VOLUME 53, NUMBER 13

PHYSICAL REVIEW LETTERS

24 SEPTEMBER 1984
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The existence of an interchange instability strictly associated with electron inertia is
demonstrated. This is characterized by a growth rate significantly larger than the usual ion-
inertial Rayleigh-Taylor rate and by self-generated magnetic fields localized around the ac-
celerating plasma surface. This novel instability may be partially responsible for the observed
magnetic fields in ablatively accelerated laser plasmas.

PACS numbers: 52.35.Hr, 52.35.Bj, 52.35.Py, 52.55.Ez

Recent consideration of electron inertial effects
has led to the discovery of a magnetic surface plas-
ma wave.! This mode is thought to be intimately
connected with the spontaneous generation of mag-
netic fields that are observed in laser-produced plas-
mas.?2 As various phenomena, e.g., surface energy
transport, flux limitation,>* and anomalously fast
plasma blowoff,> have been attributed to these mag-
netic fields, the mechanisms involved in their pro-
duction are of considerable interest.” We describe
one such mechanism within the context of the fam-
iliar interchange instability but which is modified by
the inclusion of electron dynamics in an accelerat-
ing plasma shell.

A plasma undergoing some type of bulk accelera-
tion is a feature of many confinement concepts.
The abundant free energy involved can drive insta-
bilities that are of the interchange variety. Previous
studies of these interchange modes have exclusively
relied on ion inertia with electron inertia considered
only through a phenomenological- collision term,
e.g., the so-called resistive interchange instabilities.®
A more complete inclusion of the electron dynam-
ics has not previously been considered. In this
Letter, we deal with this aspect of the Rayleigh-
Taylor problem and demonstrate the existence of
another interchange-type instability exclusively as-
sociated with electron inertia. This instability is
found to be characterized by a growth rate far
exceeding the usual, ion-inertial interchange rate
and by the production of dc magnetic fields local-
ized around the plasma surface. While the case of
ablatively accelerated plasmas is of primary interest
here, the development presented is sufficiently gen-
eral for application to other accelerating systems,
e.g., the magnetic pinch configuration.

First, consider the equilibrium properties of a rig-
id, field-free plasma slab of width L undergoing an
acceleration that arises from a difference in external
pressures acting on the two sides of the slab. In the
case of laser implosion, the external pressure is due

to the ablation of the layer and in pinches it is the
magnetic pressure which is due to the flow of the
current on the outer surface of the slab. We as-
sume that the outside density is negligibly small
compared to the slab density. If the pressure force
on the left side of the slab (z <z;) is Py_ and on
the right (z =zy+ L) itis Py, the plasma slab will
accelerate in the z direction with value g given by’

pP,_—P
-0 0 (1)
no(m, +m;)L
where n( is the average particle number density,
and m, (m;) is the electron (ion) mass. In a co-

moving reference frame, the electron pressure pro-
file P, (z) inside the slab must satisfy

azPOe(z); - (PO— _P0+)/L = —noMme&e, 2

where the ion pressure is ignored and pressure
balance at the two surfaces is assumed, i.e.,
POe(ZO) =P0_ and Poe(Zo+L) =P0+. In addition,
the equilibrium behavior of the plasma is taken to
be ideal, P, (z) =n((2)0(z), where 6 is the elec-
tron temperature and 9,1n0,/9,lnng<< 1 is as-
sumed.

To describe the departure of the system from this
equilibrium state, we use the equations of electron
number, momentum, and energy conservation
without heat flow, together with Maxwell’s equa-
tions in their linearized forms:

iwdn, +V - (nydv,) =0, (3)
(iw+v,)mdV, +m,g, dn,/ng

= —e8E— (1/ng) V3P,, (4)

iong Y 8P, —iwyng ¥ 0gdn, +8v,,0,(Po,ng ?)

=0, Q)

V x8B= —4me(ny/c)dv,, (6)

V x8E= — (iw/c)8B, (7

V-8B=0, (8)
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where the zero subscripts denote equilibrium values, the & prefix designates perturbed quantities, v, is an
electron-ion collision frequency, y is an adiabatic exponent, and the replacement 9,6 — /w8 has been per-
formed. We have chosen again a comoving reference frame so that v, =0 is taken for the unperturbed elec-
tron velocity, and the perturbed ion velocity (pressure) is ignored relative to the perturbed electron velocity
8V, (8P,). For low-frequency phenomena, w? << wpze = 47re2n0/ m,, neglect of the displacement current in

Eq. (6) can be justified a posteriori and &n, is seen to vanish by inspection of Egs. (3) and (6).
Substituting Ampere’s law, Eq. (6), into Eq. (4), taking the curl of Eq. (4), and using Eq. (7) gives

