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It has been found that it is necessary to impose a flux limit on the
thermal electron transport in diffusion calculations of laser-produced
plasmas to explain the observed partition of energy into fast and alow
fons and x-rays"3. The effect of such a limit is to retain the depos-
fted energy in the corona of the target. This containment increases the
energy loss to fast fons, reduces the x-ray emission, and reduces the
hydrodynamic efficiency. Although calculations for plasmas proouced by
lasers having wavelengths of | um or shorter agree with experiment when
a flux limit which is 1/30_ times the classical flux limit is applied to
the electron thermal fluxz, I will show that such a flux limit cannot
explain the results obtained for 10 um lasers®. In this case it will be
shown necessary to invoke a flux limit on the "hot" or suprathermal
electronsd.

First it will be shown that the thermal flux limit is more important for
short-wavelength lasers than for long-wavelength lasers. Consider the
situation where thermal conduction is unimportant for local energy bal-
ance in the plasma and where the local temperature is determined by the
specific hot electron energy deposition. The olasma temperature, T,,
depends on the energy per unit mass as:

Tc = a (E/20)%, (n

where E is the d=posit.d energy per unit area, the material density is
py the deposition length is 2, and ,a, is a constant. The depo~ition
length is assumed to be the range of an electron having an energy equal
to the hot elec:ron temperature, T,. The exponent, 2, can he derived
from the equation of state of the material of interesté., Fer conditions
usually encountered in laser-produced plasma experiments for polyethyl-
ene, for example, a = 3/4. For the purposes of this paper, the monatom-
ic ideal gas approximation of o = | will be used. The temperature grad-
ient can then be approximated as:

#Work performed under the suspices of the U. 5. Department of tnergy



W = To/% ~ E/(22 ). (2)

The dependence of the thermal conductivity, kK, on temperature is, from
Spitzer’:

Kk~ T52/2. (3)
The thermal flux, Q, can be written as:
Q = k7T ~E7/2/(22/2 (7/2). (4)

The temperature dependence of the free-streaming thermal electron flux,
F, can be expressed as':

F ~To3/2 ~ E3/2/(2p )3/2. (5)
The deposition mass, pf, for hot electrons can be written as8:
pL = Kp Ty3/2, (6)

where K, is a constant. The hot electron temperature, T, can be
expressed as?:

Th = o(E A2)1/3, (7)

The ratio of the thermal diffusion flux to the free-streaming flux in a
region heated by hot electrons is:

kVT/F ~ EVf2 p/ 23, (8)

Thus, it s seen that the increase of the hot electron temperature with
laser wavelength reduces the diffusion flux relative to the free-
streaming flux. One would expect, then, that a thermal flux limit will
have a smaller effect at long wavelengths than at short wavelengths., It
has b.en shown by computer simulation that for certain problems setting
the d%éfuslon flux to zero has little effect for plasmas heated by a COp
laser 'V,

It one performs a similar calculation for a plasma heated invecrse Brems-
strahlung absorption, a different result is found. Following Spitzer
the inverse Bremsstrahlung absorption coefficlent, K,» can be written
ast:

Kk, = VL=~ p2/(T1/2 V3). (9)

Here, % is the scale length established by the absorption process. The
thermal diffusion flux can be approximated as in Equation (2) to obtain:



Q/F ~ E. (1)

Therefore, one would expect that a flux .imit used to simulate the re-
sults of short-wavelength experiments may depend on the deposited energy
but not on the wavelength. This appears to be the casel. Because the
heat flow tends to reduce the temperature gradient, the dependence of
the flux limit on energy may be weaker than the linear dependence shown
in Equation (8).

