3, Xe, He 39 4.5 (200) 0.2%

2/10/1250¢

XeCl HCl, Xc, He 48
3.5/70/1230

23 (600) >2

The measured prf dependences of the laser
pulse energiss for the four RGH's are exhibited in
Fig. 10-54. With the notable exception of XeCl, the
laser energy decreases monotonically with increas-
ing prf. Near the maximum prf, the degradation for
each case is presumably due to flow limitations;
note- that, at 500 Hz, the discharge clearing
ratio—the ratio of the gas flow volume between suc-
cessive pulses to the discharge volume—is approx-
imately equal to 3. At lower prf 's the mechanisms
for decrease, or increase in the case of XeCl, are un-
certain.

Several diagnostic experiments have been per-
formed to investigate these observations, including
observing the recovery of the optical transmission
of the active volume following a discharge pulse,




monitoring the performance of the excitation cir-
cuits at varying prf 's, and running bursts of pulses
to determine the time required for the degradation
‘to occur. Initial results indicate that the degradation
cannot be attributed to vibration of the optics, to
acoustic disturbances in the medium, to varying ex-
citation conditions, or to discharge-created chem-
ical species. In the case of XeCl, one may speculate
that the increase is due to the beneficial effect of the
photolysis of discharge-produced Cl, yielding HC!
by absorption of 308-nm fluorescence or laser radia-
tion, as has been discussed by Sze and Scott.!!?

If one runs the laser at a constant prf, its
power, after turn-on transients, typically decays in
time at a fairly constant rate until it approaches
threshold. As apparent from Table 10-18, the gas
lifetime characteristics of the four systems vary
greatly. Our results are consistent with the charac-
teristics of typical static-fill low-prf devices and are
presumably determined by the systems’ sensitivity
to contaminants that degrade discharge stability or
efficiency, or absorb laser radiation. It has been
suggested that the very long lifetime of XeCl mix-
tures is aided by the photolysis of Cl,, as mentioned
above.!!"” To improve the gas lifetime, it will be
necessary to identify the contaminant species and,
more important, their sources. For this purpose, an
on-line sampling quadrupole mass analyzer system
will be added to the flow loop for use beginning in
early 1979.
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19.6.5 E-Beam-Switched Discharge
Rare Gas Halide Lasers

Rare gas halide lasers are of interest for several
LIS and fusion applications. In particular, the short
wavelength and high efficiency make these lasers
possible sources for driving laser fusion power
plants. Two primary technologies have been used to
excite RGH lasers!?-123:; preionized discharge,!®*
and electron beams.!25-127 [ the former, excitation

of the laser volume is obtained by applying a high-
voltage pulse to a pair of electrodes. Preionization
of the discharge volume by some external source
before application of the high voltage has been
found necessary in generating a diffuse discharge.
Ultraviolet radiation is the usual source. In electron
beam excitation, the power input to the laser
volume is generated by passage of a high-energy
electron beam through th: laser output volume.
Some enhancement of the laser output can be ob-
tained from application of an electric field, but the
primary power input comes from the electron beam.

Over the past few years, we have been in-
vestigating hybrid excitation techniques involving
both electron beams and electrical discharges.!28
Early work in this area was mainly concerned with
studies of laser kinetics. The combination of elec-
tron beam and discharge provided a stable source
for such experimen;s. It became evident, however,
that operation in this regime may have significant
technclogical advantages over either discharge or
electron beam excitation alone for some applica-
tions. Operation in this hybrid regime is referred to
as the electron-beam-switched discharge (EBSD).

The electrical circuits for the EBSD are similar
to the usual circuits used for discharge excitation.
The discharge is generated between a pair of elec-
trodes driven by a low-inductance pulsed power
supply. In most cases this power supply consists of
an array of capacitors tightly coupled to the elec-
trodes along their length. These capacitors are
charged by a second pulsed power supply, which
may have higher inductance and which contains the
main electrical switches.

