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ADVANCED LASER TECHNOLOGY FOR LASER-INDUCED FUSION APPLICAT:ONS*

Robert L. Carman

University of California
Los Alamos Scientific Laboratory
Los Alamos, NM 87545

At lecast five yecars of committed work have already been spent
on the development of very large laser systems, target geometrics,
and diagnostic capabilities. We will draw upon many significant
features of this work to identify trends for futurc fucilitices.
Also, becanse laser facilities cre likely to be very much larger in
the future, some additional conclusions seem unavoidable. As a
stimulus for these discussions let us consider how we might design
a 1-MJ lascer facility today. This fucility is lavge enouph so as
not to cvoke mumy preconceived notions or biases, yet on the other
hand, not too large to illustrate many of the problems we wizh to
point cut. As an additional incentive for our review, ict us re-
call, as demonstrated by mumy < 1 kJ target experiments (pulsce dura-
tion 0.025 to 5 ns), that laser coupling inefficiencies as well as
various undesirable encrgy-transport phenomena, for unsophisticated
targets, dictate lasers with outputs of several huadred kilojoules
to miuny megajonles to achieve significant net power gencration [if
not break-cven) from lascr-driven fusion. Current know!edpge and
larer research dati. clearly peints to a number of weakuesses.

Let us first identify the crucial issues us follows:

1. Obtain complete flexibility and control of luser cnergy.

2. Design optimized amplifiers based on a deeper understand-
ing of the processes involved, and

3. Imcrease lascr efficicency.

Most of the discussion will deal with Item (2); Item (1) will
be addressed in passing only, and Ttem (3) will be ignored.

* Paper presented at the 4th Internatianal Workshop on Laser Inter-
action and Related I'lasma henomena, Troy, NY, November 8-12, 1076.



Control Of lLaser Encrgy
The independent laser parameters which a laser designer has at
his disposal arce listed below:

TABLE 1

IMDEPENDLENT LASER OUTIUT PARAMETLRS

(1) Total output cnergy.
(2) 2ulse duration (FWHM),

(3) COutput ncar-ficld spatial distribution and
its time dependence.

(4) Stats of polari-ation and its time deperulence.
(5) Temporal pulse shape.

(6) Spatial distribution of focused output at target
and its timec dependence.

(7) Wavelength at center of emission and its time
dependence.

(8) Instantancous pulsc-frequency bandwidth.

Several large analyiic and numerical calculaticus have been
performed to examine the effuct of cach of thesc parameters on
lascr-driven fusion, but experiments have concentrated mostly on
items (1), (2), and (3) of Tuble I. Because small f-number optics
arc usuilly envisioned, usc of only onc polariziation is exrluded,
and becausc only resonant absorption appears to have any polariza-
tion scnsitivity of conscquence, item (4) is usually counsiderad to
be best understood! .and the least impertant. Almost from the be-
ginning the last four items were assumed to be very inportant, but
until recently little cexperimental work of significance has been
carricd out.

The capacity to temporally 'Program' a lascr pulse over scveral
orders of magnitude in intensity has been developed, though little
target work has been done. Two techniques exist: pulse stacking
by mcans of beamsplitters? and clectronic pulse programming com-
bined with the clectro-optic cffect i, lockels cells,? We at Los
Alamos fuavor the latter because the former tends to maximize the
pceak power for a given pulse cnergy and total pulsc duration (FWHM)



delivered to a topet, leaving the additional time structure to
drive mdesirable plaswa instabilities.

Uniformit. ot illmmination at the target surfaze is usually
accepte I as deirahle. However, direct focusing makes uniform
target iJlumination by several beams, a very difficult task., This
problem has been overcome by the develupnent of confocal elliptical
mirror systems.?  In fact when lasers with 20 or more ontput beams
arc cmploved, this problem should he simplified significantly,
pussihly cliwinating the requirement for complex focusing optics.

We ave thus let't with the last two paramcters of Table I, which
have received little or no experimental attention until recently.

