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Lasers are a source of focusable, but limited energy. As such, the
achiovement ot thermonuclear burn in laser pellets requires compression
of the fuel to ~ 104 times normal dersity, while simultaneously heating
the fuel to several keV temperatures, Many coronal effects can
substantially influence the ability of the laser light to whieve these
conditinns in a pellet, where th: radius ot the compressed reqgion 18 at
teast one TN a-narticle mean-fre o path,  In simple targets, the laser
merqgy must be deposited unitormly while preheat from high enerqy
particles and xerays must he minimized,  Use of 2 C0, Taor implies
that the radiation prevsare axertod hy the tight i very high, leading te
A substantial mohitacaton ot the plasma densaty protyles aver thoaun
associated with free hyderodynamii UKDANHIHH,I‘? The roesalting steep
density gradients preciude efticient laser deposition by the
inverse. bremsatrahlung DPU(UH\.‘ Instead, resonarc e auaception becomes,
the dominant mechaniam tor energy deposition,  Unde. thewe conditions,
PIC computer samulat fons have revealed the presence of cory large

anplitude and highly nomsinasotdal surface plasmy waves, which are found



to eject hot electrons from the p1asn-a.1

These plasma waves are also
responsible for the efficient production of visible and uv harmonics of
the CO2 1aser-.1 Because of this intimate connection between

resonance absorption, hot electron generation, and high harmonic
production, we will find it useful to use the harmonic response of the
plasma as a means for studying the uniformity of energy deposition as
well as for studying hot electron generation in CO2 laser-produced
plasmas.

In 1977, the efficiency for producing harmonics of the incident
irradiation during laser fusion experiments was studied, both at the
Naval Research Laborator_y4 and at the National Research Counci]5
using Nd:qlass and C02 lasers, respectively., In Fig. 1, we show a
compilation of this data which was purposely taken at the same value of

the parameter Ixz 16

e 107 W umzlcm?. Note the similarity in

Lbehavior, as well as the ~ 6-fold drop in backrrattered harmonic liqght
with each increase in the order of the harmonic generated by bath
lavers. Also, these results conformed with what 1s expected tor the
nonlinear optical response from studies of condensed media,

A very different nonlinear response was obhserved in cnp 1aser
produced plasmas when the incident intensity was increased. The two
sprctra of Fig, 2, taken from Ref, 1, demonstrate the new result,
Harmonics from tho 16th order through the 29th order woere observed at the
Helios laser facility, while the 16th order throuagh the 20th order were
observed at the Gemind laser facility, When the results of a radiometric

cal thration are used to correct the amplitudes, we find that the relat fve

peak conversion efficiencies are the same to wivhin a factor of ? acrow



the entire spectrum in bcth cases., Furthermore, neither of these spectra
were obtained in the backward direction. Instead, the Gemini spectrum
was obtained with the direction of observation of the spectrograph being
in the horizontal plane of the incident laser focusing parabola and 105°
around from the laser optic axis. The Helios spectrum was obtained with
the direction of observation being in the plane of one of the axes of the
laser focusing parabolas and ~ 30° around from this laser beam optic
axis. Since these data were taken, several other observation directions
have been employed with no substantial variation in efficiency being
noted, However, there were enough variables ton preclude any quantitative
comparison to construct an angular distribution,

Numerical simu]ations1

were carried out by D, Forslund and J,
Kindel, which showed that under eauilibrium conditions, the number ot
harmonics produced was related to the density Nuppnr of the upper shelf
for conditions where profile modification was important, In fact,
Nupper was found to be approximately the eritical density for the
highest harmonic efficiently proaduce!, or

It

Nnnnnr - Ncrit (r“?)' (n

This relationship 1y reasonable, since 40 amplaes thet under condit ione,
of a very steep density profile, all of the harmonics up to ne have the
same spatial turning poant while (n 4 1) w hav a mack Yarger skin dopth,
and thuy does not turn in this same spatial location, Furthormore, all

of the first n harmonics only experjence the plasma



density of the lower shelf until they turn, while N ewer ™ 0.1 Nerit
(COZ) from the same simulations,1 implying that very little

dispersion exists in this region of space. Thus, £q. (1) is analogous to
the usual concept of phase matching.

