LA-UR -81-1750

MASTER

Los Alamos National Laboratory is operated by the University of California for the United States Depariment of Energy under contract W-7405-ENG-38

TiTLe: UNCERTAINTIES ASSOCIATED WITH TNERTTAL=-FUSION TGNTTTON

AUTHOR(S): Gene H. McCall

SUBMITTED To: Conference on Optlcs, Santa Fe, NM, April 1981

————— e [} G AR .

By scceptance of this article, the publisher recognizes that the U 8 Go.ernmant retains a nonenciusive. royaity-free license to publish o reproduce
the published form of this conteibution, or to aliow olhers to do 8o, for 11 8 Qovernment purposes
.The Los Alamos National Laboratory requests that tha publisher ide: 'ty this articie as work performed under the auspices of the U 8 Depariment of Energy

Los Alamos National Laborato
L@S A @[ﬁﬁ]@@ Los Alamos,New Mexico 8754{

m":"-": OISTNBUTON OF THIS DOCUNLNT 1S UNLITEY \G\K


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


Uncertainties associated with inertial-fusion ignitien
Gene H, McCall

Aprlied Treoretical Physica Division, lLos Alamos National Laboratory
Los Alamos, New Mexico 87545

Introduction

At present the snergy required to drive an inextial fusion implosion is not well-defined.
In the past the energy predicted to produce a breakeven yield, where the thermonuclear ener-
gy release is equal to the driver snergy, has varied from 10° to 10 joules. The reason for
this large variation is partly that experiment and theory have now defined previously poorly
understood physical effects and partly that mere conLervative estimates are nov used for
those effects which are not yet undergtood.

In this paper I will attampt to sstimate a "worst case" driving energy which is derived
from analytic and computer calculations. It will be shown that the uncertainty can be re-
duced by a factor of 10 to 100 if certain physical effects are understood. That .is not to
say that the energy requirement can necessarily be reduced below that of the "worst case,’
but it is possible to reduce the uncertainty assoclated with ignition energy. With laser
costs in the $0.5-1. billion per MJ range, it can be seen that such an sxercise is worth-
while.

Bezause of the tutorial nature of this paper and because of space limitations, it will be
impossible to present detailad justification for all of the results, but an actempt will be
made to strike a balance between rigor and .intuitive understading.

Basic principles

An inertial fusion implosion systam, typically, consists of a thermonuclear fuel (a deu-
terium--tritium mixture) surroumd by a containar, which serves as a piston to compress the
fuel, and a low-density ablator as shown in Figure 1. Energy from a source, & iaser. for
exanple, is avsorbed by the ablator, and hot ablator material expands into the surrounding
vacuum. Momentum is consecrved in this system, ignoring the laser radiation pressure, and an
inwmard-directed recaction force is produced wiich drives the interior of the target inward.
The DT fual is compressed and, therefora, haated by PAV work to a point where thermonuclear
reactions are produced. If the range of alpha particles produced by the reaction D+T =+ a+n
+ ]7.5 MeV is shorter than the radius of the cempressed fual region, the tharmonuclear reac-
tions themselves produce additional fuel heating which increases the resaction rate. The
point at which this rapid increase, or bootstranping, of the fuel energy occurs is referred
to as "ignicion."

A number of physical effects intaract to nosgent
produce ignition. The details of ths process €nergy
by which energy is absorbed by the ablator
detezmine the conditions in the blowoff plasma,
which, in turn, determine the momentum and
enerqy tranefer to the target interior. Also,

the sudden heating of the ablater can produce

shock wavaes which change the initial condition

of the interior, and .igh energy electrons,

cuch as those produced by long wavelength

lasers, can heat the target interior betore Slowot!
compression ocours, thus, making the fuel

more difficult to compress. The energy trans-

ferred by these non-Lsentropie processes is

nsually identified as 'Yr.hut. The ienition

process depends upon volume deposition of alpha ,

particles, and gnel.c).“ can be lost from the

surface of the fuel. Therefore, one is re-

quired to maintain as lirge a volume to sur- Abictor

face ratio as possible, which implies that

the fuwl region must resein nearly spherical,
and that symmetry of tha implosion (s impor-
tant. Too, instability at the inner surface
of the sher can eject pusiier material into
the fqu\.' and , effectively, remove fuel from
the ignition region. Finally, the fuel must

rigure 1. Schematic representation
of inertial fusion prineiples.



remain compressed and heated long enough for ignition and burn to occur.

