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5g . ABSTRACT5

i

The Lawrence Liyermore LabMSohd State Laser System, Argus, has

successfully performed la implosion experiments at power lavels exceeding
2 TW. D-T filled g} microspheres have been imploded to yield thermonuclear
reaction produ in excess of 5 X 10® per event, Neutron and o time-of-flight
Tndicate that D-T ion temperatures of ~ 5-6 keV and.a density
nt time’ product (nt) of ~ 1 X 1012 were obtained in these experiments,
gically two 402, 40 psec’pulses of 1.06 um light were focused on targets
us1ng 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 performance and the lasar-iarget interaction process, Measurements
of ab:orptlon and asymmietey-in both. the scattered 1ight distribution and
the ion blow off is-evidence for non-classical absorption mechanisms and
density scale hzights cf the order of 2 ym or less. The symmetry of the
thermonuclezr burn region is_investigated by monitoring the c-particle flux-
in severdl directions, and an exderiment to image the thermonuclear burp
region is in.process, These experiments.significantly extend our data base
" ard our understanding of “laser induced thermonuclear implosions and the basic

laser plasma interaction physnfs from the 0.4 to 0.7 TW level of previous

experiments.
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LASER FUSION EXPERIMENTS AT 2 TW

The primary goal o% the Laser Fusion Program at the Lawrence
Livermore Laboratary is to compress to high density and efficiently burn
Deuterium-Tritium fuel for the production of thermonuclear energy. As
part of the ongulng Pffurt to understand the physics of laser imploded
targets, a series of implosion experiments exam1n1ng a wide range of
irradiation geometries and intensities have been performed over.the last
2 years. i ’

These include experiments deﬁjgned to study'the}basic laser plasmi
interaction phenumena”5 as well as expérinﬂnts specifically designed:to
map out and understand the parameter space,and physics of laser induced
compressions of thenmonuclear fuel6 =10 l Early experiments on D-T filled
glass microshells® and the simple scaling laws developed in that paper
indicated that for fixed initial D-T fill, the‘target performance should
increase as r;w(Ec/HT)-l/:xp(g.lll(EC/Hf)llj). Here r, is the initial
radius, ¥ the wall thickness and EéFﬂT is direc;ly propartional to the
finalvDZT\ion temperature, with MT the: targét mass in nanograms and E the
fractIon of the. absurhpd eriergy in joules'which significantly contributes
to the implosion, compres\ﬁon and heat1nq of the fuel. This "useful” fraction

of the absorbed energy, E , is determ1ned roughly by the amount of energy

absorbed’ unt11 the pusher has traversed\m 30% of the initial target radius

(far detaﬂs,hsee Raference 8). Since typ1caﬁ\puger velocities are of

the order of (2.5-3.5) X 107 cm/se:"s-‘l"z a 90 um\d%amgggr tavget would
clearly find nearly all the energy "useful” for laser pulsegjﬁ a FWIM 4

40 psec. Both to test this hypothesis ard to expand our data base, expiad-

ing pusher® experiments have been performed at the 2 TW level wita pulse- ~
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experiments, the Argus©laser has produé ﬁﬁup /"2.5 TW of power f0cusab1ev£o .
f?lﬂ .m.  The term focusable also sign%?ie that at the (}rgeF’plane there

“is v not1czab1e dlStOTthn of tke tem@uray/pulse shape and that greater than
90 nf the enerqyn’les w1th1n the ‘Tow! pow? fececal spot. During an experiment;

the temporal behayior of the laser pdﬂer ”n the target plane is measured u51nq

the LLL streak camera’*. Extensive calo gmetry and multiple image cameras
also monitnﬁtthe equivalent target piéhe/“. Anrexample of the quality and
fccusahility‘of the system output ﬁg gthn in Figures 2a-2e. .

