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ducing the growth rates by rendering ineffective
the destabilizing electron VB-drift resonances.
Under such conditions shear stabilization of the
modes appears achievable, provided the temper-
ature gradients are not too severe. For trapped-
ion instabilities, our calculations indicate that
the reversed gradients should easily stabilize the
modes. Here we find a strong reduction of the
growth term, together with a pronounced enhance-
ment of all damping effects. It should be pointed
out, however, that ordinary dissipative and col-
lisionless drift instabilities' (outside the banana
regime) are further destabilized by inverted gra-
dients. In particular, untrapped-electron reso-
nances, which drive the unstable collisionless
drift waves and also affect the trapped-electron
modes, "can be exacerbated by such profiles.
Such effects together with estimates of transport
associated with the mode of operation described
in the Letter are currently under investigation.
As a final point, it is of interest to note that in
recent studies of trapped-electron-related phe-
nomena in the Princeton FM-1 spherator experi-
ment, a marked reduction of unstable fluctuations
was observed when oppositely directed density
and temperature gradients were created. "
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We discuss the generation of dc magnetic fields due to the resonant excitation of plas-
ma waves by an obliquely incident, plane-polarized laser beam. We show that the aver-
aged forces on the electrons due to the plasma waves produce magnetic fields perpendi-
cular to the plane of incidence. Megagauss field levels may be reached. Computer sim-
ulations verify our theoretical predictions.

Recently evidence has grown that megagauss
magnetic fields can be generated as a result of
the interaction of intense laser light -with plas-
ma." Fields of this magnitude can have a sub-
stantial effect on the transport properties of la-
ser-fusion plasmas. ' Thus, it is important to
understand their sources and characteristics.

Most theoretical work on this subject has con-

eentrmted on the fields due to the thermoelectric
current. " In the present work, we investigate
field generation that is an intrinsic part of reso-
nance absorption. The latter process occurs
when plane-polarized light is obliquely incident
on a plasma with a density gradient. Since a fo-
cused laser spot contains rays with a variety of
angles, resonance absorption is a ubiquitous phe-
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nomenon. Moreover, its presence may be neces-
sary for efficient light absorption.

When light is incident upon a plasma with a den-
sity gradient, its turning point is at the density
n, cos'0, where 8 is the angle of incidence and n,
—=m, &u'/4me' is the critical density (see Fig. 1).
If the laser is polarized in the plane of incidence,
plasma waves are generated at n„where they
feed energy into the plasma. ' This dissipation
introduces a phase lag between the electron oscil-
latory motion and the wave, causing the electrons
to experience a time-averaged force. The force
on the electrons determines a dc electric field
(via Ohm's law) which is solenoidal for the geom-
etry of resonance absorption. Faraday's law then
gives the rate of increase of the dc magnetic
field. We have seen megagauss magnetic fields
in computer simulations, in agreement with our
theoretical predictions. '

The original suggestion' that light absorption
could produce magnetic fields did not include the
effect of dissipation on the zero-order plasma
dynamics, although a forrnal collision operator
was employed. Similarly, use of the plasma
electromagnetic stress tensor is not appropriate,
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FIG. 1. Geometry for resonance absorption. Density
gradient is in the x-y plane. Oscillatory and dc magne-
tic fields are in the z direction.

since past derivations' have assumed zero ab-
sorption. Since our absorption rate is large (v
-O.le~, ) and is fundamental to the field-genera-
tion process, it is necessary to include it in our
lowest-order analysis. The Vlasov equation, in-

i

eluding a simplified effective collision frequency '
ls

Bf/st+v ~ Vf- (e/m, )(E+c 'v&& 8) '&f/sv= —v( f-f ).
fo is the Maxwellian toward which the electrons are relaxing. The mean electron density and velocity
are n= Jfd'—v, no(x) —= ff,(x) d'v, nV = f vfd'v. —

For laser intensities of 10"W/cm', typical of many present experiments, the high-frequency laser
fields are a factor of 100 larger than the megagauss dc magnetic fields whose origin we discuss here.
Consequently, the spirit of our derivation is to treat the high-frequency fields as providing the zero-
order forces on the plasma. dc magnetic and electric fields are higher order in a small parameter.
The dc fields will then be determined iteratively from the linear plasma response to the high-frequen-

cy fields.
Ingarticular, we write each field quantity in terms of an oscillating and a dc part, E =(E) +E, with

(E)/E =O(5) «1. The small parameter 5 «1 is defined by 5= eE/m, uc -=vo/-c, where E is the vacuum

laser electric field. Our subsidiary orderings are v, /c - v/&u
- sin8- 5, with v, =- (T,/m, )'". The den-

sity scale length L is ordered by (koL) '-6', with ko=&u/c

The zero-order approximation to Eq. (1) is then

ef/& t —(e/m, ) E ~ 8f/& v = v( f—f,),
with the solution

f=fo(v + (e/m, ) f, E (x, t ') d t ') e

+v f dt'e "~' ' 'f,(v+(e/m, )[f E (x, t")dt" —f E (x, t")dt"]).

