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LASER IMPLOSION OF DT TO DENSITIES > 1000 g/mB:
"
OPTIMISM PULSE SHAPE; FUSION YIELD VS LASER ENERGY

J. Nuckolls, L. Woad, A. Thiessen, and G. Zimeman
University of Cnlit‘orn:l.n L Li v

Introduction: Laser Implosion S:hemel

In laser compression of DT to densitiea greater than 1000 g/r.m3

followed by thermonuclear iznition and efficient burn, the optimum pulse

shape 1is d d by 1d ions of and Fermi-degeneracy,
hydrodynamics and Rsyleigh-Taylor instability, and thermonuclear ignition

and self-h The req d implosion symmetry is achieved by irradia-

ting the pellet from all sides by sultiple laser beams as well as by

el t in the p ablated from the pellet. Taylor

inatability is suppressed by gufficiently rapid implocion as well as by

the losi by aubsonic ablation driven by diffusive

el The lear yield is d d by considera-

tions of inertis, ﬁ. density, depletion, thermonuclear self-heating and
ignicion, dsgenericy, implosion efficiency, and laser energy.
In a typical ismploaion a mm size spherical pellet of liquid or

solid D‘A‘f 1 d in a hanber is irradiated by a laser prepulse

to generate a lov density atmosphere extending to several pellet radii.

Yuckolls, J., Wood, L., Thicssen, A., and Zimmerman, G., NATURE, 239,
119, W71,

f‘l‘he psllet may be hollow and may be seedid (* 0.1 atom percent of high
T materisl).

*Uork perforaed under the ouspices of the U.S. Atomic Energy Commimsion.



The applied laser power is optimally increased from about 19'1 to 1015

watts in 10-20 ns. The laser light is ahsorbed in the outer atmosphere

via inverae bremsstrahlung or by plasms instabilities, generating hot

electrons. These hot electrons t port through the P heat-

ing electrons (via electron-electron collisions) to temperatures which
increase from one to 10 Kev. The pellet aurface is heated and ablated by
the hot atmosphere, gemerating pressures which optimally increase from 106
to 1011 atmospheres. This many order of magnitude increase in implosion
ptesaﬁre occurs during transit of the initial shock to the center of the
pellet, so that the outer part of the unablated portion of the pellet is
nesr isentropically compressed into a spherical shell with density > 100
glcma, while at the same time this shell is inwardly accelerated to velo-
cities greater than 3 x 107 cm/nec, As the internal pressure becomes
larger than the ablation pressure, the rapidly converging shell slows down,
and is compressed, still near isentropically at sub-degeneracy temperatures,
to densities greater thaan 1000 g/cma. At the same time the non-Fermi
degenerate central region is compressed by the shell to demsities greater
than 1000 g/l:m3 and heated to temperatures greater than 10 Kev, initiating
thermonuclear burn. The product of deusity and radius 1s greater than 1
g/cmz. so that the DT alpha particles are absorbed, heating the pellet to
higher temperatures. The fusion enargy is produced in g ll)-11 seconds,
and typical burn efficiencies are 10-40%.

We briefly consider here the optimum pulse shape and the thermo-

nuclear yield.
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Pulse Shope

The oprimum laser pulse shape—-which maximizes the Fusinn yield

for a given laser enargy--satisiias four conditions.
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Osnsities greater than 1000 .lu’ are achieved.

‘The implosion oceurs i leas than one sonic tranait time so
that long vavelangth Taylor unstuble growth is tclerable.
In most of the coupressed pellet the eloctrons are Fermi

dugarsvate. This minimizes the required implosion pressure snd

lasar snergy reg 4 for comp

The central cora of the P pell having a

comparable to tha DT alpha range h P of N
10 Kev, infelscing rapid tharmonuclesr burn acd salf-hesting.
This nininizes the lsssr suargy veguired for ignition.

Thase four conditicns sre sntisfied by a pulse shape having

the following thrae propertias.
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The inicisl iwplosicn velocity is * 1 cofus, several times

sound gpeed. This shock is sufficiently wesk so that most of
tha pellst can be comprigsed to & Fermi-degenerste statas, but
wich gtnce is ng h so that the center ju signi~

ficantly shock heated.
The impl [ is 1 d with time 30 that the hydro~

dynsmic charactoristics coalusce near the central core. This

1 i P P of most of the pallet while hoating
the central region.
The peak implosion veloclty is sufficiently large so thar donsi-

cies of 1000 llm:3 are resched, and central ignledon occurs.