A suhstamtial mumbtier of target oxperinents have been carried out at
A= 10 um with CO> lasers and at % = 1 um with Nd:glass lascrs. One
of the most important insights these cexperinments provided was the
clear indication that the particle distributions divided into two
portions: u hot component and a cooler buackground component. The
background distribution docs not appear to be substantially alfect-
ed by laser wavelength? aad is characterized by a tempersture of

0.3 to 1.0 keV., Thehot distributions however are a different matter.
Figure 1 plots the chinacterizing hot clectron temperature, Ty,
versus incident lascer power0 for data obtained in labs across the
world, as indicated. Althangh consideriable data scatter cexists for

Fig. 1.
Plot of chariucteristic hot clectron temporature (for a two tempersi-
turce mode! of the plasma) versns laser iutensity on target.  The
upper curve is for €O, lasers while the lower is for Nd:glass lasoers,



intensities, Pr, sbove 103° W/em2 und interpretation of the data in
terms of an clectron temporatare is often complicated by platcias
and other structure in the spectra, best-fit wmunbers have been used.
Also included are some inferred hot-2lectron temperatures trom
maximum ion velocitics obscerved in CO> thin-film experiments,
assuming that the obscerved ions are accelerated in the isothermal
coroni of the luser plasma.

From Fig. 1 it is apparent that a single power law does not
apply for all intensitics. It is even more revealing to plot the
data as a functicn of L2, as in Fig. 2.© Note that both the CO)
and the Nd:plass dara fall on once curve that cvens out at about
PLAZ = 1015 Wimd/cal.  Particle-in-cell nmnerical simulations have
shown that the laser drives up a steep deusity step.  Such a step
is duc to the photon pressure excecding the hydrodvnamic plasma
pressure and leads to a two-dimensional plasma surface which is un-
stable. Resultant turbulence, for large LA valuss, probably
accounts for the larger scatter in the data. The solid curve drawn
through the data above 1015 implies a A1/2 dependence from the in-
dicated slope &, and is the dependence found by particle-in-ccell
numerical simulations. The A3 scaling of Ty for PLA2 < 1015
(weak profile-modification limit) is also as expected by the usual

Fig. 2.

Replot of data in Fig. 1 as a function of P'[A2 producing a univer-
sally applicable curve for both lasers.



flux-limit rodel.  We belicve that the reduction in vewer-law cox-
poucnt is ciaused by Lixer modification of the dent sy-gradicent

scule length to bess than b free-space wavelenpth within the re-
somance-ahsorption model. ™ These results indicate thiat any laser
with only onc time-independent center-emission wicveliength » and a
relatively rarrow linewidth, rshould lead to the same plasma proper-
ties under conditions of stroe g profile modificatian., To avoid

the effect of strong profile modification while simultancously im-
proving inverse bremsstrahlueg absorption, a lasers wavelength of
0.3 um is suupested. (Note that cven at a las~r jiqtensity of 1c¢10
W/em2, P22 = 1013.) However, there is one other aspect to be con-
sidered. A coherent laser of 0.3 um wavelength Has a 300 times
higher capacity of producing interference-type structure in the
focal planc than at te. 6 21, whereas critical deesity of ~ 1022
particles/cmd irplics that the critical surface is never too far
from the solid target (density, 7 1023 purticlcs/cm3). As a result,
uniform initiation of the plasma is very improbible, because neither
diffraction nor spatixal thermal conduction can be expected to
symmetrize the heating in such 2 short distance.

We know that ir lasers can generally initiate ablative com-
pression quite syemctrically., On the other hand, uv lasers appear
to be desirable ir unsophisticated targets during the final portion
of the ablative compression cyele, because strong profile modifica-
tions may be avoidable, losses in radial therrsal conductivity are
of lesser consequence, and inverse bremsstrahl-ang abserption is
increased.

While sophisticated target design may climinaic these wave-
length considerations, such targets are beund to be more expensive,
making cconomical power generation less likely. <Consequently, re-
scarch designed to develop laser sources that can implode simple
targets ctficiently remains an important area for future rescarch.

Let us consider the conseqnences of a totally different kind
of laser source, mamely one whose center wavelength jumps from the
ir diaue the uv in several discrete steps.  Such a laser could ini-
tiate placma production in the ir at an intensity that would allow
symuetry. 8w depositing the tinal laser energy in the uv at high
intensity, improeved inverse bremsstrahlung absorption and deposi-
tion of the luascr cnergy at nearly selid density should ensure both
good thermal and good optical coupling. By turthker providing
severil intermediate wavelenpths, it also appears reasonable to ex-
pect a smooth tramsition that would avoid iustabilities. Finally,
if all this radiation were focused by a dispersive lens, a “spatial
chirp" could he provided that wouid ensurc a high fucused intensity
for the uv cucrgy only.