Additiona)l Gemini data indicates that at an incident laser intensity
of I = 2.3 x 1015 w/cm2 up to 42 harmonics are produced at high
efficiency.6 This data implies that Nupper
1022 elcm3. If we assume that profile modification, associated with

is as high as 1-2 x

radiation pressure balancing hydrodynamic expansion, dictates the value
of Nupper' we can develop a model which predicts the number of
harmonics n versus plasma parameters., First, the balance condition is

given hy

(2-a) ¢

~J
—

N T (
uprer ¢

whore a is the laser absorption fraction, the effects of isntropic

scattering and refraction of laser light are ignored, and hydrodynamic
expansion §s assumed to proceed according to the fdeal aas law. Tr 18
the background plasma temperature assumed to be in LTE. Combining Lqs.

(1) and (?2) with the definition of Nery (C0L,) vields

t

(3)

"
¢ ,7-a It 4142
0 Sl uT;m]

Assuming a = 305, » » 10,6 ym and | = 2,3 x Iﬂlh w/rmp, 4 harmonice
implies thatl Tv = A6 oV, This temperature {4 about 10 times lower than

usually inferred from x-ray data or calculated by numerical simulations,



We, therefore, conclude that either the local laser intensity is higher
than the spatially averaged laser intensity, possibly because of
self-focusing, or that the upper shelf density is not correctly predicted
by the balance condition cf Eq. (2). The experimental situation actually
lends some support to both arguments, as we shall see below.

Evidence for Self-Focusing and Laser Filamentation

Over the last year, self-focusiny and laser filamentation has been
reported by the Naval Researach Lab using a Nd:glass 1aser,7 while self-
focusing was reported by the National Research Council using a CO2

8 While both of these experiments were carried out under

laser,
conditions where the plasma scale heights were much larger than would be
expected under our experimental conditions, we can use a simple
phenomenological model of self-focusing to scale from these results to
our conditions, in an attempt to appraise if solf-focusing “hould be
expected. Also, we can more closely examine our data to look for some
exnerimental cvidence,

This model was first used by P, Knl]oyg and employs the concept of

a critical power for self-tocusing. In one beam diffraction lenqgth or

Rayleigh range iy Lhe beam will double in sizoe, where

IR (4)

On the ather hand, in a selt-focusing distance 7\F‘ the beam will

collapse to a dimension ot the order of one wavelength, where

’ n
0
- — I\
75'- (' An . ( D )



AN = n - n, = n, E = =—————— , is the maximum refractive index

change, 1 is the spatially averaged incident laser intensity estimated as

25% of 1 n = (1- m2/w2)1/2, and w_ is the electron

peak® "o P P
plasma frequency. For the case of a spatially structured beam, the

diameter d becomes the scale of the spatial structure in both Eqs. (4)
and (5). By equating these two expressions, we arrive at the condition
which defines which effect dominates, namely the condition for

diffractionless propagation in terms of a critical pcwer,

2 M ©
PCY"it = (1.22 1) —1-2-8"n-2. (6)

From the previous C02 laser self-focusing experiment,8 we can

estimate P = 108 W. If we further assert that the nonlinear

crit
coefficient n, is not implicitly wavelength-dependent, then P

crit
106 W should apply for the Nd:glass laser r-esu1ts.7 These estimates

are consistent with both results as reported. If we now combine Eq. (5)
and (6), we arrive at a scaling law for ZSF in terms of pcrit
assuming similar plasma conditions, namely

" d 4 Pcrit
=Ty Y——— - (7)



In our experiments, the laser beams are focused with f/2.4 optics,
which, for a diffraction-limited beam implies d = 62 um, Because our
measured half-energy diameter for the focused beams is d = 85 um, we need
not be concerned about which d we choose for our estimates. Table I
lists ZSF for two different values of d, namely 50 uym and 100 um, as a
function of incident intensity I. Because our laser pulses rise in ~ 200
ps to their peak intensity, while an expansion velocity vexp ~ 2 X
107 cm/s is reasonable, we would expect our plasma scale height to be
~ 40 ym. Therefore, we should expect self-focusing to be important for I
~ 1015 w/cmz. We noted, in the Gemini experiment, that the number of

14

harmonics produced for 2-3 x 107 < I < 1015 N/cm2 was typically

15 WIcmZ. This tends to support the

twice as few as for I > 10
estimate above for when self-focusing may be occurring while indicating
that the intensity in the self-focused region was approximately four
times enhanced over the spatially-averaged
intensity.