In the discussion below I will examine these effects and will attempt to place limits on

~hem. The questior of thermonuclear burn will not be discussed. The emphasis in inertial
fusion is on a "demonstration of principle" which, I believe, is satisfied by a demonstra-

tion of ignition. Therefore, the emphasis in the discussion which follows is placed on the
approach to ignition conditions in the fuel.

Absorption of driver energy

The absorption of esnergy by an ablator has Leen measured and calculated for laser drivers
in the wavelength range 10 um » A 3 0.25 um.'! The absorption coefiicient varies fcrom 0.25
at 10 um to 0.2 at 0.2%5 um., The dceminant absorption process in the intensity range of in-
terest (10''-]0'% w/cm?) at wavelengths of 1-10 um is resonant absorption, which produces
high energy electrons.® At shorter wavelengths, inverse Bremssztrahlung, or classical absorp-
tion, appears to be the important mechanism.’ The uncertainty in the experimental values of
the absorption coefficient iz ~ t 15 percent.

Hydrodynamic efficiency and momentum transfer

The process of momentum transfer from an expanding gas can be cnaractarized in terms of
the "rocket model” used as a momentum conservation example in undergraduate physics courses.'
Consider a rocket of initial mass, M, which has an exhsust velocity, Cq and a mass ablation
rrte. m, starting from rest., If V ig the rocket velocity at time, t, when the remaining
mass is M = M, - ht, the momentum equation can be written as

dM dv
Cg IT"MIT (1)

Thig equation can be solved easily to give:

MO

The efficiency of energy transfer, n, is zhe ratio of tho kinetic energy of the rockat to
the totsl anergy released which is:

n s n— . (3)

A useful quantity for determining desirable ablator conditions iu the momentum per unit
enargy, P/E, which is transferred to the rocket. Intuitively, one can see that momentum is
an important quantity in that it ultimately requires a force to compress the target, and
force is just the time-rate-of-change of momentum. From Eq. (2) and Eq. () one obtains:

) 2 1ln Mo
P/E @ &0 w . I (4)
o).
T s

Thus, it can be seen that momentum is transferred more efficiently if a large mass is abla-
ted at low velocity than if a small mass is ablated et high velneity, Of course the veloe-
ity cannot be made vanishingly small for a numhber of reasuns. The size of the target deter-
mines its mass and, and thus, the eshergy r irement so the socelaration distance must be
made small, and high velocities are redquired. The mass of pusher which car participate in
the implecsion is determined by the distance a sound wave can travel during the burn time,
and the losses in the syvasm, such as thermal conduction and radiation losses, must be over-
come by pewer, or force times veloeity, uppliasd to the system. Therefore, a minimum golcc-
ity is revaired. It is unlikgly cthat ignition can be produced at a velocity below 10 em/s
and, poss.bly, not below 2x10’ cm/s.

Figure 2 shows efficiency and velocity as a function of remaining mass. Also shown are
data ob‘llnnd at the Naval Research Laboratory from the acceleration of a laser-heated
target. The discrepancy between theory and experiment ias ascribed by the NRL group to two=-
dimensional effects. For maximum efficiency, then, one should choose a blowoff velocity



which is 1/1.6, or 0.63, of the desired implosiun velocity and should ablate, approximately,
80 percent of the target mass.