Theoretical calculations have indicated that for normally in-
cluded target physics significant henefits could be anticipated
from this latter type of laser source. llowever, to our knowledge,
only one proposa’ has supgested to diate how such a lascr source
might be developed experimentally.? This source involves an “after-



burner' concepr of stimulated Ruman scattering that takes piace in
a proviouxlv i\\v_:od medium,  We will therefore, discuss more on
this topic after un\ ‘g explored the more general subject of ampli-
fiers.

DESIGN OF OPTIMIZED AMPLIFIERS

Let us consider the general requirements for a future amplifi-
cr system that will deliver 1 MJ in a pulse of 0.1 to 2 ns duration.
We only assume that the amplificr medium steres the cnergy hetfore
amplitfication and that amplification involves the emission of one
photon duriag the decay from the upper lasing level to the terminal
level of the atomic or molecuiar system. We shall sce thuat many
aspects of the amplificr system follow from these simple assamp-
tions and that the inclusion of practical limitations furthcr de-
fines the system.

First, consider the reiation between total output cnergy wout
and beam diameter D dictazted by practical limitations of thc optical
encrgy-flux F, namely,

4w 1/2

D(cm) = ﬂMf“t , (1)

wherc M is the nnmber of parallel oucput beams, and whose cross
sections have been assumed to be circular, for purposes of defini-
tions. In fact any becam cross scctional shape is cqually acceptable
for present purposes, and a similar relation would resutt. Next.
note that for steady-statc pumping (i.c., for a condition in which
an invorsion is established, thz cuergy is stored, and the pulsc is
amplificd after most of the pumping cycle has been concluded), there
are practical limitations on the diameter of the volume that can be
cxcited by present pump sources, indicated in Table 11. Prescnt
pumping sources cscem to limit D to ™~ 50 ca, within a factor-of-2
multiplier (numcrator or denominator). Intensive rescarch could
certainly be expected to lcad to a D much larger than 1.0 m within
the next five years. )

Note also that a practical flux limitation cxists for any
optical wavelength. It huas been shown8 that for the whole infrared
and low-frequency visible portion of the spectrum, au optical damage
threshold cexists for lascer-beam windows, host material, and optical
components in general at clectric-field strengths very similar to
the clectric fields required for diclectric breakdown. A good
upper flux limit for salt windows in CO» lasers (10.6 um) is ™~ 2
J/cm2 at 1 ns, whereas, for iodine lasers (1.7 um) or other poten-
tial gus lasers up to ~ 0.3 um, sapphire windows arc used, and can
withstand up to 4 J/cm? at 1 ns, similar to ruby lasers. For uv
excimer lascrs, flux limits appecar to be somewhat lower, 0.5 J/cm?
for 1.0 - us pulses dictated mainly by multiphoton absorption and
related phenomenia. While new materials may raisc the flux limits
somewhat, significant improvement scems unlikcly. For any practical
purposc we thus conclude that I v 2 J/cm?, again good to a factor of



TABLE I1

AMPLITIER BIAMETER CONSTRAINTS FOR STEADY STATLE PUMP'ING

II.

III.

1v.

FLASHLAMPS  (CORVENTIORAL OR gClNTILLA10RS|

Dinmeter-density of absorher constraint imposcd
duc to inversion mmiformity. Typically D < 50
cm for reasonable N*,

SUSTAINER OR_CONVENTIONAL DISCHARGE:

Diameter constraint due to loss of L/ at large
gaps stemming from streamer and breakdown problems.
Typically D < 56 ¢m for rcasonable pressures.

ELECTRON BLAM

Voltuge scales with pressure (new arca). For
typicul pressures, a 50 cm squire cross scction
requires a megamp (leading to current pinch
effects). With use of maenctic fields, might
scale to onc meter squarce cross sectiom.

CHIEMICAL

Gas mixing to rcasonable homogenicty limit nure
chemical system to D << 50 cm. A premixed ini-
tiated chemical system is limited by initiator
unless it's a chain recaction. True chain re-

action is not u steady-state pumping situation.

NEUTRON, X-RAY, OR OTHER BEAMS

Scaling conceptually feasible to large sizes but
very little known. If fissionable matcrials in-
cluded, pumping may not be stcady-state.



