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Space-time structure of the magnetic field of a laser plasma and methods
for its enhancement outside the plasma

A. V. Kabashin and P. I. Nikitin
General Physics Institute of Russian Academy of Sciences, Vavilov Street 38, 117942, Moscow, Russia

~Received 14 February 1996; revised manuscript received 16 September 1996!

A considerable enhancement~more than three orders of magnitude! of the magnetic field outside a laser
plasma under a large-scale nonuniformity of the experimental configuration has been observed. Some funda-
mental peculiarities, which indicate the active role of the target in magnetic field generation, have been
established. For example, the target topology, the ratio of its dimensions, the conductivity in contact with a
plasma ‘‘ionization aureole’’ were found to be important factors, that can determine the structure of magnetic
field of the laser plasma.@S1063-651X~97!14502-0#

PACS number~s!: 51.60.1a
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I. INTRODUCTION

The development of space technologies has stimulate
intensive search for methods of wireless transmission of
ergy and its conversion to an electric one. A promising
proach consists of an energy transfer by a laser radiation
subsequent production of laser plasma on a remote ta
~see, e.g., Ref.@1#!. Such plasma is known to be a source
various electromagnetic phenomena. For example, l
plasma can be used for production of a strong pulsed m
netic field in a free space, which is of great interest for ma
applications. The methods of magnetic field generation o
side the laser plasma were studied in Refs.@2–4#. The
plasma was initiated between two electrodes of a broken
cuit and the plasma induced emf generated a current thro
a small wire ring between these electrodes. However,
method produces a magnetic field only in a very limited a
of space and requires a specially prepared target and an
circuit that complicates its practical application.

Another method is based upon the utilization of the sp
taneous magnetic field of the laser plasma. Numerous pa
report the existence of a magnetic field of a megagauss ra
within the plasma@5# and field up to 1 kOe within a sur
rounding ‘‘aureole of UV ionization’’ ambient gas~see, e.g.,
Refs. @6,7#!. However, the strong magnetic field exists on
inside the plasma conductive medium, while the field m
nitude outside the plasma and aureole, e.g., behind the ta
usually does not exceed 0.1 Oe even under high radia
intensitiesI.1012 W/cm2. For magnetic field enhanceme
outside the plasma and aureole, a magnetic dipole mome
plasma blob was produced. It was attained by either pas
the laser beam through a peripheral part of a focusing
@8# or impinging the beam onto an inclined target@9,10#. As
shown later, the main factor in these schemes was conne
with the asymmetric distribution of the laser intensityI (x)
within the irradiation spot on the target surface, that can
produced by different methods@11#. However, the space
time structures of fields outside the plasma observed by
ferent authors were rather contradictory.

In this paper we report the observation of a method
magnetic field ‘‘splash’’ from laser plasma connected with
large-scale spatial asymmetry~LSA! of the experimental
551063-651X/97/55~3!/3393~7!/$10.00
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configuration. This asymmetry of maximal spatial scale w
found to surpass all effects connected with small-scale as
metries@8–11# and determine the distribution of the ma
netic field outside the laser plasma. In addition, peculiarit
of the magnetic field generation connected with the prese
of the target and its properties~topology, ratio of dimensions
conductivity in contact with the ionization aureole! have
been established. Earlier we showed that the production
the LSA leads to an electric current along a conductive tar
@12#.

For a better understanding of our mechanism of field g
eration, this first stage of the experiments was performed
simplified conditions, in which nonlinear effects in las
plasma do not manifest themselves. We used moderate ra
tion intensitiesI'109 W/cm2 and relatively large targets
~30–80 mm long!. The observed effect will be much mor
significant under higher laser intensitiesI;1015 W/cm2 and
ultra short pulse durations, when new mechanisms of gen
tion of electromagnetic phenomena will make a contributio
These investigations are in progress.

II. EXPERIMENTAL TECHNIQUE

The plasma was produced by two successive pulses
transversely excited atmosphere~TEA! CO2 laser ~20 J, 4
ms! with a variable delayt51–2000ms between them. The
radiation was focused onto various targets with an aver
intensity of I>109 W/cm2. The experiments were carrie
out at different ambient pressuresP, but we present the re
sults only forP>0.1 Torr, for which an observed field was
maximum. The conductive targets of copper foil and diele
tric targets of Teflon were used in the experiments. Tar
samples were 0.1–2 mm thick with the dimensions of 30–
mm.