By means of hundreds of implosion/burn computer calculations
it hos been found that the optimum Lagrangian icplosicn pressure history

is approximately

h
Po Pn('ho—rf » where
h= fnpdll. [ml~ {.. t” is the collepse time
°

s-%,y-% for an ideal Fermi gas

&
pri-lm o, 222100

Similarly the optimnl laser power history (vhich genorares approximacely
this pressure history) is approximately
E = éo 32

It is not aurprising that the exponent in the powcr equation
is 3/2 of chac in the pressuro oquation since in the ablation prucess
powar ‘v pressura x velocity and valocity is proportional to the square
root of pressure.
1f cthe pellets are hollow or seeded, or if electron dnconpuu*

or pl’ehlﬂtﬁ are dominant, these equaticona are significantly modified.

+d¢eoupl.lns= alectron-alectron ¢ollision time is too long to support the
required implosion preasurs.
L .

.
: gotic ed deposit energy inside the compressing fuel
moking it more dl.lﬂeul: to compress, instead of in the sur-
face layer to generate jioplosian pressuros.




Ko snalytic derivation of thuse eguations is known for implosionn
uvhich satisfy tha required conditions. Similar pressure squations=--but
which do not dspend on h, and with the wrong exponsut--result from consi-
dexstion of subsonic spherical l-plnllnmz. The abova pressure equation

from analycic solution of tha probles of the subsonic, pi
compression of a plans (vhars h = h, = esnst). Joitislly the plane and
spherical solutiony sust be similsr, and the h vari is the simpl
generalisation from plane to spharical gaomstry.

Isplosion calculations show that the optimal powar history can be
satisfactorily approximated by a histogram of S$-10 adjoining pulses. This
suggests a practical mesna of generatins the pulse shape. Starting with
the final pulss with least durstion—but highest power and ensrgy—which

oesd not be 1y shaped, the pracesding pulses can be d wich
sufficient accuracy with beam wp {amplifieve, and optical
paths of varl 1 h For ple by ding a pulss gh & 50/50

besn splitter, tuo pulges sre gensrated uf the initial duration bur each
with half che fnitial intensity. Ons of these pulass may be remmplified
ta preserve the originsl pulse. The othur pulse may be cplit again to 104
the intensicy of tha initisl pulse. Ona quartsr intensicy pulse may then
be dalayed by a pulse width relxiiva to the other (via unequal optical
paths) and recombined with the other quarter intensity pulse to form a
single pulge of twice the inictial duraticn and one quarter the original
ingensity. With amplification (or don) the £ ity may be modi~-

fied as desired. With sultable optical psths, this new double duracion

pulse may be shifted one original pulse width in time and combined with

%x1ader, R., UCRL 74040 (1972).



the original pulse to form a wo pulss t §! These op ns BAY
be used to approxixste srbitrary pulse shapes wich histograma. Since the
ssne input pulse is sluays asplified to produce the same outpur pulse,
the azplifier may have any reproducible cocbination of linearity and non-
linearity.



Thermonuclear Energy

The fusion energy is p ional to the prod of the burn

rate apd the inertial confineaent time. If ¢ 1s the fractional burn~up,
SR
where T}-? corrects for depletion, p is density, OV is the Maxwell
averaged reaction rate, R is radius, and C is sound speed. 1f ion tewpera-
tures of " 20-50 Kev are reached gz depends weakly on temperature.
Then computer explosion calculations predict that
o2 F
This corresponds to an inercial confinement time of ~ :—c. which 1a not
surprising since in a sphere half the mnes is beyond 80X of the radius.
The specific fusion energy is 0:1.“. where Sy 18 the energy raleased by
100 butn-up, ~ 3 x l.ou Joules/grazm.

At ignition the specific heat energy ic the pallet may be written

-1
CpOrenf

where CP is the heat cspacity, Gmn 18 the ignition temperature, and B‘l

ing of the DT by the alpha particles. Optisun

v a ion for self-h

designg usu Gm " 10 Kev in order to avoid the velatively long time to
self~heat from 5 Kev, the ideal ignition temperature, to 10 Kev. In the
highly compressed pellets conaidered here, B is a functicn of the DT slpha

particle ranae.(an)u('\- 0.25 aluuz at electron temperatures of 8 Kev), and



of the pR of the pallet. 1f it is assumed that the cesperature is Olm

frou the center to (pR) , and falls off as 82 bayond, then it

followa that 2
(pR) (oR)
~1 a a
BT [3-2 .....__]
(om? e
B of bable implosi limjtations, a minizum of D.03 ia

inpesed on 871,
At high densities the specific cozpressional energy of Fermi-

degencrate BT is

2 2
a n" 8 .o s
sl i &+ Lac<r,
where Eps the Fermi-energy, is

2 2/3
n? 3
& & o)

n, 18 the electron density, h is Plnncll‘a constant, and m 14 the elsctron
mags. The specific compressional energy may be written as

Ix 105 pzl3 0'.. joules/g

where 0" corrects for deviation from an ideal Fermi-gas {(and is usually
about 2) due mainly to the 1Mb initigl shock, and alse because the implo-
sion is not quite igentropic.