2. From LEq. (11, we see that for an output ¥, = 1 MJ, 250 beams

arc required and cach with a diameter of 50 ¢m. Whiie there is hope
that rescarch might increase D substantially, w.e are still led to
the countlusion that we must develop means (o coabine groups of hejams
into clusters and then treat them as one entity.  We will Wdefine an
array as suach a cluster of beams which, once penerated, is then
manipulated, expanded, sptit, ampliticd, focused and isolated as it
it were oune beam, A laser system consisting of many paral el arrugyr
of beams is then termed an array laser.? Future large facilities
may cven proceed to arraying sceveral arrays as indicated in vig. 3.
Note that the top lett (Fig. 3) represents schematically the array
to be used in the 100-kJ UHigh Lnergy Gas Laser facility (MELIF) to
be constructed ut Los Alamox.  Six parallel amplificers with 12 seg-
ments per amplitier are envisioned. The middle left array of lia.

3 was first proposcd by the author at Lawrence Livermore Laboratory
in 1972.9 such arrays can be further combined at a later stage in-
to arrvays of arrays as a pencraiization of the illustration in the
upper righs of Fig. 3. In Fig. 4, we show the neur-ficld pattern
of an actual laser output, illustrating one method of gencrating a
beaw array. This array consists of 133 independent but collincar
beams, which werce generated by a ruby oscillator consisting of a

uni formly inverted 25-mm-dian. rod of 25 em length, o 10% reflect-
ing output mirror, a fully reflecting rear mirvor, a saturable-ab-
sorber Q-switch, and an aperture plate placed near the rear mirror.
The aperturc plate is perforated by a series of l-mm-diam. holes,
arranged as shown by the optical pattcrnn in Fig. J. By operating
this system as a driven or regencrative ampli€ier rather than as an
oscillator, it would be further possible to guarantee that all beams
werce time-synchronized. In fact, even complete phase sychronirto-
tion might be attainable with this appro:xch.10

Ai alternative approuach first conceived by Gene McCall and the
author in 1975 in Los Alamos is shown in Fig. 5. In this case, a
beam cntering from the left is split twenty times by partial trans-
mitting mirrors located in the optical path. BReam collincarvity is
then rcestablished by 20 totally reflecting mirrors located at the
perimeter of i1 very stable, water-cooled, stainless steci frame.

The locus of the cmerging beams is a circle with its ceuter on the
original becam axis. As shown schematically the 20 beams then tra-
versc an amplifier stage on the cextreme right. Array lasers simply
cannot be zvoided in future laser systems unless great breakthroughs
occur in laser pumping. [Protfessor Basov's 216-beam and Professor
Prokhorov's 32-becam Nd:glass lasers and the 6 scgmented-donut beams
of the Los Alamos CO> 100-kJ laser, arc cmploying to some extent
these idcas although probably for different reasons.

From our preceding discussion much more can be inferred, ho.:-
ever, than just the number of beams. We know as an empirical fact
that a limit c¢xists for the product of gain cocfficient g and am-
plifier diamcter D namely,



Fig. 3.

Beam cross sectional profiles of possible interest for array lasers,
showing the clustering of weveral smaller beams into a large “beam”.



Fig. 4.

Cross scctional beam profile consisting of 153 beams of ' mm diam.
generated by a 25 mn diam. ruby oscillator.



Fig. 5.

Illustration of a becamsplitter (left) capable of producing a beam arrav of 20 collincar beams
from one input bcam, and an array amplifier (right) capable of amplifyving all 20 beams as if
they were onc beam.

[l



» 1/2

-1 . -
gmax(cm } + (o h*)max < 5/ = N . (2)

Equation 2 frequently does not arise dae to a limited amplified
spoitancous cmission but from several other limitations; to date, a
more typical value of gpa¢D € 2 is observed. From lig. (2) we can
immediately find the encrgy storage density, Ly, agzin to within a
factor of 2, because essentially the whole output must be stored in
the last anplifier gain length. Therefore,

: 1/2
ES(J/cm3) = Fg <2 %Eﬂ-- : (3)

nut

This relationship also implies that for a simple *rausition the
saturation cnergy flux equals the flux limit F. The required in-
version density can now be cstablished, if the lascer wavelength is
specified, namely

