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[t is shawn tnat the conflicting requirements of high implcsion

cfficiency (° » «ovona temperature) and adejuate energy transport (i

corona temperatiure; can, toyether with other effects, 1imit useful
infrared Tight intensities to values on the order of 100 Tw/cm2
Increased interest in ultraviglet lasers, for which this intensity
constraint is expected to be less se.vere, and the entry of charged-
particle drivers in the inertial confinement fusion (ICF) competition
are consequences of this Timitation.

Analytical results besed on a simple model are pres nted whicn 3row
how the gain of an ICF target is modified by the existence af an arbitrary

intensity constraint.
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1. INTRODUCIION

In 1962 it was cstimated that DT ignition by laser-driven implosion
would reauire a pulse energy of 100 kJ (at 0.69 u) and an intensity on
target of 500 Tw/cm2 [1]. These requirements, though far beyond the statu
of the art at that time, were deemed feasible, with cthe -~esuit that a
research program with this cbjective in view was begun at Livermore.

Progress in taser development led to the availability in 1967 of
focused intensities as high as 105 Tw/cm2 (at 1.06 u) [2). Theoretical
calculations predicted that intensities in the range 10—105 Tw/cm2 would
be capable of exciting @ large variety of light-driven plasma instabilities
aad otner ronlinear effects, including the generation of anomalously enerqgetic
suprathermal or "hot" electrons [3-7}

In 1971, experiments at Livermore indicated that a not-vlectron com-
oonent with an apparent temperaturc of 40-50 xeV was being generated in a
1-2 keV CD2 plasmaz at an intensity of 200 Tw/cmz(at 1.06 p) {#-9]. These
experiments also suggested that stimulated Brillouin srottering, for which
the threshold intensity was estimated to be approximaczely 10 Tw/on® 9],
was responsible for the observed back-reflection of the incident laser
light.

Although the prespects of utilizing such high light intensities dio
not seem favorable in view of the existing theoretical and experimental
picture, it was nonetheless proposed in 1972 that intensitiec on the
order of lO5 Tw/cm2 might be used to achieve 10,000~fold compression and
central ignition of a bare droplet of liquid DT [10]. The authors of this
proposal advised that "the Basov (Soviet) team is 1ikely to reach the so-

called break-even point within the next year, slightly ahead of the
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Americans" {11]. KMS Fusion Inc. advised its shareholders: "Your campany
predicted to the U. S. Atomic Energy Coumission that it would reach break-
even 1n energy before December 21, 1973" [12].

At the same time that these sanguine predictions were being broadcast,
it was pointed out that the transport of energy within the laser-heated
©lasma might be limited to a value nearly two orders of magnitude less
than hag been previously assumed [13]. This effect, which has been observed
experimertally, together with the generaticn of hot electrons, corona-core
decoupling [i4], and the excitation of various plasima instabiiities, act
to 1imit the focused intensity that can be effectivelv used to drive
implosions. A result of these limitations is thdt the "breakeven" pradicted
with a kilojoule of light in 1973 is now thought to require at least 150
kilojoules, focused to an intensity of a few hundred terawatts/cmz. values
remarkable similar to those initially estimated in 1962.

The focused light intensity that can be effectively used to drive
implosions s clearly a matter of primary importance tu laser-driven fusion.
In this paper we shall consider the factors that limit trat intensity, the
Timits they impose, and the consequ-nces of these limits for inertial con-

finement fusion generally.



2. INTENSITY CONSTRAINTS

The least laser pulse energy NL (joules) required to achieve a "pellet

gain" GP by imploding and centrally igniting a DT target is given by [15]

12/5 u3 joutes, (1.1)

17/5
oLy

W (GP/115)

where « is the ratic of the internal energy of the compressed DT to that
which woula result from isentropic compression at minimum entropy, and

¥ is tne ratio of internral energy NF (of compressed DT) to laser pulse

LW
enerqgy. The "pellet gain" is defined as the ratio of the thermonuclear

energy yield W, to the energy of the laser pulse HL.