Ore can make some general comments about the effects implied by Equa-
tions (6) and (8). When the heating of the plasma is caused by hot
electron deposition, the effect of imposing a flux limit on the thermal
electron flux will become less important as one increases the laser
wavelength. [f the absorption is the result of inverse Bremsstrahlung
absorption, the effect of a given flux limit should be independent of
wavelength. Therefore, it it is necessary to confine the plasma energy
to the corona of a plasma produced by a long-wavelength laser, one must
impose a flux limit on the hot electrons. It is known, however, that
flux limit on the thermal electrons produces simulation results which
agree with experiment for 1 um laser experiments where the energy is de-
posited almost entirely by hot electrons. In this case, both the ..ot
electron depositon and the thermal diffusion away from the depositon
region are important. The Tlow of hot electrons into the target can be
retarded by the electric field produced by tne return current which neu-
tralizes the charge produced by the hot electron current. The electric
field produced by the return current can be written as:

€=3/o0, (1)

where € {s the electric field, } {s the current density, and o is the
plasma electrir conductivity. From Spitzer‘:

o~ TJ3/2, (12)
1 = nevp (13)

where n is the hot electron density and vy, is the hot electron average
velocity. The retarding field, can then, be written as:

€ ~ aevp/Ted/2. (14)

If the heat flow from the corona of the plesma is importart in determin-
ing Ty, a reduction of this flow will increase the retarding field ac-
cording to Equation 12. Therefore, a flux limit imposed on the thermal
electrons also serves as a flux limit for the hot elecirons, This is
the case for experiments at | um where the hot electror temperature is
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low compared to that at 10 um. Then, according to Equations (2), (6),
and (7), the reduced scale length will produce a larger diffusion flux.

Next, I will discuss the necessity of Imposing a flux limit based on
pheonomenological evidence from laser-produced plasma experiments. It
has been shown thit fast ions emitted by a laser-produced plasma can be
described by a self-similar fsothermal expansion!!. In this descrip-
tion, the density, n, is expressed in terms of the initial density, ng,
at the rarefaction front as:

n=ngexp (-1 -x/cgt), (i5)
where cg is the isothermal sound speed, x, is; the distance from the ini-
tial plasma survace, and, t, is the time. The velocity can be written
as:

v = cg + X/t. (16)
The kinetic energy, Eq, per unit area in the expansion is:

dEy = my ng v2/2 dx. (17)
Then:

Eg =my ng cg t. (18)
The flux, or power per unit area, Ij, is:

I{ = my np cg’. (19)
Expressing cg in terms of the hot electron temperature as:

cg = (ZkT/my) /2, (20)

where, Z, is the atomic number of the jon, and, mj, is the lon mass, the
fon flux can bc written as:

I3 = ng my=1/2 (2kT)3/2, (21)

Next, assuming that the hot electron distribution is a one-dimensional
Maxwelllian, one can calculate the electron flux passing through the tar-
get surface. It can be shown!2 that when a two-temperature distribution
exists, an electric potential is created at the boundary of the two dis-
tributions., If the density of cold electrons is much greater than the
density of hot electrons and the hot electron temperature is much
greater than the cold electron temperature, the magnitude of the



potential is of order 3kT/2. This potential reduces the heat flow into
the target. Therefore it will be assumed that the electrons entering
the target have their energies reduced b the potential, V. The elec-
tron flux is, then:

Ie = neme (m /21kT)1/2
(v - 2V/mg)3/2 exp (-mev2/2kT) dv/2. (22)
(ZV/IHe) I/z

XS

The integral can be evaluated to given:

Ie = ng me (me/2nkTH) 1/2 (2V/me)2

X [(5/2) exp(-V/KTR)U(5/2,3,v/kT}), (23)
where [(a) is a gamma function, and U(a,b,c) is a confluent hypergeo-
metric function!3, The effect of the electric potential can be display-
ed 1f one evaluates Equation (23) for the zero-field case. The flux,
Ig, is:

Ip = ng (2k7)3/2 / (7w me) 1/2, (24)
If one limits the hot electron flux into the target by a factor, f, the

hot electron flux becomes flp. The ratio of the electron flux to its
ze-o-potentiai value is:

Ie/Ig = (V/KT)2 (5/2) exp(-V/KT) U(5/2,3,V/KT). (25)