The magnetic field, in different points behind and in fro
of the target, was detected by fiber magneto-optical sen
based on the Faraday effect in ferrite-garnet films and se
magnetic semiconductors CdMnTe@13,14#. These sensors
have a high noise immunity and permit measurements of
magnetic field in the presence of an electric field and un
its irradiation by the UV from plasma. The sensors had
sensitivity threshold of 0.3 Oe. The spatial and tempo
resolutions were 2 mm and 0.6 ns, respectively. In additi
3393 © 1997 The American Physical Society
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3394 55A. V. KABASHIN AND P. I. NIKITIN
in some experiments two-turn inductive coils were used w
a diameter of 4 mm.

III. THE MAGNETIC FIELD UNDER PLASMA
PRODUCTION ON A CONDUCTIVE TARGET

In the first set of experiments, a laser beam with a sy
metric square intensity distributionI (x) over the focal spot
was shifted by a distance of6 l x from the geometric cente
of the target to its edges as shown in Fig. 1~a!. The focusing
spot diameterd;3 mm was much less than the target d
mensions (33333 mm2), so such a shift did not cause th
small-scale asymmetry within the plasma itself. However
resulted in the asymmetric contact of the ionization aure
with the target surface, since atP50.1 Torr ambient gas
could be effectively ionized by the plasma UV up to t
walls of a vacuum chamber.

The experiments revealed considerable signals of a m
netic field (Hc53–4 Oe! behind the target when the bea
was shifted from the target center. The direction of the m
netic fieldHW c shown schematically in Fig. 1 and Fig. 2~a!
depended upon the direction of the shift and was defined
a vector product@kW ,lWx#, wherekW is a wave vector of the lase
beam andlWx is a vector from the target center to the irrad
tion spot. The duration of typical magnetic field signals@1.5
ms full width at half maximum~FWHM!# correlated with the
laser pulse duration, while the maximum coincided with t
laser pulse maximum@Fig. 2~b!#.

It was found that, as in the case of an air optical bre
down @9,15,16#, the plasma ignition by two successive las
pulses in forvacuum also results in a considerable increas
magnetic field amplitudes during the second delayed p
Hc2 in the above experimental configuration. In this case
aureole is a strongly ionized plasma produced by the
pulse. However, in contrast to resonantlike dependencie
the magnetic field near the plasma during the second l
pulse Hc2(t) for atmospheric pressure observed in Re
@15,16#, in our experiments the maximal field behind th
targetHc25(20–40)Hc1 was achieved under a wide rang
of time delayst520–200ms. Even though the delays wer
about a few milliseconds, there was no independent ac
between the first and second pulses, andHc25(2–3)Hc1.
Such a distinction is probably connected with the longer li
time of the ionization aureole of the rare ambient gas.

To study the observed effect under conditions of maxim
field amplitudes, later we will consider the dependenc
only for the second laser pulse delayed fort5100ms. Figure

FIG. 1. Experimental scheme.~1!—target,D1-4—sensitive ele-
ments of fiber-optical sensors of magnetic field.
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2~c! presents the dependence of the field amplitudesHc2
behind the target on the magnitude of the beam shiftl x . One
can see that maximal amplitudes ofHc2 were reached unde
the beam shift to the target edges, when the maximal L
parameter was produced. The amplitudes of the fieldHc2
were 40–50 Oe at a distance of 10 mm from plasma, 15
at a distance of 30 mm, that exceeded the field under pla
production in the target center by more than three ord
The direction of the magnetic field, determined by the init
beam shift, was found to be the same in any point behind
target. The decrease of the magnetic fieldHc2 along thez
axis was extrapolated by the function 1/z1.8-2. Such a quasi-
dipole decrease is significantly slower than the one dur
the plasma ignition in the target center. As a result, the m
netic field behind the target could be detected up to distan
of about 10–15 cm from plasma.

