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Self-generated magnetic field and Faraday rotation in a laser-produced plasma
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In laser-produced plasma the self-generated magnetic field can be excited by a collisional as well as a
noncollisional process via ponderomotive action. In this paper we estimate the self-generated axial magnetic
field by measuring the change in the polarization of stimulated Brillouin scatt8#8 radiation as compared
to the incident laser radiation. Experiments were conducted using a Nd:glassNas&i06 «m) capable of
delivering a plane-polarized output of 20 J in 5 ns. The experimentally observed rotation of the plane of
polarization of the SBS radiation has been shown to be in fairly good agreement with the estimated values from
theory.[S1063-651X98)04306-2

PACS numbdps): 52.50.Jm, 52.35.Mw

I. INTRODUCTION lower laser intensity region where collisions are prominent in
the plasma.
A large number of mechanisms have been repofied Faraday rotation is the rotation of the plane of polariza-

12] for the generation of a large-scale magnetic field in lasertion of an electromagnetic wave when it passes through a
produced plasmas. The most important mechanismgiare magnetic field. In this paper, we will discuss an experiment
magnetic field due to ponderomotive for¢a], (i) Vvn  t0 measure Faraday rotation of the incident laser radiation
<VT mechanism{2—5], (i) inverse Faraday effedFE) from laser-produced plasma and a plausible theoretical ex-

. : . . planation. In fact, this work can be taken as experimental
tmhechﬁnlsn'{S,Bt',S)]% algd (iv) d{”amb" Ejr?fefchan;sr[lllr]]. AI .evidence for axial field generation at low laser intensity as
ough magnetic-neld generation by diterent Mechanisms 1y, ¢ icted in an earlier theoretical papét.

a simultaneous process, some mechanisms are dominant ai) 4t is also necessary to discuss certain results of the theory

particular experimental condi;ion and other; are not. He_re V\_/ﬁ]_ It has been shown that the polarization of an obliquely
report one of these mechanisms for the field generation ifhcigent laser radiation undergoes rotation as it propagates to
our experimental setup. o the turning point density layer and on its way back, i.e.,
Ponderomotive force due to a spatially inhomogeneougpecularly reflected radiation is once again rotated by an
laser beam is an effective mechanism for generating th@qual amount. Here, the instantaneous plasma conditions for
magnetic field. In an interaction of an ultraintense short laseg specularly reflected beam have been simplified by not con-
pulse with an overdense plasma target, the spatial gradiesidering the various local effects and their role on the specu-
and nonstationary character of ponderomotive force can genarly reflected beam at the turning point plasma density layer.
erate[13,14 a transverse magnetic field of the order of Various authors have analyzed the critical density plasma
10° G. conditions[15—-17 for §=0. In our recent specular studies,
The ponderomotive force due to a spatially inhomoge-we have shown the effect of the turning point plasma layer
neous laser beam constitutes an important mechanism @h specular reflectiofl7].
generating an axial magnetic field. It is shown by Srivastava Stamperet al. [2] used a probe beam transverse to the
et al. [1] that a magnetic field in the range of kilogauss mayexpanding plasma and the characteristics of the transmitted
be generated by the ponderomotive action in a plasma prdseam to measure the self-generated magnetic field. In the
duced by an obliquely incident lasgf] and the collisional case of an axial measurement, we must use the probe beam
contribution to the axial magnetic field generated by pon-along the laser axis. Therefore, the stimulated Brillouin scat-
deromotive action is dominant over the noncollisional con-tering (SBS study provides a simple and reliable technique
tribution when a lower intensityl§ and shorter wavelength for measuring the self-generated axial magnetic field. The
(\) laser is used. The axial field is typically of the order of aaxial magnetic field can be effective on SBS since most of
few kilogauss and scales as 2. On the other hand, for a the SBS grows until it reaches the turning point density and
high intensity and longer wavelength laser, the noncolli-reflects back exactly along the path of incidence. The esti-
sional contribution arising from the spatial inhomogenities ofmated values remain unaffected for SBS studies. In this pa-
the plasma is dominant and can be of the order of 0.5-0.per we experimentally estimate the self-generated axial mag-
MG. This field scales a&”3\'*3. Consistent with out experi- netic field by measuring the polarization of SBS and
mental study, we are interested in a short wavelength andomparing it with the incident laser radiation.
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Il. THEORY components of the magnetic fields are given in EG$)—
(38) in the published papdd].

