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Robert L. Carman
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At least fivec yecars of committed work have already been spent
on the development of very large laser systems, target geometries,
and diagnostic capabilities., We will draw upon many significant
features of this work to identify trends for future facilities.
Also, because laser facilities ere 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 laser facility today. This facility is large enough so as
not to evoke many 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 many < 1 kJ target experiments (pulsce dura-
tion 0.025 to 5 ns), that laser coupling inefficiencies as well as
various undesirable energy-transport phenomena, for unsophisticated
targets, dictate lasers with outputs of sceveral huadred kilojoules
to many megajoules to achieve significant net power generation [if
not break-even) from lascr-driven fusion. Current knowledge and
larer rescarch dati clearly peints to a number of weaknesses,

Let us first identify the crucial issues as follows:

1. Obtain complete flexibility and control of lascer cnergy.

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

3. Increcasc laser cfficiency.

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

* Paper presented at the 4th International Workshop on Laser Inter-
action and Related Plasma Phenomena, Troy, NY, November 8-12, 1970.



Control Of lLascr Encrey
The independent laser parameters which a laser designer has at
his disposul are listed below:

TABLE I

IMDEPENDENT LASER OQUTPUT PARAMUTERS

(1) Total output cnergy.
(2) Pulse duration (FWHM).

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

(4) State of polarization and its time dependence.
(5) Temporal pulsc shape.

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

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

(8) Instantancous pulse-frequency bandwidth.

Several large analytic and numerical calculaticns have been
performed to examinc the effuct of cach of thesc parameters on
laser-driven fusion, but experiments have concentrated mostly on
items (1), (2), and (3) of Table I. Becausc small f-number optics
are usually envisioned, use of only one polarization is excluded,
and because only resonant absorption appears to have any polariza-
tion sensitivity of consequence, item (4) is usually considered to
be best understood! and the least impertant. Almost from the be-
ginning the last four items were assumed to be very important, but
until recently little experimental work of significance has been
carried out.

The capacity to temporally '"Program" a laser pulse over several
orders of magnitude in intensity has been developed, though little
target work has been done, Two techniques exist: pulse stacking
by means of heamsplitters? and clectronic pulse programming com-
bined with the clectro-optic effect i. Pockels cells.d We at Los
Alamos favor the latter because the former tends to maximi:ie the
peak power for a given pulse cnergy and total pulse duration (FWHM)



delivered to a taget, leaving the additional time structure tu
drive undesirvable plasma instabilities.

Uniformit: «f illumination at the target surface is usually
accepte b as de irable. However, direct focusing makes uniform
target iJlumination by scveral beams, a very difficult task. This
problem has been overcome by the develupment of confocal elliptical
mirror systems.?  In fact when lasers with 20 or more output beams
arc emploved, this problem should be simplified significantly,
possibly celirinating the requirement for complex focusing optics.

We are thus lett with the last two parameters ot Table I, which
have received little or no experimental attention until recently.

A substantial nunber of target coxperiments have been carriced out at
A =10 um with CO> lascrs and at % = 1 um with Nd:glass lascers. One
of the most important insights these experinents provided was the
clear indication that the particle distributions divided into two
portions: a hot component and a cooler background component. The
background distribution doces not appear to be substantially affect-
ed by lascer wu\'vlcng;thS and is characterized by a temperature of

0.3 to 1.0 keV. The hot distributions however are a different matter.
Figure 1 plots the characterizing hot electron temperature, Ty,
versus incident lascer power0 for data obtained in labs across the
world, as indicated. Although considerable data scatter exists for

Fig. 1.
Plot of characteristic hot clectron temporature (for a two tempera-
ture model ot the plasma) versns laser intensity on target.  The
upper curve is for CO, lasers while the lower is for Nd:iglass lasers.



intensities, Pr, chove 1035 K/em? und interpretation of the data in
terms of an clectron tempoeratare is often complicated by platcaus
and other structure in the spectra, best-fit numbers have been used.
Also included are some inferred hot-eolectron temperatures from
maximum jon velocities obscerved in CO> thin-film cexperiments,
assunming that the obscerved ions are accelerated in the isothermal
corona of the luaser plasma,