3 ES A(un) F3/2 A(um) 6mM 1/2
N* (1/em™) = =19 < ~i% m . (4)
2 x 10 2x10 “out
Finally, combining the equalitics of Eqs. (3) and (4), we scc that
-19
o2 « . 2. x10
Uopt‘Cm ) = g/Nv = F A(um) ) (5)

This relation provides us with the optimum emission cross sectiomn

12

Oopt for the amplifying medium of a large laser. Because most lasers

do not operate with t!::s cross section, let us ask what the consc-
quences are. For O < Ogpt, the beam saturution-cnergy density in
the amplificr is higher than the flux limit F, implying that cnergy
extraction is incomplete and hence irefficient, as in the case of
glass lasers. On the other hand, for U >> Copt » amplifier satu:a-
tion occurs carly in the pulse-amplification process, as is the
casc in €O lasers, and very large volumes of inverted media are
required duc to linear rather than cxponential spatial gain, so
that hardware costs are much higher than they are for a truly opti-
mum system. Of all the lasers currcently considered for obtaining

> 1-kJ pulses of £ 1 ns duration, only atomic iodiuc can achiceve
this optimum cmission cross section. In cxperiments at Los Alamos,
we have broadened the iodine line with 1 atm of Xcnon mixed with
100 torr of CF3l, which upon flashlamp photelysis, ylelds 10 torr
of inverted atomic iodine with a cross section o = 2 x 10719 em? in
a l-cm-diam. tube. Further, the atomic-iodine laser of Zeuv and
Basov at the lcbedev Institute in Moscow closely approaches this
cross scction in an cxploding-wire-pumped 50-cm-diam. amplifier,
indicating that only cfficiency questions associated with the pump
sourcce may provide some limitatious on atomic-iodine lasers. The
thrce most prominent laser systems in use today arce compared in
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Table 111, We have intrea ced two new parameters in this table.
The first is

9
= L. 107
lchnracteristic ~ 100¢ in [LM ] ’ (6)

where g is tie expoucntial guin cocfficient. In arriving at Eq.
(6), we assume uniaturated gain as well as 1-MJ output from an
amplificr chain ol' L tines M beams driven by a 10-3.J oscillator
input. The 1ast tuble entry is the product of the threc preceding
entrics and is proportional to the totul volume of the amplifier
system. In the case of €Oy, the carly saturation of the amplifier
chain will lcad to a somewhat greater length. While all three
systems could he scaled to 1 MJ, the 1*-Xe laser cicarly should be
least cxpensive because it should involve only 1/6th the volume of
inverte.ld material needed in CO, lasers; however, due to its present-
ly much lower efficiency than that of CO. lascrs, much or all of
this advintage is not realized. -

TABLE 111

ONE MEGAJOULE ARRAY LASERS FROM PRESENT LASER MEDIA

Nd:Glass I7-Xe CO5-lle
- - .
o(cm?) . 3x102%  2x 107 (1 atm) 6 x 10717
ki
N() /em®) 10'8 2 x 10!7 4 x 101€
g(em .03 .04 .025
D{em) 30 50 35
F(J/cm?) 2 4
E_ (/%) 190 30 .8
L Paths 35 25 44
M Beams/Path 20 S 12
| #
ECharacteristic(m) 4.7 4.0 5.8
#
L ME 3290 500 3060

.. P . . .
Since amplificrs opcrate highly saturated this number is not
correct, but rather should be somewhat larger.
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We now turn to concepss that may alter some of the details thus
far prescatced. The solid curve in Fig. 6 plots the laser emission
cross section versus energy outpnt per beam over a wide range of
values.!l Also indicated are the rvelative expected output energics
under steady-state pumping conditions for several differeat laser
systems. [Finally, we shkow by vhat techniques these output cnergices
might be increased.  In the reinainder of this paper, we will ex-
plore these techniques.

Fig. 6.