The main differences between the preionized
discharges and the EBSD lie in the timing and
magnitude of the various electrical inputs to the dis-
charge. These inputs are compared in Fig. 10-55,
For preionized discharges, there is initially no
voltage across the electrodes. Before application of
the voltage, the laser volume is preionized with
ultraviolet radiation or a weak electron beam. The
preionization produces an electron density of 108 to
10'0 cm~3 between the electrodes. A few tenths of a
microsecond after the preionization pulse, -he main
electrode voltage is applied. The rise time of this
voltage must be rapid, since the discharge breaks
down as the voltage rises. Thus, the only energy
deposited in the discharge is that stored in the
primary capacitors before breakdown. Breakdown
times are generally 10 to 100 ns. One consequence of
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the requirement for rapid charging is that the switch
in the secondary circuit transfers all the input
energy at high peak power. A typical preionized dis-
charge requires a 100-MW power input in 100 ns,
This high power is debilitating to switches, par-
ticularly when the equipment is operating at high
repetition rates.

For the EBSD, the corresponding electrical in-
puts are as shown on the right in Fig. 10-55. In this
case the discharge volume is not preionized. The
charging of the primary capacitors takes place
relatively slowly over a period of several micro-
seconds. The applied voltage is maintained low
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enough to preclude breakdown over this period. At
the desired time, an electron beam pulse of short
duration is applied to the volume to initiate the dis-
charge. The intensity of the electron beam required
to initiate the EBSD is substantively higher than
that needed for preionization. Electron beam
current densities greater than approximately 0.1
A/em? are required, corresponding to an electron
density of approximately 1012 em~3. After break-
down, the subsequent phases of the discharge are
similar for both preionized and EBSD operation.
The discharge current and voltage are determined
by the discharge kinetics and the characteristics of
the external power supply.



The primary advantage of the electron-beam-
switched discharge is reduction of the peak power
handled by the switches. Pulse charging in 10 us
rather than in 1CJ ns significantly reduces the peak
power. This advantage would not be so important if
the fast pulse switching problems were merely
transferred to the electron beam system. For-
tunately, the electron beam power required to
switch the discharge is substantively smaller than
the peak discharge power input, and the electron
beam of sufficient intensity can be generated by
several different techniques.

Experimental Setup. The operation of the
EBSD has been investigated using a small commer-
cial electron beam source. This device has a nominal
output of 15 A /cm®at 250 kV with a pulse width of
100 ns over & 1- X 35-cm aperture. For the EBSD
experiments, the current density of the electron
beam could be reduced to less than 0.1 A/cm? by
use of screens over the electron beam foil. The
resulting beam was collimated before it entered the
discharge celi. The pulse shape could be modified te
some extent by adding pulse-forming networks in
series with the diode.

The discharge cell was a modified uvltraviolet-
preionized laser body made from a single block of
Teflon. The electrodes were 35 cm long with a 2.25-
cm separation. The electron beam entered the cell
through a screen over one electrode. The primary
power supply was made up of 30 barium titanate
capacitors with a nominal capacitance of 460 pF
each. These capacitors were arrayed along both
sides of the electrodes to reduce the inductance to a
minimum. Larger mica capacitors in a similar con-
figuration were used for some experiments. The
primary capacitors were pulse-charged from an ex-
ternal source in times from 1 to 10 us to voltages up
1o 40 kV. Direct-current charging of the capacitors
was also used. The gas for the experiments was
premixed to the desired compositien.

Laser Charzcteristics. Lasing was observed in
the EBSD in ArF, KrF, XeF, and XeCl. Most ex-
periments were performed with KrF. The laser
cavity consisted of a full reflector and a 70% output
coupler, both with a 5-m radius of curvature, The
mirror separation was 80 cm. The laser cell was
closed with Brewster windows of CaF,, and the
path le:gth in the gas was 60 cm. Laser outpul, as a
function of total pressure for KrF as a function of
gas mixture, is shown in Fig. 10-56. The optimal
mixture was 0.3% F», 12% Kr, and the remainder

either Ar or He at a tetal pressure of 700 Turr. The
lower curves for the EBSD were taken with an un-
optimized optical cavity. The maximum output was
nominally 150 mJ. For comparison, measurements
are shown in Fig. 10-56 for an ultraviolet-preionized
discharge of similar volume, power supply, and op-
tical cavity. The buffer gas was He rather than Ar,
and the F; fractional concentration in the mixture
was the same. However, the laser performance was
generally found similar for both discharges. Laser
pulse lengths were also similar, about 20 ns in each
cuse,