From Fig. 1 it is apparent that a single power law does not
apply for all intensities. It is even more revealing to plot the
data as a funcricn of PLRJ, as in Fig. 2.0 Note thiat both the CO>
and the Nd:glass dara fall on one curve that cvens out at about
PLAZ = 1015 wumi/cm?.  Particle-in-cell numerical simulations have
shown that the laser drives up a steep density step.  Such a step
is due to the photon pressure exceeding the hydrodynamic plasma
pressurc and leads to a two-dimensional plasma surface which is un-
stable. Resultant turbulence, for large PLAZ values, probably
accounts for the larger scatter in the data. The solid curve drawn
through the data above 1015 implies a A/2 dependence from the in-
dicated slope &, and is the dependence found by particle-in-cell
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 applicalile curve for both lasers.



flux-limit model.  We belicve thar the reduction in vewer-law ex-
ponent is caused by laser moditication of the dens!sy-gradicent
scale Jength to less than a free-space wavelength within the re-
sonance-absorption model.®  These results indicuate (hat any laser
with only once timce-independent center-cemission waveiength » and a
relatively rarrow linewidth, rhould lead to the same plasma proper-
tics under conditions of strov g profile modification. To avoid

the cffect of strong profile modification while siagltancously im-
proving inverse bremsstrahlunyg absorption, a laser wavelength of
0.3 um is suggested.  (Note that cven at a las-r intensity of 1010
W/em2, PpAZ = 1015.) lHowever, there is one other aspect to be con-
sidered. A ceoherent laser of 0.3 um wavelength lias a 300 times
higher capacity of producing interfercence-type structure in the
focal planc than at 10.0 11, whereas critical Jdersity of ~ 1022
particles/cmd irplics that the critical surface is never too far
from the solid target (densi=yv, v 1023 particles/cm3).  As a result,
uniform initiation of the plasma is very improbible, because neither
diffraction nor spatial thermal conduction can be expected to
symmetrize the heating in such a short distance.

We know that ir lasers can generally initiate ablative com-
pression quite symmetrically. On the other hand, uv lasers appear
to be desirable ir unsophisticated targets during the final portion
of the ablative compression cycle, because strong profile modifica-
tions mayv be avoidable, losses in radial therral conductivity are
of lesser censequence, and inverse bremsstrahl-ag abserption is
increascd.

While sophisticated target design may eliminaic these wave-
length considerations, such targets are hcund to be more expensive,
making cconomical power generation less likely. Consequently, re-
scarch designed to develop laser sources that can implode sinmple
targets cfficiently remains an important area for futurce rescarch.

Let us consider the consequences of a totally different kind
of laser source, namely one whose center wavelength jumps from the
ir incee the uv in several discrete steps. Such a laser could ini-
tiate placma production in the ir at an intensity that would allow
symmetry. By depositing the tinal laser energy in the uv at high
intensity, impruved inverse bremsstrahlung absorption and deposi-
tion of the laser cnergy at ncarly selid density should ensure both
good thermal and good optical coupling. By turther providing
several intermediate wavelenpths, it also appears reasonable to ex-
pect a smooth transition that would avoid instabilities. Finally,
if all this radiation were focused by a dispersive lens, a '"spatial
chirp"” could be provided that would ensure a high fucused intensity
for the uv encrgy only.

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



burner' concepr of stimulated Raman scattering that takes piace In
a previously ir\n::cd medium.  We will therefore, discuss more on
this topic after nn\ -ng explored the more general subject of ampli-
fiers.

DESIGN OF OPTIMIZED AMPLIFIERS

Let us consider the general requirements for a future amplifi-
er systcem that will deliver 1 MJ in a pulse of 0.1 to 2 ns duration.
We only assume that the amplifier medium steres the energy betore
amplification and that amplification involves the emission of one
photon during the decay tfrom the upper lasing level to the terminal
level of the atomic or molecuiar system. We shall see that many
aspects of the amplificer system follow from these simple assump-
tions and that the inclusion of practical limitations further de-
fines the system.