Also shown in Figure 2 is the result of assuming that the target is driven by an iso-
thermal rarefaction. In such a rarefaction the density and velocity of the ablated material
is given by:

X
O'Dcﬁxp(-a-;e'l)

(5)
X
VAR C' + t

‘aterial which is accelerated beyond ths sound
velocity, Cgq, with respect to the target sur-
face is ineffective in transferring momentum
to the target, but energy is carried by elec-
trons to this material. Also, approximately
one=half of the energy is contained in the
electrons. The curve of Figure 2 aasumes
that all of the electron intrrnal enaergy is
lost, but in some cases this energy can be
given to the blowoff kinetic energy resulting
in a factor of 2 increase in efficiency. It
is interesting that the measured efficiency
lies near this value.

It seems prudent, therefores, to assign an
uncertainty in energy requirement of a factor
of 2 to the hydrodynamic efficiency and ab-
sorption, combined.

Figure 2. Energy coupling effisiency
and implosion velocity as functions
of the mass remaining in the target.
(0) - measured velocity (NRL)

(@) - measured efficiency (NRL)

Isentropic implosion

Before dismseing the other parameters of interest it is instructive to develop a simple
analytic theory of implosion. First, though, a few words should be 0caild about why one im=-
pledes a enrict at all. It was menticned earlier that one is required to stop in the fuel
alpha particles which are released by the thermonuclear reactions. Thaerefore, a miaimum
densit -lnggth product, or oR, is required. Also a minimum temparature is raquired for the
initial produgtion of these reactions at a rate higher than the rate at which energ; is
lost from the system, Yor an ideal gas, such as DT, the specific internal energy .n the
fuel is a function of temperature alone, and che tota. energy, E. in the fuel is

E Vv MT

(6)
where, M, is the fuel nass and, "~ is the tamperature. If the density is » and the radius
of the sphere is R, the mass is:

Moo gt o (7)
Then,
£ ~ oR'T, (@)

g A JORVU'T

N (9}
ot



It can be seen that if (pR) and T are determined by ignition criteria, the fuel energy and,
hence, the total system energy can be made smaller by increasing the fuel density.

After observing that one reduces the required energy as 1/p?, one can ask if it is pos=-
sible to determine the most efficient way of doing this. The change in the specific inter-
nal energy, e, which results from heating or compressing the fuel gas can be written in the
usual way as

de =T ds - pd (1/0) (10)

where d5 is the change in entropy, p is the rressure, p is the density (¢ = 1/V), and T is
the temperature, A compression increzses p so that d(l/p) < 0. It is apparent, therefore,
that if cne wishes to compress the fuel sith the smallest energy investment, then one should
dcsign a system such that:

ds =0 . (11)

Assuming that it is pussible to do this, one can write the equation of state of the fuel
as

pVY = const, = povoY ' (12)

where v is the ratio of the srecific heat at constant pressure to the specific heat at con-
stant volume. For an ideal monatomic gas, such as DT, v = 5/3. Also for an ideal gas, the
internal energy can be written, using Fgq. (10), Eq. (1l1), and Eq. (12), as:

p=(y-leo (13)

Integrating Eq. (10) with Sq. (13) substituted for p as p increases from P, to 0 &nd assum-
ing that p >> p,, one obtains

e = e, (--)’ (14)

where e. iy the initial internal enerqgy and o, is the initial fuei dunsity. Eq. (14) de-
fines tge relationship between energy, or temperature, and compressicn in an isentropic
process,

£q. (14) expresses the internal energy of the fuei in terms of its comprecsion, and
Eq. (J3) relates the input energy to the initial implosion kinetic energy. One now requires
a dynamic relationship between the two equations to describe the entire system. A target
such as that of Figure 1 converts pusher kinetic energy o fuel internal energy with an
efficiency ranging from 0.25 to 0.5, This efficiency can be calculated from pressure
balance requirements, but the essential features of the implosion can be displayed by
assuring this efficiency to be a constant, a. Thusn, a fraction, a, of the kinetic energy
lost by the pusher appears as internal energy in the fuel, and one can write an energy con-
sarvation equation as:

Fan woi-vi) =g (-g—) " Eq - (15)
P ©

Assuming the fuel to be contained in a sphere of radius, R, one can easily derive a first-
order differential agquation of the form:

2
(Rg%) + AR = B, (16)
The ninimum radius, P of the implosion is determined from energy balance:

1
[ TR SVPIA T ¥ (17)
(°o) (!!o P °)
where Vo is the initial implosion velocity and Mp is the mass of the pusher. Eq. (7) can
be used to determine R, from Eq. (17). 1f P, is the initial fuel radius and Ry, >> Ry, the
solution of Eq. (16) is*,



2 1
R = Rm[l + cs (t'-1) 2]7 , (18)
where
- 3
c = (Ro/Rm) ' (19)
£ =22t
Ro
and
.5
Y =3

Figure 3 shows a1 comparison between the results of Eq. {18) and a computer simulation of an
implosion. The computer simulation includes radiation losses. It can be seen that Eq. (18)
is an accurate description of this class of implosion.

Next, conditions for ignition must be deter- 0
mined. As a criterion for defining ignition,
one can specify that the thermonuclear erergy
deposited in the fuel be equal to the energy
deposited by the compression. Thus, the ther-
monuclear procecss will Aouble the fuel tempera-

ture and bootstrapping can be observed., Using 200}
Eq. (18) one can determine the confinement
time, At, and insert it into the well-known
expression for yield, Y:
Y = ny ng oV At (20) 801 .

where n; and np_are the deuterium and txitium

ion densities, oV is the thermonuclear reac- ‘E
tion rate, and V is the volume. Because of =
the strong dependence of TV on temperature

(~ T") in the region of interest, one can 100k
allow the density to change only 10 percent
thus, At is determined. The (pR) required is
determined from the alpha particle ramge

(pRy = 0.3T g/cm?) in a plasma. Because
moat of the mass is contained near the outer
edge of a sphere, the effective pR is, 50
actually, only 0.75 of the actual pR’, The
calculation will not be displayed explicitly
here because of space limitations, but a
reasonable choice of implosion system para-
meters gives:

np
L7

OR = 0.5 a/cm? (21) : 1rw)

T = 4 keV Figure 3. Fuel radius as a function of

time for a typical implosion. Solid
line is the analytic model. Points are
from a computer simulation.

as an ignition point.

Prehest

Figure 4 shows two iwentropes on a ‘f-p diayram. The upper isentrope passes through the
ignition region of Eq. (21) and the lower isentrope passes through the initial point for
DT at 0.2 g/em?., The dutted line in between is the Fermi temperature of DT as a function
of density. It may be possible to improve efficiency in an implosion by remaining below
the Fermi temperature, but very high compression (v 10") would be required for igrition.
Therefore, it has beun assumed that the ignition conditions should be reached at a more
modes! compression of 10',



The transition from the lower to the upper
isentrope is made almoat automatically in an
inertial fusion target as the result of shock,
electron, and ha-d x-ray heating. The energy,
e,, of Eq. (14) is just that required to estab-
lgsh the isentrope if the energy is added at
zero time while the fuel density has its ini-
tial value. This energy has been defined as
the "equivalent initial preheat.”® 1If, how-
ever, one can campress the fuel without pre-
heating it by a compression factor, , refer- I+
ence to Egq. (l4) immediately shows thAt the \
ignition isentrope is then reached by the

L
addition of an enargy. ©
% % L2 RS "
e =@ C . (22) )

P 2 P

Figure 4. Isentropic implosion
trajectories. Fuel temperature
as a function of fuel density.