~Vx[(v,+iw)(mc/4mnee)V x 8Bl — (iew/c)8B= — [V (1/ny) X VSP,], 9)

where the right-hand side is recognized as a magnetic field source term. Under the assumption that v,(z)

varies as n¢(z) 85 ¥?(z), Eq. (9) may be rewritten as

v, tiw 2 - 2
2 <V %B-8B+——
@ pe @ pe

iw

where Eq. (8) has been used. From Egs. (2) and (5),

14
62 lﬂno_ %iaz 11'100

2XxV x8B— —5—9,Inn,VoP,x3=0, (10)
ewh

8P,=(—c/dmnpein)V XSﬁ-flmenOge(l —v) —ynyhyd, Inby], an

and the x component of Eq. (10) accordingly becomes

9,(129,8B,) — 8B,

_ 2
KN +1— xzﬁaz lnng

where

A= )\2(1~ive/w)= (l—ive/w)cz/wpze,

and 8B= (8B,,0,0) and V = (0,ik, 8,) are chosen.
In the absence of collisions and isothermality, Eq.
(12) is identical to Eq. (5) of Ref. 1 except on the
boundary at z =z, where a sign difference arises in
the term proportional to 9,lnnd,InP, In the
presence of an acceleration-induced pressure gra-
dient, 9,Innyd,InPy< 0 only on the boundary;
otherwise, 9, Inny 09, InPy > 0 everywhere as in Ref.
1. The necessity for this sign difference is precisely
the condition for realization of a Rayleigh-Taylor
solution.

Away from the boundary, the terms proportional
to 8, Inng in Eq. (12) may be dropped provided that
(ML) (wpe/w)*(kAp)? << 1, where \p is the
Debye length. We thus write the solution to Eq.
(12) within the slab as

8B =Cexpl—k(z—z], (13)

where k= (k24 Xx~"2)Y2 and outside the slab
(z < zg) as

dBf=Cexplk(z—2zy)]. (14)

In writing Egs. (13) and (14), we have assumed
continuity of 8B, and 6, at the boundary (z =z)
and localization of 8B, near the boundary.
Multiplying Eq. (12) by ny/A? and integrating
across the boundary leads to a boundary condition.

0o
8e —Y8e — 7762 h100

=0, (12)

e

By use of Egs. (13) and (14), the following disper-
sion relation is found:

w2=—kge(y—1—yA)k)\2//;X2, (15)

where A = —(9,0¢l,-,))/m.g. is typically small
compared to 1. For v,/|w| << 1, Eq. (15) exhibits
a familiar Rayleigh-Taylor behavior:
1/2

y—l=yd) | (16)

[1+ (kr)—2]12

wl= — kg,

but with g, associated strictly with electron inertia.
This difference alone represents an enhancement
over the usual ion-inertial version® by a factor
(m;/m )2 >> 1.

For |w|/v, << (kX)? << 1, Eq. (15) becomes

o=—(ikg,/v.)(y—1—y4), an

with stability for y—1—y4 >0. For (k\)2

<< |lw|/v, << 1, we find
w=[—i(k"\%}/ve) (y —1—y4)’1'3,  (18)
with growth rate
= [(k*N282/v,) (y = 1—y4)2]3, (19)

In the University of California—-Irvine gas-puff Z
pinch, for example, g, = B¢/8mnym,L is on the or-
der of 10'® cm sec™? for By~ 10 kG, L ~1 cm,
and ny~ 10'7 cm™? in the initial implosion stage.’
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Since v, ~— 108 sec™! at 10 eV, use of Eq. (7) yields
a growth time on the order of 1 nsec for y =< and
kXN~ 1.

In an ablatively accelerated laser plasma, g varies
as u(r/3L)d,InM (1), where u is an average mass
ablation speed, r is a pellet radius, and M (¢) is the
total mass of the remaining pellet at time ¢. Using
#~10" cm sec™!, r/3L ~ 10, and [9,InM (1)]~!
~ 200 psec yields a value for g, =g (m;/m,) on the
order of 10! cm sec™2 Typically, no—~ Sx10%
cm 3, 9o~ 200 eV, v, ~ 10'° sec™! near the abla-
tion surface, and Eq. (17) yields a growth time I" ™!
on the order of a few picoseconds for kX ~ 0.2 and
y=3.

This growth time is far too short for the stabiliz-
ing influence of mass convection through the un-
stable zone to occur. For the usual ion-inertial
Rayleigh-Taylor instability, the associated growth
time is on the order of the convection time
(50-100 psec) through the unstable region and
only a few e-folding times are allowed at most.?