First, consider the reiation between total output energy wout
and beam diameter D dictazed by practical limitations of tho optical
energy-flux F, namely,

4w 1/2

D(cm) = m;’“t , (1)

where M is the rnumber of parallel oucput beams, and whosc cross
sections have been assumed to be circular, for purposes of defini-
tions. In fact any bcam cross sectional shape is cqually acceptable
for present purposes, and a similar relation would r2sutt. Next,
note that for steady-state pumping (i.e., for a condition in which
an inversion is established, thz cnergy is stored, and the pulse is
ampiificed after most of the pumping cycle has been concluded), there
are practical limitations on the diameter of the volume that can be
excited by present pump sources, indicated in Table IT. Present
pumping sources scem to limit D to ~ 50 ci, within a factor-of-2
multiplier (numerator or denominator). Intensive rescarch could
certainly be expected to lead to a D much larger than 1.0 m within
the next five years, :

Note also that a practical flux limitation exists for any
optical wavelength. It hus been shown8 that for the whole infrared
and low-frecquency visible portion of the spectrum, an optical damage
threshold exists for laser-beam windows, host material, and optical
components in gencral at clectric-field strengths very similar to
the electric fields required for diclectric breakdown. A good
upper flux limit for salt windows in COy lasers (10.6 um) is " 2
J/cm2 at 1 ns, whercas, for iodine lasers (1.7 um) or other poten-
tial gus lasers up to v 0.3 pm, sapphire windows arc used, und can
withstand up to 4 J/cm2 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 - ns pulses dictated mainly by multiphoton absorption and
related phcnomena. While new materials may raise the flux limits
somewhat, significant improvement scems unlikcly. For any practical
purposc we thus conclude that F v 2 J/em2, again good to a factor of



TABLE 11

AMPLIFIER DIAMETER CONSTRAINTS FOR STEADY STATL: PUMPPING

1.

11.

III.

1v.

FLASHLAMPS (CONVENTIONAL OR_SCINTILLATORS)

Diameter-density of absorber constraint imposed
duc to inversion uniformity. Typically D < 50
cm for recasonable N*,

SUSTAINER OR CONVENTIONAL DISCHARGE

Diameter constraint due to loss of E/P at large
gaps stemning from streamer and breakdown problems.
Typically D < 56 ¢m for rcasonablce pressures.

ELECTRON BEAM

Voltage scales with pressure (new area). [For
typical pressures, a 50 cm squiare cross section
requires a meganp (leading to current pinch
effccts). With use of magnetic fields, might
scale to one meter square cross scction.

CHEMICAL

Gas mixing to reasonable homogeniety limit pure
chemical system to D << 50 cm. A premixed ini-
tiated chemical system is limited by initiator
unless it's a chain rcaction. True chain re-

action is not a steady-state pumping situation.

NEUTRON, X-RAY, OR OTHER BEAMS

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



2. From Eq. (1), we sec that for an output ¥5,e = 1 MJ, 250 beams

are required and cach swith a diameter of 50 em. While there is hope
that rescarch might increase D substantially, we are still led to
the con:lusion that we must develop means (o combine groups of heams
into clusters und then treat them as one entity., We will define an
array as such a cluster of beams which, once generated, is then
manipulated, eoxpanded, split, amplified, focuvsed and tsolated as if
it were one beam., A laser system consisting of many parallel arrays
of beams is then termed an arrvay laser.?  Future large facilities
may cven procced to arrayving several arrays as indicated in rig. 3.
Note that the top lett (Fig., 3) represents schematically the array
to be used in the 100-kJ High Lnergy Gas laser Facility (HEGLE) to
be constructed at Los Alames. Six parallel amplifiers with 12 seg-
ments per amplifier are envisioned. The middle left array of lia.

3 was first proposed by the author at Lawrence Livermore Laboratory
in 1972.9 Such arrays can be further combined at a later stage in-
to arrays of arrayvs as a gencraiiczation of the illustration in the
upper right of riy. 3. In Fig. 4, we show the near-field pattern
of an actual laser output, illustrating one method of generating a
beam array. This array consists of 133 independent but collinear
beams, which were generated by a ruby oscillator consisting of a
uniformly inverted 25-mm-diam. rod of 25 c¢m length, a 10% reflect-
ing output mirror, a fully reflecting rear mirror, a saturable-ab-
sorber Q-switch, and an aperture plate placed near the rear mirror.
The aperture plate is perforated by a series of l-mm-diam. holes,
arranged as shown by the optical pattern in Fig. J. By operating
this system as a driven or regencrative amplifier rather than as an
oscillator, it would be further possible to guarantec that all beams
were time-synchronized. In fact, even complcte phase sychroni~o-
tion might be attainable with this appro:lch.10

Aix alternative approach first conceived by Gene McCall and the
author in 1975 in Los Alamos is shown in Fig. 5. In this casc, a
becam entering from the left is split twenty times by partial trans-
mitting mirrors located in the optical path. Beam collincarity is
then recestablished by 20 <otally reflecting mirrors located at the
perimeter of a very stable, water-cooled, stainless steci frame.