Experiments with large targets~80380 mm2! of different
thicknessh50.l–2 mm showed that the magnetic fieldHc2
behind the target does not depend on the target thickness
significantly increases only under a certain beam shift to
target edgel x.20 mm. The direction of the fieldHc2 was
also the same in any point behind the target and its amplit
was 5–10 Oe at a distance of 30 mm from the plasma. N
that in all experiments the amplitude of the magnetic fie
componentHcy exceededHcx andHcz by more than an orde
of magnitude.

A similar magnetic field ‘‘splash’’ from the laser plasm
was observed in another experimental scheme@Fig. 3~a!#.
Here the region of the aureole-target contact was asymm
cally superposed from one of the target edges by a thin la
of dielectric~;100 mm thick! while the plasma was ignited
in the target’s geometric center. The direction of the ma

FIG. 2. ~a! Experimental scheme,D1( l x,0,210 mm!, D2(0,0,
210 mm!. ~b! Temporal shape of laser pulse~upper trace! and
typical signal of magnetic field behind a conductive target fro
fiber-optical sensor under a beam shift from the target centerl x . ~c!
The amplitude of magnetic field signalsHc2 behind the conductive
target during the second laser pulse as a function of a beam
from target centerl x . Curve~1! is for the sensorD1, curve~2!—for
D2.
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55 3395SPACE-TIME STRUCTURE OF THE MAGNETIC FIELD . . .
netic field HW c shown schematically in Fig. 3~a! also de-
pended upon the direction of the superposition and was
fined by a vector product@kW , mW x#, wheremW x is a vector from
the target center to the edge of dielectric. The temporal sh
of the signals was similar to the signal presented in Fig. 2~b!.
Maximal amplitudes of the fieldHc2 were observed unde
the maximal LSA parameter when all target-aureole con
area was completely superposed from one of the edges@Fig.
3~b!#. However, the field amplitudes diminished when t
edge of the dielectric was put into the irradiation spot. T
experimental fact differs from the field behavior in Ref.@10#,
in which the laser beam was shifted along the surface o
complex target consisting of two dielectrics with vario
densities. Here maximal field amplitudes were detected w
the irradiation spot came to the junction of dielectrics. Th
in our conditions the LSA factor is more significant than t
factor of nonuniform chemical composition giving rise to
noncollinearity of the gradients of electron temperatu
¹Te and concentration¹Ne in plasma@10#.

Besides, similar field signals behind the target were
served when the upper oxide layer on the target surface
tacting with the aureole was asymmetrically removed fr
one of the edges. The direction of such signals was oppo
to the signals observed under the superposition of the s
edge by the dielectric layer@Fig. 3~a!#.

IV. THE MAGNETIC FIELD UNDER PLASMA
PRODUCTION ON A DIELECTRIC TARGET

To understand the mechanism of the magnetic fi
splash, experiments with a dielectric target of the same
mensions~33333 mm2! were carried out. Such a target is n
involved in the process of the flowing of plasma currents

Experiments also revealed considerable signals of a m
netic field behind the targetHd51–3 Oe while the beam wa
shifted from the target center. The direction of the magne
field Hd shown schematically in Fig. 4~a! again depended
upon the direction of the shift from the center. However,
direction of the vectorHW d turned out to be the opposite of th
fieldHW c observed with the conductive target and was defin
by a vector product2@kW ,lWx#. Typical magnetic field signals
had the duration of 1.5ms FWHM, their maximum was de
layed for 1–1.5ms with respect to the maximum of lase

FIG. 3. ~a! Experimental scheme,D1(0,0,210 mm!. ~b! The
amplitude of magnetic field signalsHc2 behind a conductive targe
as a function of the position of the dielectric layer on the tar
surfaceLx .
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pulse @Fig. 4~b!#. The maximal amplitudes of the magnet
field Hd2 were achieved under a certain beam shiftl x0'11
mm @Fig. 4~c!# in contrast to the case of conductive target,
which the shift to target edge was the optimal one. The a
plitudes of the fieldHd2 were 15–20 Oe at a distance of 1
mm from the plasma, 5 Oe at a distance of 30 mm, t
exceeded the field under plasma production in the target
ter by more than three orders.