In this same series of Gemini experiments, more direct evidence for
something happering at I » 1015 WIcm? was obtained by the x-ray
pinhole cameras. These cameras were located directly above the laser
axis at an angle of ~ 45", The targets were carbon wires of 250-um-diam,
and their axes were oriented vertically. The pinhole camera was filtered
to transmit principally 1-2 keV x-rays. The pinhole actually was a
doublet consisting of a 25 um and a 50 um hole separated by 1 mm. The
resulting photographs are shown in Fig. 3, with incident laser intensity

14 2. we observe a smooth

as a parameter, For i = 1-2 x 107 W/cm
emission region of < 150-ym-diam. For the same filtration and 1 = 1.4 x

1015 w/cmz, the emission region is approximately the same size, but

-7-



highly structured. Actually, the structure is unresolved, being 1imited
by the 25-um-diam of the smallest pinhole. However, further increases in
intensity cast some doubt on the uniqueness of this interpretation, since
the x-ray emission region is seen to expand in size and elongate in the
direction of the axis of the carbon wires, suggesting that surface
currents combined with possible current pinching might explain the small
size of the x-ray emitting regions. Possibly, the truth is that both
effects are contributing.

10 it was noted that the

In earlier work carried out at Gemini,
angular distribution of electrons switched from being fairly csmocth to
cne with much angular structure for I » 1015 N/cmz. Similar results
have been obtained more recently when the angular distribution of fast
ions was investigated at Geminill. However, due to the sensitivity of
ions to local magnetic fields, these ion results have less possible
bearing than the electron results. Also, while these observations could
be explained by the presence of self-focusing, they too are not a
verification.

Recent results ohtained at the Helios laser facility, where higher
laser intensities are available, provide more indirect evidence for both
self-focusing as well as laser filamentation. In Fig. 4, we show a high
resolution spectrum of the 16th harmonic light produced by irradiating a

16 N/cm?.

hollow nickel sphere of 250-ym-diam with I ~ 1.5 x 10
Similar spectra have been obtained for the 16th through the ?0th
harmonics. These spectra were obtained using a 1.0-m McPherson

spectrograph equipped with a 1200-1ine/mm grating blazed for 500 nm. The



demonstrated spectral resolution was < 0.75 cm'l. The relay lens

system was purposely defocused so as to spatially average the harmonic
light at the entrance slit, thus removing much of the alignment
difficulties. Note that two different frequency modulations are present.
The high-frequency modulation is very uniform and has a spacing of 1.8 #

1

0.05 cm~~ across the entire spectrum. The low-frequency modulation is

less uniform and has an average spacing of ~ 9 cm‘l.

Finally, the
center of the spectrum is located at the expected 16th harmonic of the
P(20) transition in the 10 um band of the CO2 laser to an accuracy of
~1eml,

While this spectrum could be explained by Doppler shifts from a
moving mirror corresponding to a motion of the plasma critical surface,
an average velocity of nearly 109 cm/s would be required. The motion
would have to be an undulation rather than a smooth translation in order
to induce two separate modulations. Therefore, even for times of the
order of 100 ps, the critical surface vould have to travel several target
diameters unaer these conditions. Furthermore, because no net center
frequency shift i< ohserved, the critical surface must move symmetrically
outward and then inward, or vice versa in exactly the same way. These
requirements seem implausible, On the other hand, the spectrum can be
readily explained, if self-focusing and self-phase modulation had

1? The Helios oscillator is known to operate typically on

occurred,
three or four rotational lines in the 10 um band simultaneously, namely
P(16), P(18), P(?9), and P(??). More than half of the output enenqy is
obtained in the P(70) transition. The average spazing of these

transitions is 1.79 cm—].



1
4

while the pressure broadened linewidth of each transition is ~ 0.3 cm *.
We belijeve that the ~ 150 separate lines seen in Fig. 4 are due to

13

frequency sideband generation,”~ where

In tnis process wy and vy could be any pair of laser output lines

while, in general, wy and/or wg would be new frequencies. By

choosing all possible combinations of initial?frequencies we can increase
the number to 3g-2 final frequencies. I1f we now repeat this process two
to three more times, again taking all possible pairings, we can easily
arr,ve at the required number of lines. Now in order to have this
infrared spectrum produce a 16th harmonic spectrum containing the
observed high-frequency modulation, we perform a sum frequency mixing
where the various combinrations of 16 lines are used.