The variation of laser output with electron
beum current density under similar conditions is
shown in Fig. 10-57. The laser output for the EBSD
was insensitive to the magnitude of the electron
beam current density above 0.25 A/cm?, while
below this value the laser output decreased and the
amplitude became erratic. Laser output was ob-
served, however, at current densities as low as 0.1
Ajem?. Above 10 A /cm?, the electron beam began
to contribute significantly to the power input to the
laser gas. The rise time of the electron beam current
was 50 ns, but an increase to 100 ns did not
significantly affect the laser performance. The laser
output increased with operating voltage. Maximum
voltage was limited to 40 kV by the onset of arcing
outside the laser body. The output was also insen-
sitive to the pulse charging time, provided the dis-
charge was initiated before the system spon-
taneously arced.
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Laser operation with Ar as a buffer gas was one
of the interesting characteristics of the EBSD. Such
operation is not possible with preionized discharges;
the discharge constricts immediately into an arc.
The actual laser performance, however, was not
particalarly sensitive to the different buffer gases.
This performance suggests that the processes
limiting the laser efficiency to approximately 1% are
not associated with the production kinetics.

Discharge Characteristics. As with the laser
output, the gross electrical characteristics of the
EBSD are similar to the preionized discharge. Dur-
ing the main current pulse, the voltage drops rapidly
as the current rises. The peak current and rise time
are determined primarily by the external power sup-
ply. In both discharges there is a tendency to form a
constricted arc at times late in the discharge. This
tendency is aggravated by attempts to increase the
energy input to the discharge.

The peak discharge current is a function of ini-
tial charge voltage for operation in the EBSD mode.
Two operating regimes are observed. At low
voltages, the discharge current follows the shape,
and is more or less proportional to the magnitude,
of the electron beam pulse. When operated with the
minimum electron beam current required for
switching, the discharge current in this region is
very small. Above a threshold voltage, the discharge
current rises rapidly into the discharge regime. At
the highest voitages, the peak current approaches
the short circuit current available from the power
supply. In this regime, the discharge current is in-
dependent of the electron beam current. The
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threshold volitage for discharge operation increases
with total pressure and F, density.

The differences between EBSD and preionized
discharge operation are primarily in the details of
the initial rise in the electron density and current in
the discharge. The power input to the discharge is
about 1 to 10 MW /cm3. The power density depos-
ited by the electron beam that is required to initiate
the discharge is about 1000 W /cmZ; this represents
an intrinsic power gain of 10% to 10% The corre-
sponding power density for preionization discharge
isonly 1 W/cm3. Attempts to operate an ultraviolet
preionized discharge in the EBSD mode result in-
variably in arcing and no laser cutput.

The EBSD displays a weil-defined znd
reproducible delay between the start of the electron
beam pulse and the rise of the major portion of the
discharge current pulse. A typical current waveform
is shown in Fig. 10-58. The time delay is shown ‘r
Fig. 10-59 as a function of total pressure for fixed
voltage and as a function of voltage for fixed
pressure. The mixture is typical of KrF laser opera-
tion. Laser output is obtained only if the delay is
smaller than a nominal 30 ns. The measured delays
are consistent with predictions of a model that con-
siders the growth of the electron density from the
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also lead to improvements in overall system ef-
ficiency. Additional power gain, for further system
simplification, may ke possible within the electron
beam generator itself.
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10.6.6 Annular Copper Vapor Laser

The copper vapor laser (CVL) is an efficient
(~1%) source of visible radiation, capable of
moderately high powers (~20 W) and high repeti-
tion frequencies (prf ~20 kHz). Because it operates
on a transition whose lower level is metastable,
repetitive operation of the laser depends on
depopulation of that metastable ievel by collisional
means. In the metal vapor laser system, all present
experimental evidence indicates that diffusion to
and quenching at the tube walls constitute the domi-
nant metastable deactivation mechanisms. With a
laser geometry based on cylindrical tubes, the laser
diameter d and prf f are constrained by diffusion 10
obey a relation of the form d2f ~ constant.

