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ABSTRACT

Density Profile modification and generation of density
covitons in laser-preduced plasmas due 1o ponderomctive force i5
discussed. Faclier  important theorstical work in this ficld is
reviowed. Experimental evidence of self consistant electric ficld and
peofile sodification has been presented in a chronnlugical sequence,
Some recent. experimental renults desunstrating caviton forsation by x-
tay imaging of lager produced plassa from asulid targets, are also

presented.

1. TNTRODHCTTON.

A very exciting field of experimental physics dealing with
interaction of intense electromagnetic field with plassa has cmerged
in past three decades, with the development of high power lasers.
Necdless to say, there are many implications of rapid deposition of a
large amount  of electromagnectic enerygy in a plasma, of which laser-
fusion is most isportant. Basic physics wise also, this Eield provides
soveral excitiny possibilities, upecially when the plasma it produced
by ieradiating a solid target by an intense laser beam. Strong or weak
density gradient plasmas (depending on the later pulse duration) are
formed along the target normal at the vnset of the laser pulse. The
remaining part of the laser cnergy then interacts with this. exponding

plasma  of spatially varying density, tesperature and velocity. A
number of laser-plasma interaction procenses like stimulated Drillouin
scaltering, stimwlated Raman  scattering, two  plasmon  decay
instabhility, parametric  decay jnstability and resonance mode
conversion take place in this plasma. All of them have been studied
in reasonable details theoretically and experimentally. At high laser
irradiances low atomic nusbher plassa becoses fairly collisionless and
the laser radialion can reach the critical density (where local plassa
frequency is equal to  the laser radiation  frequency) nearly
unattenuated hy the subdentie high temperature coropa. Onuet of this
process take place nearly at laser inrenaities suitable  for
applications like laser fusion (10"‘ 10'" Uir- ). One of the most
important phenomenon associated here is the wodifiration of the plasma
density gradient. or profile. The profile modification taket place due
to intense electric field uof the swelled electromagnetic tadiation
near the critical denuity. Thete phenumena are discussed in next two
sections. Profile wodification may wanifest in several forms. It could
be a simple steepening of the density gradient or appearance of
density depressions {cavitons). Such ravity type structures and
associated self consistant electric fields have been shuwn to exhibit

solitonic behaviowr.

From laser-fusion view point, such profile msudification bears
important iwplications. ULagser absorption rate remains unmodified
provided the density scale length is much larger than the uavelonqth
of the incident Llazer light and situation can be treated anenrly .
However, the linear approximation breaks down even for relatively weak
laser intensities. The resonant plasma wave {mode cunverted) field
reaches large amplitudes and corresponding  ponderosotive prebbure
Leads to density sodulabions which modify the plasma wave ruupl;nq .

2 RADIATION TROFAGATION AND FIELD STRUCTURES.
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As dencribed earlier the laser driven plasma from solid {(n-polarization), one gets astanding wavea. The turning (reflection)
targets 1o iphomogenous. Typical demcity profile is shown jn Fig.t. point. foar the :ave is nuch that n-ntl:'.m;?l. The curve is described by
In the lowest order appoximation the plasss Adielectric constanl. « an Airy function”, Fig.2. However, the situntion ins different when the
depends on the slectron demslty B according to electric field is in the plane of incidence (p-polarizativmn). Now
34 ’ (1) there exists a longitudinal {elong the density gradient} electric

¢ = t - ‘i% - 1- ;:— field component alse. The fleld is completely longitudinal at the

Lo < turning point. The magnetic field of the wave satjsfies the

differentlial et:n:ﬂ:"um2

where w .- .0 and b, are plagen frequency, lsser radiation frequency,

2 L 2
platme elect.run dennh.r and critical electrom dennity respectively. In A6 4 dd + _"_rl (% el B =0 (%)
the plases, Mazwell's equatloms are A x? x «dx G

C IXE T - @_P._’. , C Ixi = & r%% &) under this condition of irrodiation by electromagnetic wave, high
' 2t [ amplitode woscillations are resonantly excited at the critical density
{resonance point). Since the turning puint of the wave is away
where gysbols have their wssal seaning. Comsidering the (towards lower plasma density side) from the critical density, this
electromagaatic wave : effect. takes place if and only if the electric field has a component

along the plasma demsity gradient at the critical denaity. Such a
. e b %) I
- f exb { i (Wot -k \.)} B = Bexd 21 (wet RY)} C driving field results from t.mu'nelim:z of the longitudinal component.
; across the electron density gradient” os shown in Fig.3, If the driver
electric field is E (dul to tnnurlinq), self consiatant electric

the propagatios equations sxe field in the plann is givea by’

Ve + € We g - g (WE) =0 “) £ = ____————*—wpcx') B4 — (7)
ct (a2 - Wb (%) + 1 Vel Do
2 wgl _ 1 (V E) A LA (s) A is electron-ion collinion frequency. Resonance at the critieal
A" b o+ E “‘g’;_ B t E . density Iun-op) can be neen. 1t should be noted that for an angle of
: L incidence 8 equal to zero, the turning point in at the critical
’ density. However, the field structures are described in a way aimilar
Yor slaplicity comsidar a limear demsity profila like n-nt(1ﬂllal; ‘ ,'1’ to o-polarization case ond no planma osciliations are excited at the
such that at =0, ", and x=-L, B0, critical denaity.
A plane 1ipsarly pularized elsctrosgnetic wave jo assumed to _‘I There is an important. point, which must be borne in mind here.
come from the vacews side with an asgle of incidence §. Whaa the The incident electromagnetic field is experiencing an increasing

lectrlc field of the wave ls parpeadicular to the plane vf incldence electron density or a decreasing dielectric constant (refractive
alec



index). The field intenuity (Rz + “2) jncreases ou the wave travels up
the plassa density gradient. The dielectric increase of (e + w)

value for perpendicular incidence is given by‘

I T S ¢ T:_\ & 1Y) \8)

where l-:‘Ir io the vacuum electric Lield and n in refroctive index. Here

abrorption of the electromagnetic radiation in the plausa hau been
disregarded. Such a field gwelling causes forces in the plaswa.
Furcer arising due to electric field of the rodiation or electrostatic
waves {produced due to resonance sode conversion) are described in the
next. section,

1 .PONDEROMOTIVE FORCE.

