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Abstract

The acceleration of ioné~10% cm/s) has been observed in the laser produced plasma expanding across an uniform
magnetic field at low laser irradiande-5 x 10'? W/cm?). This acceleration was found correlated with the onset of
instabilities in the plasma and decrease in the slope of X-ray emission with laser intensity. A large enhancement in the
X-ray emission E > 2 KeV) from plasma in the presence of magnetic field supports the observation of ion acceleration.
An increase in the number of ions was noticed in the pressure range in which enhancement in the self-generated spon-
taneous magnetic field has already been established. Even scaling of both the variations with chamber pressure during
rising part was found in close agreement, which further supports the correlation. The possibility of an external magnetic
field in triggering the acceleration and space charge potential in generating a corrdbatiween ion acceleration and
self-generated spontaneous magnetic jiblaks been discussed.

1. INTRODUCTION potential seath formation as a result of ambipolar diffusion
dof fast electrons. Many sources of fast electrons are avail-
able in the literature as resonantly driven electric field
(Wagli & Donaldson, 1978 flux limitation (Maloneet al.,,
1975; Max 1982, ponderomotive force in coronal plasma
?Hora, 197}, and parametric instabilitigShompsoret al,,
group containing most of the ablated target mass(@hd 1974. Generation of hot ele_ctrons frqm .Iaser produced
small but significant group of higher energy iof@airns & plasma hgs bee.n correlated with the emission of harq X-rays
and fast iong Eidmanet al., 1984. Various mechanisms

Sanderson, 1980; Radziemski & Cramers, 1988e high lain th . fhiah
energy ions in laser produced plasma are related to the sm ve been_reported to explain the observation o 'gh energy
-rays emissior(K,,) around the hot focal spot which has

group of ions transportmg a S|gn|f|f:ant fraction (_)f_absorbe. been correlated with the emission of fast ion. Many authors
laser energyDecoste & Ripin, 1977; Decoste & Ripin, 1978; : . . .
have studied the problem of particle acceleration during la-

Cairns & Sanderson, 1980; Tasakieisal, 1981; Tateyama ser plasma interaction experimentally, theoretically as well

et al, 1982; Eidmaret al, 1984; Radziemski & Cramers, P expern Y y

1989 which is why the study of ion acceleration is useful in as through computer simulatiéRorslundet al, 1975; De-
coste & Ripin, 1977, 1978; Tasakiret al,, 1981; Eidman

various ways in laser plasma interaction, particularly in in- : )
ertial confinement fusiofiCF). It has been reportgdVagli .et al, 1984. EIectrgstaUc accelerangn frqm a large local-
' ized pressure gradient setup by the inhibition of heat trans-

& Donaldson, 1978; Cairns & Sanderson, 198t partic- ; A . .
port is the principal mechanism suggested for acceleration

ular_ly_ in the case of steep den3|_ty gradl(dn,t~2—3,t_Lm) O  of these high energy ions, where self generated magnetic
collisionless resonance absorption, laser energy is deposn?d

into a hot electron distribution at the critical density surface. ields play an |mport_ant roI(aDecos_te &Ripin, 1977; Bell
S . : et al, 1993. Formation of dynamic double layer in laser
These electrons distribute their energy in two ways. They . .
can either transport their energy into target interior and for roduced plasma is .also one of the electrostatic mgcha-
nisms to acceleratéEliezeret al, 1995 the plasma parti-

thermal plasma or they can accelerate fast ions through th&es at high laser intensity. It has also been shé@ugihara

. . & Midzuno, 1979 that plasma particles can be heated if an
Address correspondence and reprint requests to: V.N. Rai, Department

of Atomic Energy, Centre for Advanced Technology, Laser Plasma Divi—ele(:tr()s_t"’lt_IC wave |s'propagat|ng perpendlcular to a static
sion, Indore-Pin 452 013, India. E-mail: vnrai@cat.ernet.in magnetic fieldB. In this process, energy of the wave is ab-

315

The investigation of fast ions emitted from laser produce
plasma is an important topic of interest for laser fusion. It is
well known that the energy distribution of ions observed far

divided into two distinct ion groupg1) a low energy ion

https://doi.org/10.1017/50263034600182229 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034600182229

316 V.N. Rai et al.

sorbed by the particle through Landau damping process. IrTARGET
a somewhat stronger magnetic field, some trapped particles
are dynamically accelerated to EXB drift speed due to wave
electric fieldE. After getting energy, particles detrap from

the potential well. In this case particle energy becomes much
higher than their thermal energy. Asimilar process known as
the VXB acceleration mechanisfbawson, 198Bproduces

fast plasma particles if a magnetic field is present in the
plasma perpendicular to its density gradient. Mainly all the
laser plasma experiments related with ion acceleration were
performed at high laser intensity10** W/cm?) irrespec- ‘
tive of their time duration as well as in the absence of exter-
nal magnetic field. Enright and Burné986 have reported
the observation of hard X-ray emission along with high en-

ergy electrons when a Gaser produced plasma was ex- ters. Athick planar target of Cu was used to form the plasma

panding across the magnetic field. But they did not mention T i
the effect of a magnetic field on ion acceleration. In another & Vacuum chamber evacuated-al0 ° Torr. The X-rays

experiment, Roger and Schwirzk&975 reported that an emitted from laser produced plasma was monitored using a