Annular Laser. A laser geometry that could
potentially circumvent the diffusion constraint is an
annular configuration. A copper vapor laser using
this concept was therefore built and tested.

The active volume of the laser is formed be-
tween two cylindrical ceramic tubes, 3.8 and 7.6 cm
in diameter, respectively, and each 122 cm long, The
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inner tube is centered and supported within the
outer tube by a number of cradles, copper vapor be-
ing introduced into the discharge plasma from two
thin, effusive sources located around the inside of
the outer ceramic tube. The discharge, with He as
the buffer pas, takes place longitudinally along the
length of the annular volume between two cylin-
drical electrodes attached to each end of the larger
ceramic tube. A metai vacuum envelope, which also
serves as 4 coaxial return for the discharge current,
surrounds the entire tube structure. Near-normal-
incidence quartz windows, held in water-cooled
mounts, terminate the two ends of the vacuum en-
closure uand serve as the optical aperture windows.
The laser operates in the self-heated mode, whers
the discharge power that excites the laser medium
also acts as the power source to heat the tube o its
operating temperature. In this case, the length of the
lasing region is determined approximately by ihe
length of the 9l-cm-long radiation heat shield sur-
rounding the tube assembly.

Pulse Modulator. Excitation of the discharge
was accomplished by a pulse modulator (Fig. 10-60)
whose primary energy siore, capacitor Cj, is
command-charged from the dc power supply

through an EG&G 1802 thyratron T;. Switching of

the laser discharge is done by an EG&G HY-53
thyratron T, housed in a low-inductance coaxial
current return structure. The thyratrens, charging
inductors, and diodes are all cooled to maintain
component temperatures within adequate operating
limits. To maintain low inductance and reduce ther-

mal dissipation, capacitors C and C, actually com-
¢

prise an array of low-dissipation Teflon-insulated rf
capacitor units. Under typical operating conditions,
10 kW of electrical power can be dissipated by the
pulser at prf’'s exceeding 10 kHz.

Laser Characteristics. The discharge in the an-
nular volume is not always uniform. Below a hot
zone temperature of about 1300°C, the glow dis-
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charge tends tc be filamentary and unstable. As the
tube temperature increases, the discharge becomes
more diffuse, completely and uniformly filling the
entirc volume as the tube approuches operating
temperatures in the range of 1400 to 1500°C. The
uniformity of the discharge at optimum operating
iemperatures can be explained in part by the
presence of a thermally generated source of uniform
preionization in the volume, because of the presence
of the low-ionization-potential species Cu. At
1300°C, the Saha equation predicts a background
electron density of about 7 X 105 cm™3, Higher
levels of ionization probably exist when the laser is
operated repetitively at 6 kHz because of residual
ionization left from the decay of the electron deasity
following each pulse.

Laser power is extracted from the device in an
aanular beam with a flat-flat resonator consisting
of one totally reflecting mirror and an uncoated op-
tical flat as the output coupler. Figure 10-61 il-
lustrates an oscillogram of the laser current pulse
measured with a current viewing resistor and the
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associated stimulated emission pulse. The measured
current pulse with a peak amplitude of 1.6 kA and
FWHM width of 200 ns agrees well with calculated
current pulse shapes, using a circuit code that
models the time-dependent conductivity of tie
Cu + Hedischarge. Figure 10-62 shows typical data
on the operating characteristics of the laser as a
function of the He buffer gas pressure and prf.
Laser powers of 20 to 35 W at a prf of 6 kHz have
been observed from this device.

Authors

T. Kan
D. Ball

10.6.7 Dye Development

The tunable dye laser is inexpensive to operate
and is scalable; thus, it is the principal means of fre-
quency conversion from a laser pump (copper
vapor, doubled neodymium, rare gas halide) to the
wavelengths and line widths needed for atomic
uranium separation. For a three-step ionization
process, this conversion means wavelengths cen-
tered at 600 nm; for a two-step ionization process, it
means wavelengths centered at 400 nm. The dye
facility presently concentrates on understanding the
physical and chemical parameters that influence

performance—conversion efficiency, ltaser thresh-
old, tuning range, optimum response, and
photochemical stability.