The locus of the cmerging beams is a circle with its center on the
original becam axis. As shown schematically the 20 beams then tra-
versc an amplifier stage on the cxtreme right. Array lasers simply
cannot be azvoided in future laser systems unless great breakthroughs
occur in laser pumping. Professor Basov's 216-beam and Professor
Prokhorov's 32-beam Nd:glass lasers and the 6 scgmented-donut beams
of the Los Alamos CO> 100-kJ laser, arc cmploying to some extent
these idecas 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 coefficient g and am-
plifier diameter D namely,



Fig. 3.

Beam cross sectionual profiles of possible interest for array lasers,
showing the clustering of several smaller beams into a large "beam'.



Fig. 4.

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



Fig. 5.

Illustration of a beamsplitter (left) capable of producing a heam array of 20
from one input beam, and an array amplificer (right) capable of amplifyving all
they were one beam.

collincar beams
20 beams as if

[



» 1/2

gmax(cm‘l) (@ Ny <5/ (SN . 2)

Equation 2 frequently does not arise due to a limited amplified
spontancous cmission but from several other limitations; to date, a
more typical value of gpaxD € 2 is observed. From Eq. (2) we can
immediately find the encrgy storage density, Lg, agzin to within a
factor of 2, because essentially the whole output must be stored in
the last amplifier gain length. Thercfore,

1/2
3/2 Snm . _ (3)

nut

ES(J/cm3) =Fg<F

This relationship also implies that for a simple *ransition the
saturation ecnergy flux cquals the flux limit F. The required in-
version density can now be established, if the laser wavelength is
specified, namely

. E_A(um) F¥/2 xum  [em /2
N* (1/em™) = 5 < -T) e . (4)
2x10 2 x 10 “out
Finally, combining the equalities of Eqs. (3) and (4), we see that
-19
co 2y w _ 2 x10
ooptgcm ) = g/N* = T (5)

This relation provides us with the optimum emission cross section

12

gopt for the amplifying medium of a large laser. Becausc most lasers

do not operate with th:s cross section, let us ask what the conse-
quences arc. Tor O < Ogpt, the becam saturation-energy density in
the amplifier is higher than the flux limit F, implying that cnergy
extraction is incomplcte and hence irefficient, as in the case of
glass lasers. On the other hand, for ¢ >> Ogpt, amplifier satu:a-
tion occurs carly in the pulse-amplification process, as is the
case in CO> 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 currently considered for obtaining

> 1-kJ pulses of € 1 ns duration, only atomic iodine can achicve
this optimun cmission cross section. In experiments at Los Alamos,
we have broadened the iodine line with 1 atm of Xcnon mixed with
100 torr of CF3l, which upon flashlamp photolysis, ylelds 10 torr
of inverted atomic iodine with a cross section o = 2 x 10-19 em2 in
a l-cm-diam. tube. Funrther, the atomic-iodine laser of Zecuv and
Basov at the Lebedev Institute in Moscow closely approaches this
cross scction ian an cxploding-wire-pumped 50-cm-diam. amplifier,
indicating that only efficicncy questions associated with the pump
source miy provide some limitations on atomic-iodine lasers. The
three most prominent laser systems in use today arc compared in
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Table I1I.  We have intre® ced two new parameters in this table.
The first is

9
I 10—
¥eharacteoristic - 100¢ In [LM ] ’ (6)

where g is tie exponcential gain coefficient. In arriving at Eq.
(6), we assume unsaturated gain as well as 1-MJ output from an
amplificr chain of L tines M beams diiven by a 10-3.J oscillator
input. The 1ast tuble entry is the product of the three preceding
entrics and is proportional to the total volume of the amplifier
system. In the casc of CO2, the carly saturation of the amplifier
chain will lead to a somewhat greater length. While all three
systems could be scaled to 1 MJ, the 1*-Xe laser cicarly should be
least cxpensive because it should involve only 1/6th the volume of
inverted material needed in CO, lasers; however, due to its prcsent-
ly much lower efficiency than that of CO» lascrs, much or all of
this advantuge is not realized. -