) : . multichannel vacuum photodiodRaiet al., 1995 having a
increase in chamber pressure increases the space chargeg_lo

tential which decides the electron current from plasma an n Zapon(~—4 pm) and 12um-thick Al filters. X-ray de-

as aresultinduces a self-generated magnetic field. The haveCtorS were kept at 45with respect to the target normal
9 ‘mag i Y N\ Chere as Langmuir probes were kept at00° below the

. ?aser bean and 45 with respect to the target normal but at
plume as a result of increased chamber pressure enhances

L e radial distance of 5 and 17 cm from the target surface to
the pressure gradient induced self-generated magnetic field. . . . ; .
o monitor the ion saturation curreftime of flight). The sig-
The role of a self-generated spontaneous magnetic field on

ion acceleration through heat flux inhibition is well known. nals from X-ray vacuum photodiode and Langmuir probes

It indicates that any effect generating change in amplitudé’vere recorded using a 100 M Hz L&T Gould Model 7074

of the spontaneous magnetic fidichamber pressure in- digital storage oscilloscogd00 Ms/s). An intensifier based

duced plasma confinement in the Roger and Schwirzke e X-ray pinhole cameréRaiet al, 1996 with ~ 50 um spa-
edp gera . Xtial resolution was used to record the pinhole pictures of the
periment(1975] must have a corresponding effect on ion X-ray emitting plasma plume. Two bar magnets of 20

acceleration. Presence of external magnetic field which hajs_ ; :
: : 0 mm cross sectional area kept at 5 mm separation were
already shown confinement of plasma plume in laser pro-

duced plasmésuckewer & Fishman, 1980; Suckevetal used to generate uniform external magnetic field of 0.6 T
1985 Igaiet al, 1998 should show’asimiiar effect on .i’on between the poles. Both the targets and the bar magnets were

. . held inside the plasma chamber with the help of two inde-
acceleration. Even, simultaneous presence of both the plasma

confining factorgmagnetic field and chamber pressurist pendent manual manipulators such that target was in touch
. : . . .. with the magnetic poles as shown in Figure 1. The position
show ion acceleration at a comparatively low laser intensity.

The main aim of this experiment was to verify the aboveOf the target was changed without affecting the magnetic

. : -field at the location of plasma formation, so as to take each
discussed points and to better understand the process of I%rr‘]ot at a fresh location. Laser plasma produced in this ar-
acceleration. In this paper we are reporting the observation ' P P

of ion acceleration at low intensity-5 x 1012 W/cm? ) in a rangement expands10 mm in the uniform magnetic field.

. However, the small fringing effect may be there at the edge
ps laser produced plasrflaow-density scale length plasma :
. e . ofthe magnet where plasma is formed. As the plasma comes
expanding across an external magnetic field. A correlation

. . ; .~ out of the magnetic poles it feels the decreasing magnetic

was found between ion acceleration and density fluctuatio . . . .
. - ield because of increasing distance from the magnetic poles.
as well as enhancement in hard X-ray emissions. An effect
of ambient gas pressure on ion acceleration in the presence

of an external magnetic field has also been discussed. 3. RESULTS AND DISCUSSION

Fig. 1. Arrangement of target and bar magnet during the experiment.

2. EXPERIMENT 3.1. Plasma expansion and ion acceleration

The experimental set up used in the present study consists bfitially ion saturation current was measured using a Lang-
a 35 ps time duration Nd: YAG las€r5 mJ operating in  muir probe in laser produced plasma expanding in vacuum
second harmonic at 0.53m wavelengthysy ~25 ps and  in the absence and presence of an external magnetic field.
delivering up to 15 mJ energy. A laser beam was focused he probe was located 5 cm away from the target surface
onto the Cutarget using a spherical lens of 30 cm focal lengtland at 45 from the target normal. The magnet and the target
where laser energy was changed using neutral density filwere kept in the chamber as shown in Figure 1. This mea-
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Fig. 2. Oscillogram of the ion current measured using a Langmuir probegig 3 Oscillogram of the ion current in the presence of magnetic field but
kept atr = 5 cm. Andé = 45 in the absence of magnetic field.= 102 in the same condition.