The importance of this interpretation of the hiah-frequency
modulation in Fig. 4 is that it provides for a1 strong arqument for the
presence of self-focusing, Frequency sideband generation is identical to
nondegenerate four.-wave mixing (NDFWM). However, in a nonlinear medium
which displays little dispersion in the nonlinearity, the prescnce of
NDFWM implies the existence of degenerate four-wave mixing (DFWM) or, in
nther words, the same process indicated by tq. (8) but where all the

14

frequencies are the same. To understand this, we first must

recognize that a similar momentum equation must also be satisfied along

with Eq. (8). namely

B+ R, =R, v R, (9)

-10-



In the DFWM process, the four frequencies ae identical, but the
k~-vectors are noncollinear. In other words, we are talking about spatial
sideband generation. In earlier work,14 it was shown that this
scattering process is the fundamental scattering process associated with
self-focusing, Thus, the presence of NDFWM suggests that DFWM is
occurring on the P(20) light. The fact that multiple iterations of NDFWM
is required to explain the large number of frequency sidebands further
suggests that multiple iterations of DFWM has occurred, which implies
that the beam has se]f—focused.14
There is a further consequence to the existence of self-focusing. 1If
we recall that the uniphase contours are normal to the light
trajectories, we can view self-focusing as a change in the phase u® the
light which is caused by the nonlinear interaction. Recalling that the

phase of a light wave is given by

>

>
¢= k.r —ul('t‘ (10‘

where k = nw k.orfc and n = n + 8an,l/c, we see that the spatial
1

change in the phase is introduced bheocause | |

= v
prak = peak ()

Eowever, | = 1(t) while the center frequency w ot the pulse is definod as

afh “o "1 an

w = = Em—— -

T R 1 an

The last term in F£gq. (11) is what is responsible for the eoftect calied
self-phase modulation, and it should occur simultancously with self-
focusing unless the path through the nonlinear medium is too short,
Usually, self-phase modulation occurs in the rogion vhere the laser liqht

is fully tocysed,



the region usually referred to as the laser filament.12

15

According to

the theorv for self-phase modulation, the average frequency

separation in the modulated spectrum, typified by those of Fig. 5,12
corresponds to the inverse duration of the light con'ained in the
filament. Applying this interpretation to the slowly-varying modulation
observed in Fig, 4, we conclude that the light is trapped in the filament
for ~ 1.6 ps. 3Since the filament exists in the subcritical density

1

plasma, where PIC simulations” predict the density N = C.1 N we

crit?
can convert the trapping time to a spatial extent for the filament. |If
the lignt in the filament is a traveling wave, the above curation
corresponds to a filament of 530 um length, Or the other hand, the light
must oe reflected from the critical surface, thus allowina for the
possibility that the light trapped in the vilament is reaily a standina
wave. This would reduce the length of the filament to ?80 ym, or the
same spatial extend obzerved by NRL7. Since the lenath of the filament
is dependent principally on linear and non'inear intensity changes, it
wouid not ke too surprising if this lencth was the same a! hoth 1 um and
10 um under the reported concitions. The plausibility that the 1ight is
a standing wave is further improved when it is realized that the same
nonlinearity responsible for self-focusing, laser filamentation and self-
phase modulation can also be responsible for another effect called phase
conjuqation.16 where an incident beam of light can be causeq to exactly
reverse its direction despite the fact that the plasma critical surface

is not normal to the averaqe incident k-vector for the |ight wave.

-17-



While it is clear that more direct methods for verifying the
esistence of self-focusing, self-phase modulation, and laser tilamentation
must be empioyed, there is a growing body of indirect evidence or effects
easily explained by these laser-light nonlinearities. We shall have more
to say about this in the conclusion section,

