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GAIN SCALING LAW FOR HIF

G. R. Magelssen
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

ABSTRACT

The relationship between target gain ( thermonuc;:ai energy-
released/ion energy incident ) and such factors as the total ion
energy, the ion beam radius, the ion range, the ion power, the beam
geometry, and ths released target debris are critical in assessing
the feasibility of a particular heavy Ion inertial confinement fu-
sion reactor concept.

Scaling relationships that allw target gain to be calculated
from the target hydrodynamic coupling efficiency (n), the target
radius (R), and the ion energy incident on the target (Ei) are

presented. These relations include scaling laws for the requ!red
peak power and ion energy, the fuel fractional burnup, end the
fraction of energy re:eased in charged particles and x-rays as a
function of r, ~, and E . Relations have been developed fur two

i
single-shell target concepts, one requiring two-sided and the other
symmetric ion illumination.

INTRODUCTION

There are many factors that impact the design of a heavy ion
fusion reactor facility. Th~ length of the linear accelerator and
it~ cost is a function of the ion charge state, the ion current,
and the ion kinetic energy. The number of beam lines and their
geometrical orientation around the reactor chamber depends on the
target illumination and power requirement. The total ion energy
required to ignite the target depends on the beam waist size and
the ion kinetic energj. The size and type of reactor chamber
depends on the thermonuclear energy released and the partitioning
of this energy in x-rays, charged particles, and neJtrons. The
purpose of this piiper is to prc~ent. scaling relations between tar-
get, dr!vcr, and reactor pardm~tcrs.

Curves that give target gain as a function of ion beam energy“.-
J/’”

and the parameter ri x ( rl is the beam radius and x the range )

have been published by [Iangcrtt?r et al.’ and I.indl and Mark.z
:). r)

Seal ing relations hcivc also been published. Ihcsc rclatlons
have helped improve our understanding of the gain curves by il-
lustrating how parameters such as the cold fuel isentrope (/) ( the
temperature of the cold fuel at ignition ) and the hydrodynamic
coupling efficiency (q) ( energy in the fuel at ignition/ion ener9Y
absorbed ) Impact gain. ttowcver, scaling relations for a par-
ticular target concept have not been published; so, the scaling for



such parameters as illumination geometry, fuel mass, and target
thermonuclear debris have remained unknown.

In this paper scaling relationships that allow target gain to
be calculated from the target hydrodynamic coupling efficiency (n),
the target radius (R), and the ion energy incident on the target
(Ei) are presented. These relation: include scaling laws for the

required peak power and ion energy, the fuel fractional burnup, and
the fraction of energy released in charged particles and x-rays as
a function of r, ~, and E. Relations have been developed for two
single-shell target concepts, one requiring two-siclad and the other
:)yrrnnetricion illumination.

ION ENERGY AND POWER RELATIONS

The power requirement will depend on the amount of mass to be

accelerated. It is proportional to the product of R2 and the ion

range x (g/cm*); so, the ion energy absorbed Ei is

(1)

where At 1s the time of the main power pulse and ~ is the ef-
ficiency of coupling ion energy to the capsule. Notice that ~
containr both the efficieflcy of coupling ion energy to the K)LtShel’
and fuel kinetic energy, and the efficiency of rnupling this
kinetic energy to the fuel at ignition. Also we have assumed that
the energy incident and the energy absorbed are the same. As yet
no experimental evidence ~uggests otherwise.

We have studied the optimal gain as a function of the capsule
radius and the cold fuel iscntropc t that denotes deviation from

complctc d~qunrrcy, and have found that the maximum velocity v as-
soclatpd with the optimllmgain scales as:

1/4
VII ( [/R ) .

?hc At will depend on the targrt collapse time so,

(?)

(3)

Combining [q:,. (l), (z), illld (2) qiv[!s the s~illil]qrclatlon WC

wfintcd. W(1have

(4)



The power P can then be expressed as:

P E R2/v. (5)

CAPSULE ENERGETIC

Our model of capsule energetic uses many of the ideas dis-
4

cussed by Meyer-ter-Veh3 and Rosen , and has features first
6

presented by Kidder5 and Bodner. Consider the Ignition condlti~ns
for a capsule with radius R -- the distance from capsule center to
the outer surface of the ablator, and a convergence ratio ~ K R/Rf

-- Rf is the fuel radius at ignition. We divide the fuel into a

hot ignition region that can be described by an ideal gas and a
highly compressed, low entropy region described as a degenerate
electron plasma with the pressure:

5/3
Pc ❑ 2.3x1012~Pc (6)

in cgs units. As before the parameter ~ denotes the deviation from
complete degeneracy and labels d~fferent isentropes.

The thermonuclear energy is

(7)

11
where the specific DT fusion energy qDT = 2.34x1O J/g, the total

fuci mass M = Ms + M
f

and the fraction of burned fuel
c’

o = Hf/(Hb + ‘f) (0)

Where t:
f

I=~sRs + ~cRc . The R5 and ~)~and the Rc and PC are the

hot and cold fuel radius ‘,nd d~nsity, respectively. TIIC Hb Is a

constant that depends on the amount of tual tamping and the fuel
reaction rate. F-orour concepts Hb is appro~imately 3.

