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Mechanism for the Generation of 10 G Magnetic Fields in the Interaction of Ultraintense
Short Laser Pulse with an Overdense Plasma Target
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The physical mechanism for the generation of very high "dc" magnetic fields in the interaction of ul-
traintense short laser pulse with an overdense plasma target originates in the spatial gradients and non-
stationary character of the ponderomotive force. A set of model equations to determine the evolution of
the "dc" fields is derived and it is shown that the "dc" magnetic field is of the same order of magnitude
as the high frequency laser magnetic field.

PACS numbers: 52.40.Nk, 52.35.Mw

Because of the development of compact terrawatt
lasers [1] delivering subpicosecond pulses, a new parame-
ter regime has been opened up in the study of laser plas-
ma interaction. At intensities of 10' W/cm or higher a
whole host of new phenomena are predicted [2] and some
of these predictions have been confirmed by experiments
[3]. Recent numerical simulations by Wilks et al. [4] of
the interaction of an ultraintense laser pulse with an over-
dense plasma target have revealed extremely high self-
generated magnetic fields —250 MG in the overdense
plasma. It is the purpose of this Letter to establish the
physical mechanism responsible for the generation of
such high "dc" magnetic fields. By dc we mean quanti-
ties averaged over the fast laser frequency time scale but
not over the whole laser pulse.

The first experimental observations of dc magnetic
fields generated in laser plasma interaction by Stamper et
al. [5] were explained in terms of a thermoelectric source
[5] that originates in a hot collisional plasma when the
gradient of the electron temperature VT is not collinear
with the electron density gradient Vn, i.e., BB /Bt =V
x u x B + aVn x V T where B is the dc magnetic field, u
is the plasma velocity, and tt is a coeScient [6]. Howev-
er, the extremely high magnetic fields observed in the
simulations of Wilks et al. [4] cannot be explained on the
basis of the mechanism that was satisfactory for the ear-
lier experiments because the magnitudes are too high and
the physics underlying the above equation for B is not
justified for ultraintense laser pulses. The mechanism for
magnetic field generation proposed here is a result of dc
currents driven by the spatial gradients and temporal
variations of the ponderomotive force exerted by the laser
on the plasma electrons. We give below a mathematical
derivation of this result which predicts that the dc mag-
netic field to be of the same order of magnitude as the os-
cillating magnetic field of the laser pulse and this large
magnetic field will last only for the duration of the pulse.

We show towards the end of this Letter that for
tot ((m;/m)' ( / cue)o(eA/mc ) ' the ion motion can
be neglected during the laser pulse; co, is the plasma fre-
quency of the target plasma, m and m; are the electron
and ion mass, respectively. 2 is the magnitude of the

By/Bt+ y
—

1
—

P =0,
Bn/Bt+V. n(a+Vy)/y=0,
e'V'tt =(n n;), —

e (V a —B a/Bt VBttt/Bt) =—n(a+Vy)/y,

(2)

(4)

with the Coulomb gauge V. a =0, y = [1+(a+ Vy) ] 'I,
and e =to /co, . The variables in this set are normalized:

eP/mc, a ea/mc, y to y/mc, n n/n, n;

n;/n, t tto, and r r /ccoand the ion density n is
taken to be uniform within the plasma at t =0. Neglect-
ing ion motion is tantamount to setting n; = 1. We are
also considering singly ionized ions with Z=1; generali-
zation to Z & 1 is trivial. This model has been employed
by Chen and Sudan [8] in the limit e «1 for treating
the propagation and self-focusing of short intense laser
pulses in an underdense plasma.

To investigate the generation of a dc magnetic field in

an overdense plasma target, we take the opposite limit
e «1 in Eqs. (1)-(4) and in addition consider the uni-
form plasma to occupy the region z &0. Thus, we take
the ion density gradient length at the plasma-vacuum in-