Irradiation of a plane, optically polished copper target e .
with a 5 nslaser beam I~ 10 W/cn?) produces an ex- The axial f|e|d59x hasngwo parts, one collisionBf,, and
the other noncollisionaBoy ,

panding plasma over the laser pulse duration. This plasm
interacts with the inward propagating laser beam. Laser ra- Box=BSy+ B, (10)
diation is absorbed by a classical mechanism up to the criti-

cal density layer and simultaneously undergoes reflection These are given as

prominantly by SBS, specular reflection, and stimulated Ra-

man scatteringSRS. c . ©lb (z sin o.f _2 11)
The intensity threshold for SB§18] is | ~10 W/cn? OX~ " Zmu? | g SN Pola 7 |-

under our experimental condition. SRS is neglected since the . . .

threshold intensity for SRS is 10 W/cn? (Ref.[7]). Laser As mentioned in Refl1], for an inhomogeneous plasma,

plasma interaction gives rise to a large axial magnetic fieldth® flow variables are slowly varying functions of space and
The generation of the magnetic field can be explained ad'€ €lectric field may be expressed as

follows. - .
We consider a plasma consisting of a single ion species of E=Ar)expliy(r)},

chargeZ, massM, and electrons of mass. The basic equa- where is complex and called eikonal, amplitudeis real,
tions describing the motion of the plasma, interacting with argnd

incident electromagnetic wave, are ) )
IA A IA A

0t(nj)+€-(nj0j)20, (1) {A’aX(A)}:ﬁ&xay_W Xz’ (12
R R . . 2 2
MND(Ve) = = V(NeTe) ~Nee(E+V X B) _IRTA A TA
—mner(Ve—Vj), 2 _ : :
wheretg is the pulse duration aneh is the electron massy
M niDi(\7i) __ ﬁ(niTi) n Znie(ﬁ+\7i « é) is the laser frgquengy», is the coII|S|ona! frgquency beMeen
electron and ionsf, is the angle of the incidence outside the
+mngr(Ve—V,), (3)  Plasma, and, is the transmission factor of the incident laser

radiation in the plasma due to collision between electrons

wheren;, V;, andT, (j=e,i) are densities, velocities, and and ions, such that,=1—f,, wheref, is the fraction of
temperatures of the electrons and ions, respectively,tand radiation absorption given as

=at+(\7j-V) is the usual convective derivative. Here we
assume that momentum exchange takes place only between fa=exp< —f K(x)dx/, (14)
the electrons and ions via elastic collisions with frequency
and no momentum is lost by any other dissipative processvhere
Here E andB are the self-consistent electric and magnetic WNg(X) no(X)
fields in the plasma given by the following Maxwell equa- K(x)= ———, u(X)=[1—Ng(x)]¥%Ny(x)= .
tions: eu(Xx) Ne
(15
VXE=—d(B), 4 A is the amplitude of the electric field and it is a vector
.. _ . quantity,g=d)\%/dx, where \p is the Debye length and
VXB=—C¢"?0(E) + uod, (5)  dimensionless factoH (X)=(cog6,—Ng)*? and N, is the
L ratio of the charge density to the critical surface density.
V-E=ple, (6) It is seen from Eq.(11) that for normal incidence §
=0), the ponderomotive force does not excite an axial mag-
V. é:o, (7) netic field. However, it can still excite a transverse magnetic
field, which is not of interest for the present work. Moreover,
p=e(nZ—ny,), (8)  collisional excitation is the only mechanism that gives rise to
the axial field in the absence of density inhomogenéisy,
J=e(nZV,—nuVe), (99  9=0). However, in a laser-produced plasma, even at normal

incidence, the axial field can appd#®;9,19 due to density
where e the electron chargeg is the speed of light in inhomogeneity and collisions.
vacuum, whileey and uq are the dielectric permitivity and It has already been shown in Rét] that for s-polarized
permeability in free space, respectively. Hérén the above light BE,=0 and it is the only collisional part that excites
equations represents the partial derivative with respect tthe axial magnetic field. In the absence of collisions, only
time t. higher-order noncollisional terms would contribute to the

