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ABSTRACT

The Lawrence Livermore Laboratory Solid State Laser System, Argus, has
successfully performed laser implosion experiments at power levels exceeding
2 TW. D-T filled glass microspheres have been impleded to yield thermonuciear
reaction products in excess of 5 X 108 per event. Neutron and o time-of-flight
measurements indicate that D-T ion temperatures of ~ 5-6 keV and a density
confinement time product {nt)} of ~ 1 X 1032 were obtained in these experiments.
Typically two 40J, 40 psec pulses of 1.06 um light were focused ¢n targets
using 20 cm aperture f/1 lenses, producing intensities at the target in
excess of 1016 W/cm2. An extensive array of diagnostics routinely monitored
the laser perfarmance and the laser target interaction process, Measurements
of absorption and asymmetry in both the scattered 1ight distribution and
the ion blow off is evidence for non-classical absorption mechanisms and
density scale heights of the order of 2 um or less. The symmetry of the
thermonuclear burn region is investigated by monitoring the a-particle flux
in several directions, and an experiment to image the thermonuclear burn
region is in process. These experiments significantly extend our data base
1nd our understanding of laser induced thermcnuclear implosions and the basic
laser plasma interaction physics from the 0.4 to 0.7 TW Jevel of previous
experiments.

* Work performed under the auspices of the U. S. Energy Research and
Development Administration under contract no. W-7405-Eng-48.
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LASER FUSION EXPERIMENTS AT 2 TW

The nrimary goal of the Laser Fusion Program at the Lawrence Livermore
Laborate, y is to compress to high density and efficiently burn Deuterium-Tritium
fuel for the production of thermonuclear energy. As part of the ongoing effort
to understand the physics of laser imploded targets, a series of implosion
experiments eramining a wide range of irradiation geouwetries and intensities
have been performed over the last 2 years.

These include experiments designed to study the basic iaser plasma interaction
phenomenal=3 as well as experiments specifically designed to map out and
understand the parameter space and physics of laser induced compressions of
thermonuclear fuel®-1°, Early experiments on D-T filled glass microshells®
and the simple scaling laws developed ir that paper indicated that for fixad
initial D-T fill, the target performance should increase as ro3w(Ec/MT)e. Here
g depends upon the final D-T jon temperature, Tion® and is given by the
dependence of <ov> on T, (3.5 655 for 2 s Ty, 5 6 keV), vy is the
initial radius, w the wall thickness, MT the target mass and Ec the
fraction of the absorbed energy which significantly contributes to the
implosion, compression and hzating of the fuel. This "useful" fraction of the @

absorbed energy, E., is determined roughly by the amount of energy absorbed

until the pusher has traversed ~ 30% of the initia) target radius (for details,
see Reference 8), Since typical pusher velocities are of the order of {
(2.5-8.5) X 107 cm/sec7°8211212 3 90 ym diameter taget would clearly find '
nearly all the energy “useful! for laser pulses with a FWHM 5 40 psec. Both tn
test this hypothesis and to expand our data base, exploding pusher® experiments

have been performed at the 2 TW levei with pulsewidths (FWHM) of 30-45 psec,




using the LLL Argus laser system!?,

A schematic of the Argus laser system, together with an outline of the
system performance is shown in Figure In the configuration for these
experiments, the Argus laser has produced up to 2.5 TW of power focusable to
2 10 ym, The term focusable also signifies that at the target plane there
is no noticeable distortion of the temporal pulse shape and that greater than
90% of the energy lies within the low power focal spot. During an experiment,
the temporal behavior of the laser power in the target plane is measured using
the LLL streak cameral™. Extensive calorimetry and multiple image cameras
also monitor the equivalent target plane!5. An example of the quality and
focusability of the system output is shown in Figures 2a-2e,