laser vector potential and f=to/2tr is the laser frequency.
When the above inequality is violated the role of ion
motion [7] in determining the dc field is treated at the
end of this Letter. Thus, the system we treat first is de-
scribed by Maxwell s equations and the relativistic equa-
tions that describe the motions of a cold electron Auid.
Defining the vector field P myv —eA/c, where v is the
electron fluid velocity, y=(1 —v /c ) 'I, A is the vec-
tor potential of the electromagnetic field, —e is the elec-
tron charge, and c is the light velocity, we obtain
BP/Bt =VxvxVXP by taking the curl of the electron
momentum equation. Thus, if initially at t =0, VXP =0
everywhere, it follows from the above equation that VxP
vanishes everywhere for all time. If in addition the elec-
tron Quid is still everywhere at t =0 before the arrival of
the laser pulse then P =0 at t =0 everywhere, and P =V@
for all time. Following the analysis of Chen and Sudan
[8], we may then express the system of Maxwell and elec-
tron Quid equations as follows:
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terface to be shorter than the laser wavelength k=c/f,
which would be the case for solid density plasmas created
on a time scale short enough to disallow ion motion, a re-
gime treated earlier by one [7] and two [4] dimensional
simulations. The laser wave fronts are incident normally
on the plasma-vacuum interface and the wave polariza-
tion may be linear or circular. Since we know from linear
theory that the skin depth is of order X, =c/tp, «X the
laser wavelength, we are justified in assuming that the
gradients in z are much greater than the transverse gra-
dients in (x,y) determined by the laser spot size. The
laser pulse amplitude varies on a time scale slower than
the laser period and accordingly we expand the quantities
occurring in Eqs. (1)-(4) not in amplitude but in spatial
gradients and slow temporal evolution:

a~ =
p [A~(z/e, ex~, e t)exp —it+c.c.]

+@AD (z /e, ex L, e t ),
a, = —,

' e'[A, (z/e, e x~, e't) exp —it+c.c.]

+ 6 Ai (z/6, Exi, E t ), (sb)

+ —,
' e[y)(z/e, ex~, e't) exp it+c.c.],—

n = 1+no(z/e, cx~, c't)

+ 2 E[n)(z/F, EX~, E t)exp —it+c.c.] .

(sd)

(se)

The quantities with subscript and superscript 0 are dc in

the sense that they are time averaged over a laser period
and the laser frequency is normalized to unity. On sub-

8 Ag/8( —(I+no)A~/yo=yo '{I+no)Vino+ 2

n i
= /A' V(1+no)/yo —8 p&/8$

y~ =X) A V(1+np)/yp —i(A~ V~I/fp)/yp,

where n =—t)/pig, and n ' =1 'dg.
To order e one obtains

y =yp(zlzz, cx~, e't)+ —,
' e[y&(z/E, Ex~, E t) exp —it+c.c.],

(sc)
= yp(z/e, ex~, e't )

stituting the expansion (S) in Eqs. (1)-(4), to order e

we obtain Gyp/8/=0 with g=z/e, g=ex~, and r =e. t;
and to order e, By~/8/=0 and

yo={1+ 2 IA. I') 't2=1+~p,

t) Pp/t) $ =n p,

(6a)

ti A~/8( =(I+no)A~/yp=(1+8 yp/8( )A~/yp. (6c)

Equation (6c) has the following solution for linear or
circular polarization,

tanh[ 4 sinh '(A~/W2)]

= (exp —g) tanh [ —,
' sinh ' (A &/ J2)],

(ga)

(Sc)

where A&—=A~(z =0). Note that A~ is the resultant
amplitude of the incoming and reflected laser pulse. The
density np and potential pp are obtained from the substi-
tution of (7) in Eqs. (6a) and (6b); Po=(l+ 2 1A&1 ) '

—
1 and no=(coshsinh '1A&1/W2 —1) . Equation (7)

is the exact nonlinear solution of the penetration of a uni-
form electric field in a plasma. In the limit 1A&1«1 it
reverts to the well known solution A~ =A~exp —z/A,
The ponderomotive force generated by the quiver motion
of the electrons and exhibited in 8 yo/6$ piles up the
electrons in the sheath thereby increasing the local plas-
ma frequency co, and decreasing the local X, . This ac-
counts for the much more rapid drop of the field A& with
z as determined by (7) until 1A&1 & 1 when the exponen-
tial decay becomes valid. A positive surface charge den-
sity a+ appears at the interface z=0 which is equal to
jp d(np in accordance with the conservation of charge.

%hen the illumination of the laser pulse at z=0 is
nonuniform spatially then we must carry the calculation
to higher order in t. . To order e one obtains for A& and

1

the amplitude of the fluctuating density and velocity po-
tential,

~/yo
—[(1+n p)/ypl (A~ ' V& leap)/yp )A~+ c.c.[,

t)yp/Br + [(A~+V~yp) V~yp]/yp+ —,
'

yp '(A~ V~y~*+c.c.) =0,
Bnp/Br+A V(1+no)/yp+V~[(1+no)/yp]V&yp+ 2 A V[n&*/yp+ [(I+n )/py ](Ap&. V&y )/pyp+c. c.I =0,
8 A, /tip —(I +no)A, /yo= —2) 'A V(1+no)/yp.