The targets used in the experimehfﬁ‘aéTE nominally 90 um diameter SiO;
microshelld with a wéll thiéiness of 0.8 “T aﬁa filled with an equimolar mixture
of N-T at a de"5fEV of 2:2.5 mé/cc. A fyﬁfca! target, together with the taser
performance and'; ;umﬁAFy of the results are shown in Fiqure 3. This is to be’

compared with a typical result from the 0.4 TW experiments performed with the

Janus system™*, an example‘of which is given in Figure 4.  We note that =

’(EC/MT) has increasad by’about a factor of 2-3 for the 2 TW Arqus experiment

‘as compared to the/typical Jarus ‘experiment.. The absorbed laser energy "useful"
in achieving the desired.fuel conditions .is also reflected in the D-T ion
teﬁﬁgraturebas determined by the -« and neutron particle time-of-flight
measurmnents.“"' The « particle tihe»of—f]ight experiment is depicted in

Figure 5. Fijure 6 shows ar example of the neutron time-or-flight signall®,

~comparad with the x particle time-of-flight measurement on the same shot,

From Figures:3 and 4 we estimate Tion to be . 5.0 kev and ~ 2.0 keV for

the Argus and Janus experimehts Eesbectively. Using the simple scaling rules

i
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N row(E /M ! exn(& V/(E /M) Y') wizh E /My .,167 and 0.126. .

for the two experjments, The ratio of~fus1on yield for the two
experiments is thus estimated to be 116, in rgasoniable agreement with

the experlmental value of 124 + 19, e

Again’ referring to ouy model . 1t |s clear that the significantly higher,

fusion’ yield observed in the Arqus experlments is, to first order dominated by oo

Lo the increase in tinal D T-.ion tomperatuyre* caused by the lncrease in useful
B 1.

specificféﬁérgy.‘or E/Mr The . partuc]egggergy lass (~ 0.2 Mey) indicate -
only a s]iqht increase {in compressibn.br .Y -over the Janus experiments**,

: In fact, the mode]’“‘iml jes 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

1ncreased cumpresslom

I morﬂ complete comparison of the target performance at the two pawer levels

is q1ven in Figures 7-9¢ Figure 7 shows the fusion, or neutron yield for the

two series of, experiments plotted as a ‘unction of peak power incident upon
the target, Although the neutron yield appears -to scale as (peak power}?, this
“is not andaccurate 5ca11ng rale as it falls to take into account the complex

1nteraqt1£n of the target mass, tie wall thickness and the pulselength,

"r

* For eanple <v> (5.5 keY) / Al (2.0 kev) -

*+ Detailed Lasnex calculations !” gives or of 4.9 x 10 4 and 2.6 x 107 gm/cm ‘ §
i for the\krgus and Janus experiments respectively.

1




of the spectrum. from . 0,75 to . 1 keV.

i'x-ray nlcroLcope image in the 1.5

A more appropriate way of dssplay1nq the: data 1s shown 4n Figure H/ Here ne

//

.plot neutron yield’ s "usefu1“ absorbed energy per target mass, E /HT

fract1un of the absorbed energy was detennined by ‘the prescription riven 1n

Reference 8. In addition; the h2utron yield is normalized by (w/w,) (r /r,)’

where w, arid r* are the nUM\naY'uall thlckness (.8 wm) and radius (42.5 um
. ; \ i
respnct1vvly V ) ‘ﬂ B | L “
2
The salid curve is based upon tne set of <ca|‘nq rules dﬁscribed in

Rnfﬁvnnte . ‘Ince the model doe“ not - predict absolute va]ue the eiberiﬁental

rasylts 91vﬂn in 4\gure 4,.were chosen as a normalizing po1nt " The hodel-
inferred D-T 1on/ emperatures at other values of E_/ ’HT are indicated on

thp f1qurr and compare reasonqb1y "well withuthé 4 particle t1me—nf-f11ght {?

‘nea;urnd values of Tion - (l 5\ 2.5) keV fhr 4he Janus and ~ (4 7} kev for the

ﬂrqps nxperlments C]ear]y better fitting curves could be drawn tlrough the

|
§}da a set, and additioral experlmenfs both, at higher and 1ower values of (€ /MT)
q

At '\

are needed before a more definitive statemeht concerning the validity of the \
s

Figure 9 shows the D-T ion temperatures as a -~ |

\

’fun\t\on both” of intident power and (£ /"T) The range of tbe data 15 indicated
hh {he length of the sides of the boxes,

.¢J|1nq rules can be made.