Plot of laser cmission cross section versus relative energy output/
beam used to divide space into three identitiable regions. Con-
ventional lasers with both steady state pumping and skingle photon
energy cxtraction operate at best on the plotted curve or to the
left of the curve.
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First, let us explary the concept of transient amplificer in-
version, i.c., a situatior in which the duration of the punp pulse
is comparable to the laser output pulsc in the amplifiers, winle
the oscillator is a guazi-cw source ion the scale of the amplitfier
pumping puiscl. One good example of this type of laser system is
an HF laser. 12

One advantage of transient inversion is the possibility of
climinating superf{luorescence preblems if the ow laser inpnt power
greatly exceeds the opticii-noise power, implying that ary large
cross scction o is usable because energy storage is no longer re-
quired. Faorther, it should be possible (within uncertainty-princi-
ple constraints) to preserve the input frequency and the spatial
optical distrimmtions of the quasi-cw input source. Beciruse energy
storage is not rvequireu, the amplification process could be carried
out in a mediwa in which cach active atom or nolecule is used many
times in the pumping-cnersy extraction process, implying that the
total density of the active medium could be wuch reduced.  Cinally,
chain-reaction processes appear to make devices of wmuch larier
aperturc possible, sugaesting that substantially fewer bemis than
presently considered ave requirved for very large laser systems.

The disadv.nmtages of transicnt pueping are quite significant,
however.  The pamping power required for amplificr inversion is com-
parable to the laser output power indicating that we are dealing
ouly with an improvement in the Q of the c.ergy, where Q ir the
center frequency of the cnergy souvrce divided by the frequency band-
width of the source. IFurther, medium homogencity must be adequate
to preserve the spatial intensity distribution of the initial input.
Finally, control of the temporul distribution ol the mmplifier out-
put demands that the temporal distribution of the pump be centrolled,
and this will certainly be very difficualt.

Presently we are attempting rto cvaluate these systems in a very
small and simple experimental setup consisting of a laser-pumped
dyc oscillator/amplificr system an which the two laser punping
sources arce of a different and programmable duration aud palse shape.
The dye-.aser oscillator produces an output pulse of 100 us durve-
tion, 0.01 em~!l bandvidih, 2 ma diameter, and » 10 mJ encergy. The
dyc-lascr amplificr has a pumped volume 2 mm in diameter by 1 em
long and a pumping duration of ! ns in a transverse »xcitation
geomatry. Experiments using longitudinal pumping are beinpg con-
sidered. Typlcal gains of 00 db/cm have been observed, sngpresting
that many of the questions associated with energy extreaction cun be
answered with this system.

In a sccond transient-inversion study we are using the tunable
dyr.-laser oscillator described above ar an input idler in a travel-
ing-wave-pumped parametric amplifier. A LiNDO3 crystal, 25 mm in
dlameter by 4.5 em tong, is available; we intend to use again the
l-ns rabky laser pump for this experiment.  Becansce both the dye
oscillator and the ruby pump have handwidths of -~ 0.02 cw-1, we cx-
pect a very narraw bamdwidth for hoth the new parasctric amplifier
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output und the amplificatiyon on the idler.

While neither of these systems is expected to lead directly to
a very large laser, we hope to model the problems associated with
such systems so as to cvaluate their prospects.  We expect that the
low Q-high power pump source for a final system will be cither chemi -
cal, nuclear, or thermal.

The lower right-hand corner of Fig. 6 points up one other
pussibility, namely amplifiers involving multiple-photon cuergy
extraction. In these systems energy storape and cnergy extraction
arc secparatc phenomena, which as indicated, is most relevant to
lesing media with very low emission cross sections. In principle,
we can produce an amplifier in which the small-signal pain at all
frequencies is much lower than the larvge-signal vain for the ivput
driving laser. 1t is almost cerrect to state foe these amplifiers
that their normal emission cross section 0 is replaced by uy-1,
where I is the irtensity of the driving laser.

The advantages of this type of amplifier are numerous. First,
we might expect laree energy-storage densities without losses duce
to superfluorescene2.  Also, because the gain depends on driving-
laser inteusity, we expect temporul narrowing of the amplified
pulse due to the amplifsor's nonlinecar response.  Finally, we have
the possibility of changing the frequency of the driver pulse during
amplification if we choose the nontincar system properly. In fact,
through the usc of stimulated Raman scattering, we can provide a uv
frequency chirp on the amplified pulse which should tead to an out-
put pulsc bandwidth of mmiy tens of thousands of inverse centimeters.