Finally to order e one obtains

8 A, /&g yo (1+no)A, =8go/648r 2 [yo (I+no)[(A&. V~yo)/yo]A*+c. c.j .

In the limit of 1V&yp1«A~ and 1A&. V&yp/yp1&& 1, these equations simplify to

9 A, /Qg —
yo '(1+no)A, =8 Pp/6r8$,

$2A~o/8/2 —
yo '(I +np)A& =

yo '(I +no)V~ go,

(9a)

(9b)

(9c)

(10)

(1 1 a)
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Bnp/Br+A V(1+no)/yp+V yp '(1+no)V~ittp=0,

Byp/Br+ yp '(A~+V~yp) V~yp+ 2 [A~ V~2) A* Vyp '(I+no)+c.c.] =0.
(i ic)

(1 id)

The case for axisymmetric illumination of the plasma-vacuum interface with intensity maximum at r =0 can be solved
easily. Taking the V~ operation on Eq. (11b) we obtain

B V .A /Bg —
yp '(I+np)V A~= —Bnp/Br A—, Byp '(I+np)/B$. (i 2)

Bn; /Bt+Bn; u /Bz =0,
Bu p/Bt+u Bu /Bz = —(mlm;)Byp/Bz,

(i 3a)

(i 3b)

where n; and u are the time averaged ion density and z

Because B/B8=0, V .A =p 'BpA„/Bp with p=er.
Note that Eq. (1 la) is a linear inhomogenous second-
order equation for 2, . The right-hand side is determined
by the zero-order solution (7) which in turn is governed
by A&(z =O, er, e t), i.e. , the spatial and temporal varia-
tion of the driving field at z =0 which is given. The
coefficient yp (I+np) )A~[&2in the limit [A&)))1 is

also determined by (7). The boundary conditions at (=0
are determined by charge conservation, i.e., A, (1+np)/
yp~~=p=Bo+/Br where o'y =fp npdg is the positive sur-
face charge at /=0. Thus, with A, known and Bnp/Br
obtained from (7), we can proceed to solve a similar
linear inhomogeneous equation for V&. A& =F(p, g).
Thus, we have reduced an extremely nonlinear problem to
a set of linear equations for the dc or average magnetic
field.

The dc magnetic field is given by

B =Vx(eA~+e ZA, )

=eVxA&+e V&A, xi= 8eBA„/Bz

=8BA„/B$.

Thus, the dc magnetic geld is of the same order as the
laser oscillating magnetic fteld and occupies a thickness
of the order of the skin depth If a =.10 then the oscillat-
ing field 8=10 6 and the dc magnetic field is of the
same order, which is consistent with the magnitude of the
250 MG field observed by Wilks et al. [4] for a = 3.
Without explicitly solving these linear equations it is clear
that the magnetic field will have a maximum at z =0 and
falls off rapidly with z at a rate determined by A&. It
vanishes on the r =0 axis, and has a maximum at some
radius that varies with z. Figure 1 gives the schematic
nature of the lines of current flow giving rise to B~. All of
the return current flows as a surface current on the
plasma-vacuum interface to satisfy the boundary condi-
tion that the dc field vanishes in vacuum.

Ion motion due to the laser ponderomotive force acting
as a piston on the ions can be accounted for in the follow-

ing manner. We neglect the transverse oscillatory motion
of the ions and concentrate on the average z motion of
the ions which satisfy the continuity and momentum bal-
ance equations:

velocity, respectively. We express Eqs. (13a) and (13b)
in Lagrangian variables through a coordinate transforma-
tion [9] (z, t) (g(z, t), T) such that ( =z at t =0 and
d(/dt =B(/Bt + u B(/Bz =0, T= t. Thus, because of
mass conservation, B(/Bz =n; tg, T)/N(g), where N(g) is

the initial density profile at T=O. In the new coordinates
Eqs. (13a) and (13b) become

B(lV/n;P)/BT —Bu P/B( =0,
Bu /BT= —(m/m;)(n;P/N)Byp/B(.

(i4a)

(14b)

FIG. 1. Schematic of normal current contours driven by pon-
deromotive force; laser intensity profile is on left, g(0, T) is dis-
placement of the plasma-vacuum interface; the z extent of the
dc magnetic field is of the order of the skin depth.