Transient Plasma Density Effects

While the above discussion on laser self-action seems to explain
several observations, there does appear to be an alternative explanation
for the harmonic data taken on the Gemini laser facility. whila the
validity of Eq. (1) seems essential, it is not necessary to require that
Nupper be seif-consistently determined by the balance condition of fq.
(7). An ultrafast Imacon 675 visible streak camera has bean used on
recent Gemini experiments to examine the temporal aspects of the hiagh

harmonic emission.17

The data clearly shows that the visible harimonic
light has a duration of < 200 ps and that this ligrt is eritted during

the rising portion of the CO? laser pulse, Fiqure A shows 3 dplot Af
plausible dencity sontnurs for the same peax intensity 1f anly the licer
risetime wor. changed. We note that i+ the limit of very fast ricetaees
11, insufficient hydrodynamic expansion has taken plare a0 that placey

at solid density is fully accessible tn the CO, radratin,  Here © gy

the skin depth for the laser light. [In the opposite 1imit of vory <iow
risetimes :3, wr note that the halance botween radration pressyre an
hydrodynamic expansion pressure has caused the usual profile modification,

where the plasma density a distance & inside the dencaty jump is

essentially the same as N“pppr at the density jump, In this limit, we

-13-



should expect Eq. (2) to apply. Finally, under the circumstance;

represented by 1,, substantially higher densities than N e

upper "
accessible within one skin depth of the density jump.

If this transient model for describing the effective Nupper is
correct, there should be a substantial change in the number of observed
visible and uv harmonics when the laser risetime is changed. Fiqure 7
shows a series of retraced oscillograms taken using the 5,0 Gigahert: Lo«
Alamos Madel 76 oscilloscope, and & Moletron model P-500 pyrowlectric

detector18

which looked at a beamsplit portion of the incident laser
light. It was found that lower laser intensity, double pulses or lonc
laser risetimes resulted in less than 16 harmonics efficiently prodused,
On the other hand, high peak intensities and short risetimes produced
copious quilities

of harmonic light across the entire visible partion of the spectrs,  In
the two cases where the peak incident intensity wan ! = 2 x 1000

chmz. the | = 420 ps prodiced less than 16 harmonics

rise

efficiently, while the ! e * 17% pes produred more than 41 hare-orm -«

ris
afficiently,

Buth the Imacon streak camera data and the studv invelving chanasy in
the laser risetime tend to support the arquments that transient density
profile effects must be included if wo are te understand thewe noanlinagr
phenomena.

Conclusions

The existence of very steep density profil.:, and high upper shelf

densities imply that the CO? laser deposits itc energy spatially quite

clnse to the ablation surface where calculations indicate that a high

degree of symmetry must exist in order to achieve the necessary high

compression ratios. Thus, energy transport provides only limited

-14-



improvement in the ablative symmetry over that achieved in the
irradiation symmetry. Current data suggests that a balance between
radiation pressure and hydrodynamic pressure underestimates the density
to which the C02 laser light penetrates for early times, However, the
balance condition inaicates that in Helios laser operational conditions,
the bulk of the deposited laser energy through the resonance ahsorption

21

process is depnsited at densities at or above 10 elcm3. the

Nd:glass critical density, This implies that svmmetrization through
tr.ansport should be similar for O o anc Nd:qlass, 1f we iqnore hot
electrons, However, all data for COF is consistent with all of the
ahsorbed laser eneryy first being deposited inte hot electrons,  Since

19

the hot electron temperature sciles in PIC numerical simylat ions, Tike

SICEIR X .
Thnf e 'U’ * At

any procey  which Tocally increases the laser intensity will caase T"ﬂt

to rise, TFyrther, 3t g portion of the beam self-focuses, while the
remainder of the laser Vight tocuses Dinearly, we would expect hoth g
super-hot and a hot electron daistribution to resylt,  Both particle

1

. . " .
diagnostics, namely electron spectrometers ( anmd Thomson parabolasn,

"oy
as well as hard x=ray diaanostics’' are indyeating a ‘l\\t- possibly
1

1

as high a4 400 eV at 1 =~ 3 x 10 b lem:. While current data i not
capable ot distinguishing between a one or two hot-.electron temperature
distribution, a plausible explanation t¢ that two distributions ex{st and

self-focusing could he a contributing eftnct, The existence of laser

filamentation, {1 established, opens up the possibilities foo other

15



instabilitie: ., 1ike, for example, stimulated Raman scattering. This
particular instability also can cause super-hot electrons to be
produced. To date, direct inferences of stimulated Raman scattaring
through the preliminary observations of either half harmonic or high
half-integer harmonic 1ight indicate that it can occur, but only under
special circumstances and then only at very low cunversion efficiencies.