™

The property of this result to which we wish to draw attention is its
sensitivity to the efficiency €Ly with which tne laser pulse enerqgy is
converted to internal energy NF of the DT fuel. A factor of two reduction
in the efficiency €y results in a ien-fold increase in tne laser pulse
energy required to achieve the same gain. Jt is thercfore important that
the implosion be efficient.

An estimate of the efficiency of a laser-driven implosion is provided

by the efficiency ¢ of a "rocket" ablatively propelled by a steady, planar

isothermal expansion. This efficiency is easily found to be-
e= B/ -0 L o= 2w (1.2)
¢, = (2.2 < 10y T (REV] cnfsec (2= 24 »> 1) (1.3)

where u 1is the velocity of the "rocket", i.e., imploding shell, and 5 is
the exhaust velocity, i.e., isothermal sound speed. The isothermal expinsion

is actually spherical rather than planar, and for this reason the efficiency



will be overestimated by Eq. {1.2). This overestimate can be severe if
a substantial part of the absorbed Taser light is wasted in maintaining
the isothermality of a divergent supersonic flow.
1f the efficiency ¢ as given by Eq. (1.2) is to exceed 10%, for example,

then
c, € (2.23)0u (e 20.1) . (1.4)

1f we assume o L.ical implosion velocity u of 3 - ]07 cm/sec, it follows

from Lgs. (1.3) and (1.4} that
T, « 9 ke¥ (¢. 20.1, vw=3x 107 cm/sec) (1.5)

that is, if we are to achieve adequate propulsive efficiency, the temperature
of the Taser-heated corona must be Timited.
The maximum power density that can be transported by the electrons of

a plasma is the saturated intensity

Fsat = "e[2(kTe)3/ﬁm]5 (1.6)

Bickerton [13] first pointed out that this result may overestimate the
maximum achieveable power density by a factor ~ 60 (= M/Zm ) if the
velocity of thermal energy transport is limited to the jon acoustic velocity
by the unstable excitation of ion sound, a possibility that arises when
ZTe >> Ti as is often the case. Recent experimental results are consistent
with transport inhibition factors of this magnitude [16].

If we assume a transport inhibition factor of 60, then the maximum
power density F that can be transported to tne ablation front from the

critical surface is




M= (1/60)F, (g = o) = (3.18)T, % 4tkeviai (i) (1.7)

. 2 <
< 85 Tw/em™ 3 Te 9 kev , AL > 1y .

where the critical electron density Nac is given by

Nee = w/roxf (r0 = ez/mcz) (1.8)

for light of wavelength L

The efficiency ¢ will therefore be less than 10: i the absorbed iufrared
(> 1u) light intensity is as great as 85 Tw/cmz, a limi: based on the con-
flicting requirements of adequate energy transport and low "rocket" exhaust
temperature. The wavelength dependence exhibited in Eq. (1.7) suggests
that the same 10% efficiency might be achieved at a 10-fold greater intensity
if ultraviolet light (1/3 u) were used instead of infrared light (1.06 u).

This intensity constraint based on the need for efficient aplative
implosion, together with other intensity constraints imposed by plasma
instabilities, hot electron generation, self-focusing, corona-core decoupling,
etc., suggests that 1ight intensities useful for driving implosions may be
limited to values less than ~ 100 Tw/r.m2 (at 1.06 u or greater) [17]. More

generally, we shall assume that the maximum useful licht intensity is IL,

and examine the consequences of this assumption.