V. COMPARATIVE EXPERIMENTS

In this part of the experiments we compared the efficien
of the magnetic field ‘‘splash’’ due to the observed effe
with such efficiency in the case of an oblique beam incide
onto the target surface@9–11#. As in Refs. @9,10# experi-
ments detected the signals of the magnetic field behind
target while the beam was directed to an inclined target. T
direction of the magnetic field depended upon the sign
beam incidence anglea and was the same for the conductiv
and dielectric targets. Maximal signals of the magnetic fi
were observed ata5650 deg. They reached;5–10 Oe and
;20 Oe for the conductive and dielectric targets, resp
tively.

In comparative experiments the laser beam was shi
with respect to the target center to produce an initial lar
scale asymmetry. In this position, magnetic field sign
were analyzed while the angle of the beam incidencea was
varied ~Fig. 5!. Experiments showed that, under a certa
beam shiftl x.4 mm from the center of the conductive ta
get, nonuniformity of the largest scale surpasses all effe
connected with the small-scale asymmetries caused by
oblique beam incidence. In this case, any variation of
anglea does not change the direction of the magnetic fie
originally initiated by the shift~Fig. 5!. For the dielectric

t

FIG. 4. ~a! Experimental scheme.~b! Temporal shape of lase
pulse~upper trace! and a typical signal of magnetic field behind
dielectric target under a beam shift from the target center.~c! The
amplitude of magnetic field signalsHd2 behind the dielectric targe
during the second laser pulse as a function of a beam shift from
target centerl x .
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3396 55A. V. KABASHIN AND P. I. NIKITIN
target, the signals caused by the large- and small-scale a
metries were comparable.

Allowing for this large-scale factor, it is possible to e
plain many contradictions in the literature concerning
observed structures of magnetic fields of laser plasma.
example, the authors of Refs.@9,10# detected different direc
tions of magnetic fields in a region behind the target un
the same sign of the beam incidence angle. In our opin
such contradictions can be explained by the fact that th
authors did not pay any attention to the location of the ir
diation spot with respect to the target center. Such a fa
appeared to be more significant than the direction of cur
rotation due to the radiation pressure@9# or noncompensated
current turn in plasma@10# under the oblique beam inci
dence.

VI. DISTRIBUTION OF MAGNETIC FIELD
NEAR LASER PLASMA

To understand the possible reasons for magnetic fi
‘‘splash,’’ an investigation of magnetic field structure
front of a target was performed. We detected a magnetic fi
alongz axis by fiber-optical sensorsD3 andD4 as shown in
Fig. 6~a! while the plasma was ignited in the center of
target~33333 mm2!. In the experiments, magnetic field sig
nals during the second laser pulse were analyzed. The
poral shape of these signals was the same as the one d
the first pulse but the amplitude was larger by a factor
20–40.

Experiments showed that the signals from the sens
D3 andD4 have the same temporal shape, but different
larity, confirming the toroidal configuration of a magnet
field axially symmetric with respect to thez axis. The signal
from each sensor for both the metallic and the dielectric

FIG. 5. The amplitude of magnetic field signalsHc2 behind a
conductive target as a function of beam incidence anglea onto the
target surface under the production of an initial beam shift from
target centerl x58 mm, l x528 mm ~b!.
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gets consisted of two components of opposite polarity@Figs.
6~b!, 6~c!#. The duration of one of themHf ~1–2 ms
FWHM! approximately correlated with the laser pulse leng
@Fig. 6~b!#. The second componentHs ~3–5ms FWHM! was
detected with a certain delay 1.5–3ms with respect to the
beginning of the laser pulse@Fig. 6~c!#. The direction of a
slower component corresponded to the magnetic field of
electrons moving from the focal spot to the focusing le
@Fig. 6~a!#. The ‘‘fast’’ componentHf dominated in a periph-
eral region in the vicinity of the target, while the ‘‘slow’
componentHs was detected only in front of the target ne
the axis of laser beam@Fig. 6~d!#. Maximal amplitudes of the
Hf component for the dielectric target were less than th
components for the conductive one by a factor of 2–2
while the amplitudes ofHs were larger by a factor of 1.5.

