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Abstract.

We consider the problem of 1on-acoustic wave generation, and resultant anomalous
Joule heating, by a return current driven unstable by a small-arca thick-target clectron
beam in solar flares. We find that, coutrary to the usual assumption, the hard X-ray
bremsstrahlung emission may actually be enhanced in comparisen to conventionul thick-
target models. This present paper is a summary of the work of Cromwell, McQuillan
and Brown (1988).

Introduction.

[t is now commonly belicved that electron beams propagating downwurds in the
solar atmosphere play a major role in the production, by collisional bremsstrahlung, of
hard N-ray bursts during the impulsive phase of solar flares. Electron beam injection
sets up a cospitial, beam-neutralising return current (c.g. Hoyng, Brown and van
Beek, 1976). Therefore, the beam loses additional energy in driving the return current
against the finite resistivity of the plasma. We might well ask: Does this aggravate the
low ciliciency problem of thick target models? What clfeet does return current instabil-
ity hiave on hard X-ray production?

Electrostatic  wave generation Ly an - unstable return current  will lead  to
anomalously large values of resistivity. (lere we consider the ion-acoustic instability s
this has the lowest threshold drift speed in an unmagnetized plasma). The effeet on
hard X-ray emission will be Lwolold:

(«) The electric ficld driving the return current will rise, reducing the lifetime of bewn
clectrons. Therefore, the nonthermal yield will decrease.

(b) Plasma heating, ni°, will rise. Therefore, the thermal yield will increase.
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Model.

We e o hiomaogencous, unmaguetized fully wonized hydrogen plismua consisting
of two Nuowellan components (ambient electrons and ions) of density n, which are ini-
tally sothermad (7, T, 1), We intend to evaloute the thermal wnd nonthermal X-
ray yiclds from our bewnspheamn systen. This requires tracking the evolution of T, (1),
T (0) andd glt) uning the following dynamic temperature cquiations (which neglecet losses,
for siphicity):

3 dT, SR R I b
T T i IS CR VO DAY P 1
2y 2 clsy | N ha e (1)

Y . (T T )
n,o - 1, = (Y Ny M 2
W L (" N M gy (2)

where A '..’r.c'llnl\/zl, e e usual notation.
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Niooand (U n, ) are, respectively, the fractions of the ohic dissipation, 45, J,7,
abmorhed by the electrons and dons, as a result of scattering off 1n-ucoustic waves; 3, 1s
the extra contribution Lo the plisma resistivity duce Lo thie prescince ol these waves.

The heating cquations (1) and (2) apply to the eyhndrical volume bounded by the
i beam stopping length, S because 1tis only this region which is heated
continuously throughout the simulalion. Due to Coulomls collisions and Ohmic dissipa-

tion of the return current, the electron beam stopping leugth is:
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where £75 05 thie mean beam clectron energy

To mvestigate return current nstability we assume asmall-aren bean and the typr-
3 .y _ - 78 Ni¥Ad
cal Hare parameters: 4 10%m*, n, - 10 e ™, 2= =25keV | T y=5 10°A"

Marginal Stability Approach.

[n the clssical heating regime vy 2o, (T, , 1), the critical drilt speed for the
vtset of jon-acoustic nstability, and 5, —0. Equations (1) and (2) can then be solved
castly  tooa turbulent plasma, however, to circutivent the complexities of the relevant
nonhnear plhoma physies, we assume (he marginal stability hypothesis: the plasma
retraims on the boundary bhetween unstable growth and damping for that particular
micromstability (4 dy dk 0). We therefore set vg==v., (T, ,T;) at instabilivy

onset,

eril v

We have a preseribed beam current evolution, g, (f)=-J, ({), W our modcl: a

Hnearly inereasing Munetion of tine, from zero to a typical large electron flux of 10%% !
- S . I ()
over the beane rise time, f, Theretore, since vy (8 )=————— is known, we can solve
n, e
II

cquations { 1) and (2).
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We wish to calculate the thermal bremsstrahlung from the rapidly heated plasma.
For comparison, we c¢valuate the couventional thick-target nonthermal brenmsstrahlung
from the same beam but with Coulomb collisional losses only (as would be relevant
to w beam with lurger arca A ~10'%-10%em® ).