To I“lndscaling relations, wc l!SCth~ fd~: that fOr higll-giiln
3.4

targets tl,cfuel ~r Is greater than 1. Tliisallows us to WI-it.e
the approxlmtit.cexpressions:

(9)



PCRC = MCIR; , and (10)

E = qD,TMc@ (11)

where # = ~cRc/( 3.2 + PCRC ) and Ef : ~Et. We also have

3/5
Mc = ( R:Ef// ) “ (12)

Thee ideas were used to write a simple code to study gain as
a function of ~. We found that the value of ~ that gave maximum

-1/2
r

4
gain was proportional to R a relation also found by Rosen.
Hith this relation for ,, Eq. (12i becomes

Mc = ( R3Eft[ )3’:’,and

~cRc ~ ( Ef/} )/R6’5.

(13)

(14)

SCALING LAWS

The previous sections give most of the information needed tc
determine gaitl ~s a function of the relevant target and ion beam
parameters. For example, combining Eqs. (9), (10), (11), (13), and
(14) gives the yield as a function of R, E

1’
~, and ~. ThUS, the

gain cdn 12e written as

Wt)(’l”c () , ,,f”/(3.? + ‘,r)and

:1/!)
~,r = c;,{~[i/t ) /R6’!’ (g/cmz).

(15)

(16)

trom I.q>. (4) and (5) we also l~ave

1‘3/4~
i

Y C:IR /( [““rl ) (MJ), dnd (17)

P u C4R~/V (lU). (18)

Me h~vc found the constant coefficients and ~ vrIIIJesfor two
Lat-get concepts. Concept A rcqutres lwo-sided Ion irradiation and



conce~t B swnetric illumination. The m values and their as-
socla$ed constant coefficients

.Ob-
&

were determi~ed from target

----o-lb calculations and analytical
~“o~ “

— 0.04 models of the target coupling

?f - :::: ‘---0”20
physics and include symnetry

,04 contsraints. For a discussion
G
4

0? symnetry issues for direct
- .03 drive targets see Ref. 7. The
~ values cf are given in

graphical for: that :s curves

a .. of q versus target rad~us for
.“:.:.

~ .Of;‘:
different values of the ion
range. The values of ~,as a
funciicn of r (cm) and x

.O@ ,
.20 .30 .40 ,so .60 .70 (g/cmz) for concepts A and B

R(CM) are shown in Figs. 1 and 2,

Hydrodynamic coupling
respectively. Target ca!cula-

Fig. 1. tions suggest that the fuel
efficiency ~ as a function of isentrope g is a function of R.

R (cml and x ( g/cm2) for con-
A very approximate expression
for ~ is

cept ~.

1 = 1.0 + (C5/R)2. (19)

This i> a very approximate relation because our calculations have
shown the functional form to,o~~T.x;.._

‘--’c” 1 de~end on the Qreheat al lowed,-

/“i
the stability criteria, and the

g-“0’ — 0.04 pusher and ablator materials.
u .....0.00 Thp constanl coefficients Cl -
~ ,04 ,.

--- 0.12
:

---- O.la ./ ‘“- c:, for concept A are 5.!3x104,
~ .OJ
;

----0.20 3.9,---- 11.6, 205, and 0.28. The
----

:.02
..- ,-,. corresponding coefficients for,-----..,”.....

a
.--”-,--’ ....>----- ...””” concept B are 3.2x104, 6.0,..-.,- .....

3.01 ... .-,...”.,-.. 3.44, 73.4, and 0.54. These
fJ . ..”.’.. :. ...”

. -’.”: ::.”” scaling relations are valid for
,“:.:.’” Incident ion energies from 1 to,00...... i. ,._.1,._,,,...;-; -. A-. 1

20 ,Jo .40 ●o ‘-70 Lo Ml and for ion ranq~s from
‘:(w). . . 0.035 to 0.2 Slc.n2. They were

Fig. 2. !iydrodynamic coupling determined In s~ch a way as to

efficiency ~ as a function of consistent with the best es-
timate gain curves published

R (cm) and x ( g/cm2) for con- 1-2

Ccpt Il. earlier.



A COMPARISON WITH PREVIOUS WORK AND A RELATION FOR THE DEBRJS
NEUTRON FRACTION

Because most of the capsule energetic was based on previous
scaling studies of gain and is most directly related to that of

Y
Meyer-ter-Veh, J we make a comparison with his results. We find
that our ~r scaling can be written

(20)

where y = 3/13 and z ❑ fl.6. The Meyer-ter-veh result gave y = 0.2
and z = 0.6. Equation (20) was found by combining Eqs. (16) and
(17) and ignoring the [ dependence in Eq. (17). If we ignore the
velocity dependence on capsule radius, the y val~es become equiv-
alent and equal to 0.2.

Comparisons with the gain scaling are slightly more difficult.
3.4

If we approximate the burn fraction o with the expression

1 /?

e= (pr/12 .8) ,

we can write o as

3/76 3/10
e= (qEj) /[ w

(21)

(22)

Then, th~ gain is approxim~tely

G - (nEi)w/[p [23)

where w ❑ 7/26 and p . 0.9, The Meyer-ter-Veh result gave w = 0.3
and z ❑ 0.9. Again, if we ignore the veloclLy oepend~nce on
radius, the w’s twcome equivalent and equal to 0.3.

Besides the gain, yield, power a~d energy, the fuel mass and
neutron debris fraction can be estimated. From the target yield
( the product of Eion and G ) and the fuel burnup fraction, ttle

fuel mass Is determined. The neutron fraction of thi?yield N call

he estimated from the fuel or value. The fl”ar.tionis~)

N = 0.8 - 0.04Pr. (24)
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