It might be considered rather odd that an oscillatary electric
tield can produce a time averaged net force on mattar. Thiz fact
arigen purely becoune the amplitude of the electric field vories
spatially. To illustrate this we take a simple example of a particle
of mass u (this could be an electron} poving in x dizection under the
influence of an oscillatory force(an electric field in case of an

electron). The equation of motion is

2
m A - o) C))
at
Fe=eE for an electron in a field E, It can be exponded by x being
avernge position of the particle over aa vscillation

aF (o
x = x4 & amd  FOO = FoO+ & 5 (
The two equations of sotion are

Ar?

6
i
Solution being
&L = —_ ._F.._.E.x-l Sun [ t' Ul)
- e L»J)‘
anmd
i dF g saet s S
at* dx

This cquation describes the slowly varyimg evolution of X(t), the
uverage position of the particle, ¢ > sign means a time average over a
period of the oncillating force from equations 12 and 13.

a2 d g2 L d (L L&) (k)
mdx = - (e PN )

at* ”
£, = 2 2 -
. L (Faxuw ), us)
Thus average positiom of the particle is seen to move ina
quasipotential ¢b = ( Y ax wl)

From electric field view, ponderomotive force per unit voluse®

1
L b Es (2] 2 L
F, = €en v = av FP - &£n q(f:f 06)
P 4m Wy zm W
where
_i1wet
E = ‘L! Eg (x,£) € 4 ¢ < 1)

.

and n, ® and e are electron density mass and charge respectively.w -!
¥ r n
is the rapid time scale and F(x,t) acceunts for both the full spatinl
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and slow time scale variation.
This forve is er.r.entinlly due to grodient of the pressure

exerted hy the rapid t)ﬁr::.llatory motion of the electrons in the
electric field of the electromagnetic radistion (laser) and it only
part of the force exerted on the plassa by the field.

The complete cxpression for the pressure (Tentior) I'r giving

rige to the field is

mn(,ak..\k)

E)i: = E’_~|_£<E1+H>I *‘4%_\<E—E: DA a8
: ne® s gEy = LU ZEERS
AT T et 4K 09)
where « ip dielectric constant. Thus we can write®
Be = A <RTarry T - L CEEERHHY (20)

= 8x 4R

From this pressure term one cam derive rp. The first terw doen tmi-T
contain plasma denstiy explicity. However, in a plasma Hee¢E, where ¢

depends on electron denslty. Thus the plassa density term is included

in it .

The ponderomotive furce term applies to both electrosagnetic
and longitudinal electron plasea waves. The force arts directly on the
electrons. Rowever, due to change neparation, it eventunlly acts on
the plassa as a whole. The main po!nt is that one has to distinguish
between high frequency phenomenon in which iont say be considered oa%

sotlonless neutralizing background and low frequency processes in

which both species move together. In the two cases the electron

denaity profile has to be calculated consistantly with the field, the

ponderomutive force providing the coupling.

Implications of radiation preasure (ponderomative pressure) on
the hydrodynamics of laser-produced plasmas are important. In the next
section we would discuss some of the issues and focus primarily on
prafile modification problems.

4. THEORY AND STMULATIONS.

41 Max and Mckee' have thown from hydrudynomical considerations
that profound denaity proflile modifications are possible in the corona
of laser produced plassas from solid target, when radiation pressure
(ponderomntive) effects are included. Plassas, whirch enter critiral
dentity region from overdense {ablation) region superconically,
exhibit cowpressional density profiles. On the other hand plasmaa
entering the critical region subsonically exhibit o charp density step
(steepend profile). In this analysis jusp conditlons in a frawe moving
with the critical dencity layer can be written as following (nee
Filg.4).

e, v, = f.Wi ®1))

21
b+ f ‘U'ul - par LU+ B (22)

e . P ., Vvand Pt are density, plaumo kinmetic pressure, plasma flow
velocity and radietion pressure respectively. 1 and 2 refer tu two
reqgions (Flg.4). l’r ia (l."l + H’}I 8y for o normally incident
radiation (laser) on a me disencional plazma. The radiation
propagaticon is taken along the density gradient of the flowing plasma.
The equation 21 and 22 are colved. The result being

i,

§, My 17 M. - (P/fcd) t (e F/pc,l) 4 M ]

B
$2 : PR
where

L o 3 vy - V2
My = "l}l/_/’h/p. = -t A M2 = J”P'“’i Ca

-
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™M, = _‘U’_‘_. - S'_ . M-]_ . A - tf} (2 4)
| ¢ E T Cq
Jhl/\“; L f LI 2

for Lsothermal condition in the neighbourhuod of the jump

n -JL or €= Cy @5)
L ta .
for real soluions,
i
P, 2
My 2 Mg = \/1 A t"/?._c. (2e)
—_— 7. .2
Mg <« ™M, = \/1 - P/ (21)

Max ood Mckee' identify theve conditions with twa types of flow
{defined by the type of froats they produce near the critical
density). They are called R and D fromtc [Fig.5la,b}) and identified
with equations 26 and 27 respactively. Since the velocity does nu:.
change its sign acruss the critical surface implien L A

meaning L 0.