Combining these two equations and recognizing that
pp =—pp(z/e) =pp(g/e) we obtain

B2(lV/n P)/B T2 = —(m/m; e2) (B/B(') (n; /N )By()/8(',

(is)
where g' =(/ eand p p=pp(g', g, r ). From (15) if T
(T,—= (m;/m)' (to/to, )lgp with Pp —Ai for A~))1,

we may neglect ion motion in the solution of Eq. (6c) as
stated earlier but compute ion motion from (15) employ-
ing the previously obtained solution for pp. However, for
T) Tp Eq. (6c) must be solved in conjunction with Eq.
(15). The displacement of the plasma-vacuum interface
((O, T) depends on the laser intensity profile with x~
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through the dependence of pit on A~ and the interface
will therefore acquire the concave appearance observed in

the simulations of Wilks et al. [4]. This solution will be
valid until n; (g, T) becomes singular and multistreaming
takes place. At this point a kinetic treatment for ions be-
comes necessary. Ions are reflected and ion viscosity will

develop between incoming and reflected streams [7] due
to two-stream collective instabilities. The principal dissi-
pative mechanisms for the laser are (i) the ion-ion insta-
bility and (ii) collective electron-ion instabilities driven

by the quiver motion for which a kinetic treatment is re-
quired even for the electrons.

It is important to note that the magnitude of the mag-
netic field 8 is determined by 3& the laser vector poten-
tial at the plasma-vacuum interface. This in turn is
determined by the incident and reflected laser wave am-
plitudes. Initially the laser reflection coe%cient is high
and 2& is small. When dissipation in the skin layer
increases because of collective instabilities then 2& will
also increase. Thus the observed dc magnetic field will

probably occur after the electron and ion motion causes
strong dissipation to make 8 & significant.

The physical origin of the dc magnetic field lies with
the electrons which are expelled in the z direction from
the surface z=0 by the ponderomotive force of the laser
pulse and pile up as 1+no derived earlier following (7).
This generates an average electron current in the z direc-
tion so long as the laser pulse is increasing in amplitude.
Thus, the sign of Bz is such that it is created by a normal
current flowing in the negative z direction which corre-
sponds to the direction of the magnetic field observed in

the simulation of Wilks et al. [4]. After the laser pulse
saturates in amplitude the motion of the plasma-vacuum
interface given by (12) causes the ion and electron densi-
ties to increase and drive the current to generate the mag-
netic field.

The transverse currents in the plasma also result from
the quiver motion of the electrons due to the transverse
electric field. The electrons perform the well known
figure-of-eight orbits in the r-z plane. The amplitude of
this quiver motion rises with the rising amplitude of the
driving laser pulse leading to an average current because
of the inexact cancellation of the orbital motion in the
successive half cycles of the laser field. Furthermore, be-
cause of spatial gradients in the transverse electric field,
there is a spatial gradient in the amplitudes of the figure-
of-eight orbits leading to average diamagneticlike cur-
rents familiar in the drift theory of charged particles in a
magnetized plasma. Thus, the plasma in the very strong
oscillating field of a laser exhibits some of the features of
the familiar gyrotropic plasma. The neglect of electron
ion collisions in our analysis is justified by the reduced
Coulomb cross section of the electrons at relativistic
quiver velocities.

The dc magnetic field in the Wilks et al. [4] simulation

peaks well behind the plasma-vacuum interface (their
Fig. 4) whereas the present analysis would indicate the
peak to occur within the skin layer at the plasma-vacuum
interface. This discrepancy may be due to the hot elec-
trons with relativistic velocities perpendicular to the
plasma-vacuum surface observed by Wilks et al. [4]
[their Fig. 1(a)]. These electrons result from kinetic
eflects not included in the fiuid model. They could also
arise from the fact that in the phase which includes ion
motion the plasma surface is dimpled by the laser radia-
tion pressure. The p-polarized incident beam then is no
longer strictly normal to the plasma surface and there
may be a component of the incident electric field which is
normal to the plasma surface and drives electrons into the
plasma.

Finally, it must be recognized that the characteristic
time for the dc magnetic field itself is the laser pulse time
so that the process outlined above is really a down conver-
sion of the laser frequency by the factor e .

This work arose out of discussions with Peter L. Auer
on the similarities and diAerences between plasma-
opening switch operation and laser plasma interaction. I
am indebted to X. L. Chen for many discussions on in-
tense laser plasma interaction physics. This work was
supported by the U.S. Naval Research Laboratory and
OSce of Naval Research.
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