Short-pulse, focused laser excitation of dye
media generates high concentrations of the fowest
excitled singlet state S; of the dye. Although this S;
state is essential for gain, it introduces its own ab-
sorption. If such absurption appears at the pump
wavelength, it wastes pump power. Thus, a
knowledge of the spectral properties of the §; state
is important in determining optimum pumping con-
ditions and is essential to the design of improved
laser dyes.

We have measured the S; spectrum of
rhodamine 6G as well as other materials by means
of the experimental setup illustrated in Fig, 10-63. A
weak tunable probe beam B; interrogates the sam-
ple in cuvette C, which is pumped simultaneously by
a strong laser B operating at the dye absorption
maximum. Because the pump saturation flux is a
minimum at this wavelength, attention can be con-
centrated on a uniform pumping field by sacrificing
power tor beam homogeneity. Plots of pump
transmission against incident pump flux show
sigmoid-shaped curves. All experiments were con-
ducted at only the fully saturated condition. A
correction to the directly measured excited state
spectrum must be applied because the dye has a
strong fluorescence and, hence, a nonzero
stimulated emission cross section even at the ab-
sorption maximum. 122

The induced spectra for the ground-state S,
and the lowest excited singlet state S; are shown in
Fig. 10-64. The ground-state absorption cross-
section (ag) is determined simply from the ratio of
the incident (I;) and emerging (I) intensitics of the
monochromatic beams on a dye sample in conven-
tional equipment, such as a Cary spectro-
photometer, according to

lnil=-Ndao. (30)
I

where N is the dye concentration (molecules /cm?)
and d is the cell path length. If the ground-state dye
molecules could now be converted entirely to the S
state, the induced spectrum would be as shown.
Here, ¢* and o, are the cross sections for excited
state absorption from the S; state and stimulated
emission from S| - Sy, respectively. Al wavelengths
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Fig. 10-63. Apparatus for measurement B
of dye-excited singlet ahsorption. 2
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Because rhodamine 6G is a laser dye, the spectrum
shows a crossover point from absorption to gain.
For the gain region, (g, - ¢*) is positive. It is this
effective stimulated emission cross section that is the

basic parameter defining lasing behavior. 1t is
relaied, just as for og, by
lnL—Nd(a -0%). 31)

Determination of the S; spectrum must be under
small-signal conditions, so that there is no distor-
tion of level population, just as it must be for the
ground-state spectrum.
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assuming no dispersion in the medium for the small
Stokes-Shift dye.

Along with the calculated o, curve, Fig. 10-65
shows both the experimental points from which Fig.
10-64 is plotted and the fluorescence spectrum E(A).
The emission cross section is larger than the
measured points up to 550 nm and indicates small
a* values, about 0.4 X 10-'6 cm2 The curves nearly
coincide at 580 nm and longer wavelengths, where
the excited-state absorption appears to be minute.
Support for this conclusion comes from the probe
measurement at 670 nm. Although the fluorescence
is extremely weak, the dye still has gain with a
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measured and predicted cross section of only about
0.2 X 10'6 ¢cm2 Thus, apart from the continuation
of the weak excited state absorption from beyond
500 nm to about 550 nm, o* is very small, probably
less than 0.2 X 10-'® cm?, across the rest of the
fluorescence band. Such trends are implied in the o*
curve of Fig. 10-65.

A comparison can be made between the S+ )
absorption and the related transition accessing the
S, state from the ground Sp. In Fig. 10-66(a) the a,
curve is redrawn on the S, « Sy ground-state ab-
sorption spectrum, offset by 18,450 cm-! (the posi-
tion of the S state). We have used the symmetry
point between the S; « Sy absorption and mirror-
image S; « Sy flucrescence to approximate the
origin of §;. If the absorption shown were a true
measure of o*, such curves would predict that
rhodamine 6G is a laser dye (g, > ¢ *) but would not
predict gain at 670 nm.