The targets used in the experiments were nominally 90 wm diameter Si0,
microshells with a wall thickness of 0.8 um and filled with an aquimolar mixture
of D-T at a density of 2-2.5 mg/cc. A typical target, together with the laser
performance and a suamary of the results are shown in Figure 3, This is to be
compared with a typical result from the 0.4 TW experiments performed with the
Janus system?’8, an example of which is given in Figure 4. We note that
(EC/HT) has wncreased by about a vactor of 2-3 for :he 2 TW Argus experiment
as compared to the typical Janus experiment. The absorbed laser energy "useful"
in achieving the desired fuel conditions is also reflected in the D-T ion
temperature as determined by the a and neutron particle time-of-flight
measurements.3’!6 The a particle time-of-flight experiment is depicted in
Figure 5. Figure 6 shows an example of the neutrcn time-pf-flight signalls,
cempared with the a particle time-of-flight measurement on the same shot,

From Figures 3 and 4 we estimate T, to be ~ 5.5 keV and ~ 2.5 keV for

jon
the Argus and Janus experiments respectively. Using the simple scaling rules
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from reference 8, we would expect the neutron yield to scale as Nv rOJW(Ec/MT)B
with 8 ~ 3.6 and ~ 4.5 for the two experiments. The ratjo of the fusion yield
for the two cases i thus estimated to be

(B9 x (88 x Qs - o
in rezsonable agreement with the experimental value of 275 + 50, and supportive
of the model8,

Again referring to our madel®, it is clear that the significantly higher
fusion yield otserved in the Argus experiments is, to first order, dominated by
the increase in final D-T fcn temperature* caused by the increase in useful
specific energy, or ECIHTS. The a particle energy loss (v 0.2 MeV) indicate
only 2 slight increase in compression or pr over the Janus experiments**,

In fact, the model® implies that for the two experiments listed in Figures
3 and 4, the fusion yield was only increased by a factor of ~ 3,8 due to
increased compressi. ..

A more complete comparison of the target performance at the two power levels
is given in Figures 7-9, Fijgure 7 shows the “usion, or neutron yield for the
two series of experiments plotted as a function of peak power incident upon
the target. Although the neutron yield appears to scale as (peak power)3, this
is not an accurate scaling rule as it fails to take into account the complex

interaction of the target mass, the wall thickness and the puiselength,

* For example <ov> (5.5 keV) / <ov> (2.0 %eV) ~ 60

- - 2
*+ Qetailed Lasnex calculations 17 gives or of 4.8 x 10 % und 2.6 x 107 gm/cm
for the Airgus and Janus experiments respectively.
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A more appropriate way of displaying the data is shcwn in Figure B. Here we
plot neutron yield vs. "useful” absorbed energy per target mass, Ec’"T' The usefui
fraction of the absorbed energy was determined by the prescription given in
Refercnce R, In addition, the neutron yield is normalized by {w/w,) (rolr,)3,
where w, an¢ r, are the nominal wall thickness (.8 ym) and radius {42.5 ym),
respectively.

The solid curve is based upon the s2t of scaling rules described in
Reference B, Since the model does rot predict absolute values, the experimental
~esults given in figure 4, were chosen as a normalizing point. The model-
inferred D-T ion temperatures at other values of Ec/MT are indicated on
the figure and compare reasonably well with the o particle time-of-flijht
mezsured values of rion ~ (1.5 - 2.5) keV for the Janus and ~{4-7) keV for the
Argus experiments. Clearly better fitting curves could be drawn through tne
da : set, and additional experiments ooth at higher and lower vaiues of (EC/HT)
are ueeded before a more definitive statement concerning the validity of the
scaling rules can be made. Figure 9 shows the D-T ion temperatures as a
function both of incident power and (Ec/"r)' The range of the data is indicated
by the length of the sides of the boxes. Figure 10 shows the time and space
integrated x-ray spectrum for the two experiments. We note that the slope of
the superthermal tail, o, {hv > 10 keV) scales with the incident power to
~ 0.405, in reasonable agreement with results qunted in References 1 and 3. WHe
also note an increase in the “temperature" one can assig: to the thermal portion
of the spectrum, from +~ 0.75 to ~ 1 keV. Figure 11 shows the time integrated
x-ray microscope image in the 2.5 keV region for the two experiments. The most
striking featur> is the considercbly improved symmetry in the Arous - or 2 TW -
experiment. This trend was also noted §n the early exploding pusher experiments?’8

and the series of experiments utilizing the near 4n illumination system®. In



both sets of experiments it was observed that the implosion symmetry increased
with increasing intensity (w/cm2) on target, the increased paower level is
most likely responsible for driving the thermal conduction to heat the targe.
equatorial plane more efficiently, both by providing a larger available heat
flux and a larger initial temperature gradient.