The disadvautages ol this type of amplifier are, however, formi-
dable. First, stimuluated two-photon emission (rocess A of Fig. 7)
has not been oibserved oxperimentally, a fuct that might be rectifi-
ed in the ucar future.® Also, the state of the art in laser tech-
nology coupled with lurpge non-radiative loss riates limit currently
availuable cnergy-storapge densities to marginally interesting valnes.
Further, the output-flux limits that had been discussed earlier also
apply to nonlincar amplifiers, and moderately larpe nonlincar
emission cross scctions imply that only limited energy gains are
postible.  We should pursue this option because advantages promisc
to be great and because nonce of the disadvantages scem to involve
fundamental problems.

Two nonlinear amplitication schemes are indicated in Fig. 7.
Process A corresponds ta two-photon emission (TPE), wherens process
B corresponds to stimnlated Raman scattering (SRS) in an inverted
nedium, sometimes also referred to as anti-Stokes Ramm scattering
(ASRS). As discussed in reference 7, process A becomes most pro-
bable when wp = wy, and this condition is referred to as degenerate
two-photon cemission (IFIE;. ,

The principal difference between TPE and SRS is caused by the
fact that phatem mmber conservation limits energy pain to wi/wy,
wherecas no such conzervvation law exists for TPE. However, because



Fig. 7.

Energy level diagram illustrating two nonlincar amplification
processes.  A) Two-photun stimulated emission, B) anti-Stokes
stimulatad Rmnan scattering.
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wz can act as the input wave for further SRS, leading to the genera-

tion of wg = w3z + w»r + wy and s0 on, moderate energy gains are feas-

ible cven for SRS. ~Spccxfics for a practical case are given in
Fig. 3 of Ref. 7. To calculate the maximum encrgy gain achievable
for all orders of ASRS, we only need to calculate the last outpnt
frequency expected:

= 2 re i 4 g 5. ana 6
w(2“+2) w, + 2n (u)1 + mz) where n is the order of SRS, and wax

Wne2/ %2

Two kinds of spectroscopy are of interest for the ampllfylng
mediu, as illustrated in Fip., 8 for atomic iodine and atomic oxygen.
For atomic¢ iodine, we desirve DTPA initially to give way to ASKS,
which should proceed for many orders. Note thac wz = 3wy i.c.,
stimulated thivd-hmmonic geeration, which is enhanced by the para-



Fig. 8.

The atomic energy levels pertinent to nonlinear amplification.
the energy extraction process suggested by the spectroscopy.

Also inclu’~d are indicators of

81
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metric production of third harmonics in the presence of a resonant
two-photon levei. IFurther, becanse wg = 5up this device is an odd-
harwonic penerator with gain.,  Atomic iodine is a particularly good
choice, not only because w) lies in the ir, namely at X = 2.63 um,
but also hecause no cancellation from the intermediate stuates occurs
in the add-hamaenic response up to about the 13th harmonic, due to
the isolated two-level nature of the spectroscopy. As a final bene-
fit, as we proceed from the third harmonic to the {fifth, the scven-
th, and so on, the levels become more and more resonant with the
intermediate states, implying that th» gain of the higher odd har-
monics iIs increasing, thus forcing the cnergy of cach new harmonic
to exceed that of the preceding one.  Also note that, 2.63 1m is

the fourth harmonic of tiw normal COa laser operating at 10.52 ym.
We thus might cnvision a laspe COp laser whose output first passes
through two scquences of scecond-harmonic generators and then through
an inverted atomic-iodine cell before being focused on target. As
the 10.52 um output increasesx, a wavelength of 5.26 3:m rcuches the
target followed by 2,03 iim; then the iodine cell amplifies the 2.63
um output, followed by odd-harmonic genervation to 0.877 um, then
0.5206 um, then 0.576 um, then possibly 0.292 im, and so on, with

the intensity increasing with frequency and the highest frequency
generated being determined by either ahsorption of one or two pho-
tons, or by optical brcakdown of the medium by the previous harmon-
ics.