TABLE 111

ONE MEGAJOULE ARRAY LASERS FROM PRESENT LASER MEDIA

Nd:Glass 17-Xe Co3-te
=7 - -
c(cmz) . 3 x10 20 2 x 10 19 (1 atm) 6 x 10 19
T
N() /em®) 10!8 2 x 1017 4 x 1016
glem™ ! .03 .04 .025
D(cm) 30 50 35
F(J/cmz) 2 4
E (J/2) 190 30 .8
L Paths 35 25 44
M Beams/Path 20 S 12
. #
ECharactcristic(m) 4.7 4.0 5.8
#
L Mey. e 3290 500 3060

#. . . . .
Since amplifiers 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 prescated. The solid curve in Fig. 6 plots the lascr emission
cross section versus energy output per beam over a wide range of
values.!l Also indicated are the relative expected output cnergies
under steady-state pumping conditions for several different laser
systems. Finally, we show by vhat techniques these output energics
might be increasced. In the remainder of this paper, we will ex-
plorc these technigues.

Fig. 6.

Plot of laser cmission cross section versus relative energy output/
beam used to divide space into three identifiable repions. Con-
ventional lasers with buth steady state pumping and single photon
energy extraction operate at best on the plotted curve or to the
left of the curve.
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First, let us explorq the concept of transient amplifier in-
version, i.c., a situation in which the duration of the punp pulse
is comparable to the laser output pulse in the amplifiers, whtle
the oscillator is a quasi-cw source (on the scale of the amplificer
pumping puisc). One good cexample of this type of laser system is
an HF laser, 2

Onc advantage of transient inversion is the possibility of
celiminating superfluorcescence preblems if the cw laser input power
greatly cxceeds the opticui-noise power, implying that ary large
cross section o is usable becuuse energy storage is no lorger re-
quired. Farther, it should be possible (within uncertainty-princi-
ple constraints) to preserve the input frequency and the spatial
optical distributions of the quasi-cw input source. Becoause energy
storage is not requireu, the amplification process could be carried
out in a mediwa in which cach active atom or nolecule is used many
times in the punping-cnersy extraction process, implying that the
total density of the active medium could be wuch reduced.  Finally,
chain-reaction processes appear to make devices of much larger
aperturce possible, sugaesting that substantially fewer beams than
presently considered are required for very large laser systems.

The disadvantages of transicnt pumping are quite significant,
however. The pumping power required tor amplificr inversion is com-
parable to the laser output power indicating that we are dealing
only with an improvement in the Q of the c.ergy, where Q is the
center frequency of the encrgy source divided by the frequency band-
width of the source. Further, medium homogencity must be adequate
to preserve the spatial intensity distribution of the initial input.
Finally, control of the temporal distribution of the amplifier out-
put demands that the temporal distvibution of the pump be centrolled,
and this will certainly be very difficalt.

Presently we are attempting to cevaluate these systems in a very
small and simple experimental setup consisting of a laser-pumped
dyc oscillator/amplificr system an which the two laser pumping
sources are of a different and proprammable duration and pulse shape.
The dye-.aser oscillator produces an output pulse of » 100 ns dure-
tion, 0.01 cm~! bandwidtih, 2 mn diameter, and * 10 mJ encvgy.  The
dye-lascr amplifier has a pumped volume 2 mm in diameter by 1 cm
long and a pumping duration of * ! ns in a transverse »xcitation
geomatry., Experiments using longitudinal pumping are beiny con-
sidered.  Typlcal gains of 00 db/cim have beeu observed, sugpesting
that many of the questions associated with energy extraction cun be
answered with this system.

In a sccond transient-inversion study we are using the tunable
dye.-laser oscillator deseribed above as an input idler in a travel-
Ing-wave-pumped parametric amplifier. A LiNbO3 crystal, 25 mm in
dlameter by 4.5 cm long, is available; we intend to use apain the
J-ns raby laser pump for this experiment.  Becuuse both the Jdye
oscillator and the ruby pump have bandwidths of = 0.02 em-1, we ex-
pect a very narrow bandwidth for bath the new parametric amplifier
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output and the amplificatipn 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 evaluate their prospects. We expect that the
low Q-high power pump source for a final system will be either chemi-
cal, nuclcar, ov thermal.