Thus, it is possible to make the system more
tolerant to preheat if an initial, cold com-
pression can be achieved. For long wave-
length lasars, such as CO;, I believe that
this pre-compression is essential and that
shaped pulses will be required to achieve it.
A pre-compression of 30, for example, allows
10 times as much prehaat, If preheating is
by fast electrons, a factor of 10 increase in preheat is produced by reducing the shielding
thickness by a factor of 2, which gives a mass (and energy) reduction in the target of 4 to
8. Even with t&'s reduction it is apparent that a long-wavelength laseér will require ~ 2
tines the energy of a short-wavelength laser for ignition., Also, no experimental investiga-
tion of cold cumpressivn has been undertaken, and it is necessary to assign a large uncer-
tainty to the gains which may be achieved, In the absence of such an investigation it

seens reagonable to assign a factor of 2 uncertainty to short-wavelength prehaat effects
and a factor of 4 to long-wavelength preheat effects. -

Stability

When a dense fluid, such as the pusher of Pigure 1, is accelerated by a fluid of lover
density, such as DT gas, the interface between the twe fluids is ungtable for small per-
turbationg. This is the Rayleigh-Taylor instability,' and it can occur during deceleration
of the pusher by the fuel. Rather than discussing the physical process itgelf, an attempt
will be made to estimate its effect or an implosion. '

If a perturbation of the tuol-ruhor interface grows rapidly enmugh, it is possible that
a fraction of the pusher mass will penetrate the fuel region. As a worst case consider the
possibility that pieces of the pusher are unaffected by the pressure of the fual and that
they contimue to move at the initial velocity rather than following the trajectory of kr
(18), If the pusher shell is, for the mos: part, intact, the density of the fuul can he
obtained from Eg. (18), but the portion of the fuel penetrated by pusher material will not
be available for ignition. Thus, o is determined by Eq. (18) and pR is deturmined from
the radius of the "free-fall"™ line of Tigure 3, Thut is,

R =R, (l=t') . (23)
Therefore,
1
(oR) ;€7 (1t
(eR)g = T 77 (24)
147 (erel) *]
where (pR). is the value of pR achieved at maximum comprassioa in the ideal case. By dif-

!.rontutilr'h Eq. (24) and setting the derivative equal to zaro, one finds that the maximum
value of (oR)f is achieved at a1 time:

1

and that the maximum value i{s 0.38 (pR)m. The' density at this time is 0.54 of the maximum
density.



Reference to Eq. (8) shows immediately that the energy in the implosion must be increased
to satisfy the conditions of Eq. (21). The additional energy required Jdepends on assump-
tions as to how implosion conditions can ?5 changed. MNoting that the ideal target will con-
tinue to implcie to a temperature (.54)=2 , or 1.5, times that at ts, and that the pR must
increase to a value 1/0.38 times that of the ideal case, the ratio of energy required for
free-~fall ignition, Ef, to that required for the ideal case, EL' is, using Eq. (9):

E ) P, Dq 2
£ ( 1 1 1
—_—- (] .5) == = 27 (__) (26)

where p, jis the maximum density in the ideal case and p; is the density to which the frea-
fall caic would implode if no instability occurred. 1If it is assumed that the ideal com-
pression factor cannot be increased and that the increased oR must be obtained by adding
fuel to the system, then p] = 0y and 27 times as much energy is required. 1If, however, the
campression factor can be increased, say by increasing the velocity, then o9 = (1.5)3/é p
and Eg/E; = 8, Therefore, the energy required for the "worst case" of instability is 8 to
27 times that required in the ideal case.