Fiqure 10 shows the time and space

|n¢eqrated X~-ray spectrum for the two experiments He note thaf tne slope of

thg\quperthermal tail, He (h ¥ 10 keV) scales with the 1nc1dﬁnt power to

ugaos. in reasonable ajreement with results quoted in Referﬂnces 1 and 3. He ™
I

alsu naote an increase in the "temperature" one can assign to the thermal port10n
]

FIgUVr 11 shows tne time 1ntegvated
I

keV region for the two exper1ments. The most }

str1!1lg feature is the considerably improved symmetry 1n the Argus - or 2 ™ -
eupen\ ent

i

and tle serles of experiments utilizing the ‘near 4- r]]uminat.on systemg
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This trend was also notéd in the early eproding pusher experiments?’®

the usefu]a
Ve
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b Polarimeters18 looked at 1ight backscattered at an angle of 45° o the

i

both sets of experinents it was obsevved that the .nplosion symnetry 1ncreased %

with increasing Aatensity (W/cm?) on target, the 1ncreas-d power level 1s"

‘most 1ikely responsible for driving the thermal condoction to heat the target

equatorial plane more efficiently, both by providing a'1argenyayaf1able heat
flux -and a Targer initial temperature gradient. ) .

Previous experiments"“‘7'5‘13"9usnowed that both tne dcattered 7.06 m
light and the distribution of plasma energy leaving the target exhibited a
marked polarizaticn deperdence 1his effect 1s a1so clearly seen in the present
experiments. Figure 12 1nd 13 show the scattered 1. 06 um 1‘ght and the p1asma S z;
energy distributions for the Argus expﬂriments The polari’atinn dependence
of the scattered tight is seen to be qu1te strong. with (IL s 41. ). The d1rec-
tionality in the distribution of plasma enerqy is not quite so strong. but
is clearly present, and is pvidence for resonance absorption. "The
polarization dependence of the scattered 11ght u1str1but10ns are consistent
tde/1ncident 11ght and resonant
v

absorption. Tha poIarizatvon dependence of'the plasma energy, however, is
\_/

only consistent with the as,urpt1on of resonance absorp*ion mechanisms,

Lo P

By using a computer solution of the Qave equation for a plane wave incident ﬁ

with both: st)mu]ated Br111oc1n side scatter‘af

at an ang|e on a-one d1mensiona. dens1ty profile, one can calculate the state

-, of polarizatfon of the reflected,wave for various values of the density scale

v o0

Tennth and fractional dersity charge'®. These calculations are shown in Tigure 18 '

together with'data from an Argus eaperiment on an 80 um glass microshell whick
B

was irradiated with 35 Joules on one side and 6 Joales on the other side.

1nc‘dent beam and at a 45° azimuth with respect to the incident laser electric

field. The principal aéisiof:the polarimeters were oriented such that if the

Tight were reflecied totally in the limit of an infinitely steep density

-
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The! actual nxperiment shows a degree of polarization of 0. 7/ Using\the

numewmcal calculatIons ‘for a dens1ty Jump of An/n = 1,5, this corresponds

N R,
to a\dentlty scale helght of .at most 1.5 um.

X

“ uhtvh the m-part1cle imaging experimentz° can qxve us detailed information*

on tho émmetry of the compressed thermonuc]ear burn redion, the a-particle

E

f1ux 1s mon!tored in two directions fo give a crude est1nate of the ~

*un1fn|m1ty of the cunpressed DT. The two detectors are “at 45° and 90° frum ‘

the Nnrth focusing ens,\m» ne' horuon el p1ane I\_Both the tota] yield and

S
the mean a-partci]e energy luss (va1cally between.0.2 and 0,3 MeV) from the two

deteltors agree to ithin + 15% on any given experiment. Thus, within the *

‘exper1menta1 uncert inty, we have not observed any significant directionality

in « particle energf{ loss in travers1ng the compressed fuel and pusher.