Based on these equations, the existence of ponderomotiveagnetic field, which is extremely small.

force and hence the axial magnetic field has been calculated The presence of an axial magnetic field rotates the plane
and reported by uEl] in 1992. The growth rates of various of polarization of the incident laser beam due to the Faraday
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FIG. 1. Schematic of the experimental setup. IC, interaction
chamber;,W, glass window; BS, beam splitter; EM, energy meter;
A, analyzer; inset, reflection of incident laser radiation due to
stimulated Brillouin scattering and specular reflection. (o} 50 100 150

Analyzer to Analyzer(deg)

effect. This rotation occurs in the subdense plasma in which

the plasma density, temperature, and self-generated magnetic FIG. 2. Variation of relative backreflectivity as a function of the
fields are varying in the axial direction. For the convenience?ndle of the analyzer fdg) glass andb) Copper target. Theoretical

of numerical calculations, the space has been divided into ¥2/ues are represented by dotted liriesfor the copper target.

finite number of slabs along the axial direction. In each slab

the density and hence the magnetic field have been assumedly stimulated Brillouin backscattered laser radiation, as in
to be fairly constant in space. The total Faraday rotation irFig. 1 (inse, was collected by the focusing lens. Thus the
the whole space is taken as the sum total of the Faradagontribution due to the specularly reflected radiation to the
rotation caused by each slab. The net rotation is then taken &BS measurement was avoided.

a=3{, a;, wherea;=B AR, is the rotation due to thkh The polarization of the incident laser was ascertained us-
slab, B, being the corresponding axial magnetic field in theind a rotatable sheet analyz¢x in Fig. 1) placed at the front
megagauss unitA RI is the slab thickness in micrometerS, of the SBS detectdﬂaser Ca|0l’imet9r To Study the effect of
andq is a finite number. the copper plasma on the polarization of the laser beam, we
measured SBS polarization. For comparative study, initially
a flat glass surface was placed in front of the focusing lens
1. EXPERIMENT (no target inside the chambeit is known that the glass

Experiments were performed using a 20 J, 5 ns Nd:g|a3§_urface r_efle_cts the incident beam withOL_Jt ch_anging _the ini-
laser (wavelengthx = 1.06 xm). The target was a massive tial pqlarlzafuon. The_glass surface was irradiated with low
plane polished copper slab, held on a specially designed ta@sgr !ntensny to avoid plasm_a format|on.. The backreflected
get holder and placed at the center of an evacuated interaf2diation showed no change in the polarization as compared
tion chamber(Fig. 1). The target holder had a fine vertical to _the_mudent rad!atlon. This confirmed that there is no po-
movement so that a fresh target surface for every laser shot {&1Zation change induced by any component of the experi-
available without disturbing the laser focusing conditions.Meéntal setup. By rotating the analyzer, the polarization char-
The laser beam was irradiated at the target surface using &¢teristics of the SBS radiation were obtained keeping the
aspheric lens with a focal length of 50 cm. A small fraction €Onstant angle of incidence as in FigaR The polarization
(8%) of the incident beam was reflected from a beam splittecharacteristics of the SBS from the copper target plasma at
before entering the focusing lens and the interaction char@? incident laser intensity of-5X 10" W/en? were re-
ber. This fraction of the laser energy was used for estimating©rded[Fig. 2b)].
the incident laser energy on the target surface. The same
beam splitter was also used for collecting SBS laser light
from the target. The laser focal spot at the target surface was
160 um [full width at half maximum(FWHM)] and 80% of In order to estimate the magnetic field, the density and
the laser energy was contained within it. temperature profiles are numerically calculated using a 2D