Previous experiments!?4?7°8°18>i9 showed that both tie scattered 1,06 um
light and the distribution of plasma energy leaving the target exhibited a
marked palarization dependence. This effect is aiso clearly seen in the present
experiments. Figure 12 and 13 show the scattered 1.G6 wm light and the plasma
energy distritutions for the Argus experiments. The polarization dependence
of the scattered 1ight is seen to be quite strong, with (I, s 41). The direc-
tionality in the distribution of plasma energy is not quite so strong, but
is cledrly present, and is evidence for resonance absorption. The
polarization dependence of the scattered 1ight distributions are consistent
w.ih both stimulated Brillouin side scatter of the incident 1ight and resonant
absorption. The polarization dependence of the plasma energy, however, is
only consistent with the assumption of resonance absorption mechanisms,

By using a computer solution of the wave equ tion for a plane wave incident
at an angle un a one dimensicnal density profile, one can calculate the state
of pola.ization of the reflected wave for various values of the density scale
length and fractional density charge!®, These calculations are shown ir figure 14
together with data from an Argus experiment on ar 80 um glass micrashell which
was irradiated with 35 Joules on one side and 6 Jouies on the other side.
Polarimeters®? looked at Tight backscattered at an angle of 45° to the
incident beam and at a 45° azimuth with respect to the incident aser electric

field. The principal axis of the polarimeters were vriented such that if the

light were reflected totally in the 1imit of an infinitely steep density
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gradient (metal limit), the degree of polarization would be

The actual experiment shows a degree of polarization of 0.77. Using the
numerical calculations for a dansity jump of An/nc = 1.5, this corresponds
to a density scale height of at most 1.5 um,

Until the o-particle imaging experiment?® can give us detailed information
on the geometry of the compressed thermonuclear burn region, the a-particie
flux is monitored in two directions to give a crude estimate of the
uniformity of the compressed DT. The two detectors are at 45° and 90° from
the North focusing lens, in the horizontal plane. Both the total yield and
tne mean a-partcile energy (typically between 3.2 and 3.3 MeV} from the two
detectors agree to within * 15% on any given experiment. Thus, within the

experimental uncertainty, we have not observed any significant directionality

in a particle energy loss in traversing the compressed fuel and pusher.




S
z

ue

SUMMARY

Exploding pusher experiments have been performed at the 2 TW/(30-45) psec

level utilizing the Argus laser facility., In comparing the results wita those

obtained at the .4 TW/70 psac level, the following conclusions can be drawn.

The increase in target perfcrmance is to first order simply given by tie
increase in absorbed implosion energy per tz‘get mass, This quantity
increased by a factor of approximately 2-3, resulting in

a) an increase in peak pusher velocity of (&-3) e

b) 4 corresponding increase in T nd

jon @
c) an increase in compression of less than ~ 4

The result 1b} was confirmed both by a particle and neutron time-of-fiig.t

measurements of the energy spectrum of these reactants,

The intensity dependent symmetrization of implosions observed in earlier

experiments was confirmed.

Polarization dependence of both the scattered light and plasma energy

distribution is evidence for the existence of resonance absorption. :

Measurements of the degree of polaraization of tne scattered light j :

indicates density scale heights of ? um or less,
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THE ARGYUS LASER AND 178 PERFGRMANCE L[g
A To diagnostics
R North arm 2%
Amd'?e,d Prepulse Osciliator ]
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/ Pinhole  /
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Focusabie power 0.005 0.050 0.175 0.85 1.3 126 TW
per arm
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ARGUS INCIDENT BEAM D!AGNOSTICS
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ARGUS NORTH BEAM — TYPICAL HIGH POWER ENERGY DISTRIBUTION
AT TARGET PLANE L]

—_

Array camera record Streak camera record
time integrated time resolved

Shot 36060801 70 Joules 63 psec 1.1tw 7 X 107 neutrons
158 microns inside f/1focus 8-75

Figure 2c




N POWER ON TARGET VS TIME — ARGUS NORTH BEAM L]