Note that the authors of Refs.@17# and @18# also indicate
the existence of the ‘‘fast’’ and the ‘‘slow’’ components o
the magnetic field of the laser plasma. However, in th
papers the ‘‘fast’’ component was detected only when a c
ductive target was used. As a result, ‘‘fast’’ component w
attributed to an electron emission from the conductive s
face. In our experiments, there was no difference betw
the results for conductive and dielectric targets. This ma
fests different mechanisms of generation of the obser
components.

VII. INFLUENCE OF THE GEOMETRY OF SPREAD
OF PLASMA SURFACE CURRENTS ON MAGNETIC

FIELD BEHIND A CONDUCTIVE TARGET

In this part of experiments the influence of the target g
metric parameters on magnetic field outside the plasma

e

FIG. 6. ~a! Experimental scheme,D3 ~25 mm, 0,z!, D4 ~225
mm, 0, z!. Temporal shapes of the laser pulse~upper traces! and
typical magnetic field signals from fiber-optical sensors in differe
points:z512 mm~b! andz537 mm~c!. ~d! The amplitudes of the
field components of different polarityHf andHs from the sensor
D3 as a function of thez coordinate. Curves~1! are for the conduc-
tive target, the curves~2!—for dielectric one.
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55 3397SPACE-TIME STRUCTURE OF THE MAGNETIC FIELD . . .
studied. We used targets of the same widths 20 mm,
having different lengths from 20 mm to 80 mm. Senso
D1 and D2 detected a magnetic field along thex axis as
shown in Fig. 7~a! while the plasma was ignited in the targ
center.

Experiments showed that the transition from the case
two-dimensional spread of plasma surface currents~approxi-
mately the same length and width of the target! to the aniso-
tropic current flow mainly in the single direction~narrow and
long quasi-one-dimensional target! leads to the generation o
a magnetic field behind the target. For example, utilization
targets elongated along thex axis resulted in the appearanc
of they component of the signalHcy . The direction of such
signals was opposite at different sides of the irradiation s
~Fig. 7!. Note that the direction of magnetic field signa
behind the target was also opposite to the one in front of
target. The most effective generation of the magnetic fi
behind the target was observed for the 80 mm long targe
this case maximal field amplitudesHc2 reached;10 Oe at
x'620 mm while a magnetic field was not detected direc
under the irradiation spot. Note that using the distribution
the magnetic field behind a quasi-one-dimensional tar
one can estimate the effective dimensions of a current st
ture responsible for the magnetic field generation. For ro
evaluation these dimensions could be taken as a dist
between the maxima of the dependenceHc2(x) at different
sides of the irradiation spot. In our conditions, such a d
tance was about 40 mm.

Thus production of the anisotropy in the direction of t
plasma current flow over the surface of the conductive ta
results in the appearance of a magnetic field behind the
ductor even under the plasma ignition in the target cente

VIII. DISCUSSION

In our opinion, the observed structure of the magne
field can be explained by the gradient mechanism, conne
with the noncollinearity of the gradients of¹Ne and¹Te in
the plasma@6#. Figure 8 shows the distribution of the grad

FIG. 7. ~a! Experimental scheme,D1 (x, 0,210 mm!. ~b! The
amplitude of magnetic field signalsHc2 behind an elongated narrow
conductive target~80320 mm2! as a function of thex coordinate.
ut
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ents¹Ne and¹Te , corresponding to this structure. Here tw
sources of the field and current are distinguished. The firs
them is located near the fore plasma front, the second on
near the target surface. Responsible forHs the source near
the forefront may be due to the¹Nez in the plasma expan
sion front (¹Ne is maximal in the direction of the main
radiation absorption! and the¹Te in the transverse direction
because of the spatial restriction of the intensity distribut
I (x,y) by the spot dimensions. Responsible forHf , the sec-
ond source can be due to¹Nez near the target surface an
¹Te in the transverse directions. This distribution produc
the structure of the field and current, that exists within t
conductive medium of plasma and the surrounding ionizat
aureole. Note that in our experiments amplitudes of theHf
component for the conductive target exceeded this com
nent for the dielectric one. Such a distinction is probab
connected with an increase of the¹Ne near the conductor
because of a fast plasma cooling near the metallic surfa

