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Anomalous peating of Dense plasma by Laser
Radiation. '

The enhanced heating of plasma py laser radiation is
dicussed in the ‘report. The systematization of thresholds
of instabilities arised 1is given and contributions of

various instabilities into the ‘anomalous dissipation are

compared. Dense’ plasma, in which-Cou‘lomb collisions being
essential, ijs paid especial attention;‘ . . N
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1. There are at least two ways of the heatiné of
plasma by intense electro-magnetic waves and in particular
by a laser radiation.
the usual Joule heating, which presents to be a heating
due to the inverse‘bremsstrahlung induced by a laser radia-
ttom ;ﬁ, i. i ma . . S =
the anomalousuheatiné occuring becausebof the generation
of collective plasma oscillations and their absorption. If the
first one has been investigated quite sufficiently, the last
wanted to be paid more attention for the anomalous heating
‘namely is more natural and perspective from the point of

plasma physics view/1 2/. It should be mentioned first that

we mean the anomalous heating that occuring due to collective-'

processés and exceeding the Joule heating essentially.Here on
thebasis of the results had derived in/J—a/‘the analysis of °
possibilities ofthe anomalous'heating of plasma and ’ .
dense plasma especially by intense radiation is given and”'
there are determined tne ranges ot temperatures and densities
of plasma in which such heating is sufficiently effective.The

purpose of our work is to give also the review and the syste-

matization of thresholds of the radiation intensity above

which there arise. instabilities and the excitation of collec-

tive plasma oscillations and'consequently a possibility of



the anomalous_heating. We have considered the generation

of these.oscillation ‘with their frequencies both less and
‘greater than the binary collision frequency. The .last case is
especially essential fordense plasma. Finally the systemati—
zation of the effective frequencies corresponding to anomalous
~ processes. of the'heating is given as functions of incident

. energy,temperature and density of plasma. : o

‘ In the present review -the dimension of volume of plasma
heating is supposed to be much greater than the wavelength of
, laser radiation only. The opposite limit of an interaction of
k‘H F. fields with plasma has been investigated in detail in -
literature(for example s0- called parametricinstabilities/9 10/)
This analysis ‘and the simple qualitativeargumantsshow that the
results of works/9 10/ are not longer valid for the case of
small wavelengths because they yileld wrong conclusions (for‘
example. an independence of the excitation of waves on the

angular divergence of a radiation)

It 1s worth to proceed further to give here the defini
tion of the effective frequency describing the anomalous
heating process. '

Let Q ve a capacity of the generation of collective
oscillations by the laser radiation of intensity I VVC ’
bwhere Wis a density of radiation energy. Later instead of
W we use ‘a dimensionless quantity LLO—\KL411; . Then the

rate of the heating is determined by the relation

Q
'X;ff = 7R 3 ' ¢H)



Sw, s the frequency of the laser radiation, q@m'=

. the rate of the Joule dissipation respectivel&‘to he

w 2 . ' : '
(B @
‘ 2 hrmef
. me

Comparing (1) and (2) we can define the effective

frequency of the anomalous heating

: _wi Q@ ,
Vo " W ‘ ()

The quantity '(2 can be calculated if the growth rate of

the excitation‘of collective oscillations ﬁ' as a function

of ] and wavelength is known for the amplitudes of oscilla-
tions are determined by the nonlinear .saturation. If a distri-.
bution of the oscillation energy over wavelengths. is characte-
rized by the dimensionless qnantity iUL and _[ﬁ4 dk cor-
responds to the ratio of the tptal oscillation energy to the

density of thermalenergy of plasma particles, then

Q=r.% [fi w.dk - 4
therefore
. o,
_ s A
Vess “w0F U f)rw'dk ) .(.5?
The growth rates Y;' . have been derived in a-series

of works done by,Somiet,fItalian and American physicists.Their

results will be utilized for the'further analysis.