One can see that R fronts represent compresnions ( 0, £ 0yi !"

)Il ) whereas D fronts indicate rarefoctions ( 0, >0, Il < H y; Thun,
I front represents a density step in which the plna.n flomn
subsonically into the critica)l surface and then aﬂ'eleratea to
supersonic velaclty afterwards. The total pressure [ P, te,v, ﬂ' } in
balanced by thersal pressure p, {Fig. S5a).

Tn cage of R fromts plaun flows nupersonically into  the
crit.u'nl region. JL'G prencure o‘ ' sust balance the total pressure (
pzﬂzvz +l‘ }. Due to radiation prensur*n the counterflow direction,
the latter piles up in the critical density region (Fig.5b). However,
guch fronts suffexr from inatability due to perturbations which may
lead to lowering of peak dencity at the fromt slightly he;_m critical,

10

I in uugqeuted. that a rchock plus D front (Fig.5c¢) would be more
stable as a simple shoek can stand upatream of the critical surface
and can bring down the flow speed frue supersonic to subsonic. Because
of the shock the flow at the critical density would now becowe
subsonic and allow D front condition to exist. Since the critical
density now exists far below on the d front step, a owall perturbation
to the peak dencity ot the fromt will not affect the critical surface
position. Weedless to say aguch compreasional structures require
dissipation in order to exjst. Such a dissipation may be provided by
plasea turbulence., Energy transport and laser absorption wmay be

significantly affected due to such a tuchulence' .

4.2, Several simulation experiment: have also been made to understand
density profile wodification due to ponderomotive torces® '? . Lee et
' have predicted dennity steepening ot the critical layer in one
dimensional plaseas produced from planar targets, irradiated obliquely
by s-polarized light. However, for long pulse experiments ({which are
ot relevance in ablative compression studlen), even initially one
dimensional flow diverges, necessitating the use of upherical
geometry. Virsont et al'' have studied such o sitwation in their
simulations. Fluld equations of the plasma are

R 4 L 2 (fur) =0 29
2t ¥i v
ks
£ 287 (29)
25 qu , 2P - . L £ 2=
a"g't + ?‘U- :,?Tr + 2% ax Ce ®

.The {ield equation is

o, 22 +k:‘(1—£)]r;-0 (30)
v Y T e

uwhere the terms have their usual meaning. Radiation absorption has
besn completely ignored here. This means the gradient of E arises
purely due to propagation effects and not from absorptior. Electric
fields in the simulations are calculated for wvarious values of
simsulation zone thicknestes and using WK approximation as well an

py W
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wave equation. Fig.fa shows the density profiles ohtained with a
1arget sphere of 100 pm, ot various timen. An overdense hump formotion
can clearly be seen. The top and external tront of the bump arce
stationary in the frame of critical szurtece. Fig.6b vhows the dentity
and the velocity profile in the moving frame for a given time (440
psec), One can see that a cubsemic dip im the velacity profile
corrsdponds to the overdense bump in the denaity profile in preaence
of a preformed plasma with ag initisl density profile (formed by a
laser prepulse), protiles similar to 6a are obtained (see Fig.6n).

4.1

Worales and Lee'’ have dealt with the probles by
specifically considering elactrostatic resomance at the critical point
due to evanescent. radiation. For this rescon they have conuidered pump
as a long wvavelength wave. Such a situation ls mare realistic and s
realized in laser fusion experiments where renuvmance sode convernion
ls important. There are alsn other laboratory experiments where quasi-
electrostatic field generated by large capacitor plates iz used an an
external pusp for the plasma. This treatsent dascribes the aspatial and
temporal  evolution of the aelectrie field through nen linear
Schrodinger squation. Dennity modificatlon is obtained from the fon-
acoustic wave equation with the effects of ponderomotive force
included in the investigations. Considering an unmagnetirzed plasea
slab with plasma density

no(x) = N (14 %) (3L)

where x is the spatisl cu-ordinmate, L is the gradient ccale lengih and
n. represents the critical density (resomance polnt denzlty). The
space-time depepdence of the total high frequency field £ is

repecesented in the fors
IETAN
£ - E(xt)E +cocC (32)

Combining the cumtinuity ond force equations for high freguency
response of the electron fluid (nh)

TS

SR

-5

.
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L L ,
"-;:‘l'v. .3 T 1:{‘ - } | & Cner ny)E] s e (54
X

v g
here n1 refers  to the slowly varying fluctuatlons e, o mo,

- (I
"e[ (Tell) ."] are charge wmang, thermal veloeiy of electrons and
electron temperature respectively. Uning Poissons equatiom

L) .5 . ; '
AE-E) = -4, (34)

and assuming - E vt
Eo = Ec € +CC

where it the vacunw driving field.One then obtains

21 QFE 3t E L f o axety,

5 9t T et g Tt EE Lot

N (335)
taking ?E/‘at.z tc be very small and hence dropping it. Slow time acale

equation governing By iz obtained by adding force equation for
electrong ond ion fluid combining with continuity equation, one getrn
{in the neighbourhood of the resomance point)

2 2 )
g o2 @ cla (B Gy

2K\ 4An,t

0T T % exg
here ¢ = (T / M) % 1t in the jon-ac
s oM . in un-acoustic wave equation of pelf

contistent. ponderomotive force which has been introduced as a source
terw, |

Introducing following scalings

..2/
z =(Rp L_z)b(_?(/L) ¥ (ki) (Ot2)

- - - 2
A =(k,L)%(EIE°) : k,Dz . 3 ( Uefw)