W/cm? andP = 5 X 107° Torr).

surementwas performed at a laser intensity @0'2W/cm?  enhances the cross-field diffusion. In the case of perfectly
and ambient chamber pressure-g6 X 10° Torr. Figure 2 conducting plasma there will not be any damping in the low
shows the oscillogram of ion saturation current in the ab{frequency(~ 4 MHz) oscillation(Bhadra, 1968 High fre-
sence of an external magnetic field. The signal shows a shaiguency fluctuation$~80 MHz) superimposed on ion cur-
pulse due to X-rays followed by a broad pulse of ions fromrent may be due to presence of two stream instabilities in the
bulk plasma. The peak of the ion pulse occurs aft@06 ns  plasmaasis reported earli@€heungetal., 1973. The main

with respect to X-ray pulse and provides the plasma expamsbservation in this experiment was the development of small
sion velocity of~2.4 X 107 cm/s. Figure 3 shows the os- ion pulse(A) before the arrival of bulk plasma at the probe.
cillogram of ion pulse in the presence of an external magnetid he velocity of ions corresponding to this peak was found
field. It shows a sharp peak due to X-ray followed by a sharp~1.33 X 108cm/s, where as velocity of the bulk plasma
and smallion pulse indicated as “A”. The bulk plasma starteccorresponding to various peaks were ranging from.2
reaching the probe after the sharp ion peak noted as “A.” Th&0’—2.67x 10’ cm/s (Figure 3. Expansion velocity of the
measured expansion velocity for this ion pulsel.33 X plasma was found to be2.4 X 10" cm/s in the absence of
108 cm/s) indicates that a small part of the ions are gettingmagnetic field(Figure 2. A simple comparison shows that
acceleratedRai et al., 1997). The bulk ion current shows part of the plasma got accelerated where as bulk of the plasma
presence of some high frequency oscillations ranging frongot decelerated. Figure 4 shows the ion current recorded at
~4 MHz to 100 MHz superimposed on it. Similar ion cur- chamber pressure 610 2 Torr and a laser intensity of
rent was recorded by the probe located at0° (10° below

the laser beamA comparison of ion current in the absence
(Fig. 2) and presence of magnetic figlHig. 3) shows that a
part of the plasma is accelerated whereas the bulk plasma
expansion slowed down in the presence of magnetic field
which results in an increase in FWHM in temporal profile of
ion current. Observation of large amplitude low frequency
(~4 M Hz) oscillations are due to the compression and re-
laxation of the magnetic line of force, because any charge
particle can not cross the magnetic line of force. When a
high temperature plasma expands across the magnetic field,
it compresses the line of force whereas the magnetic pres-
sure acts as a restoring force and stops the plasma expan-
sion. Initially smooth expansion takes place up to a distance
of bounce radius(nearB =1 surface. This is in agreement
with the theory given by Bhadrd 968. Four bounces can

be seen in Figure 3 which shows that plasma was not com-
pletely stopped under the effect of magnetic pressure and
has damping inion current due to finite temperature of plasmgig. 4. oscillogram of the ion current in the presence of a magnetic field
(kT,~ 180 eV). Even the presence of instabilities in plasma(l = 5 x 10 W/cm? andP = 1072 Tor).
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~5X 10'2W/cm? which shows an increase in the amplitude remains constant during the initial expansion and is not be-

of fast ion pulse. It was also noted that the amplitude of théng influenced by the magnetic field. The value of plasma

first peak due to the first bounce of bulk plasma ngar1  temperature was calculated using an expressiofyfavhich

surface also increases probably as aresult of increased plasisebased on asymptotic expansion velocity as

pressurgincrease in the number of plasma parti¢keshigher

laser irradiance. In this case only the two bounce has been To= MVZ/5(Z +1) = 234 eV, (4)

observed out of which the second one is very small in

amplitude. To understand the mechanism of plasma oscillavhereM = 63X 1.67X 10~ ?4is the mean ion mass avg=

tion, it is necessary to solve the energy, momentum, and.4x 10" cm/s. The value of plasma temperature comes out

Ohm’s law equations for the expansion of resistive finiteto be~204 eV based on the calculation of energy absorbed

temperature plasma across an externally applied magnetfer particle. These values were found in close agreement

field (Bhadra, 1968; Neogi & Thareja, 199®ne can write  with the measured plasma temperatuE80 eV. Taking\N ~

the energy integral obtained by solving this equation as  1.36x 10 the total number of plasma particles present in
the plasmoid an& ~ 0.6 T, the values of bounce radius and

2. .3 ) 1 1., time were found as 1698m and(7~r,/Cs) ~30 ns respec-
3 [ =16l = 5 (Ne+ N)KTo-16 <m> + 5 MV tively for Cs ~ 5.6 X 10% cm/s calculated aT, = 180 eV.
This calculation shows that the first bounce will occur after
1 dr 30 ns and will generate an oscillation of frequerey MHz
+ 2B? UO Fa(r, A) P -dt] where as the experimental value of first bounce 575 ns
(Fig. 2). This difference in measured and calculated values
1 f,(t) dr of bouncing times are expected due to variations in the mea-
+ fo (Ne + Nk =7~ - dt, (D' surement of plasma temperature apcalculation. Itis clear

from Eg.(3) of the bouncing radius and time that the value

wherer, andT, are the initial radius and temperature of the Of '» decreases as the plasma temperature goes down with
plasmoid after the end of laser puldé&.andN; are the total ~ lime. ltshows a successive decrease in bouncing time which
number of electron and ions in the plastivais the average IS in agreementwith the experimental observatidig. 2).