Consider now an implosion driven by a shaped pulse such that the implosion velocity re-
mains constant until ignition time. The anergy required to accomplish this can be obtained
by intagrating the power (Force X velocity), and it is found that the fuel energy is the
same as in the case described by Eq. (18), as it should be for an isentropic process. At
ignition tive, however, the pusher contains an energy Mp vy /2, which was the total initial
energy for the case of Eq. (18) ., Therefore, the "worst case" energy is twice that of the
ideal case. It can be seen, then, that pulse shaping rrduces the uncertainty in required
snergy by a facter 5f, approximately, 10. The power requirements may be extreme, however,

Symmetry

The discussion of stability addre=ssed the problem of a uniform loss of fuel at the inner
surface of the pusher. 1If the esquator of the pusher is driven at a velocity slightly dif-
ferent from the polar velocity, the implosion does not remain spherical and one f£inds a re-
duction in PR as the result of this asymmetry.

As an example of the effuct, it will be assumad that the fuel implodaes as a prolate
ellipsoid, and it will be assumed that the worst case of stability exists. That ias, the
decrease in OR as a result of asymmstry should be compared to the pR the frec-fall linas.
Then one assumas that *~ha equator implodes at a velocity, vy = vq + Av/v_, and the pole
implodes at a veleoeicy, vi - wa)- Av/vgé where v, is the spherical implosion velocity, the

. (o

ratio of the elliptical »p e tO© e spherical oR, (oR)g, can be written as:
(o2 -5
(DR)e . - Vg l - Vo
PRl e (L=g')? 27

Figure S shows this ratio as a function of Av/v for several compression ratios. The
line at 0.8 denotes the point at which the encrgy requirement doubles., Thus, for a factor
of I increase in snergy for C = 107, a total velocity spread 24v/v = 0.1 is acceptable
while for a compression of 10°, only a 4 percent spread is allowable. Assuming that
10 rercent is achievable, the conpression is limited to 10® and the energy uncertainty
is a factor of 2.
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Figure 5. Ratio of fual (oR) to oOR
of the free-fall line as a function
of the velocity asymmetry for several
values of compression, C. The line
X2E indicates tha pR for which input
energy must be doubled.

Sumu:z

It is instructive to combine these uncertainties to produce an overall "worst case."
Table I shows a summary of the uncertainties derived from effects described above. The
equation-of-state problem and “"other losses” was not discussed, but a similar analysis
shows the effects to be small, probably no more than :t 20 percent. A typical target con-
sisting of 13 ug of DT with a gold pusher requiras, agproximltoly, 10 kJ in the fuel-
pusher system to ignite at a compression factor of 10°. A hydrodynamic efficiency of
15 percent givas 67 kJ as the driving energy raquired Zor the ideal case, and the uncertain-
ties shown in Table I produce the energy requirements shown in Table II. It should be
noted that the quoted energies are absorbed energies and should be divided by an absorp-
tion coefficient to give the driver energy required. The quantities of Table I and
Table II are phrased in terms of a laser driver, but the application to other drivers is

straightforward.
Table I. Summary of uncertainty factors
;!'Eia—*\'ﬂﬁ Impulsive Drivex
: Long Short Long Short
Effact Wavelength Wavelength Wavelength laveleng th
Rbsorption, equation of state 4 4 2 é
Hydro. efficiency, other losses
Preheat 2 10 2
Stability 2 2 4 2%
Symmetry 2 2 2 2
Table 1I. Yorst case ignition threshhold
“Briver
ldeal impiosion 0.07
Short wavelungth - shaped pulse 1
Long wavelength - shaped pulse 2
Short wavelength - impulsive 10
Long wavelenyth = impvlasive 20

The energies quoted are "worst case,” and the arguments used to produce these values
are not rigorous in all cases. If the ideal case at C = 10’ can be achieved, the required
eneigy is ~ 70 kJ or, perhays, even slightly lower. The real point of this discussion is
that the absence of knowledgs about sevaral physical effects results in large uncertairnties
in enargy requirements. The conclusions to be drawn from this analysis are that: 1)
sheped pulses are useful for all drivers and essential for long-wavelength lasers, and



2) most of the theoretical and experimental effort in the ICF program should be devoted to
the study of preheat, symmetry and stability.
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