—4fy 1 -1
Eo n
- L —_ L
N = (kp L) 4;m(_t) ~
2. 2
p -UaDL)( £ )
A% Nl
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273

r‘ - ( r‘{p l) L’Z:) -_: )) . (:“Vn. "rt"*.
The new transformed cquations are
San , A _(r-il+pNA=L (57)
CAS 'S
2 E N
vt N At (53)
V 5?-‘- —_ a L 9 1—

it the dimepsionless damping rate and p itz a poramcier which
determines the streagth of non-linearity. For p » 1 iu a non-linear
cane where a8 p < < 1 13 o linear situtation. The equations 37 and 38
are o vet of coupled equations which are tolved to determine the snelf
consistent field and density perturbations. The low frequency non-
linear pondercmutive force pravides a coupling ters,

For omall amplitude pumps (p<< 1) the behavior is detersined
by the linear equation

{oA , TA _ (E-iT)A =1 (39)
?t 32"

The term 2°A[7 21 arizes due to therma) wotion of  the
electrons, and ls found to play a crurial xole by producing a net
convection of the electric field energy away from the resonant
reglons,in the direction of decreasing demaity. This proceas of
convection saturation limits the electric field amplitude ot the

tesonance point.

In the linear regime the steady state behavior of the syuitem
is given by ( %ﬁ[‘a rc) =0

22A (2-iC)A= 1 (40)

T

. The solution is

B b AR R

L)

ACE) = -~ LG W)+ 1ALy ]
Gibhere. A= L i , M U Aory funclion and
-1
Gi ~(FY¥) Fe P21

_i/ --1/4 ) 3’1 .
Gi ~ K2 N Ces( AN +4)

For Rey << —1
For non-linear tesponse, initially the effects of ion inertia
are neglected that iz V2 2'N/97?  term iu dropped. Thin s
appropriate if v < < 1 or if, the local group velocity of the high

frequency tield is oswall compared with the ieon acoustic dpeed.
Thexefore,

AN L ?izjhlz (41
9" 92

. . 3'
. The solution is N= -]ll"? . The squation }J now becomes

i A , 2% _(z-ir-pia)A =1 (42)

27T 73t

This isz a driven non~-linear Schrodingex {WLS) cquation in a non-
unifora plaama.

Thit equation ic the nomlinear counterpart. of lineaxr equation,
hence it describea the process of non-linear sode converaion whereby
the pump field initially mode convertn iato a Langmuir wave near the
resopance point, and in this process it alters the density profile in
a self consictant monner. For large pusp fields or in other words for
large values of p {>0.8), denaity cavities or pockets begin to appear
in the profile, hence, the wave functions become closer to soliton
llke structures (unlike Alry solutions for negligible value of p}. Tt
in worth poting here that the generation of density cavitien and
localized strong electrin fields in a non uniform plassa do nut\‘
require the amplitude of the electric field {Fo) tn be very large.
Value of parameter

g -

e

e W
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van be very large experimentally (> 1} even for modest values of o’ .

valne of p decides the threshold for this regise. One can now dincuss
strong non-linear behavior tirst without and later with ion ilnertia.

The odiabatic distortion of Airy type pattern (p <. 1) is
strongly altered when the pump amplitude is increased beyond the p>1
level. The reason for strong modification of the lincar mude
conversion process at these large amplitude levels is that the
localised dennity cavities are genmersted in  the plaima by
ponderomotive force. these denslty cavities cause a partial reflection
of the mode converted waves ond alco alter the cfticiency of ncde
conversion due to the local steepening of the profile. One can see the
djrect. effect. on the mode conversion pattern by introducing a
localised density rcavity im the density profile. Considering the

steady state equation

d'A _[r-n®d)A =1 (4%
azt
2
(,J‘l.“\ N(z_) - %‘2'5 S&Cl\[‘qti'l)j} (44)

which represents a parrow deppity cavity in the overdense region. The
eftect of such a cavity 15 clearly seen in Fig.7 on 'm*’. Curve a in
for linear profile ond b in generated when the cavity is introduced.
Creatlon of a cavity in the demsity profile in the overdense 3ide
giver rize to a swtrong localizstion of the electric field. The
spatial lncalization arises because the cavity now provides a
potential well within which the Langeuir oscillations are portially
trapped 1.e. they are prevented from convecting down the density
gradient. As the degree of trapping increases, &o does the peak
amplitude of the locallzed fleld. In this case the proflle 13 not gelf
consictont with the electric field. One con tee a cahe of uelf

. AvEER - .
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consistant electric field and asasociated dennity cavity for p=3,

=0.2 at +=1.75 (Fig.08). It is clenr that the self conuintant
distortion of the profile moves the resonance point deeper into  the
rlasma and creates o charp density at the original location of the
resonance. However, now the denaity cavity iz not bound at the two
ends by the critical density and therefore Langmuir oscillations are
able to leak out and convect the energy down the denaity gradlent.
Thus a steady state doen not evolve. For self connisntant cane the
localized field energy is cunvertad down the density gradient. While
moving down the gradient, the field drags the denuity cavity. Another
density cavity is now produced becauss the resonance reqgion now shifts
deeper into the plasmo while the pump field i: ttill on. The cycle is
repeated. Stages of evolution of electric €ield and density cavity at
various tiees is shown in Fig.9,

The effect of ion inertia om the procesa of generating density
cavities and localiced self consisctant fields appearn via parameter

V2 -4/3
Vo= (%—E) (Ryl) (45)

. Features which appear ditferent frow the cage where lon inertia is
neglected. are (i) the evolution of nonlinearity is nlower whem jon
inertia ls included. (il) Ponderomotive force now produces density
bump as well as a cavity. This sdditional feature implies that as the
initial density cavity centered around near the resonance point
develops, it pushes the excess density up ond down the density
gradient. As a result now it is possible to generate a cavity bounded
by critical density. This also would mean localization of the electric
field (iii) Fission of large lndividual cavity into subcavities. This
splitting is ansociated with the fact that the temsporary barrier
created by the density bump cannot hold high frequency enerqy on  the
low density side of the gradient for a long time. After some time the
energy begins to leak out on this side leaving behind a small cavity.
(iv} clear jindication of profile pteepening in the peighbourhood of
the reszonance region and the shape of the density cavity is no longer
mirror image of the gself consistant field lintensity Inl’z. Time
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evolution of these features is showm in Fig.10.