Much more work and understanding is required on a'l of these
instabilities berause of their intimate connection to the energy
aistribution functions for both the particles and the x ravs., Since the
effective ranges for both particles and x rays are ¢nergqy dependent, the
effect on both symmetry and preheat of the transported enerqy by these
carriers can be assessed only {f correct distribution functions and
scaling laws are included in the calculations, Thus, studies which lead
to an understanding and characterization of thesce distribution functions
are essential, In particular, the fact that radiation pressore balance
underestimates the density to which the C"p radiation penetrates, while
the time scale for the balance condition to apply has been unknown,
present calculations *ond to cause tno few particles to be averheated at
early times, Further work on the visible harmonics should he able tn
provide )1 the necessary information required to correctly model this
early-time portion of the problem, Since proheat {8 most damaqineg at
early timey, correct modeling here s vory {mportant,

The author wishes to thank R, Godwin, C. Crantill aned D, Forslund for
several helpful discussions, av weli ay the Hellos and Geming operat{ons
rews, the tarqet fabrication Leam, N, Clabo, D. van Hulsteyn and I',

Wittman for their help in obtaining the data,
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TABLE 1

The self-focusing lengths calculated for

Pcritica] - 108 Wand d = 50 ym and 100 um.

I (Wem?) Zge (50 um) Ze (100 um)
1012 436 um 872 um
1013 138 um 276 um
1014 49 i 98 um

1015 14 um 28 Um

-10-



Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Compilation of data previously published in Ref. 4 and 5.
Presented is the relative harmonic conversion efficiency in the
backscatter direction normalized to laser light back-

scattered plotted versus harmonic number. The parameter Ixz has

2 16 W umzlcmz. Note the

been held constant at Ia" ~ 10
similar behavior for both the 1 ym ana 10 um irradiation.

Visible harmonic spectra obtained in CO2 laser fusion experiments
at the Gemini and Helios laser facilities: (a) Gemini data for

14 w/cm2

plane (CH2)x target at I, =5 x 10 showing the
16th through 20th harmonics produced at the same conversion
efficiency, (b) Helio. data for spherical (CHE)x coated BeCu

16 w’[cmz

target at IL -3 x10 showing the 16th through 27th
harmonics obtained in second order, as well as the 25th through
29th harmonics obtained in the third order spectrum (weaker
satellites in Lhe left-hand portion of the spectrum).

X-ray pinhole camera photographs taken simultaneously by a ?5- and
50-um-diam pinhole doublet. The two pinholes are separated by ~ 1]
mm. The x-ray filtering leads to a peak sensitivity at ~ 1 keV.
The four sets of photographs were take! using carbon-wire targets
under otherwise identical conditions, except (a) I ~ 1014 w/cm?
(b) I ~ 1.4 x 1015 N/cmz. (c) T~ 4.3 x 1015 N/cmz. and (d)

[ ~2.3 x 1015 WIcmz. The direction of elongation is parallel

to the target cylindrical axis indicating electron transport
towards the target holder. The resolution-limited x-ray sources
are consistent with self-focusing of the incident CO? radiation,

but the extended size of the x-ray image along the target axis alsn

suggests that return-current pinching could be occurring



Fig. 4.

Fig. 5

Fig. 6.

Fig. 7.

High resolutior spectrum of 16th harmonic obtained with a 1.0-m
McPherson spectrograph at the Helios laser facility operated at 600
J/beam. kote the two distinct frequency modulations in the
spectrum.

Spectra of selr-focused filament light created by a Nd:iglass ps
laser. The phoutographs were obtained by imaging the end of a 6 cm
cell centaining various liquids onto the slit of a Spex 0.75-m
spectrograph with a magnification of 10:1. The liquids were (a)
CS2 (b) toluene, (¢ benzene, (d) nitrobenzene, and (e) Hg
calibration lamp. These spectra were taken from J, Reintjes, etal.
(Ref. 12).

Sketch of the qualitative effect on the cdensity profile expected at
peak laser irruadiance as the laser pulse risetime is ¢ rnged from
very short'r1 to quite long Lq. The parameter & is meant to

set an approximate spatial scale and is the laser skin depth.
Retraces of eight oscillograms taken with the Los Alamos Model 76
oscilloscope (5.0 GHz bandwidth) and a Moletron P-500 pyroelectric
detector which looked at a beamsplit portion of the incident laser
light. One class ¢f pulse shapes and intensities produced no high
harmonics while the other class produced copious quantities of high

harmonics.
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