(4)

Equation (3) gives the plasma response to the high-frequency fields E . We now use this. response to

solve for the evolution of the dc quantities (E) and (B).
The velocity moment of Eq. (1) is

(&/&t+ v)nV+& ~ (nVV)+V ~ (fvvfd'v -nVV) =-e(no/m, ) 8+m, '(pE+c ' Jx B).
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We treat ions as immobile, so that p= —e(n-no) and J = —enV. Equation (3) may be used to evaluate
the particle pressure tensor in Eq. (4), correct to order 62:

V'P =—V (fvvfd'e-nVV)=V f vvfod'e.

(6)

The first term on the right-hand side is the thermal pressure tensor. When we take the curl of Eq.
(7) to obtain (B), this term contributes the source for thermally generated magnetic fields, propor-
tional to V inn&&VT. The second two terms in the square brackets on the right-hand side of Eq. (7)
represent a generalization of the radiation pressure tensor P„ to include absorption. For the specific
example of resonance absorption, this radiation pressure is due to two effects: the average electro-
static force (4w) '((V E) E) of the resonant plasma oscillations and the dc electron inertia of Eq. (6).

The curl of Eq. (7) gives the initial growth rate of (B):

8(B)/8 t = V && (c/en, )V ~ ( P, + P„). (8)

In a more general analysis, the right-hand side of Eq. (8) would include a diffusion term (c'/4')V'(8},
which is small in our ordering. If ions were mobile, we would add a convective term V && (V& x(B}),
which could limit the growth of (B).

We now specialize our treatment to the case of resonance absorption. Our geometry is pictured in
Fig. 1. From Eq. (8), with V =x &/&x and a linear density variation,

We find to O(6') that the time average of the electron inertia term in Eq. (4) is

m, V ~ (nVV') =- V ~ (1 —e )(EE}/4w.

We take E =2(E(x) exp[i((ut —k~y)]+c.c.]., and similarly for 8 . ez is the real part of the complex di-
electric function: e =1 —&u~'(&u'+ v') '(1 —iv/&u). The time average of pE+c ' J&& 8 is evaluated' by ne-
glecting the time derivative of the Poynting vector, since the laser is a steady source. The average
of Eq. (4) becomes, with use of Eqs. (6) and (6),

(E) = —(en.)-' V [-.' n.m, vP I + (8v)-'(E2+B'}I - (4w)-'(~„EE+ BB}]. (7)

8(B,} 8 c &
1

x E„E,~+ c.c. '
et 8x eno 8x . I. 16' (9)

In the vicinity of the critical density, x= L, we use the well-known solution for the resonantly driven
fields':

E„E„*+c.e. =Eo2mkoL sin28cos8exp[- 4~koL sins8 —(2/c) f v(x)dx]Re(H, ~ IIO 2 ). (10)

Here the argument of the Hankel functions is (ik, L sin8) (1 —x/I. +i v/&u). Equation (10) is strictly valid
for sin'8» v/&u 2 1 —x/L. We expect Eq. (10) to hold approximately for our computer simulation, in
which sin'8 2 v/&u. Since damping of the electromagnetic waves is negligible except within a distance
(v/&u)L of the critical density, c ' f v(x)dx=—(v'/v')k, L. Near n„Eq. (9) is approximately

&(B,}/et = c(eno L2) '(co/v) (Eo'/8m)sin8 cos8 exp[- —,'k, I sin'8 —2ko L(v/&u)'].

The computer simulations we discuss here used
the relativistic, 22-dimensional particle simula-
tion code zOHAB. ' Figure 1 shows the geometry.
The simulation is periodic in y with no variation
in z, and 8=11'. The density gradient is linear,
with I = 3XO. Incident laser intensity is 2.2& 10"
W/em' for A.,= 1..06 tLm, and plasma temperature
is 5.1 keV.

The effective absorption rate' due to plasma-
wave convection out of the critical region is v/&o

= (v, /ck, L)"', which for our parameters (v, /c
=0.1) agrees reasonably well with the value v/~
=0.08 observed in the simulation. We substitute

the latter value into Eq. (11) and use an average
for the field amplitude of ~E,„', because the
resonant fields are also growing in time. Equa-
tion (11)predicts BB,/Bt= 6MG/psec, —in reason-
able agreement with the observed value of 7.4
MG/psec (for Nd).

Figure 2(a) shows (E„E,) from the simulation,
as a function of kox. The critical density is at
kox = 26. Equation (9) indicates that (B,) & 0 (& 0)
where (E„E,) has positive (negative) slope. Fig-
ure 2(b) gives (B,}as a function of k, x, showing
the expected positive and negative peaks.
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FIG, 2. Variation of (E„E)/E02 with x. , from compu-
ter simulation at time ~t = 162. Parameters are de-
scribed in text. Eo is the incident laser field. (b) Re-
sulting variation of (B,) with x. Theory predicts (B,)
~ 8(E„E~)/Bx.