Chen and Liun have detcrsined snalyticolly the threshald
conditions for yeneration of N-solitons and their eftects on denaity
profile sodification fur loung density gradient plonmes anpociated with
relatively weak pumpa, 30 that the wave breaking processes are
jgnored. 1In their treatment, they have also solved o driven nonlinear
sSchrodinger wave equation. They have congidered tw situations for
noliton generation. Tn the tirst caze the linearly transformed waves
(mode converslon) are saturated by therwal convection and subsequently
Landou domped much before the self consistant ioh mution comes into
play l.e. convection satncation time

/3 -1 (4¢)
'tc = (RDL) ope

iz such less compared to the ion period

1/
- Mi * (4%)
- L
C-JP‘ - & ?_)
4% M, €
where L i3 the unmodified plasmo density acale length,
If
R = ZR L - T z (48)
{D - a + 4] et 2
b 4E N €

M;is the ion mass. condition for N soliton generation is

3/
R EgLL >NR “%)

where F, is the evansascent driving tield as pentioned earlier. Each
time a soliton is generated at the resohance point, it wodifies the
density profile and shifta the critical density nsurface to new
position deeper jp to the plasma and s)owly convects out of the
resopance point. A new soliton is then generated at the shifted
regonance point. The ultisate effect of theve soliton generation 3n
that the density profile is steepenad with a final scale length (l.f)

glven by
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. Ay
1. R ) %
- . — == 50)
Ly = = ( P
Eux
where P is the incident power and t“ is the imcident propagation
comitant .

Tn the second situatiom, the convection saturation time of the
plassa wave is long rompared to the ion perind lupi"). In this caue
the solitons are generated during the growth phase ot the plaswma waven
amd convect down the density grodient where they are domped by
interacting with hot electrons. The condition for N-soliton generation
in this case in

12
K(NEI2) > (PLA) » A (n-1/2) (51)

The energy carricd away by the zolitons in finally absorbed in the
plasma. The absorption co-efficient ls found to be independent of
tesperature of the plasma, the intencity and wavelength of the
incident radiation. The absorption co-efticient (a) ia given by

!L_*;‘_i’—ll (52)
~
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where < (S) is the resonance function ond § =(Rol) Sn@ , 0 in
the angle of incidence of the radiation om the planma.

Firct experimental verification of densily prefile
mndiflcation was shown by Stenzel Wong and gin''. In thelr experiment,
S-band wicrowaves (f=2000 MBE, A=1S5cma} were incident on 8 quiesncent.,
steady state magnetic fleld-free plasmas produced by a dc discharge in
argon  at 10°? Torr. These experiments demonstrated the basic
signatures of absorption of radiation and density
perturbaiion. The electric field strength of the resonant plasms waves
was observed to be 3 orders of magnitude larger than that of local
evanancent electrosagnetic field in the viclnity of the critical
density region. Associated with the slectrostatic waves in the
resonant. region a perturbation of the plauma density was cbserved. The
perturbed density # M‘lll‘lt which varied linearly an P ; where bn, B

resonance

PR

y W

£y

ry
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and E represented the pertutbed, the critical density and tield due bo

clectrostatic plasma waves roenpectively.

in their later cxperiucnts‘ﬁ Kim, Stenzel and Wong group
demonstrated the role of  ponderosotive  forces associated with the
electron plasma waves in  gencrating dennity cavitont. The density
cavitons trapped in the plaswa wave r. €. firld were mitually enhanced.
The spatial and temporal behavier of the plasma wove ficld F and the
corresponding density perturbation hnlnt arc shown in Fig. 1. The
density perturbation 6n and the plarma  wave omplitude F grew
simultanevusly exponentially, The growth rate was found tuv wvary
linearly with the pump power Enz of the incident cf radiation . The
density perturbation citabilshed as anfnc. For yenile  density
gradients ¢*> and 6n break down into scveral peaks out from the
resonant cegions towards reglons of higher and lower densities. For
steeper density gradients a shurt. wavelength jon-acoustic wave was
generated inside the density cavity which propagated down the density
gradient.. With the generation of jon acoustic wave the plasma wave
ficld (E') was found to oncillate in the density cavity with an ijon-
acvustic frequency. Arccelarated ion fluxes were vhiserved up and down
the deneity profile with much stronger jon flux down the dentity
gradicnt“. the ion-acceleration and density cavity format ion was
attributed ko the strong non-linear low frequency ponderomotive forces
uf the highly localized plassa wave field omplitude. The density
cavitons gerve as resonant cavities for the plassa  waves. The
estimates of ihe eigenmedes for the trapped clectron plasma waves in
Lhe caviton were demonstrated by Tanikawa et al'l. In these
experiments  they measured the decay time constants of the trapped
fields as well as the width and depth of the assoclated cavitons, The
eigenmdes of the trapped field were calenlated by assuming the
density caviton to be a parabolic cavity. In addition they comparcd
their results with numerical sisvlsations of the Rakharov equations and
also Efound agreewent with nisulations of G.J.Morales et al””.
ivnospheric plasma  experiments, small-ucale cavitons cebedded inside
large ravitons have been suceessfully uhserved‘.. Fig.12. Such a

direct ubservation of cavitens can help in explaining a number of
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nontinear procosses in the active modification of the ionosphere by
high power em waves, Production of cavitons alse leads Lo a method of
remste  excitation of low frequency ion  aroustic waves in the
jonosphere. The excitation of ion aconstic waves at frequencies much
greater than the collision frequency is a wmanifestation of the actlon
of  the punderomotive  forces  associated  with  the  incident

cloectromaguetic wave and/or the enhanced es wave: .