The incident laser beam waspolarized. Nevertheless, hydrodynamic code, castor-2. The incident laser profile has
care was taken to avoid depolarization effects from glasbeen assumed to have a rise time of 1 ns, which is consistent
laser amplifiers. For this purpose a multilayer thin-film po-with our experimental conditions and for simplicity it was
larizer was placed at the exit of the laser chain, assuring thtaken as Gaussian. The pulse duration was &WéHM) and
plane of polarization of the incident laser beam. The targepeak laser intensity is=5x 10" W/cn?. At this intensity,
plane was rotated by 22.5° to the laser a¥is=22.5) so that in case of the copper target, the to¥atadiation emission is

IV. NUMERICAL SIMULATIONS
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FIG. 3. Profiles of electron densitynf) and temperatureT(,) of laser-produced plasma along the axial direction according to 2D
hydrodynamic code simulations.

10% and hence its effect on density and temperature profilgyr reflection, the depolarization ~(10%) at 1=5

is neglected. _ X 10*2 W/cn? has been observed and explained. The depo-
To compute the Faraday rotation anglea (|5rization of SBS ap=0 of the analyzer may also occur, but

oq . . Ny =0 |
=221 BAR), we have restricted our calculation 0 a dis- yhege yalues are within the error bars of the experimental
tance of 210um from the critical density surface due to the j,:o

following reasons. The following theoretical interpretation explains the ex-

The entire region under consideration has been assum%%rimental results on the rotation of the plane of polarization

to be composed of slabs and the '?”@R of eac_h SI"’.‘b 'S of the incident laser beam due to SBS mechanism. Steady-
chosen such that the temperature in that slab is fairly con- : . .
Egate profiles of axial plasma densitg.J and plasma tem-

stant and the mean value of the density can be reasonab . d usi 2D hvdrod . d
taken. The induced magnetic field has been calculated on t rature T,) are estimated using a ydrodynamic code

basis of these values of temperature and density. Cons&@Ster-2 simulation. _ o
quently, the producB, AR, has been calculated over each The density and temperature profiles are shown in Fig. 3.

slab. B, has been seen to be fairly constant over the slaj €mperature is seen steeply decaying over the region
length. whereas the density is decaying rather slowly beyond the

distance of 21Qum from the critical density surface. So it is
difficult to choose a slab length in this region even of the
V. RESULTS AND DISCUSSIONS order of 5um over which the mean value of temperature and

: . : . density may be reasonably chosen. Moreover, the percentage
Theoretically, the transmitted intensity should be propor- : -
. o of absorbed laser intensity becomes very srtiH2 % be-
tional to co$ (angle between plane of polarization and ana- y y 9

. 3 .
lyzer). This theoretical cosine distribution curve is drawn in low the density 16/ Therefore, the calculated axig}

Fig. 2. Figure 22) represents the experimental data of SBSf|eld over a narrow slab lengthAR, should be small and the

from a laser-irradiated .foroductB, AR, will also be very small, thus the finite sum

- glass target surface, collected at difq AR in this reqion can be nealected
ferent angles of the analyzer. These results coincide with thg':l ' . =glon | 9 ' .
theoretically estimated cosine distribution of a reflected prever, In .th's region, where tem.per_atur.e .and density
beam. Figure @) shows similar data for a copper plasma qradlﬁnts are high, a toroidal magnetic fightising from
and Fig. 2c) is the theoretical cosine distribution. The ex- VNXVT) may be generated. But the Faraday rotation angle
perimental values marked with circles in the curve deviate?f the SBS beams is only due to axial field and thus cannot
from the ideal cosine curve. be affected by the toroidal field.

It is clear from these curvesig. 2(b)] that the plane of Here, we have calculated the self-generated axial mag-
polarization of the incident laser radiation undergoes depobetic field and computed the Faraday rotation angle
larization, observed as deviation from the theoretical distri-—=={_;AR;, considering the motion of electrons that con-
bution curve near the minimum, and also a rotation at thdribute dominantly in laser-produced plasmas. From our
peak as compared to the glass target. experimental conditions we havg =1.06um, 6,=22.5°,

There are two distinct features of the experimental curveto=5X10"%s, Zez=15 (for Cu), Tgey=0.5, Le=10pum,

(i) Rotation of the plane of polarization of the incident beamand L,=80 wm, where\, is the wavelength of the laser
due to SBS mechanism by 81i) The depolarization of the beam,f is the incident anglé is the pulse duratiory . is
SBS by 8-10 % as seen from the crossed position of théhe effective ionizationT ey is the electron temperature in
analyzer(90°). Such depolarization can be explained by con-KeV, L is the scale length of the electric intensity vector
sidering the randomly fluctuating self-generated magnetiwariation, and_,, is the scale length of density variation that
fields at the turning point plasma density layen,( is equal to the spot radius.