For simpuci;:y we make rthe somewhat pessimistic
asgumption that the ignition energy and compressicnsl energy should be
pimply added to obtain the total internal energy.

Of the lager 1ight inputted to the pellet, some mey reflect,
and 90-952 of the enevgy absorbed is lost via the blowoff from the
ablation process. Assuma that a fraction, a, of the laser light energy

couples to compress and ignite the denge core. Then the overall gain



equation is

Ga IIE.‘.HQ

0,8 2 x 1002 %,

vhera ¢ apd B ara both fuanctions of pB. Over a limited range of p snd gR
this equation may ba approximated by a power law, and solved for the laser
1ight energy

Env o"% P (at conseant gain)
Over a wide range ;:! conditions (100 < p < 1000, 1/2 < pR < 2)

"p" is sbout 2 and "a" varies from 4/3 to 2, so that the dependence <n com-

pression 1a et leaat as g and 1ly nger them the dapendence
on abasorption. If depleciom, d » and the depend of self~
hearing on comp are ig d, the depend on absorption 1g stronger

than that on cntptuuonz. i.e. "a" = 4 and ™" = 2,
Figure 1 shows the acaling of this gain equation—wmodified some—

what to agree with calculsti with p don and laser light

P

energy. Gains approaching 100 axe predicted for laser energies of 106.1. At

compresaions less than 103, the gain 1 1y with 1 ing

b of ing burn efficiency and thermonuclesr self-

heating of the fuel. The gain d with p ions much greater

than .l.()A because of depletion {of the DT) and because ablative energy losses

increase and the energy of compr { P ) b

dominant.

With a lager afficiency of 10Z and a 40X thermal efficiency net
electrical energy could be generated with a gain of 25 which occurs for a
lager energy lesa than 105 joules (at a compression of 104). Less than 1 KJ
of lager light may be sufficient to generate an equal thermonuclear emergy,

1if optimally emplayed.
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Hybrid reactors, in which the 14 MeV neutrona which escape fram
the explosion chamber are used to fission natural uranium or thorium,
mey generate more energy than used to pump the laser even with low effi-

ciency, low energy lasers, such as 1X efficient, 10 KJ Nd glass lagers.



Fig. 1

GAIN vs, COMPRESSION
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1st Slide

LASER FUSIOM TMPLOSION SCHEME
DT PELLET: Spherical, Hollow?, Seeded? (0.1%)
ATMOSPHERE: Via Laser Prepulse; Symmetry
LASER: Multi-Beam (Symmetry), Pulse Shaped Optimally
ABSORPTION: Inverse Bremsstrahlung, Plasma Instabilities
HOT ELECTRONS: Heat Atmosphere, Symmetry (Transport)
SUBSONIC ABLATION: Implosion Pressure, Taylor Instability
IMPLOSION: > 1000 glcma; Isentropic; Fermi-degenerate
IGNITTON: Central, Self-Heating

BURN: ~ 10 ps; 10~40% Efficiency



2nd Slide

OPTIMUM PULSE SHAPE

CONDITIONS
QENSITY > 1000 o/cn’
SUPERSONIC (Inftially) - Taylor Instability
FERMI-DEGENERATE-Most of Mass

IGNITION-Central Region

PROPERTIES
VELOCITY  10° enys fnftially, 3 x 10° cnfs max

CHARACTERISTICS-Coalesce in Central Region

EQUATIONS
= h 5 a -3
P pn(],o—.r)-h £de“-1 1--5.-.
t” collapse time

5= 7311- «Ys g- (Fermi-gas)

Pory-1m, P 22x10% b

et VS



3rd SLIDE
GENERATION OF PULSE SHAPE
l P ‘
1, at, ¢l SRUEEEr Y [y, g, ¢4 2],

[ 1 Amplifier [1, at, t + b],

[ ]3151%2.—::%1—) [%-I.At.t+c]5.[%-I,At.tfc-om]s
Optical
Paths
Combine 1
[ I+ 1 RS 1, 2ty ¢+ d],

[ B BRRE S h1 oz e e b - atl
Path

C g+l 1, Sombine s Ly, an, ¢ - 2ats 1Lt t]g



Ath SLIDE

THERMONUCLEAR ENFRGY

BURN: ¢«.9W§—C- r Rp
+Ro

(R (pR)

IGNITION: ¢ — [3-2
(eR)

-1, -1
pOand 38 T

COMPRESSION: ep[3 + F 4 & ) +oe 1030 g

COUPLING: « ~ D.05, Ablation; Reflection?

. Coupling x Burn
GAIN: &ainn Tgnition + Compression