In the abuve subtection we have mentioned the cxpoerimental
demonstraktion of processes such as  regonance  absorption, density
profile moedification and gemeration of density cavitons in  the
interaction of microwave cadiations with de plassas. Such plasmas
happen to be steady state, low density » 10" - 10'? cu'J and low
temperature ([ = -2 eV} plausos. In coatrast the laser-produced
plasmas are flowing plasmas with high dennity(lo" - 10’ cn"j)and hot

(= 1kev plassas), Life time of these plasmas is very short » [(nano
second) as they are praduced by short pulsed = (nanosecond) high
intensity lasers. Absorption processes in such short lived, hot and
denne  plassas are complicated by processes of x-ray cmission,
yeneration of instablilities, laser harwonics and large icale sel)f
generated magnetic fields of mage Gauss order. These absorption
processes are further affected by the finite laser spot uize and
lateral heat transport of energy in the regions surrounding the laner

focal spot. At high laser intensitics ( » 10w Icnz for Nd yloss

laser and » 107 W Icnz for CD2 lozer) the radiation preszure becomen
comparable to therma) plarma preussure. The dvminant. radiation pressure
or the ponderomotive forces anssociated with high laser intensity
modifies the plasea density profile drastically and leads to

genecation of density cavitons.

Nensity cavitons in laser-planmas were  domonstrated by
Nonaldsen and Spaldinq", Plane carbon targeis were jrradiated by 747,

%0ns carbon dioxide laner at an intentity = 10!’

le'.l? . Holoeyraphic
interfermetry and x- ray casera were employed to determine density
profiles and plauma emiunsivity. Tnterferumetric recoxrds were taken 25

n: after the start of the laser pulse. From the density profiles,
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density cavitons with roadial and axial scale lengths of 200 and 50 ym
respectively were observed in the critical denalty region with a
resclution of 50 um. Doth laser pulse and covituns existed for times
of order 10° UP" and quati-steady-state conditions were establizhed.
The ratio of the rodiation to Lbermal pressure i.e. E:IB AnnT in
these ocxperiments was 0.16; where Bu represented the vacuum electric
ficld and the plasme temperature wos ~ 1.6 Kev.

Fedousejevs et al" choerved self steepening in  plaumas
produced by irradiating plane aluminum targets with aleJ, 1-2 no CO?
laser. The alusinum torgetn were oriented at. = 20" with the laser
axis. Time teselved intezferogram were recorded with a spatial
resolution of 15 pm. During initial irradiation stage a super critical
density ohelf at » 5nc was obterved which in later utages developed
wpto 7 n, - Thit shelf wac accompanied by @ steep rice of profile
through the critical density. At a laper intemnity » T Ilcl’ ond
plasea temperature 'e = 400 eV, the ratio of radiation peessure to

thermal pressure i e (i le)/ ncrT) = 12 { ‘\Te/w_)1

was Toughly 5.2. The recults were in agreement with simulation
results which predict an upper and lower density phelf connected by &
steep rise through the critical density. Im their later experimentn v
glass microballoons targets Tedase javs at al?'  observed the above
mentioned predictions of simulation resalts in their tise recolved
interterowetric density protile measurements. The demaity proflle
consinted of an upper density shelf followed by a density caviton, o
dennity bump at a demsity height. of « 40 n, - The density bump wan
connected to a lower density shelf by a oteep fall through the
critical demsity. The caviton width and the buap thickmess increased
with tiwe during the laser pulse. These atructures were in agreement
with shock and density otep profiles predicted by Max and Wckee® in
their hydrodynamical calculations fur o supernonic plasma flow and
simulation results of Virsont et al''. pesides the density chelves and
cavitons with buaps; cratering in the critical denaity and large scale
rippling in the subdense placsa were observed. The density noeole
length at the critical denaity was found to be a function of intensity
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and flow velocities. The scaling with intensity was detersined as
L . -0 48
=€ < e ( L ) (5 3)
}‘D lo b

7akharenkov et nl"‘ demcnvirated the prescnce of dennity
cavitons in the plauma protiles produced by 200-2507, ‘ns, 1.06 pyw Nd-
glass laser. Tlane aluminum targets were jrradiated ai. inlensity =
10'! chnz. The density profiles were drawn using interferometric and
x-ray digonostics Fig.13. In .the overdenne reqion, the demaity
steepend to = 2n.. The cavitons » 300 ym in width were observed ia the
critical density region at the end of the lascr pulse (2-} nu).
However, in short pulsed lasers { = 100 pu), with intensitics » 10! v
,Icl2 3 Briand et a1?? observed transient cavitons during the laver
pulse with glass sicroballoon targets. Cavitons = 5 pm wide and ~ 0.3
n deep were observed in the ccitical demaity reglon along with thin
overdense bumps  slightly obove the critical density Fig.i4.
Experiments carried out with still shorter pulsea 30 po and thigher
intenuities = 10“ v ;f('.n2 have esnentially shown sharp prefile
steepening with upper and lower denslity nhlven“'".
length in the steepened region » h. Raven ond Wi1li’® have predicted a
scaling for the density jump &n/m, = (1/caxT)*? » ™' an T scalen
with intensity as I‘ .". where cymbols have their uwsual meaning.