As the resonantly excited waves grow, they
begin trapping electrons and expelling them with
high velocities in the negative-x direction. " This
gives rise to a dc current, (J„), which can con-
vectively limit the growth of (B,). To account for
this effect, we add the convective term —(8/&x)
&& (eno) '(J'„)(B,) to the right-hand side of Eq. (9).
A steady state is reached when this term balanc-
es the source term, giving a maximum value for
(B,) of

(B,) = (- c/(J„)L)(E„E~*+cc )/16m. . . *Work performed under the auspices of the U. S. En-
ergy Research and Development Administration.
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From the simulation, we find (J„)=—10 'en, c.
Equation (12) then gives (B,)m» = 3 MG, in rea-
sonable agreement with the observed saturation
value of 1.5 MQ.

In reality the ions are mobile, and nonlinear
steepening of the density profile occurs." This
density modification alters the shape and ampli-
tude of the resonantly excited waves. The pon-
deromotive force due to the resonant plasma
waves forms a density depression whose lower
lip can itself be above critical density. Thus,
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there are two surfaces where n =n„resulting in
large positive peaks in (B,) at each of the criti-
cal-density surfaces. We observe this effect in
our simulations. On the hydrodynamic time
scale, the second critical-density layer may be
blown outward, leaving a single peak in (B,) once
more.

We have also investigated a computer simula-
tion in which the light enters normally (8 = 0). No

resonance absorption occurs at first, and no dc
magnetic field is observed. On a longer time
scale, the light self-focuses and creates a "rip-
ple" or cavity at the critical density, " The sides
of the ripple are now oblique to the light and reso-
nance absorption occurs, concomitant with the
growth of a dc magnetic field. Megagauss fields
are again observed.

The source terms in Eq. (11) extend over a
width less than a Larmor radius in the gradient
direction. However, in an actual experiment,
the magnetic field will spread rather quickly.
For example, it would take -20 psec to diffuse
resistively across 5 Larmor radii into the cold
overdense region (n, &10" cm '). Once the field
has spread over many Larmor radii, its effects
on transport can become substantial, since cross-
field values of the classical transport coefficients
are reduced by the factor (Q„r,)'-700.

In conclusion, we have demonstrated that reso-
nance absorption is accompanied by the genera-
tion of dc magnetic fields. For laser-fusion pa-
rameters, such fields may grow to megagauss
levels. They can spread resistively in space suf-
ficiently to affect seriously plasma transport
properties.
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The stability of a plasma consisting of two, unequal, isotropic, ion beams streaming
along a uniform magnetic field has been investigated by numerically solving the full elec-
tromagnetic, Vlasov, linear dispersion relation for high-P plasmas. Three instabilities
are found: One is closely associated with the usual Alfven mode and the two others with
the "fast" or magnetosonic mode. The importance of these instabilities for certain neu-
tral-beam-injection experiments and in the solar wind is emphasized.

Recent IMP-6 solar-wind observations" have
shown the regular appearance of persistent, dou-
ble-peaked, ion-velocity distributions. The two
peaks are generally unequal in size, are often
clearly resolved, and may be separated by as
much as the local Alfvbn speed CA parallel to the
ambient magnetic field B,. Since P =SvnT/Bo' is
moderately high, it is appropriate to utilize the
complete electromagnetic dispersion relation.
For this study the range 0.05 & P & l is consid-
ered. This range is also of interest for future
neutral-beam-heating expe riments in moderate-
ly dense plasmas. '

Theoretical investigation of electromagnetic
ion-beam instabilities effectively began with
Stepanov and Kitsenko. 4 They concluded that both
right- and left-hand circularly polarized modes
(commonly termed magnetosonic and Alfven
waves, respectively) propagating parallel to B,
could be driven unstable by a weak, secondary
ion beam also directed along B,. However, these
results are subject to question because they cal-
culated growth rates from frequencies which did
not include either the particle thermal velocities
or contributions due to the beam. Later work"
has used the same questionable technique.

More recently, growth rates for ion-b'earn ve-

locities much greater than the Alfvdn speed CA
have been calculated, ' and the special case of
propagation perpendicular to the ambient mag-
netic field for equal-density components has been
treated. ' Growth rates for obliquely propagating
electrostatic ion-cyclotron waves in a warm plas-
ma have also been evaluated. '

This Letter presents selected results from a
more general investigation of electromagnetic
ion-beam instabilities carried out by numerical-
ly solving the electromagnetic, Vlasov, linear
dispersion relation for a homogeneous plasma
including off-angle propagation. " These results
represent substantial improvements over those
obtained with use of the cold-plasma approxima-
tion.

For this study, a three-component plasma con-
figuration is assumed, consisting of a main pro-
ton component (hereafter denoted by the subscript
M), a counterstreaming (in the center-of-mass
frame), secondary proton component (beam) de-
noted by the subscript B, and an electron compo-
nent e, where each component is assumed to be
an isotropic Maxwellian. The plasma is elec-
trically neutral, n„+n~ =n„and bears no cur-
rent, n~Vp„+n~Vp~ 0 and V„=O. The V„are
the drift velocities of the various (j =M, B, e)
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