mass of the plasma, wheBsis the externally applied mag- The dampmg inthe |on'cu.rr_ent during bouncing occurs as a

netic field. In the above equatidp(t) is proportional to the result of increased resistivity of the plasma due to plasma

plasma resistivity), which is dependent on plasma temper- cooling by radiative recombination as well as due to the pres-
ature and ence of magnetohydrodynamic instability which induces

cross-field diffusion of plasma particles. If the plasma is
Fo(r A) = A[r — A(1— e "), 2 perfectly conducting there will not be any damping and the
oscillations will have equal amplitude.
whereA is the skin depth. The first and second term in the A single fluid magnetohydrodynamic equation for gener-
right hand side of Eq(1) refers to the thermal and kinetic alized form of Ohm’s law(Chen, 1974%in a fully ionized
energy of the plasma respectively. The third and fourth ternPlasma can be written as
arise due to finite resistivity of the plasma. During solving
this equation, plasma energy loss due to radiation was not
taken into account. The above equation explains in a better ) S
way the oscillation of plasma under the effect of magneticVhereE and B are the electric and magnetic field in the
field. Ther, in the above equation shows the plasma bouncPl@sma,J the charge current density,the resistivityn, the
ing radius. One can obtain a simplified form of Ed) by electron density, an®f the mass flow velocity. During 1D

neglecting the plasma resistive and skin depth effects as wellew in the absence of current, one can wilig= Vx-Bz It
as after assigning at an early time indicates that during the expansion of plasma across the mag-

netic field, there will be a charge separation due to Lorentz
3 force in the direction perpendicular Y6andB. In the pres-
<3 (Ne + Ni)KTo  andry, > ro. ence of this electric field in the plasma, there will be a drift
velocity in the direction perpendicular bas well asB, and
Finally, expression for the bouncing radius can be written ags a result there will be a curredtin the plasma plume.
Direction of this current will be opposite on the front and
INKT, \/3 inside of the plasma. This current will generate a JXB force
b= ( 2B2 ) 3 inthe direction of plasma expansion near the front where as
it will be in opposite direction inside the plasma. This JXB
where as the period of oscillation can be giverrbyr,/Cs,  force will contribute in generating fast particles from the
whereC;sis the acoustic velocity of the plasma. For finding plasma whereas the bulk of the plasma will be decelerated
out the value of ,andr, it has been assumed that valudgf (Neogi & Thareja, 1999 This seems to be one of the ex-

E + VXB = 1nJ + (JXB)/en,, (5)

MV2
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L I of expanding plasma as has been discussed earlier. Many

small amplitude fast ion pulses, but slower than the main
pulse(A) were also observed at5 X 10 2 Torr chamber
pressure. The reason for an increase in the amplitude of fast
ion pulse at higher chamber pressure is not clearly under-
stood. However, it seems that momentum transfer in laser
Karae ; plasma and background plasma as a result of photoioniza-
W e T . tion (Due to X-rays and UV emissiomnd charge exchange
. w g TR “ processesgdue to high pressure in chambare playing an
i ] important role particularly in the presence of magnetic field
I s I e as is reported earlidCheunget al, 1973. The observation
e CH'Z;EER ORE;ngE e o of small amplitude peaks along with the main accelerated
T Ho=s peak, as discussed above, may be due to the presence of
Fig. 5. Variation of fast and bulk ion pulse amplitude with an increase in various charge states of light atom ions which are the most
chamber pressure. probable candidates for acceleration. The effect of ambient
chamber pressure on ion acceleration can be understood by
considering the evolution of the space charge potential seath
planations for our experimental observation regarding genand as a result, an electron current from the plasma along
eration of fast as well as slow plasma during expansion acrossith its effect on evolution of spontaneous magnetic field.
the magnetic field. Because the role of the self-generated spontaneous mag-
Figure 5 shows the variation of amplitude of the fast ionnetic field is well known in accelerating the plasma parti-
and bulk plasma pulse at first bounce with an increaseles. For this purpose a comparison between the variation of
in chamber pressur@ir). Amplitude of the fast ion pulse self-generated magnetic field with chamber preséR@er
started increasing after’ 10~* Torr with a peak between & Schwirzke, 197% and the results of Figure 5 was made
5Xx 1073-5x 102 Torr where as it started decreasing afterwhich shows that the number of ions accelerated increases
5 X 1072 Torr. Initially, the increase was fast with a slope in the same pressure range in which the spontaneous mag-
a = 0.9 between 5< 10°4-10"2 Torr, where as between netic field increases. The process of this correlation can be
1073-5X 102 Torr it wasa = 0.44. The average slope was given by the evolution of space charge potential and the self-
around~ 0.67. The amplitude of the bulk ion pulse remains generated magnetic field in the plasma after considering la-
nearly the same with a small increase atdUorr and then  ser produced plasma as electron emitting cathi&®ber &
shows a gradual decrease. The fast ion expansion veloci§gchwirzke, 1975 The emission current from such a plasma
(Figure 6 remains samé¢~1.33 X 10® cm/s) whereas a cathode propagates in the photoionized gas present in the
small increase in bulk ion velocity was noted with an in- chamber which is another type of electron source. A local
crease in chamber pressure. Small increase in velocity gfotential minimum will be formed near the surface of the
bulk plasma may be due to the JXB force acting on the fronplasma. An estimation of the space charge potential, which
will be build up in this manner, can be obtained from the
knowledge of the temperature and density of the laser plasma.