Numerical simuiations of an atomic-iodine nonltinecar amplifier
have confirmed the propertics discussed above, and cnergy gain of
up to 100 have been achicved for an input intensity of 5 x 108 W/
em? at 2.03 um. lowever, one other preblem has been revealed by
the mamerical work. The nonlincarity of the pain creates a spatial
instability because the pain is highest where the intensity is high-
est. We thus find that a flat-topped spatial distribution is re-
quired for the input lascr, very similar *o that generated in high-
ly saturatced amplificrs, like those typicaily employed in a large
€0 lascer systems.  The nonlincar system described above could pro-
vide a center-frequency change from 10.5 um ro at least 0.370 um,
correspouding to a 28-fold chanpge. If two-pheton absorption stops
the amplification, only harmonics up to the sev'nth will be produced
in the iodine. On the other hand, if single-phoron absorption
stops the process, we might expect two or even three additional
odd harmonics, namely 0.292, 0,239, and possible 0.202 im, thus
providing anmother two-fold chinge in frequeney. The use of these
latter frequencies, however, will be greatly complicated by trans-
mission difficulties in air, windows, and optical components.

Further conformation of this Raman behavior was found in a
thesis by G. Kachen!d who studied normal Ramin scattering in gases
at LLL by uslnp the sccond harmonic of a Nd::lass [-ns laser system
and a S-ps-resolution streak camera. dome tipical time resolved
spectra taken from thhis work are shown in Flp. 9. For SFy, wy =
774 cm-1, whereas for N0, wp = 1282 ¢m-1 and for Clly, wy = 2lo em-1



Fig. 9.

Strcak camera records of the time dependence of stimulated Raman
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scattering performed in the high pressurce gases under conditions of

~

stcady statce (upper) and transicent (lower) responsc.
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in the casce of SRS, ¥Finally, for 112, wy = 4155 cm-!. In the
first three cases, the SRS is operating in a steady-state condi-
tiou, IS whereas for Ha the SRS is transient. 15 Notice that for Slg
the higher cilers are pencerated as expected, bat that regeucration
of prior orders also occurs.  Becausce of the small frequency shift
and the very small dispersion in SFO,I“ anti-StohessStokes coupl-
ing throngh the phase-matchael T'our-photon interaction lecads to this
regeneration.  Less regoeucration occurs for the more dispersive
cases of N»O and CHy. Finally, in the case of transient SRS, very
little regenerotion is to be expected and none was observed in th:
casc of 1ll;, providing addit.onal corroboration. In the case of in-
verted atomic iodine, «p = 7603 cm-l; becausce the gas is very dis-
persive little or no regeneration of prior orders should occur.

We arc presently cxperimenting to evaluate the resultant quasi-
white light source Dby using inverted atomic iodime and a 2.63-um
driving lascr source. The experimental setup is shown schematically
in Fig. 10. TI'reviously, we demonstrated ASRS jn inverted atomic
iodine, obtained through flashlamp photolysis, and a Nd:glass driv-
ing laser system of & | ns pulse duration.l’ In our present experi-
ment we are using a two-pulse ruby laser to pump, first, a well
mode-scelected-dye oscialator-amplificr system as well as a travel-
ing-winve LiNhO5 parametric amplifier (sce Fig. 10). This source is
in the final stages of development and should produce a 2.65-um
beam of ~ 1 ns duration with an intensity of up to 2.5 G¥/cm2. Two
stages of an improved iadine system, used in previous work, 17 then
provide nontincar amplification. In this experiment, we expect a
pulse-cnergy gain of 'v 10 and only few odd hurmonics because the
ccll containing the medium is a little too short. We also expect
to study DTI'li and its competition with ASRS.

The other type of DITL device of interest requires an atomic
spectroscopy like that of Fig. & for atomic oxygen. Here, we
attempt to climinate ASRS completely by placing the intermediate
statc about halfway between the upper and the lower two-photon
laser states. Further, only circularly polarized light would be
employed to prevent parametric third-harmonic genervation. Finally,
we should look for an absorber gas that would absorb the third
harmonic if ASRS does occur. As a conscquence we would only use
the two-photon emission mode. In the case of atomic oxygen, we cx-
pect gain at A = 0.592 um between the 0(!S) and the 0(3I') levels
with o(ln) representing the near-resonunt intermediate state.
Estimates of the expected two-photon emission cross section for
atomic oxygen siaggest that it should be within onc order of magni-
tudc of that expected for atomic iodine.’ Finally, the single
photon cmission cross scction for the decay of 0(18) to O(lD) is
sufficiently small to allow a subsiantial inversion to be obtained.



Fig. 10.

Schematic of experiment to demonstrate both degencrate stimulated to-photon emission and odd-
harmonic generation with exponential gain through stimulated Raman scattering in inverted atomic
iodine.
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