When a laser beam is shifted to a target edge, the amb
gas near this edge appeared to be more ionized by the pla
UV because all the UV flux in this direction is absorbed on
by the gas. For the dielectric target, it results in smaller el
tric resistancesr 2,r 1 of the current tubesJ22;«/r 2 near the
target edge and relative domination of these tubes~Fig. 9!.
So in spite of the equality of the emfs in the plasma fro
there arises a resulting large-scale magnetic dipole mom
in the system ‘‘plasma-aureole-target,’’ which is connect
with the tubesJ22. This dipole leads to the appearance o

FIG. 8. The qualitative scheme of generation of the currenJ
and magnetic fieldH of laser plasma constructed on the basis of
experimental data and the results of a computer simulation.~1!—
target,~2!—plasma,~3!—ionization aureole.

FIG. 9. ~a! The qualitative scheme of generation of currentJ
and magnetic fieldH of laser plasma under the beam shift from t
center of a dielectric target.~b! The equivalent electric circuit.
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3398 55A. V. KABASHIN AND P. I. NIKITIN
magnetic fieldHd outside the plasma and aureole, e.g., in
region behind the target.

Hd;~J222J21!;«/r 22«/r 1 .

For the conductive target, this current structure is ad
by current tubesJm ~Fig. 10!, which are closed by the con
ductive surface of the metal. As these tubesJm;«/rm have
very small resistancerm(rm!r 1 ,r 2), they became predomi
nant in comparison withJ22. This leads to the appearance
a magnetic dipole moment in the system ‘‘plasma-aureo
target’’ of the opposite direction. The direction of the fie
Hc due to such a dipole must also be opposite to the field
the case of dielectricHd .

Hc;2~J222Jm!;2@«/r 22«/rm#.

IX. CONCLUSIONS

A method of magnetic field generation outside a la
plasma has been found. This method is defined by la
scale nonuniformities of experimental configurations. In p
ticular, a shift of a laser beam from the geometric center
an irradiated target results in a significant~more than 1000
times! field enhancement outside the plasma, e.g., behind
target~magnetic field ‘‘splash’’!. The similar field enhance
ment was observed when the ‘‘aureole-target’’ contact w
asymmetrically superposed by a dielectric layer or an up
oxide layer on the target surface contacting with the aure
was asymmetrically removed. Furthermore, an arbitrary p

FIG. 10. ~a! The qualitative scheme of generation of currenJ
and magnetic fieldH of laser plasma under the beam shift from t
center of a conductive target.~b! The equivalent electric circuit.
t
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duction of the asymmetric contact of the ionization aure
with the target surface leads to the magnetic field ‘‘splas
from plasma. The structure of the splashed field was es
lished to have a quasidipole configuration while its directi
was found to be the opposite for the conductive and die
tric targets. The proposed method of the field generation o
side the plasma does not require special target design or
strict conditions of the light focusing.

The LSA factors of the experimental configuration, e.
the factor of the target shift, were shown to be more imp
tant than, e.g., the direction of the current rotation due to
radiation pressure@9# or the noncompensated current turn
plasma @10# arising under the oblique beam incidence
nonuniform chemical composition of the target materi
These LSA factors should be allowed for in the interpretat
of the experimental results in future. In addition, they c
probably explain many contradictions encountered earlie
the literature.

It was established that the plasma production by two s
cessive laser pulses in conditions of forvacuum results i
considerable increase of magnetic field signals during
second delayed pulseH2 in the above experimental configu
rations as was observed in Refs.@9,15,16# for the atmo-
spheric ambient pressure. In our experiments the maxi
field H25(15–40)H1 was achieved under a wide range of
time delayst520–200ms. Even when the delays were abo
a few milliseconds, we did not observe an independent
tion of the first and second pulses andH25(2–3)H1.