3. LEAST MECHANICAL POWER DENSITY NEEDED
TO ACCELERATE A THIN SHELL TG A
SPECIFIED VELOCITY

We consider a thin, hollow, spherical shell of solid DT fuel with an
initial density p0(= 0.2 g/cm3) and aspect ratio g(= RO/ARO >> 1). The
mechanical power density IF transmitted into this shell is the product pu
of pressure and velocity at the outer surface of the shell. The least
peak mechanical power density needed to implode the shell to a desired
velncity u is achieved when I_ is constant in time. An 2lementary calcu-

F
lation -ows this least value to be

IF = QOUS/C . (3-])

The efficiency with which the incident light intensity I is converted
into mechanical intensity IF supplied to the fuel will be denoted by € 1-
This efficiency will usually be comparable to the efficiency €5 with which
light energy NL is converted into internal energy of the compressed fuel,

i.e.,

(3.2)

W e vey) (

Ie=e gl 5 Wp =gy

For example, if ey * 0.05 (half the incident light is absorbed and
the implosive efficiency is 10%), then a laser intensity IL of 400 Tw/cm2
is required to accelerate a solid DT shell, having an aspect ratio of 27,

to an implosion velocity of 3 x 107 cm/sec.



4, LEAST PULSE ENERGY NEEDED TQ ACHIEVE IGNITION

The mean internal energy {per gram of fuel) of the imploded fuel at
ignition time is the sum of the energy Wg needed to create the central
ignition "spark" and the energy We required to compress the fuel. This
enerqgy is approximately equal to the maximum specific kinetic energy

attained by the shell during impiosion, j.e.,
W W o, = ul/2 (4.7)
: S c - ) .

The energy of cempression 6o is, for DT,

We = cw0n2/3 , (n=olpy > 1) (¢.2)

where the constant L equals 0.178 M3/g for DT, and o is defined as in Eq.
(1.1,

Meigﬂthn'@mrw‘memywsis

- . _ 3
W = fSeS s fS = MS/M = (HS/H) , (4.3)

where &g (=116 TS (keV) MJ/g for DT) is the internal energy of the spark,

fs is the traction of the total fuel mass M encompassed by the spark, and H

and HS dencte pR and pR. of the fuel and spark, respectively.

S
The total internal energy NF in the compressed fuel caw be written as

follows in terms of H

(8362 )11

=
|3

)

(4Trw/3po (awOH/wc)3 . (4.4)

The quantities w and we can be eliminated from Eq. {(4.4) using the relations



) 3 1l
=W - (esHS)/H , (4.5)
we (slp/e) %2, (4.6)

so that wF is expressed in terms of H, the pR of the compressed fuel.
The least energy (NF)MIN we needed to achieve fuel-ignition is obtained
by minimizing NF(H), given by Eqs. (4.4-4.6), with respect to H. The result

obtained is that

2

(e dyypy = 2908/3) (e ) e/ (a1 (4.7)
when H equals HMIN
oy = 2063 (o 51?0 (4.8)
NF(H) also has the property
TR My = /22 (4.9)

which implies that the conditions specified carnot be simultanecusly satisfied
at any finite energy NF if H< H_.

The properties of the ignition spark are contained in the factor eSHg
appearing in Eqs. (4.7) and [4.8). To ensure ignition, this factor should
not be less than ~ 6 x 10M cgsu, corresponding to a spark temperature TS of
20 keV and spark He of 0.3 g/en® [15].

We note that the least fuel-energy needed to achieve ignition decreases
as the square of the mechanical intensity 1F delivered to the fuel, according
to Eq. (4.7). A restriction to Tower light intensities therefore implies
a requirement for strongly increased light-pulse energy to achieve ignition

and burn.
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We also note that (HF)MIN decreases with the square of the aspect ratio ‘

. The ratio a, however, tends to increase with ., the Teast values achieved

- e Ao S R BT

in a series of WAZER computer program [18] runs, spanning a large range of

aspect ratios, being given by [19]

C=3a3

{4.10)

If this effect is accounted for, (HF)MIN still decreases with increasitig g. L

but only as the first power.
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5. INFLUENCE OF INTENSITY CONSTRAXNTS Oh PELLET GAIN

The “uel gain” GF is shown in Fig. 1 as a function of H, the pR ofr

the compressed fuet. G is related to the "pellet gain" Gp according to
(5.1)

the "pellel gain" Jenoting the ratio of th¢ thermonuclear energy yield to

the energy of the inciden* laser pulse. Tﬁe solid curves show GF versus H

for a sequence of values of the fue) energy NF, and are taken directly from
Fig. 2 of Ref. [15] where the details of their derivation is destribed. The
curves apply to the case in which the parameter a, defined in Sectic. 2 above,
1s assumed equal to 2. The solid straight line appearing in Fig. 1 represents
the limit of GF vs H as HF tends to infinity.