R FASTHON

DA o

AMPLITUDE { ARBIT. UNIT

’ If the plasma is in quasisteady state then a simple analysis
Py provides expression for space charge potential as
‘:\ 50 50 =
S E 2
- Cu — TARGET R KTy ngTymy
o a-0 - BULK o Us=——In{ . (6)
- 40 | e-w - FAST 40 - 2e ns T, m,
= te)
E 36 B 430 E Since the laser produced plasma is expanding outward from
E S the target surface, the final equation for space charge poten-
o tial gets modified as
Z 20} " 120 =
== e [+
g — T g KTy nfT,my \#
o 5 - 4 U= —1I , 7
& 10 10 E S e n<n§T2m2> (7)
E 'l 1 . 1 g
— — _ heren; and T, are the density and temperature of laser
X ) —4 —3 2 1 w 1 1 . .
2 10 to 10 10 10 E produced plasma and, is the mass of iond\, andT, are

CHAMBER PRESSURE (TORR) —= the density and temperature of ambient plasma with ion mass

Fig. 6. Variation of expansion velocity of fast and bulk ions with an in- M- Bisa term_ defined belOW-_ThiS Space potential _has an
crease in chamber pressure. important role in the acceleration of ions as well as in gen-
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erating electron current in the plasma which ultimatelypotential and density gradient play an important role in ion
becomes a source of the self-generated magnetic fieldacceleration and being reflected in the form of correlation
This expression indicates that the ambient plasma densityith the self-generated magnetic field, because space charge
affects the minimum in space potential and decides the ngiotential has a common role in both the processes, thatis, in
electron current in the plasma, which results an early timeon acceleration and generation of the spontaneous mag-
self-generated magnetic field. After a simple consideratiometic field. However, it was noticed that the effect of the
that the self-generated magnetic field is proportional to neambient chamber pressure onion acceleration becomes prom-
electron current in the plasma angproportional to ambi- inent only in the presence of the external magnetic field.

ent pressure, finally a scaling was obtained for early time

magnetic field agRoger & Schwirzke, 1976 3.2. X-ray emission

By(ET) o P, (8)  Some measurement of X-ray emission was performed to find
the correlation between ion acceleration and X-ray emis-
whereg is a term which defines the effect of plasma motionsion. Figures 7a and 7b show the X-ray pinhole pictures of

on the space charge potential as the plasma recorded in the absence and presence of mag-
netic field(Raiet al, 1998. A 4 um Zapon filter was kept
B = [Vin/(Vin + U)]? (99  before the pinhole to stop the plasma particles from entering

into the pinhole camera, whereas it has transmission for
whereVy, ~108 cm/s is the electron thermal velocity abd ~ X-rays of all energy with a small attenuation at lower ener-
~1.4 X 10" cm/s is the plasma expansion velocity mea- gies. It was noted that due to the generation of instabilities
sured in this experiment, which gives the valuggof 0.76  (in the presence of magnetic figJdhe smooth expansion of
and provides finally a scaling for the increase of an earlyplasma(in the absence of magnetic figldot distorted at

time magnetic field as each isointensity contour, even near the hottest portion of
the plasma. Adecrease in the size of an X-ray emitting plasma
B,(ET) oc PO76 (10) plume is due to the confinement of plasma in the presence of

an externally applied magnetic field. However, no change in
Normally the value oB varies between 0.69-0.8Roger&  the size of plasma was recorded along the direction of the
Schwirzke, 1975 The pressure gradient based self-generatethagnetic field. X-rays emitted from the Cu plasma was re-
magnetic field variation with ambient chamber pressure hasorded using the vacuum photodiotiRai et al., 1999 at
also been studied earlier. It has been sha@Bird, 1973;  two magnetic field$0.6 T and 0.01 Twith increasing laser
Roger & Schwirzke, 197&hat increased background pres- intensity, while keeping all the other plasma parameters con-
sure inertially confines the expanding laser produced plasmstant. Figures 8a and 8b show the variation of the X-ray
and increases the normalized axial density gradvenfn.  emission with laser intensity when two of the detectors had
in proportion to the 13 power of the pressure, which is ex- a~4 um Zapon and 12+:m-thick Al filters. Zapon foil was
pressed as transparent for X-rays of all energies whereas i Al