Density scale

From the laser plassa experisental results described above, it
in observed that in long puloed lagers, the cavitons are produced near
about the peak of the laser pulse and have long iife while in short
puloed experiments the cavitons are produced or tronsients during the
laser puloe or ingtead the protile lo sharply steepened.

The experimentn wers conducted uning a 1.06 ym Nd:glany laner
chain which could deliver a plane polarized lagser beam of 50 joules in
& no pulses. The diameter of the nearly diffraction lisited beam wan
€0 me. The lacer wos incident pormally omd focusted to 30 pwm on a
sachined plexiglass target aslab by an £/1.5 aspheric lena. X-ray
emission fros the plasma was recorded by a pinhole comera positioncd
normal to the lagser beam axis. The pinhole aperture diameter of the

e

R

e
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camera and its magnificetion werxe 11 ym and 62 respectively. Thin

aluminum filters were employed for spectral discrimination.

The x-zay pictures were recorded on double emulsion type Kodak
Direct Exposure Film (DEF-5). Tha films was developed for 6 minutes at
20" €. The x-roy pictures were digitized on Juyce-Toebl SCANDIG
sicrodensitoweter connected to PDP-11/40 computer. The abgolute energy

density wan obtained using the unjverzal relation
LD = @ In{1ibpD) t54)

entabliched by B.1. Henke et a2’ **  tor DEF filmn,

The electron denaity profiles are obtagined by a variable
point Abel inversion technique aosuming cylimdrical symsectry around
the central axis of the expanding plasma. In the intennity range of
onr experiments the plasma attains a tewperature of 680 ev? and isa
ascumed to be jnothermal. Data smoothening was carried out by using o
Chebyshev Polynomical fit.

A representative pl?!.oonrh of x-ray pinhole picture of the
plaosa produced by 23.4 J of laser energy with an lntensity of 5.4 =x
10"t 'Iﬂz is reproduced in #ig.15b. The photograph shows o narrow
bright esmizsion region close to the target followed by a dark band
and bright empanding coromal region in succession. The axial
dimensions of these regions cam be seen in the densitometrlc trace ot
the picture shown in Fig.16. The peak emjosjon occurs 20 pm away from
the tacget anrface. Thereafter, corresponding to the dark region in
the photographs the emirsion drops sbruptly to a minimum at = 150 ym;
followed by 8 steep rite in esission formjng a npearly 140 pm wide
cavionic valley. Peyond the valley, there exiots o freely expanding
curonal region extending upo 1000 pm. Evolution of fils encrgy density
profiles with incident  energy is shown in Figuzes 17 a,b,c
(corresponding to photographs of 15 a,b,c). Fig.17b shows a clear
appeacance of a caviton at 19.6 J. The caviton becomes deeper at 21.0

J ar shown in Fig.17c.
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Fignres 17¢ and 17d show respectively, the side view and the
front. view of the surface plots of filw energy densily. The arrows
indicate the direction of the incoming laser beam. Fig.t7c clearly
depicts  a profile steepening in the vicinityof the target; a deep and
wide cavitonic valley, spread along the entire radial extent of the
plasma and a steeply rising front sn the right of the valley minimum.
1t should be noticed that small oeale steucturns  are  present  within
the cavity bed and in the expnnhinq corona, Fig.17d shows the radial
features of the plasma in the target vicinity and coronal region. Tn
addition to axial cavitons rodial cavitons are also observed close to
the critical reqions. These radial cavitons wmay be formed by self
modulation of a focussed laser beam jnto filaments due 10 radial
pernderomotive forces associated with the high intensity of the laser

beam.

An axiol plasmn denuity profile at. 23.4 1 in vhown in Fig. 18,
Close to the torget a density steepening with a peak density = 2 n, in
observed. One can see a smsall caviton centered at 6C pm with o width
of 50 pm and depth = 0.6 n, becoming apparcat. in the density plot. The
large caviton is centered around 160 pm. Thin large caviton is 110 pe
wide at the top and hao an average depth of » 0.8 - 0.9 n, - Beyond the
cavitonic winimum there ocrurs sharp rise in denaity (forming
compression front at 190 pm. The fromt is less than 20 pa  thick amd
ends up in an overdense bump slightly above the critical dennity (1.1
nt) at 120 ym. The overdente bump in also around 20 pym thick and
seperates the cavitonic region from a long sulkicnse coronol shelf at
around 0.3 n. In this density peolfile we definitely expect some
error due to assusption of th narrow band tranumittion of the x-ray
filter. However, the gross features in the relative density structure
remain unaffected. Since our x-ray pictures are time integrated, it
should be noticed that both lanser pulse and caviktons amd other
features exist  for long tises of the order of 100 w u" sestablishing
steady state conditions. The upper density scale length Lu in  the
stecpest region s leus than 10 pm while the lower density scale
length l.l in the subdense region is around 190 pe. The measurement  of

upper  scale lenglh in our experiments is limited by camecra resolution
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( M1 ym). Tn practice it can be of the order of the incident wave

length.

in this series of experiscnis we have observed an intensity
threshold of = 4 X 10'Y with a corresponding eneryy of = 17 3 at which
a wmall caviton is formed in the torget vicinity » 40 ym away. The
threshold iu in gond agrecuent with the calculations of  Hora (1 x
10"t ﬁICl?) for the dominance uf pundcrunutivc tarces over the thermal

forces.

The various featurcs of vur experimental profiles are jin guod
qualitative agreement. with R - tront profiles predicted in the
hydrodynamic caleulations of ®ax and Hckee' for supersoaic plasea fluw
and  the sismlation results of G.J.Morales et al‘z, Virmont et a1'!

analytical model of Lee at at'l.