The lower right-hand corner of Fig. 6 points up onc other
possibility, namely amplitfiers involving multiple-photon cnergy
extraction. In these systems encrgy storage and cnergy extraction
arc separate 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 gain at all
frequencics is much lower than the large-signal vain for the irput
driving lascer. It is almost cerrect to state for these amplifiers
that their normal emission cross section o is replaced by unp-1,
where I is the irtensity of the driving laser

The advantuges of this type of amplificer are numerous. First,
we might expect large cnergy-storage densities without lusses due
to superfluorescenc,  Also, because the gain depends on driving-
laser intensity, we expect temporul narrowing of the amplificd
pulse due to the amplificr's nonlinecar response. Finally, we have
the possibility of changing the frequency of the driver pulse during
amplification if we choose the nonlinecar system properly. In fact,
through the use of stimulated Raman scattering, we can provide a uv
frequency chirp on the amplified palse which should lead to an out-
put pulsc bundwidth of muny tens of thousands of inverse centimeters.

The disadvaantages of this tvpe of amplificer are, however, formi-
dable. First, stimuluted two-photon emission (Process A of Fig., 7)
has not becen uvbserved experimentally, a fact that might be rectifi-
ed in the ncar future.” Also, the state of the art in laser tech-
nology coupled with large non-radiative loss rates limit currently
available cnergy-storage densities to marginally interesting values.
Further, the output-flux limits that had been discussed carlier also
apply to nonlincar amplificers, and moderately larpe nonlincar
emission cross sections imply that only limited cnergy gains are
postible, We should pursue this option because advantages promise
to be great and because none of the disadvantages seem to involve
fundamental problems,

Two nonlinear amplitication schemes are indicated in Fig. 7.
Process A corrcsponds to two-photon emission (TPE), whercas process
B corresponds to stimulated Raman scattering (SRS) in an inverted
nedium, sometimes also referred te as anti-Stokes Raman scattering
(ASRS). As discussed in reference 7, process A becomes most pro-
bable when wy = wj, and this condition is referred to as degencrate
two-photon c¢mission (DTPE)Y.

The principal difference between TPE and SRS is caused by the
fact that photon number conscervation limits cnergy pain to mslwl,
whercuas no such conservation law exists for TPE. However, because
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Fig, 7.

Energy level diagram illustrating two nonlinecar amplification
processes.  A) Two-photon stimuluted emission, B) anti-Stokes
stimulated Raman scattering.

wz can act as the input wave for further SRS, lceading to the genera-
tion of wg = w3 *+ wa + wy and 50 on, moderate crergy gains are feas-
ible cven for SRS, Specifics for a practical case are given in

Fig. 3 of Ref. 7. To calculute the maximum energy gain achievable
for all orders of ASRS, we only need to calculate the last output
frequency cxpected:

- ) e i y : s and 6 =
w(2“+2) w, + 2n (w1 + mz) where n is the order of SRS, and qux

Wane2/ %2

Two kinds of spectroscopy are of interest for the amplifying
mediu, as illustrated in Flg, 8 for atomic iodine and atomic oxygen.
For atomic iodine, we desire DTPA initially to give way to ASKS,
which should procced tfor many orders. Note that wg = 3wy i.c.,
stinulated third-harmonic geaeration, 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 harmnonics in the presence of a resonant
two-photon levei.  Further, because wg = 5u) this device is an odd-
harmonic penerator with pain,  Atomic iodine is a particularly good
choice, not only because wp lies in the ir, namely at X = 2.63 um,
but also hecause no cuncellation from the intermediate states occurs
in the oadd-harmonic response up to about the 13th harmonic, due to
the isolated two-level nature of the spectroscopy. As a final bene-
fit, as we¢ procceed from the third harmonic to the {ifth, the seven-
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 is increasing, thus forcing the cnerpy of cach new harmonic
to exceed that of the preceding one. Also note that, 2.63 1m js

the fourth harmonic of uix normal CO> laser operating at 10,52 um.
We thus might envision a lasge COp laser whose output first passes
through two scquences of sccond-harmonic generators and then through
an inverted atromic-iodine cell before being focused on target. As
the 10.52 um output increases, a wavelength of 5.26 u:m reaches the
target followed by 2,63 iim; then the iodine cell amplifies the 2.63
um output, followed by odd-harmonic generation to 0.877 um, then
0.5206 um, then 0.576 Lm, then possibly 0.292 im, and so on, with

the intensity increcasing with frequency and the highest frequency
generated being determined by cither absorption of one or two pho-
tons, or by optical brecahdown of the medium by the previous harmon-
ics,