2 As was already mentioned we consider the collective -
oscillations which wavelengths are less than geometrical di-
mensions of plasma Therefore the boundary and the skin-’

layer effects were ignored. Under such conditionsvthe main



mechamism of the 1ﬁstaﬁi11ty of a laser be‘arAﬁ is so-called
decay—instability/n/ and the aperiodic instability of a se-
* cond-*‘ound.type with tﬁe 1!1aginary phase velocity/6’8’12/
to be important at sufficiently great 1nten51ty of laser (last
process we have named as quasidecay)
‘we assume that the transverse wave beam of high—frequency
O, > Wpe with angular divergence AU. goes through
' plasma. Then ‘the principal types of decay are as follows:
t 1s for laser, £ for Langmuir, s for 1nn—sound (w5 V;)

and @ for acoustic (w< \) ) waves respectively
. t — t'+8
ot ——tl ¢
t ——t'+l —¢%'+£€'+5 is cascade process
t —t'+a ‘

and the quasidecays ¢ —¢'+§ t—¢'+a where® §  and’
H .

'5, correspond symbolically to aperiodic growing potential
perturbations at respectively w > \7,-_ and w<V; ,
Becides that there 1s another process
t =l 4

AT when the frequency of the 1aser radiation approaches the
Langmuir irequency W, = Wee . Let us consider the '
first type of'a deca:;'"in more detail. The remaining f.ypesr
can easily be studied dealing ané.loébuSiy. it first we shall
analyse théinquesfibn-‘about thresholds of the 1ntensity above
which the lon-sound decay-instability-is possible and threshold
of the transformation-of it into that of the gquasidecay:type.
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Using the, results of work/ / we have for the grouth rate of

the 1on—sound 1nstability inspired by the transverse wave

beam
Y’ (Ct)pe 4% Cpe u 1, 2k, > k EA (6)
Ve ave (1Kol Uk, kek,
Ka = Ra o
. ' z/-s
Here and throughout the work A4 t9,.‘ = T is a critical

angular divergence,kA=hA&15 a critical wave length of_ion4
sound oscillations excited and dp = Ve /tope y Wo Thoo
Ve /me 5 V=V,
The formula (6) is valid at 4 19 >A 19' Vme/m; and
{ <k Us .
Taking into account the electron handau damping of

_ (er: . ks
S —oscillat.ion x; = ‘mi (——___—Hk’a/’)"f? _we get that only
the waves. with:their total growth rates being positive are

unstable ’
X’;o =h’ [ >0,

From this we have the threshold

. k k > k . . .
. . kA L ? 2-Ka
U, = Uy, » n
1, ksk,
where k
| . ”’("{)( ad. ) :
qu /LL wp! (8)

el

In this notation
' ~ ‘ Uy o~ . Us 12 ‘ 9
X;(_X's...:._ws—l’/u (9

7



The conditions ’/'2('5 <Y, <k % lead to /u"%u.}d; >u,

The »q'uantity uz:=)('%u1 is ihe t.hi‘esho‘i’d qf the traxisfor- ,

mation of S -instabi]:ity into that of the quasidecay ty.pé,
‘at u,,>l.t2 new aperiodic solutions of the second-SOund ‘type
’_appear (see work/6/). More detail analysis of the growth

rates of quasidecays gives

~ 1 S 12 o
X"(:a)s(zl—z)?) at (m— u>u >uz‘

and i ’ . -
(Atﬁ.u.,)’/’ :
' 1 Vb, ) kok |
. - 2
R o (3
. (A‘pﬂ"ul ' k <ka

It has been repor.ed in/6/ that besides the kinetic
(decay) instability with the growth rate proportional to ’
there may occur the instabilities of hydrodynamic and dissi-
pative types with the growth rates proéértional‘to é. sguare
or cubic root of 4U_a . ,

The § -kinetic instability growth rates 3’ “and J:ou

_-as the ’functions. of the wave number at various values Uo> Uy »

.are‘-shown in Fig. 1. We ean see there that the peé}; of the

growth rate lies at k=f, y therefore | S - waves with the

wave number k=k, and the frequency w, =k, U,

have the greatest amplitudes., The thresholds‘of various

types _of' S - waves inétabiii'ty as the function of. ad are

plotted in Fig. 2. At crertain U, and 46, we put into.