The fast fon loss can be compared to the energy transported into the
target by taking the ratio of Equacion (21) to Equation (24) to obtain:

I1/Ig = (2 n 7 me / my) 1/2, (26)

Equation (26) can be evaluated for a hydrogen plasma, for example, where
Z=x|und mg/mg = 1/1836 to give:

I¢/%p = 0.059. (27)
For carbon, where Z = 6 and mg/mg = 4.5 x 10-3, the ratioc is 0.042.
At the time at which the laser is turned off, the deposited energy can
be written as the sum < three terms. The energy conducted into the

target by the flux-limited hot electrons, E,, is fAI,t, where A, {s the
area of contact between the electron distribution and the target, and,



t, is the time. The energy in the ion expansion, Ej, is given by Equa-
tion (19) multiplied by Act, and the internal energy remaining in the
electrons, Eg, can inmediately be written if one .ecalils that the number
of electrons in an isothermal expansion is ngZcgtAe. and the average
energy per electron is kT/2. Using Equation (2) to eliminate KT},

Ee = np My cg3 Ag t/2. (28)

The energy remaining in the electrons is a substantial fraction of the
energy in the motion of the fons. Therefore, an assumption must be made
about its depositon. Since the conduction into the target and the ion
kinetic enerygy both vary as Ty3/2, 1t appears reasonable to apply the
flux liwit to this energy. Thus, a fraction, f, will be conducted into
the target, and a fraction, ! - f, will be delivered to the ifons. The
total energy conducted into the target, then, is:

Ec =T Aet (Ig+ ngm cg3 /2), (29)
and the kinetic energy in the ion expansion is:
Eg =nomgcgd Ag t (3 -1) /2. (30)

Setting the sum of E, and E5 to the laser energy, s and defining the
ratio of Ey to E, to be the fast lon loss fraction, &, one finds that:

g =1+[1s@m/ mZm)li21/ (3-1). (31)
Equation (31) can be solved for 7 to give:
=301 - )1+ g (2mg / 72 m) /2], (32)

The flux limit as a function of the measured fast ion loss fraction is
shown in Figure lia) for a hydrogen plasma and in Figure I(b) for a car-
bon plasma.

Measurements of the energy in fast ion emission from plasmas created by
a ! um laser!® at intensities of 10!5w/cm2 or higher have resulted in a
fast fon loss fraction of, -pproximately, 50 percent. This result for a
hydrogen plasma gives a flux limit of 0.08. Recent measurements at
10 um by Ehler!5 using an icn time-of-flight detector give a fast fion
loss fraction of 0.8, which implies a flux limit of 0.02. Measurements
on the same experi{ment by Kepliurt!6 using calorimeters gave a loss frac-
tion of, approvimately, 0.5. This would imply a flux limit of 0.08 as
in the | im case. Experiments at 10 um by Villeneuve et al 17 tound at
least 50 percent of the absorbed laser energy in fast fons, and, per-
haps, as much as 75 percent. A fast fon loss fraction of 75 pernent



implies a flux limit of 0.02. The use of the parameters for hydrogen is
believed to be justified. Experiments which use polyethylene tarqets
have found that most of the fast ion energy was in fast protons.
Experiments at 10 ym have shown that fast protons constitute most of the
fast iorn loss, even for targets such as gold which should not contain
hydrogen 18,

If the source of the flux limit is an electric potential at the target
surface, the potential can be estimated from Equation (23). If Equation
(23) is solved for V/kT for I./Ip = 0.08, one finds that V/kT = 2.09.
This value is larger than that obtained by Hezzerides et al !2, but that
calculation was done for a collisionless plasma, and the return current
7?ield which results from collisional processes was not included. It is
possible, therefore, that a potential as large as 2.09kTj could be
created. For I./Iy = 0.02, a potential V/kT = 3.34 is required. If
V/KT = 1.5, the flux limit is f = 0..5, and the loss fraction, €;, is
0.35, which is too small to explain the observed results. Recent plasma
simulation calculations by Forslund and Brackbill!? indicate that a
large magnetic field is created at the surface of a target which is
heated by hot electrons. It is possible that these fields, which are in
Lhe megagauss range, could produce the required fl:x limit.