Numerical simuiations of an atomic-iodine nonlinear amplifier
have confirmed the properties discussed above, and energy gain of
up to 100 have been achiceved for an input intensity of 5 x 108 W/
em2 at 2.03 um. llowever, one other problem has been revealed by
the numerical work., The nonlinecarity of the gain creates a spatial
instabjlity 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 laser, very similar to that generated in high-
ly saturated amplifiers, like those typicaily employed in a large
C0p laser systems.  The nonlincar system de-cribed above could pro-
vide a center-{requency change from 10.5 um ro at least 0.370 um,
corresponding to a 28-fold change. 1f two-phcton absorption stops
the amplification, only harmonics up to the sev - nth will be produced
in the iodine. On the other hand, if single-photon absorption
stops the process, we might expect two or even three additiona!l
odd harmonics, namely 0.292, 0,239, and possible 0.202 um, thus
providing another two-fold change in frequency.  The use of these
latter frequencies, however, will be greatly complicated by trans-
mission difticultics in air, windows, and optical components,

Further conformation of this Raman behavior was found in a
thesis by G. Kachienl!d who studied normal Ramin scattering in gases
at LLL by uslng the sccond harmonic of a Nd::lass l-ns laser system
and a 5-ps-resolution streak camera,  dSome typical time resolved
spectra taken from this work are shown in Fip, 9. For SkFy, uy =
774 cm-1, whercas for Na0, wR = 1282 em-1 and for Cly, wy = 2916 em-!
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Fig. 9.

Streak camera records of the time dependence of stimulated Raman
scattering performed in the high pressure gases under conditions of

~

stcady statc (upper) and transient (lower) responsc.
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in the case of SRS.14 Finally, for Hi, wy = 4155 cm~l. In the
first three cases, the SRS is operating in a steady-state condi-
tion, 15 whercas for Ha ¢pe SRS is transient. 13 Notice that for Sk
the higher cerders are penerated as expected, hat that regeneration
of prior orders ulso occurs. Because of the small frequency shift
and the very small dispersion in SFb,lb anti-Stokes/S5tokes coupl-
ing through the phase-matched four-photon interaction leads to this
regencration.  Less regeneration occurs for the more dispersive
cases of N»O and CHy. Finally, in the case of transient SRS, very
little regeneretion is to be expected and none was observed in the
casc of Hy, providing addit.onal corroboration. In the case of in-
verted atomic jodine, wg = 7603 cm-l; because the gas is very dis-
persive little or no regenceration of prior orders should occur.

We arc presently experimenting to evaluate the resultant guasi-
white light source by using inverted atomic iodine und a 2.63-um
driving laser source. The experimental setup is shown schematically
in Fig. 10. Previously, we demonstrated ASRS in inverted atomic
iodine, obtained through flashlarip photolysis, and a Nd:glass driv-
ing laser system of v ) ns pulse duration.l” In our present experi-
ment we are using a two-pulse ruby laser to pump, first, a well
mode-sclected-dye oscislator-amplifier system as well as a travel-
ing-wave LiNDO5 parametric amplifier (see Fig. 10). This source is
in the final stages of development and should produce a 2.63-um
beam of ~ 1 ns duration with an intensity of up to 2.5 GW/cmi. Two
stages of un improved jodine system, used in previous work,l” then
provide nonlinecar amplification. In this experiment, we expect a
pulsc-cnergy gain of ‘v 10 and only few odd harmonics beciause the
ccll containing the medium is a little too short. We also expect
to study DIPL and its competition with ASRS.

The other type of DTPE 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
state 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 generation. Finally,
we should look for an absorber gas that would absorb the third
harmonic if ASRS does occur. As a consequence we would only use
the two-photon emission mode. 1In the case of atomic oxygen, we cx-
pect gain at A T 0.592 um between the 0(1S) and the O(3P) levels
with O(ID) representing the near-resonunt intermediate state.
Estimates of the expected two-photon emission cross section for
atomic oxygen suggest that it should be within onc order of magni-
tude of that expected for atomic iodine.” Finally, the single
photon cmission cross section for !hie decay of 0(1S) to 0(1D) is
sufficiently small to allow a subsiuanrial inversion to be obtained.



Fig. 10.

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