From the above wentjuned experimental results and carlier
discussions we conclude that sharp density otep protiles ate the
chatacteristics of steep gradient., shurt pulned laner plavmas, while
the formation of large cavitons appears to be 2 characteristic of

relatively wecaker gradient, long pultied laser planmas.

6, CONCLUSTONS.

Non-linear ponderomotive forces due to rodiativn pressure play
a erucial role in the processd of plasma heating. Absorption of pump
radiation, varjous instabilitios generated velocity distributions and
energy transport in plasma; all:;;naltlvu to density gradient scale
lengths. Interaction of large amplitude self consistant. clectric
fields and ion density perturbation at high laser intensities alter
these density gradients and lead Lo o non-linear gleepening of the
plasma profile through the ponderomotive force, thua, atfecting the
very important above mentioned Proceutict. profile steepening and
generation of density cavitons have been demonstrated practically in

all types of plasmas such as d.c. discharge, ionospheric, magnetized
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and  laser produeed  plasmas. Generation of density cavitons produrce
non-senotonic  density profiles in a plasmsa. Such non-moRolonic
profiles consist of super-critial density shelf in the overdense
region, a density pocket or a density caviton in the critical density
region and a sub-dense shelt in the corumal region. Thess non-
sunotonic profiles con never be produced by thersokinetic forces alone
and are the first conclusive proof of the non-linear torces opercating
in rodiation-plazma interaction., Tn order that the cavitons be
produced by thermokinetic forces along would require a  higher
temperature at greater depth in the plasma; which scemt to be absurd.
However, highly localized, large amplitude electron plasma waves ate
responsible  for vavitan generation by expelling the plauma from the
resonance region via non-linear, low frequency ponderomative foree.
The ponderumotive force priparily acts un the lighter species i.e.
electrons which are accelerated out of the plasma resonance. The
resultant. ambipolar field produced to maintain the charge neutrality
drives the iohs thus expelling the plasma vut uf the critical region
and producing a caviton localized in the density profile and
steepening the profile in the vicinity of the ablation sucface. In the
process the resonance point s shifted deeper int.a the overdense
region in close vicinity ot the ablation surface. The high frequency
electron-plasma waves are trapped in the density cavily and mutually
enhance each uther. Thun the cavitons serve as a resonant  cavity for
the high frequency fieldsn. The trapped field tugether wilh the denuity
caviton acts like a aoliton. The golitons slowly move out of the
resonance region and are regenerated. Consequently the absorplion co-
effirisnt osrillates with a high frequency indicating a red shifted
reflected wave which can be put to experimental varification. In
addition large amplitude ion-waves are emitted in both directions from
the resonance point which lead to ripglgnéiiéi;;;;ﬁ;érse direction.
Nensity rippliny in the laser direction has also been observed in  our

experiments.

The phase velovity of the rosunantly excited plauma waves it

. 0 M
roughly proportional to L.
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where 1§ is the density scale length . Shacp density gradients due to
stcepening resmlt. in much  lower phase velocity waves and  lower
velocity heated electrons. Essentially all the olectrons are heated in
contrast to the cxtensive suprathermal electrons produced by
pirametrie instabilities rlose to the eritical density. The heated
electron distributions are clone to capencntial in velocity  space,
Morcover, since the plasma depsity in the saperdense Tegion is » ?.nc
due to profile steepening; a larger nusber of particles participate in
plasma heating to produce sufter cleoctron distribution, drastically
suppreasing the preheat which i3 so detrimentalt in  laser-fusion
scheme. The predominant non-linear force over the thermokinctic force
essentially ronverts  the optical lasee  energy dirertly into the
directed mechanicsl energy of the plasma without healing it. e to

to welocities » 10T cm/sec ond jmplode the target withoul. appreciable

heating.

Carbon dixeide laser has been considered inefficient aus a
laser-fusion driver camdidate fue the tollowing shortcomings: (1) COi

laser-plazma has relatively lower critical density = 10” ce

compared  to 102' o’ in Wd:glass laner plasmas. The c¢lassical
absorption of laser light which is proportiomal to ne2 is therefore
pour  in CO? plasma. (2} The eritical density surface in space is
positioned far away from the ablation surface. The conergy of the
absorbed laser light at  the eritical density i3 therefore
inefficiently transported tu the nbl&tion region. Although this anpect
improves the ablation symwebry as the electrons transporting the
energy from critical density surface to ablations usurface are more
uniformlay diffused. {3) Carbon dioxide in mainly absorbed by the
process of linear mode conversion producing copious hot  elccotrons

which can preheat the pellet thwarting the compression.

12

However, at  high laser intensities sxceeding 10 ch-?. the

dominant. non-linear force due to radiation pressure creates  a shock

plm*) frant density profiles described by Max and Mckee! Steeprned
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pani}es thuz produced oshift the resonance point deeper  in the
vicinity of the ablation layer overcoming the short comings number 1
and 2 mentioned above. Fedosejevs et al’' have demonsitrated a  peak
dengity of 40 L in the over dense region close to ablation layer. The
hot. electrons produced initially by linear mode conversion would
thecefore be easily thermalised with cold overdense region and thua

generate softer electron distribution overcoming the third mentjoned
shork coming. o

Chen and Liu'’ have shown thal the abtiorption co-efficient due
to radiation pressure is independent of laser wavelength and intensity-
as well as  plarme  tesperature. the plasma acceleration produced by
non-linear force of intense CDI laser iv » 10 times that produced by a

Ml:glass  las 3'. i i
9 aser Morever coz laner efficiency in much higher than
that of a Md:glans laner.

Taoking st these facts, carbon dioxide laser By be
reconsidered as a fusion-driver candidate. -
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