transmitted X-rays with energy 2 KeV. Around 2—3 times

B,(P.G.) o< VNng/Ne oc P53, (17 more enhancement in X-ray emissid®antet al., 1998; Rai

et al, 1998 was noted in the presence of 0.6 T than in
To confirm the similarity or correlation in both the experi- the presence of 0.01 T magnetic fidlgig. 8a,8b. No sig-
mental result§variation in ion current and spontaneous mag-nificant change was observed in X-ray emission in the pres-
netic field with chamber pressyre further comparisonwas ence of 0.01 T magnetic field or in the absence of magnetic
made between the above discussed scaling with our expefield. However, a significant change was noted in ion cur-
imental findings(Fig. 5. The amplitude of the fastion cur- rent in the presence of magnetic field of 0.01 T. X-ray en-

rent follows a scaling during the rising partlas P# where

B = 0.9 was found between % 104-10"2 Torr in close
agreement with the value gfreported for early time mag-
netic field as~ 0.76. The value o8 = 0.44 was found in the
pressure range 18to 5x 1073 Torr which is again in close
agreement with the value of slope for pressure gradient in-
duced self-generated magnetic fielda8.33 Eq.(11). This
agreement confirms the correlation and indicates that both
early time and pressure gradientinduced self-generated mag- '
netic fields are playing animportantrole inion acceleration.Expanding in vacuum  Expanding across uniform magnetic field
This correlation may not be a coincidence because scaling (a) )

as well as pressure range are both in correlation. In othefig. 7. x-ray pinhole pictures of X-ray emitting plasma plurt& in the

words, ambient pressure dependent change in space charggence of a magnetic fielth) in the presence of magnetic field.
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Fig. 8. Variation of X-ray emission with laser intensitg) With 4 um Zapon filter(b) With 12 x m Al filter.

hancement of 4-5 times was recorded towards higheB.3. Effect of external and self generated magnetic
intensity side(5 X 10*W/cm?) of laser intensity when a field

12 um Al filter was used as shown in Figure 8b. The scaling
of X-ray emission with laser intensity follows the power law
variation ad, o (I, )* with @ = 0.5 which is much smaller in
comparison to the value = 1.5-2.5 measured in the ab-
sence of magnetic fielBleach & Nagel, 1978; Raat al,,
1995. In fact three types of slopdsalue ofa) have been

Itis well known that generation of toroidal spontaneous mag-
netic field in laser produced plasma around the focal spot
plays an important role in the inhibition of energy transport
through fast electronéMax, 1982; Bellet al,, 1993. The
self-generated magnetic field in laser produced plasma con-
fines plasmaradially and increases the effective plasma den-

observed in X-ray emission's laser intensity variation plots . . T
obtained experimentally, asl1.5 in the absence of magnetic sity "’.‘”d temperature in the emission zone and generates the
' ' fast ions(Bell et al,, 1993. In this experiment, both the

field, 0.5and 1.5 in the presence of 100 G magnetic field and S
self-generated as well as an external magnetic fields are act-

0.5 in the presence of 0.6 T magnetic field. These observa- on the plasma. Amplitude of self-aenerated maanetic
tions indicate that as the magnetic field was increased to 10 g plasma. b 9 9
ield can be estimated biBell et al,, 1993

G then after a certain laser intensifijhreshold, a new de-
creased slope developed. However, at the higher magneti
field of 0.6 T, only one decreased slope is present for all the
experimental range of intensity. It seems that threshold in- (12)
tensity is very smal{out of experimental rangén the case

of 0.6 T magnetic field. Threshold intensity, where slopeFor this experiment plasma parameté&iis ~180 eV, L
changes seems to be dependent on the strength of the mag25 um andL,, = Cs7 = 2 um providesB ~ 1.6 MG self-
netic field and it decreases with an increase in the magnetigenerated magnetic field, which is sufficient to inhibit the
field strength. This clearly indicates that the absorbed laseradial energy transport because electron gyro radius
energy is being lost through a new channel, which is depen-

dent on the strength of magnetic field and the laser intensity. rqe = 0.1[kT./100 KeV]¥2[B/80 MG] um (13
Similar type of phenomenon of decrease in the slope has

been observed whenever high intensity laser interacts witbomes out to be-0.2 um less than th€s7 = 2 um, which