The implication of this study is that a hot electron flux limit is
required to explain the observed fast fon loss for laser-produced
plasmas which are heated by hot electrons. A fast-ion loss fraction of
0.5, rather than the .059 given by the isothermal model, requires that
the area over which the ions are emitted be, approximately, ten times
larger than the laser spot. Thus, the hot electrons occupy a large area
and volume. Increasing the emitting area, however, would also increase
the conduction into the target §{f no flux limit were applied. The
application of a flux limit of 0.02 to 0.08 to give the experimental
result causes the hot electrons to remain in the corona 12 to 50 times
longer than if the flux limit were not present. The increase in the
residence time increases the probability that the electrons will find
new, undesirable conduction paths. If this result is substantiated by
more detailed calculations, the prospect for producing e’ficient thermo-
nuclear yield from targets driven by lasers having wavelengths of | im
or longer are, indeed, dim.

I thank A. W. Ehler for the discussions of fast-ior measurements, and I
thank him and J. F. Kephart for discussing recent data before publicat-
ion. Also, valuable discussions were held with D. W. Forslund.



2.

10.

12.

13.

4.

REFERENCES

R. C. Malone, R. L. McCrory, and R. . Morse, Phys. Rev. Lett. 34,
721 (1975).,

C. E. Max, C. F. McKee, and W. C. Mead, Phys. Fluids 23, 1620
(1980).

E. Fabre, Rapport d'Activite 1980, GRECO, Ecole Polytechnique,
91128 Palaiseau, France, p. 98.

A. V. Ehler, J. App. Phys. 46, 2464 (1975).

D- w. FO!‘SlUnd, 30 Mo Kindel, Ko Lee’ E. Lo Lindman, aﬁd R. Lu
Morse, Phys. Rev. A 11, 679 (1975).

B. I. Bennett, J. D. Johnson, G. I. Kerley, and GC. T. Rood, Los
Alamos National Laboratory Report LA-7130 (1978).

L. Spitzer, Physics of Fully Ionized Gases, Interscience, New York
(1956).

S. M, Seltzer and M. J. Berger in Studiess in Penetration of Charged
Particles in Matter, National Academy of Sciences, Pub. 1133
(1964).

D. W. Forslund, J. M. Kindel, and K. Lee, Phys. Rev. Lett. 39, 284
(1977).

S. Gitomer, Los Alamos, Private Conversation.

J. t. Crowe, P. L. Auver, and J. E. Allen, J. Plasma Phys., 14, 65
(1975).

B. Bezzerides, D. W. Forslund, and E. L. Lindman, Phys. Fluids 21,
2179 (1978).

M. Abromowitz and I. Stegun, Handbook of Mathematical Functions,
Dover, New York (1965).

P. M. Campbell, R. R. Johnson, F. J. Mayer, L. V. Powers, and D.
C. Slater, Phys. Rev. Lett. 39, 274 (1977).

A. W, Ehler, Los Alamos, Private C mmunication.



16.
17.

18.

'9.

-9.

J. ¥. Kephart, Lns Alamos, Private Communication.

D. M. Villeneuve, G. D. Enright, M. D. J. Burgess, R. Fedosejevs,
and M. C. Richardson, Phys. Rev. Lett. 47, 515 (1981).

A. W. Ehler, F. Begay, T. H. Tan, J. Hayden, and 3. Mcleod, 3.
Phys. D (App. Phys.) 13, L29 (1980).

D. W. Forslund and J. U. Brackbill, Phys. Rev. Lett. 48, 614
(1982). -



NOLLOVY SSO1 NOJ 1SV

-10-

o FLUX LIMIT FACTCOR
(=] 4
2-‘ . | 1 i I B S | LIT 91 R ) N S I |
CA
- e

L

1. Flux limit as a function of fast ifon loss.
(a) Mydrogen plasma.
(b) Carbon plasma.