The dashed curves shown in Fig. 1 show GF vs H for three values of the
mechanical intensity Ip. They are ottained by surstituting NF(IF) given by
Eqs. (4.4)-(4.6) into the relations defining GF(H;NF) in Ref. [15], and
apply to the case in which the aspect ratio ¢ of the fuel-shell equais 24.

The three values of IF were chosen so that (NF)MIN equals 50, 1600, and
50,000 joules, with the result that the dashed curves are tangent to the
solid cu.'ves having these values of NF.

To translate the results shown in Fig. 1 into laser pulse energy NL
and intensity IL’ it is necessary to specity the conversion efficiencies
€l and g - If we assume 50% light absorption and 10" efficiency in con-
verting absorbed 1ight energy into fuel internal energy, then €y equals

0.05. The energies WE tisted in Fig. 1 should therefore be multiplied
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20-fold to obtain the corresponding laser pulse energies wL, which then
range between one kilojoule and one megajoule. If = equals € then
the listed values of IF should similarly be multiplied 20-fold to obtain
the light intensities I that apply to the dashed curves (A), (B), and

(C), namely

() 3.5k 10
(B) 2.0 x 10'° (w/cmz) l
16

(C) 1.1 =10
We see that 17 central ignition ard burn aré to he accomplished with
as little as one kilojoule of laser light the 1i§ht intensity used must
exceed 1016 w/cm2 (with ¢ = 24), ana the maximum pellet gain GP achievable
at this -energy is approximately 10. These conditions are reminiscent of
those postulated to provide "breakeven at a kilojoule" in the early 70's.
On the other hand, if effects such as those considered in Section 2

14 w/cmg, then

should limit the useful light intensity to less than 3 x 10
at least one megajoule of laser light will be needed to achieve ignition
and burn under the conditions we have specified. However, the pellet gain
that is required for commerical electricity generation via pure-fusion

(GP > 200) then becomes potentially possible.
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6. SUMMARY AND CONCLUSIONS

Limitations on useable light intensity (at 1.06 u or greater wavelength)
have resulted in increased light-pulse energy requirements for laser-driven
fusion. Breakeven is no longer thought possible at a kilojouie. Indeed,
current estimates are that breakeven will require pulse energies in the
range 100-400 kilvjoules, to be provided by the SHIVA-NOVA facility in the
early 1930's. These consicderations have led to increased interest in shorter
wavelength lasers, such as Krf (0.250 p) and XeCZ (0.306 n) for which focused
intensity constraints are expected to be less severe.

The limitation of useable light intensity to a few hundred terawatts/cm2
has allowed charged-particle drivers, especially ion beams, to enter the [CF
competition, since it is projected that such intensities may be achievable
with these drivers. These drivers can also more readily provide the muliti-
megajoule pulses that appear to be needed for commercial ICF, have nigh
energy-conversian efficiency, demonstrated pulse repatition rate capadbility
{in the case of heavy ion drivers), and appear to enjoy markedly superior
target-coupling characteristics.

Heavy-ion accelerators are projected to be capable to achieveirg suf-
ficiently low emittance at high power that their beams, like laser beams,
can be focused to high intensity in vacuum at the stand-off distances required
for ICF reactor survival. They are late entries in the ICF race, but at the
moment seem to show considerable promise for the commerical production of

ICF power, and idr the breeding of fissile fuels [20].

o
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Fig. 1 Fuel gain Gp versus nertial con: ement
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