the plasma and generates fast electron as well as compariadicates that this magnetic field is capable of restricting
tively high energy X-rays along with some parametric insta-energy transport away from the critical surface and laterally
bilities (Radziemski & Cramers, 1989Chang and Hashmi along the target surface. Transport inhibition is supported if
(1977 also have reported the onset of instabilities in ionthe ratio ofA ng/pL ~w7ei > 1 where

current in the presence & = 170 G which indicates that

change in the slope in case of 100 G magnetic field in the wTe ~8 X 10° [7/2 ps] [KT, /100KeV]>2 [Z/4] 1
experiment may be due to onset of instabilities in the plasma

which may induce loss of energy out of plasma in the form X [Ly/25um]~* [[ne/nc 174 (14

of particle loss(particles having energyas has been re-

ported by Liewen(1977) in the case of magnetically con- Here wr; ~63 n./n, for kT, = 2 KeV (high energy elec-
fined plasma. trons, which shows that self-generated spontaneous mag-

Y% = 80[r/2 pg [KT./100KeV] [Ly/25um] - [L,,/1um]* MG.
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netic field slows down the electron transport across theadvection as has been reported earliéabe et al., 1982;
magnetic field. Since this field was present in both the caseblishiguchiet al,, 1984. Nishiguchi(1984) has shown that
(inthe absence and presence of external magnetig fieid  any externally applied magnetic field in the laser produced
all the effects as fast ion generation, change in the slope gflasma gets convected towards the overdense region due to
X-ray emission and enhancementin X-ray emisgmoninly  electron heat flux and becomes amplified by 10-100 times
E > 2 KeV) are observable only in the presence of externadepending on the plasma parameters. The spatially extended
magnetic field in low laser intensity experiments. It seemsand amplified magnetic field can inhibit the energy trans-
that the combined effect of both the magnetic field, that is,port and reduce the preheat in the target. This inhibited en-
the self-generated and external magnetic field play an imergy may be utilized in increasing the energy of plasma
portant role in this case. Probably confinement of plasma irparticles particularly ions observed in this experiment. The
this experiment takes place in radial direction mainly due togeneration of instabilities in the plasma in the presence of
self-generated magnetic field and in the axial direction dueexternally applied magnetic fieldrig. 7b may be the rea-
to external transverse magnetic fi¢kig. 7). Thus aninter-  son for convection of plasma, which can help in the ampli-
action of laser light with effectively high density plasma fication of magnetic field. The presence of instabilities in
(due to confinementunder the combined effect of self- the plasma greatly affects the particle and energy transport
generated poloidal magnetic fieldround focal spotand  (Liewer, 1977. This indicates that magnetic field amplifi-
external magnetic fieldperpendicular to the plasma ex- cationis possible in the presence of instabilities as a result of
pansion may be producing similar effects in the plasma atconvection of magnetic field frozen in the plasma, because
low intensity (~ 5 X 10*2 W/cm?) as high intensity laser it is well known that magnetic field can not penetrate or
(>10"wW/cm?) is producing in the absence of external mag-come out of the conducting flui@Chen, 1974 The change
netic field. This idea has been supported on the basis of twin the flux depends on the resistivity of the plasma. However
main observations. The first one is the large enhancement ithe frozen magnetic field can be convected with the plasma
high energy X-ray(E, >2 KeV) when the laser intensity before its diffusion. Enright and Burnett986 have also
was in the higher intensity side of the experimental rangementioned the effect of Nernst advectiofabeet al., 1982;
Secondly, observation of fast ion pulses in ion saturatiorNishiguchiet al, 1984 in his experiment where high en-
current, in the presence of external magnetic fi@db T). ergy electrons were detected. However, a detailed theoreti-
The possible mechanism of high energy X-ray emissiorcal analysis of the problem is needed to better understand
through the generation of hot electrons has been reportetthe process. This Nernst advection seems to be the reason
(Tateyameet al., 1982 as(1) the JXB force acting on elec- behind the important rolériggering effect of externally
tron as discussed in previous secti@pthe reflection of hot  applied magnetic field in ion acceleration. In light of the
electrons from the self-generated potential seati 3yeXB above discussion one can say that the change in the slope
drifting of electrons. lon acceleration may be due to the mul-observed in Figures 8a and b is correlated with the loss in
tiple bounce of gyrating ions in the high electric field of absorbed energyiaion acceleration and the onset of insta-
potential seath under the combined effect of magnetic fieldshilities in the plasma.
The possibility of ions getting more and more energy during
each bounce or collision incread@adziemski & Cramers, L .