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

]eve] utilizing the Argus laser fac111ty.u In. cumpar1ng the results with those

obtained at the .4 TH/70 psec lP\el, the following conclusions can be drawn

1.

i

The increase in target performance is to first order simply gived by the

‘/increase in absorbed implosi%n energy per targeé.mass. This quantity

increased by a factor of approxim?tely 253, resulting in

a) an increase in ﬁeak pdsher velocity of (2-3) 172

b) a rorrespond1ng lncrease in T1on and

c) i increase in’ compreusvon ‘of leas than N 4

-

The resuli lb)(was confirmed both by N partic]é and neutron time-of-flight

measurements of the energy sbectrum of these reactdnts,

The intensity dependent symmetrization of implasions observed in earlier

experiments was confirmed. ',

Polarization dependence of both the scatteved Tignt and plasma energy

distribution is“evidence for the.ex‘stence of resonance absorption.

Measurements of the degree of polaraization of the scattered light-

indicates density scale heights of 2 um or less,

N
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. FIGURE CAPTIONS

- 1. The Aryus laser and its performance.
2a.  Arqus iﬁcident beam diagnostics.

b. Near field camera - laser output erergy distributions.

c. Arqus north peam - typical h{gh power energy distribugion at target plane.
J d. Power on target vs. time - Argus north beam.

e.  Argus north beam - 158 microns inside f/1 focus.

3. Argus expériment (shot number 26130812},
4, Janus experiment (shut number 75060402).

5. Alpha particle time-of-flight experiment.

6. Neutron and alpha time-of-flight measuraments determine the fuel temperature.

& 7. Neutron yield versus peak power.
8. - Neutron yield as a function of useful specific energy.
© 9. D-T ion temperature increases with peak laser power and useful energy/target
. mass.

16«.  X-Ray spectrum for 0.4 and 2 TW experiments.
b. X-Ray spectrum for C.4 and 2 TW experiments.
11. The heating and implosion symmetry is a functior of the intensity.

12. Irradiation of microshells with f/1 focusing lenses show a strung polarization
dependence of the scattered light as well as the particle and x-ray energies.

13. © With f/1 cusing optics a -trong polarization dependence‘of the ion and x-ray
flux is apparent.

14. Determination of the scale height by polarimetry.
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THE ARGUS LASER AND ITS PERFORMANCE LL:=
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ARGUS INCIDENT BEAM DIAGNOSTICS | | ;
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NEAR FIELD CAMERA — LASER OUTPUT ENERGY DISTRIBUTIONS _ L%
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_ARGUS NORTH BEAM — TYPICAL HIGH POWER ENERGY DISTRIBUTION
AT TARGET PLANE,_ | (9

—
U Array cemera record ~ Streak camera record .
W rtime integrated time resolved
Shot 36060801 70 Joules 63 psec 1. 10w 7 X 107 neutrons
o 158 microns inside f/1focus 876
{ R Figure 2¢ ‘
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ARGUS NORTH BEAM — 1568 MICRONS INSIOE £/1FOCUS L5
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ARGUS EXPERIMENT

[a

Shot nsmber 36100812 !

 Target characteristics

Diameter =87 ym
" Wall thickness = 0.95 ym
D-T fill = 2.3 mglee

5

Laser périormance

=25TW

Target performance: :
Eneray absorbed E, = 24 Joules (~25%)

" Useful specific energy ~ E./M; = 0.367 Jing

Thermonuclear yietd N(n) = (5.5 ¢ 11X 108 N{a} = (5.9 = 0.3) ¥ 10°

'D-T ivn temperature ) from o tijne-of-flight T, S48 keV

b} from neuion time-of-flight T, $5.4 keV
Integrated x-ray emission (0.3 keV < hw < 17 keV) E =2J

Figure 3
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JANUS EXPERIMEMT - ‘ : L9

SHOT NUMBER 75060402
TARGET CHARACTERISTICS: DIAETER = 86.5 um
WALL THICKNESS = 0,70 #m
o “D<T FILL = 2,5 mg/ec
LASER PERFORMANCE : COBIUES
70 PSEC FHHM ,
TARGET PERFJRMANCE:
ENERGY ABSORBED E, = 6.4 J (260
"USEFUL” ABSORBED ENERGY/TARGET MASS E/Mp = 0.126
(BASE ON THE MODEL FROM REFERENCE 8)
THERMO NUCLEAR YIELD  N(w) = (4.6 + 0. X 105 N@ - (.6 £ 0.5 X 10°
D-T ION TEMPERATURE FROM o TIME-OF-FLIGHT =~ T,$2.0 keV o
INTEGRATED X-RAY EMISSION (0.3 kVS hyS17 keV)  E, 0.4 J