However, we can develop some insight by in-
quis.ing about the directions of the transition mo-
ments within the molecule. Figure 10-66(b) shows
the long-axis polarized absorption determined ac-
cording to the method of Albrecht!32 from the
fluorescence polarization measurements of Jakobi
and Kuhn.!33 The estimated o* values are now close
to the predicted values; the dye not only has gain at
670 nm but even the crossover point at 523 nm
agrees with the experimental value (526 nm).
Moreover, the band at 4.0 X 10* cm™! in Fig.
10-66(b) and the excited state absorption at 440 nm
in Fig. 10-64 are near-coincident.!¥ We can use
symmetry argumznts 1o interpret this observation.
If we assign the dye chromophore C3, symmetry, we

can infer that the transition moments for the
stimulated emission process and for excited state
absorption are perpendicular to each other within
the plane of the molecule.
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The results of these studies bear on the op-
timum pumping geometry and wavelengths for a
specific dye Rh6G. Our ultimate goal is to ur<er-
stand systematically the effect of excited state ab-
sorption and orientation on dye laser performance.
Hopefully this understanding will aid in our selec-
tion of existing dyes and the construction of new
dyes for uranium LIS,
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10.6.8 Laser Systems
Capability

In late 1977, a major effort was undertaken to
build the VENUS laser system. The facility, when
completed, will provide a significant increase in the
tunable laser power available {or AIS experiments.

The concept of the VENUS project is to
transport spectrally tailored dye oscillator beams
from the SPP-II laboratory (sce §8.4 of the 1976
Laser Program Annual Report!?%) into the VENUS
facility, where the dye beams will be increased in
average power, using CYL pumped-dye amplifiers.
The beams will then be spatially combined and
transported to the separation chamber (Fig. 10-67).
Thirty-two nominal 15-W copper lasers will provide
the necessary dye amplifier pump power. The CVL
and associated mounting structures were designed
and fabricated under contract with the General
Electric Company. A single space frame rigidly sup-
ports the laser heads, which are arranged optically
into a number of master oscillator-power amplifier
{MOPA) chains.

The VENUS system is housed in an addition to
Bldg. 17/, which was completed in August 1978. A

Wave-form generation,

Fig. 10-67. The SPPI-VENUS Laser Facility.

Laser power amplification

Wavelength acquisition/stabilization

Low throughput isotope
separation chamber

To
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Fig. 10-68. VENUS laboratory, showing copper vaper laser modales (on right) secn from rear.

photograph of the facility is shown in Fig. 10-68.
The 2000-ft? laboratory is divided into the laser
area, power supply room, and technician work area.
The CVL space frame and a granite table for the dye
amplifiers rest on a 3-ft-thick concrete pad located
near the north end of the room. The pad is isolated
from the surrounding concrete floor to provide an
extremely stable platform for the VENUS lasers.

The emphasis throughout the development of
the VENUS system has been placed on the use of
components designed for ease of maintenance and
rapid replacement, and on the use of existing
technology, wherever possible, to ensure the suc-
cessful, timely completion of the project.

Copper-Vapor-Laser Pump System. Because of
their present advanced state of development, copper
vapor lasers were chosen to provide the pump
power required to drive the VENUS dye amplifiers.
The CVL’s have been supplied by the General Elec-
tric Company in eight modules, each containing
four laser heads and common service manifolds.

An improved version of the G.E. Medel 15-6
commercial CVL is used in the VENUS system. The
laser consists of a water-jacketed center section, a

ceramic break, and water-cooled, easily removable
end window assemblies. Reference surfaces are
machined onto the jacket to provide 4 reproducible
mounting surface. An evacuated region separates
the water jacket from the heat shields surrounding
the alumina discharge tube. The heat shields, made
up of alternating layers of molybdenum foil and
tungsten screen, sufficiently insulate the alumina
tube to enable the waste heat from the Jdischarge to
raise the tube to an operating temperature of
1400°C. Bellows at both ends of the alumina tube
adequately seal the buffer gas region inside the tube
from the evacuated heat shield volume, permitting a
constant, reproducible flow of buffer gas through
each laser head. The plasma tube itself is 107 cm in
length with a bore of 2.5 cm and is supporied at
each end by tantalum electrodes. Copper scurces
located near each end of the plasma tube provide
the lasing medium.