. : 3.4. Wave particle interaction
1989 as a result of increased larmor frequency in the pres-
ence of external magnetic field at a radial locatiemvay = Normally, effect of VXB acceleratiorfDawson, 1983
from the target surfagavhere self-generated magnetic field should not be seen here at such a low intensity. However,
is either weak or absent. The idea of ion acceleration througthe presence of high frequency oscillations in ion current
multiple bounce may be true only when external magneticsupports the idea of wave particle interaction, which can
field is playing importantrole. It seems from the experimen-produce fast plasma particles in the presence of a mag-
tal observations that the presence of poloidal self-generateuktic field as a result of VXB force acting on the particles.
magnetic field alone is not sufficient in generating the abovdt is a well established fact that in laser plasma interaction
effects in this experiment. And the presence of externallyelectromagnetic wave is converted into an electrostatic
applied magnetic field is playing an important role of trig- plasma wave(resonance absorption or parametric decay
gering the effect, because it extends up~th0 mm away instabilities which travels in the direction of decreasing
from the target surface, where as self-generated magnetiensity gradient. But in the presence of transverse mag-
field is maximum near the target surface but around the fonetic field, these electrostatic plasma wave travels across
cal spot. Since externally applied magnetic figddé T) is  the magnetic field lines and accelerates the plasma parti-
much smaller in comparison to the calculated value of selfcles very effectively by the VXB acceleration mechanism,
generated magnetic field.6 MG), thus itis hard to believe whereV is the phase velocity of electron plasma wave and
thatit can generate an effect comparable to the self-generat@&lis the steady magnetic field. The fastest ion pulse ob-
magnetic field to produce ion acceleration. The role ofserved in this experiment has expansion velosiy® cm/s
external magnetic field seems to be coming in the picturenearly ~10 times the thermal ion velocity, which is ex-
as a result of magnetic field amplification due to Nernstpected in the case of VXB acceleration as has been re-
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ported by Dawsor(1983. This agreement indicates that pling and amplification of the magnetic field seems possible
the possibility of VXB acceleration in this experiment also through the instabilities in the plasma as a result of the
can not be ruled out. external magnetic field. However, a further detailed exper-
If we consider these accelerated ions as copper, its enmental and theoretical study is needed to get a clear idea
ergy comes out to be-0.7 MeV. During this experiment about the coupling of the magnetic field and its effect on
no diagnostics were available to identify the type of ionsion acceleration. The other acceleration processes such as
accelerated in this experiment. There is a strong possibileharge exchange process, VXB acceleration, and stochas-
ity that accelerated ions observed are Iéwmpurity ions  tic heating as discussed above may also have contribution
of hydrogen, Carbon or Oxygen. The evolution of anotherin ion acceleration. In the present situation it is not possi-
group of accelerated ions as discussed earlier having lesde to quantify the role of each of the different processes.
amplitude and expansion velocitx1.33x 108 cm/s) in-  However, it seems that inhibition of energy transport from
dicates towards the possible role of charge exchange prahe plasma due to the combined effect of both the mag-
cess which has been reported to be the most probableetic fields in general and space charge potential along with
candidate at high chamber pressure. Increase in amplitudgharge exchange processes in particular during the higher
of fast ions(Number of accelerated iopsvith chamber chamber pressure play a dominant role in ion acceleration.
pressure support the idea that accelerated ions may be irttowever, a further detailed study about the types of ions
purity ions of hydrogen, carbon or oxygen and that chargeyetting accelerated in various conditions will be helpful in
exchange process is playing an important role in producflashing the light on exact physical process taking place
ing them. However, the exact role of the charge exchangduring ion acceleration.
processes in ion acceleration and the identification of ions The results of this experiment have important implica-
accelerated in this experiment are the topics of further intions in inertial confinement fusion particularly in the gas
vestigation. A more detailed investigation of charge statedilled hohlraum experimentéDelamateret al, 1996. Ac-
of accelerated ion&using Thompson parabola diagnogtic cording to this experiment, the presence of magnetic field
its energy spectrum and instabilities present in the plasmand an increase in chamber pressure help in increasing the
with a large variation of laser intensity, external magneticnumber of accelerated ion, that is, loss in the content of
field and ambient chamber pressure may give much morglasma energy. We have also shown that in similar experi-
information about the process of ion acceleration. mental conditions X-ray emission got enhanced by two to
three times, which may be helpful in increasing the pellet
4. CONCLUSION gai_n. Finally, re_sults of both t_h_e experiments suggest thatan
optimum experimental condition have to be obtained to get
In summary we can say that the presence of externally apghe benefit of enhanced X-ray emission as well as maintain
plied transverse magnetic field generates fast ions in lasdhe loss of energy to a minimum.
produced plasma with an expansion velociti.33 X
108 cm/s at a comparatively low laser intensity of5 X
10'2 W/cm?, which has been observed in earlier experi-
ments at a higher laser intensity 10** W/cm?). Ambient  The authors are grateful to D.D. Bhawalkar for his interest during
chamber pressure appears to play an important role in iothis work. The support provided by all the members of the laser
acceleration in the presence of external magnetic field. Thelasma group during this work are also thankfully acknowledged.
number of ions accelerated increases with an increase ifuthors are also grateful to the referee of this paper for some of the
ambient pressure in particular range. It was noted that agonstructive comments.
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