‘ B
] i
& 11w
=) :
= ;
2
)
= 2 :
H M
o
a
1
° 4]
0 100 psec
+ i Time
100 um
Streak camera record of
equivalent target plene
Shot 36060801 70 Joules 63 psec 7 X 107 neutrons 8/76

Figure 2d

LA ' L I A |



_ ]

100 pm

-

Harizontai scan

1.3 X 10°
{d/cni2)
£
5
-1
>
e
Q
g1
0
[—1.8 X 10° B a—
{3/em?)
Z z
5 B
Q Q
& o
100 uym
0 0

1.2 X 10°
{d/em?)

Vertical scan

Shot 36060801

70 Joules 63psec 1.1tw 7 X 10’

Figure 2e

100 um
Radial Average

neutrons 876



ARGUS EXPERIMENT

Shot number 361008172

Target characterisiics

Diameter = 87 um
Wall thickness = 0.95 um
D-T fill = 2.3 mg/cc

Laser nerformance

96 Joules/38 psec FWHM
=25TW

Target performance:

Energy absorbed E, = 24 Joules \~25%}

Useful specific energy E_ /M, =0.367 J/ng

Thermonuclear yietd N(n) = (5.5 1) x 108 N(a) = (59 £ 0.3) X 108
D-T ion temperature a) from « time-of-flight Tion $4.8 keV

b) from neutron time-of-flight T, $54 keV

ion

Integrated x-ray emission (0.3 keV < hy < 17 keV) E =2J

1/78

Figure 3




JANUS EXPERIMENT

Shot number 75062405
Target characteristics:

L.aser performance:

Target performance:
Energy absorbed

Diamater = 85.7 um

Wall thickness = 0.64 um
D-T fill =2 mg/ce

28.3 Joules

73 psec FWHM 030 TW

E, = 7.4 J (26%)

“Useful’’ absorbed energy/target mass Ec/M; = 0.140
(Based on the model from reference 7)

Thermo nuclear yield

N(n) = (2+0.4) X 10° N (o) =(1.3+ 0.5) X 10°

D-T icn temperature from « time-of-flight T, < 2.3keV
Integrated x-ray emission (0.3 keV S hv <17 keV) E, =044

9/76

Figure 4
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O - PARTICLE TIME-OF-FLIGHT EXPERIMENT
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NEUTRON AND o TIME-OF-FLIGHT MEASUREMENTS DETERMINE THE §
FUEL TEMPERATURE U] !

E ek = 14.03 MeV

AE =458 keV

=T, <6.7keV

163 neutrons reacting with detector

Target: SiO, microshell, 105 um diameter, 0.78 um wall, 1.7 mg/cc D-T
Lases: 104 Joules, 40 ps FWHM (2.6 TW)

E‘mak = 3.30 MeV

AE  =410keV

- c-particies L <54 Kev
'.i "‘ 94 o’s reacting with detector

Shot. 36091610

Figure 6




NEUTRON YIELD VERSUS PEAK POWER (L]
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NEUTRON YIELD AS A FUNCTION OF USEFUL SPECIFIC ENERGY (L]
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D-T ION TEMPERATURE INCREASES WITH PEAK LASER POWER AND

USEFUL ENERGY/TARGET MASS &
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X-RAY SPeC» RUM FOR 0.4 AND 2 TW EXPERIMENTS . L 1

Figure 10a
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X-RAY SPECTRUM FOR 0.4 AND 2 TW EXPERIMENTS
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IRRADIATION OF MICROSHELLS WITH F/1 FOCUSING LENSES
SHOW A STRONG POLARIZATION DEPENDENCE OF THE SCATTERED
LIGHT AS WELL AS THE PARTICLE AND X-RAY ENERGIES (L]

Shot 36080507 Incident energy 80 J 433):
Neutron yield 1.8 X 1

40° 50° 60° 70° 8(2: 90° 100°110° 120° 130° 140°

T T . .
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Lens the plane of polarization
edge” |
’./
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In plane of
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WITH /1 FOCUSING OPTICS A STRONG POLARIZATION DEPENDANCE
OF THE 10N AND X-RAY FLUX IS APPARENT 1S
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Figure 13




DETERMINATION OF THE SCALE HEIGHT BY POLARIMETRY
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