At a pulse repetition frequency of 6 kHz, the
VENUS CVL produces more than 15 W of average
power in a 30-ns pulse, with about two-thirds of the
output in the 5106-A line.

The CVL heads are arranged in eight four-
laser-head modules (Fig. 10-69). Each module con-

10-77



Fig. 10-69. VENUS copper vapor laser 9 ¥}
system (four modules are shown in installed . ﬁ
in VENUS space frame).

tains munifolds for all mechanical and electrical ser-
vices, including vacuum, water cooling, exhaust air,
buffer gas, compressed air, and interlocks. For ease
of servicing, the laser heads swing out from the in-
terior of each laser cell on a hinged plate (Fig. 10-
70). Precision support cradles for the heads are ex-
pected to permit replacement head installation with
a reproducibility of £0.5 mm, eliminating the need
for realignment. Quick-disconnect vacuum, buffer
gas, and water cooling lines should reduce head
replacement time to less than 10 min. The resonant-
chaige circuit electrical components are located in a
drawer assembly installed and removed from the
rear of each laser cell of the module (Fig. 10-71).
Thus, in the event of a suspected electronics failure,
the entire charging circuit can be rapidly replaced.
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Optics for the CVL heads are mounted on steel
plates bolted to the space frame, Because of their
modular design, the same optical mounts can be
used for all master oscillator-power amplifier
(MOPA) configurations. To maintain the stringent
(~20 prad) alignment tolerances, the space-frame
members must be kept free from thermal distortion.
For this reason, only one end of each module will be
rigidly attached to the space frume, and water can
be slowly circulated through the frame columns if
required.

MOPA Cperation. The limitation on bore
diameter in high-prf CVL's, because of wall effects,
restricts volume scaling of cylindrical CVL’S to an
increase in active length. For the VENUS system,
length scaling is achieved by staging the heads in a



Fig. 10-70. VENUS copper vapor laser shown swung out from its laser cell for sersicing.

MOPA configuration. The copper gain medium is
well suited to MOPA E)peralion because of its high
stored energy and low saturation flux.!36 Earlier
measurements with a 5-W CVL indicated that the
device, when used as an amplifier, has a stored
energy somewhat higher than when it is used as an
oscillator, although some of this advantage is offset
by coupling losses between amplifier stages.

To provide flexibility in the maximum output
power available from each of the VENUS dye am-
plifiers, the CVL heads and associated optics have
been designed to permit a variety of different
MOPA configurations. By a simple rearrangement
of resonator optics, any CVL head on the space
frame can serve as a master oscillator for a MOPA
chain. Any number of compietely independent am-
plifier chains can be configured, the number being
limited only by the total laser heads available.

The timing of each CVL discharge must be
precisely controlled (1o ~2 ns) to effectively extract

the stored energy in a MOPA configuration. For the
VENUS lasers, a microprocessor-based servo-
system monitors and adjusts the firing time of each
head. The computer is also used for active stabiliza-
tion of input power to each laser head, automatic
warmup of the copper lasers, data acquisition, and
system status display.

When completed, the VENUS laser system is
expected to be a versatile, reliable laser amplifica-
tion facility. Operated in conjunction with the SPP-
11 laboratory, it will provide a substantial increase
in the tunable average power available for isotope
separation experiments. The CVL pump source at
the heart of the VENUS system is believed to be
practical because of the advanced head design, the
efficient MOPA operation, and the use of rapid
replacement components. The VENUS system has
been based almost entirely on existing technology to
ensure dependable operation; yet at the same time
the relevance of the technical approach to fuiure
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Fig. 10-71. Copper laser modules seen
from rear (resonant charge drawer has
been opened for routine inspection).

syslems has been maximized, within schedule and 136. R.S. Hargrove, R. E. Grove, and T. Kan. Capper Vapor

cost constraints, to provide a sound foundation for Laser Unstable Resonator Oscillator and Oscillator-
. ! . Amplifier Charateristics (to be published).

the design of large AlS experiments. miplifier Characieristics (to be published)
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