A significant role of different factors connected with th
presence of a target and its properties in the process of m
netic field generation of laser plasma has been establis
The target topology, the ratio of dimensions~even when they
are larger than the focusing spot size by more than 10 tim!,
the conductivity in contact with the ionization aureole c
determine the structure of the magnetic field of laser plas
The production of the anisotropy in the direction of a plas
current flow over the surface of a conductive target~e.g., for
a strip target! result in the appearance of magnetic field b
hind it, even under the plasma ignition in the target geom
ric center.

The peculiarities of a space-time evolution of the ma
netic field of the plasma, produced by CO2 laser on a solid
target, have been established. Two toroidal component
opposite direction evolving in time have been found to d
termine the magnetic field near the plasma both for the c
ductive and dielectric target.
z.

.

.

@1# NASA demonstrates an idea for converting laser energy
electricity in satellites, Laser Focus13, 20 ~1977!.

@2# V. V. Korobkin and S. L. Motylev, Pis’ma Zh. Tekh. Fiz.5,
1135 ~1979! @Sov. Tech. Phys. Lett.5, 474 ~1979!#.

@3# H. Daido, F. Miki, K. Mima, M. Fujita, K. Sawai, H. Fujita, Y.
Kitagawa, S. Nakai, and C. Yamanaka, Phys. Rev. Lett.56,
846 ~1986!.

@4# H. Daido, K. Mima, F. Miki, M. Fujita, Y. Kitagawa, S. Nakai
and C. Yamanaka, Jpn. J. Appl. Phys.26, 1290~1987!.

@5# J. A. Stamper and B. H. Ripin, Phys. Rev. Lett.34, 138~1975!.
@6# J. A. Stamper, K. Papadopoulos, R. N. Sudan, S. O. Dean
o

E.

A. McLean, and J. M. Dawson, Phys. Rev. Lett.26, 1012
~1971!.

@7# G. Dimonte and L. G. Wiley, Phys. Rev. Lett.67, 1755~1991!.
@8# V. V. Korobkin and R. V. Serov, Pis’ma Zh. Eksp. Teor. Fi

4, 103 ~1966! @JETP Lett.4, 70 ~1966!#.
@9# G. A. Askarjan, M. S. Rabinovich, A. D. Smirnova, and V. B

Studenov, Pis’ma Zh. Eksp. Teor. Fiz.5, 116 ~1967! @JETP
Lett. 5, 93 ~1967!#.

@10# V. V. Korobkin and S. L. Motylev, Pis’ma Zh. Eksp. Teor. Fiz
29, 700 ~1979! @JETP Lett.29, 643 ~1979!#.

@11# A. V. Kabashin, V. I. Konov, P. I. Nikitin, A. M. Prokhorov,



rs

,

,
.

55 3399SPACE-TIME STRUCTURE OF THE MAGNETIC FIELD . . .
N. Konjevic, and L. Vikor, J. Appl. Phys.68, 3140~1990!.
@12# A. V. Kabashin and P. I. Nikitin, Appl. Phys. Lett.68, 173

~1996!.
@13# D. A. Aksionov, V. I. Konov, P. I. Nikitin, A. M. Prokhorov,

A. I. Savchuk, A. V. Savitsky, and K. S. Ulyanitsky, Senso
ActuatorsA23, 875 ~1990!.

@14# S. N. Baribin, A. N. Grigorenko, V. I. Konov, and P. I. Nikitin
Sensors and Actuators,A25-27, 767 ~1991!.

@15# V. I. Konov, P. I. Nikitin, A. M. Prokhorov, and A. S. Silenok
Pis’ma Zh. Eksp. Teor. Fiz.39, 501~1984! @JETP Lett.39, 609
~1984!#.

@16# V. I. Konov, P. I. Nikitin, and A. M. Prokhorov, Izv. Acad.
Nauk SSSR, Ser. Fiz.49, 1208~1985! @Bull. Acad. Sci. USSR
Phys. Ser.48, 159 ~1985!#.

@17# S. R. Case, Jr. and F. Schwirzke, J. Appl. Phys.46, 1493
~1975!.

@18# P. F. Edwards, V. V. Korobkin, S. L. Motylev, and R. V
Serov, Phys. Rev. A16, 2437~1977!.