An alternative mechanism for laser-produced
plasma surface acceleration may be related to the
rapid expulsion of fast electrons from the critical
surface. Modeling this process by an effective
scalar potential variation over a scale length d gives
an expression for the initial, inward acceleration of
ions'%: g =60,/m,d, where 6, is the average energy
of the ejected electrons on the order of 10 keV. For
d taken as a critical surface scale length on the order
of 50 um, g, is found again to be on the order of
102! cm sec™2.

In summary, we have demonstrated the existence
of an interchange-type instability associated with
electron inertia. Fast-growing magnetic perturba-
tions localized near the plasma surface are the
salient features of this instability. The spontane-
ously generated magnetic fields observed in laser-
produced plasmas may be related to this instability.

Useful discussions with N. Rostoker, R. S. Crax-
ton, and R. D. Jones are gratefully acknowledged
by the authors. This work was supported in part by
the U.S. Department of Energy under Contract No.
DE-AC04-76 DP00789.

1228

(@Present address: Courant Institute of Mathematical
Sciences, New York University, New York, N.Y. 10012.

(®)Visiting Scientist on leave from the Nuclear
Research Center, Negev, P.O. Box 9001, Beer Sheva, Is-
rael.

IR. D. Jones, Phys. Rev. Lett. 51, 1269 (1983).

2J. A. Stamper et al., Phys. Rev. Lett. 26, 1012 (1971);
J. A. Stamper and B. H. Ripin, Phys. Rev. Lett. 34, 138
(1975); J. A. Stamper, E. A. McLean, and B. H. Ripin,
Phys. Rev. Lett. 40, 1177 (1978); A. Raven, O. Willi,
and P. T. Rumsby, Phys. Rev. Lett. 41, 554 (1978);
A. Raven et al., Appl. Phys. Lett. 35, 526 (1979); M. A.
Yates eral., Phys. Rev. Lett. 49, 1702 (1982); J. C.
Kieffer et al., Phys. Rev. Lett. 50, 1054 (1983).

3D. W. Forslund and J. U. Brackbill, Phys. Rev. Lett.
48, 1614 (1982).

4C. E. Max, W. N. Manheimer, and J. J. Thomson,
Phys. Fluids 21, 128 (1978); M. Strauss, G. Hazak,
D. Shvarts, and R. S. Craxton, in Proceedings of the
Centre Européen de Calcul Atomique et Moléculaire
Workshop, Orsay, 1982 (unpublished), p. 174.

5]. B. Chase, J. M. LeBlanc, and J. R. Wilson, Phys.
Fluids 16, 1142 (1973); N. K. Winsor and D. A. Tidman,
Phys. Rev. Lett. 31, 1044 (1973); M. M. Widner, Phys.
Fluids 16, 1778 (1973); J. A. Stamper and D. A. Tidman,
Phys. Fluids 16, 2024 (1973); L. A. Bol’shov, Y. A.
Dreizin, and A. M. Dykhne, Pis’ma Zh. Eksp. Teor. Fiz.
19, 288 (1974) [JETP Lett. 19, 168 (1974)]; D. A. Tid-
man, Phys. Fluids 18, 1454 (1975); J. J. Thomson, C. E.
Max, and K. Estabrook, Phys. Rev. Lett. 35, 663 (1975);
R. S. Craxton and M. G. Haines, Phys. Rev. Lett. 35,
1336 (1975); D. G. Colombant et al., Phys. Fluids 18,
1687 (1975); T. Yabe and K. Wiu, J. Phys. Soc. Jpn. 40,
1221 (1976); D. A. Tidman and L. L. Burton, Phys. Rev.
Lett. 37, 1397 (1976); G. J. Pert, Plasma Phys. 18, 227
(1977); R. S. Craxton and M. G. Haines, Plasma Phys.
20, 487 (1978); P. Kolodner and E. Yablonovitch, Phys.
Rev. Lett. 43, 1402 (1979); T. Yabe et al., Phys. Rev.
Lett. 51, 1869 (1983).

6H. P. Furth, J. Killeen, and M. N. Rosenbluth, Phys.
Fluids 6, 459 (1963).

D. E. Parks, Phys. Fluids 26, 448 (1983).

8Laser Induced Fusion and X-Ray Laser Studies, edited
by Stephen F. Jacobs ef al. (Addison-Wesley, Reading,
Mass., 1976), p. 126.

9James E. Bailey, Ph.D. Dissertation, University of
California, Irvine, 1984 (unpublished).

10R . S. Craxton, private communication.