=nc cog 6). In our earlier word17] on the study of specu- Using these data in Eq11) we have
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TABLE I. Numerical computation of Faraday rotation angke.
is the distance measured from critical density surface along axial

1.0

direction.X=—

L,, In(Ny).

Box=538.1 da=—0.9126

X in um dxin um Ng f, Nof, N2fdx

12.66 0.8536 0.075 34.44 0.258
5.19

17.85 0.80 0.15 64.57 0.452
5.16

23.01 070 0.205  77.22 0.506
5.52

28.53 0.60 0275  88.78 0.535
5.93

34.46 0.50 0.4 107.62 0.584
6.41

40.87 0.40 0.6 129.14 0.608
6.95

47.82 0.30 0.74 119.45 0.564
7.63

55.45 0.20 0835  89.86 0.544
17.85

73.30 0.10 0.91 48.97 0.209
23.02

96.32 0.05 0.945 25.43 0.05
32.44

128.76 001 0.96 5.16 0.003
55.45

184.21 0.005 0.97 2.60 0.001

4.314

By =538.Nyf; kG, (16)

Byy=538.1¢ (0.12X 10 8)Nyf, kG. (17

Thus, the magnetic field increases with the produgt; .

If we compare Eqs(16) and(17) we see thaBgy is smaller

thanB by a factor 121078 so we can negled®gy .
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FIG. 5. Calculations of the axial fielB(x) as a function of the
distance ) from the critical density surface.

The Faraday rotation angle), a quantity of experimental
interest, is given by the formul]

561’:0.296\1080de, (18)
whereBgy is in kG, dx is in cm, andé« is in radians,

5a=1.696x 10 3N Boxdx (deg, (19
5a=0.9126\3f dx (deg), (20)

wheredx is in the um andBgy is in kKG. ThuséaxBgy.

Results are tabulated in Table I, at different positions
(with respect to critical density surfagehat is, at different
values ofNy andf,.

From Table I, it is clear that the magnetic field increases
monotonically asf; increases from 0.075 to 0.6 amj, de-
creases from 0.8536 to 0.40. After that, it decrease$,; as
increases from 0.6 to 0.97 ardi, decreases from 0.40 to
0.005. So the maximum field is neither at the critical density
surface nor at the end of the coronal region but in between.
Consequently, Faraday rotation is higher for the slab corre-
sponding to the maximum field. The variation of the self-
generated axial magnetic field due to collisional excitation
along the axial direction is shown in Fig. 4. The reasons for
the maximum field at the particular position can be as fol-
lows.

If we carefully go through Eq(16) and Figs. 3 and 5, we
can visualize the facts. From E@L6) it is clear that the
higher theNyf,, the higher is the fieldN, is maximum at
the critical density surface and minimum at the end of the
coronal region. Foff; it is just the reverse, namely, maxi-
mum in the coronal region and minimum at the critical den-
sity surface. So there is an optimum region between the two
extreme points wherllyf; is maximum. Hence the magnetic
field and the Faraday rotation are higher at that region.
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Taking the total coronal length as 210n, the net Fara- VI. CONCLUSION
day rotation is 4.314° for a single pass of the laser beam. For
double pasgSBS the rotation would thus be 8.628°. The  Collisions in laser-produced plasma generate an axial
observed Faraday rotation was 8° as seen in Fig. 2, and theoagnetic field via the ponderomotive force. These fields are
retically it is estimated as 8.628°. Hence, theoretical resultprominent where the produdd,f; is appreciable and rotate
are in fairly good agreement with the experimentally ob-the plane of polarization of the incident laser radiation as it
served values. propagates along the axial field.
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