Adopting  reasonable beam  and  atmospheric parameters we  lind  that rupid
anomi:tlous Ohwie heating occurs in a substuntial plasima volume. This Large hot plasma
emits thermal bremsstralilung hard Xerays (220 keV) comparable to, or exceeding, the
nonthermal bremsstrahlung which would have been emitted in a conventional collisional
thick target.

However, 1t turns out that there is a contradiction which can arise n the marginl
stability treatment in some parameter regimes. s origin s most easily demonstrated by
retuining only the anomalous (lon-acoustic) terms in equations (1) and (2). Applying the
condition of marginal stability leads to:

2
g M I’
e 1-v MS(I"I--——,]i—) (‘)
Nia V57
where:
CMS. ., Ce
X (5)
cril
I'rom cquations (1) and (5) it follows that marginal stability fails for (1, /1% ) pnser 1.8,

since negative, e, unphysical, values of resistivity are obtained. Or, equivalently, for
our prescribed beam current cvolution, failure occurs for sufliciently rapid beam rise
times, {, <ls. For T,/T; <18 a marginally stable plasma e¢volution is not pos-
sible: the dual constraints of a driving electron beam and the heating proper-
tics of ion-acoustic waves are incompatible in marginal stability.

The failure of marginal stability in this regime is, we believe, directly related to the
neglect of plusma wave energy density, W, in the energy equations (1) and (2). Underly-
g the marginal stability hypotliesis is the assumption that W /dt +:0 only over negli-
gibly short times compared to the heating timescale. I this is not true then W owill
become much larger and then the plasini would be even more rapidly heated, on times-
cales [ar shorter than the beam rise time (,, until eventually dW /dt =0, To conlirm
this interpretation we have conducted numerical simulations (Cromwell, 1987) on beam-
driven ion-acoustic wave growth. These simulations <how that, for 7', /T, =-1.8, the
waves are rapidly switchied on and ofl, as the plasina wscillates about the marginal stubil-
ity curve, and that the values ol Wownd W /dt remuin very jow; marginal stability s,
therelore, applicable here. However, for 1, /T, <48, non-negligible values of 1V and
dW /dU are indeed attained and very rapid heating occurs. In these cases, the marginul
stability concept 15 no longer applicable because the forin of the driver is incompatible
with zero wave growth rute at these £, /71; and must be repluced by wn alternative
method (i.e., a proper wave growth analysis).
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Conclusions

Our work may be summarized us follows. For (T, /1) 50 = 1.8 (i.c. bewn rise
time ¢, - 1s), Obmic dissipation of @ beam-driven return current can result inoa higher
lard X-ray bremsstralilung efficiency than i a conventional collisional thick target. For
{, - ls, marginal stability s not apphicable and we envisage thiat catastrophic heating
will wceur in small volumes. Once the vidue of T, /7 hus increased sufliciently in such
o cotastrophically heated volurme warginally stable heatiug will then tuke over. This
thay lead to the propagation of w front ol cutastrophically heated plasiia through a
Haring loop. Such a process might give rise to rapid oscillutions in the hard X-ray profile
(el Kiplinger ¢l al,, 1953).

Further work requires the mclusion of spatind dependence of the plasma quantitics,
together with possible loss mechunisms (e.g. thermal conduction and plasma expunsion).
Accurate modelling of plasina turbulence in the regime where catastrophie heating occurs
I also certaimnly desirable,

In couclusion, we helieve thut the essential result presented here of enhiunced Ohmic
return current dissipation teading to rapid plasma heating to hard X-ray temperatures
will remiin unaltered. The sinple model we have deseribed has yielded useful mforma-
tion and clearly demonstrated the importance of return current instability on the hurd
N-ruy signature ol flares.
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