Figure 4 .
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@ - PARTICLE TIME-GF-FLiGHT EXPERIMENT
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NEUTRON AND a TIME-OF-FLIGHT MEAQUREMENTS DETERMINE THE
FUEL TEMPERATURE

E,e.. =i4.03MeV

3 AE =458keV -

Neutrons =T, <67keV |-

‘ 163 neutrons regctiéii‘gwiﬂx detector
| o

, I

, 108 um diametor, 0.78 im wall 1.7 mg/ec o-T

104.!01!‘;.409: FWHM (2.6 TW)

Laser:

.
= 3.30 MeV
. AE = 410 keV
aparticles o1 <B4kev
‘94 o's reacting wit\z deactor

R
\
|

o
4
t

Figure 6 ' \
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NEUTRON YiELD VERSUS PEAK POWER
L e e RS R s \
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‘Neutron 197 |__ - i
yield 10 é § \
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108 | Diameter: 80—-100 um — ‘l
- Wall thickness:  0.7—-1.0 um 3
- D-T fill: ~2mglecc 3 1
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Peak input power, TW
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Figure 7 i
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NEUTRON YIELD AS A FUNCTION OF USEFUL SPECIFIC ENERGY

1010
10°

108
N

(rolr. b (w/w. }

107

13E 1 eTaretA

A Target 8
— Model using T, ~ (E./M;)
10°1 i ] T )
0.1 0.2 0.3 0.4 050.50.7
(E./M;)

Figure &
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-T IOM TEMPERA “URE INCREASES WITH PEAK LASER POWER AND

USEFUL ENERGY/TARGET MASS L&;
! . | T l |
6 = ] L.
4 - = o
ion
(keV)
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2t B 1 LE |
0 ] i ] 1 | ]
0 0.1 02 03 064 05 0 1 2 3
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11/76

Figure 9



X-RAY SPECTRUM FOR 0.4 AND 2 TW EXPERIMENTS &

10'Gr|_l T |
|

! A Janus (~0.4 TW) |
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Figure 1la



Ca

X-RAY SPECTRUM FOR 0.4 AND 2 TW EXPERIMENTS

I (keV/keV)

1015

I b
PyS: 75762475 & Janus (~0.4 TW)
10M L PIS: 35060577 O Argus (~2TW) |
\ "~ Slope = 1.03keV
103 ]
0% Y 21.7keV
Slope=0.75keV_ /. |
B \.o~ \‘o
10" \5 2
11.3keV
» 10 | : i
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: hy (keV) :

Figure 10b
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THE HEATING AND IMPLOSION SYMMETRY IS A FUNCTION OF ‘THE INTENSTTY

PRt Ye0804
s . - ecq
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Janus T U Argus
04 TW 2 TW

9-?6

Figure 1
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IRRADIATICI 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 !

Shot 36080507 Incidant energy 80 J 49ps
Neutron yield 1.5 X 1

40” 60" 70 80 90 100 110" 120 130° 140“
—Perpendicular to
Lens___/ the plane of polarization
edge . pd
- -
-~ In the plane of
P 90% - = =~ polarization
incident energy -
L 42) =~ -~ 3gJ
A L i 1 1 L
8 [} 4 2 0 2 4 6 8
- . dise

In plane of ]
polasization
Lens ——
edge
p
90% - ~ o N
incident energy t/he plane of polarization
: 1 n L s i
2 15 1 05 [/} 0.5 1 15 2
Jisr
Particle and x-ray energy {calorimetry) 11776

Figure 12



WITH f/1 FOCUSING OPTICS A STRONG POLARIZATION DEPENDANCE
OF THE 10N AND X-RAY FLUX IS APPARENT
Shot 36091408 0

]
P Stalk

S :
a0 _,[\ 270
/( Target

180 9/76

Figure 13 o _
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DETERMINATION OF THE SCALE HEIGHT BY POLARIMETRY

Degree of inear polarization, p
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Plasma density profile:
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Figure 14
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ARGUS shot =36080406

6.4 (N)/40.6J (S) incident
84, 0D,08 u WT, 1.9 mg/cm DT
1.3 « 107 neutrons
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