- different areas of the instability that characterized by dif— g
’ferent growth rates and their dependences of u, .
Figure 2’ correspond to a certain fixed k . As the
,,} detail trearment shows the boundaries of areas change sig—
v nificantly with k.
' Figure 3 depicts the thresholds and the regions of various
. types of instabilities as the functions of thewave number of os-
cillatione excited at certain 436% > At9 . (see the line
S-S’: in Fig. 2) The above mentioned Fig. 1 shows X;bd
_and Y . as the function of k along the line I in Fig.2.
The dependence of Yhiaz on k- along the lines 2,3 and 4
-1is presented in Fig. 4 ’2 and 6. The growth rate in Fig. 4,5,

has a maximum at k k corresponding to the transfor—

trans

'; mation of the kinetic instability into that of qusidecay type.

A slight slope of’ X' at k > ktrans is (as in Fig. 1 asso-

ciated with the Landau damping. The region of mave numbers in

"which thaxv is, significantly greater to the right of ‘

kt;a . than to the left: therefore the kinetic instability

': is to be the main in cases 2 and 3. In case 4 only the quasi- -

decay instability remains. Finally the growth rate as the

function of  y, . at oertain k (section o-ot in- Fig. 3

is presented in Fig.' 7. ‘ - o | -
The mostinterestingronge of. angular divergence of

‘ a laser beam at k C 2‘ is

72 Ué ~x 107

Al9>Al9~/l,
Let us analogous to Fig. 2 draw the picture‘ofgthe distribu-.
< tion of the areas of different types of the instabilities in

variables Y, and 40 ;ZWenqualifr now as-the kinetic area



that where except the kinetic instability may ocour quasidecay
instabilities but with growth rate being 1ess than the ma—" “
ximum of the kinetic growth rate in the same area see Fig.4
and 5 (analogous for the quasidecay instabilities ‘with

Y~ uand f ~ ul ). We get then Fig. 8.

We can now sae that the kinetio instability ‘area ‘13
‘(significantly broader than that shown in Fig. 2 and ‘above
’:mentioned ‘values 40, >10° 1ie in 1t. A o

' These results allow us to calculate the effective:rate
of the anomalous heating associated with the generation
and the absorption of ion-sound osillations. Thus if LL >y,
the kinetic instability arizes that leads to a rapid (expo-
nential) increase of the 3 -wave energy. In time scale of

order Tad Yen the §- oscillation amplitude grows

a ¥ ATIsUs
very much and the nonlinear interaction of S-"waves (such

as induced scattering of them by plasma ions with a growth
rate ﬁc or ngorrelation" s-s decay/13/ with a growth
rate of oxdar 8%% ¥se )come into the game, As a re3u1t
of this interaction the S —wave energy goes away from the
region of the generation in angle as we11 as in wave number.
At a certain 1eve1 of the S -wave energy the rates of these
two ‘processes ‘(1.e. the process of the generation s-waves

by a_ laser beam and the transformation of their energy due
to induced scattering on plasma ione) rush to be equal in
the generation region.Therefore we have a steadx flux of the
laser radiation energy transforming into the § -oscillation -
energy with its furthe’ dissipation by plasma particles. The
condation X' yg gives the form of the. quasisteadyS- wave

0



spectrum in the generation region. Using (5) we get ‘the %

effective rate of the anoma.lous heating \)e” The equation

X {“ yields

dop s, Te 4L9 R . .
kws=-==2 w  Wop ) Wee Ue . 10
kT 29, w,) e Lo 1o

Integrating over k from . k to " kyax  Wwe find

couse o 44 o : ;
) wk _’V k k kmax) .
The width of this spectrum A/( x ka4 . Now we get substi-

tuting ”w'k ‘ into (5)

e;; (wpe) wWs %7‘:_ Z/La (Akﬁ) X f (Ay)z (a_)&) (f‘or s-waves)

or
U
ej _/(1/2 wpe AL9# %Lz_ % _Lii Uy, 4)7 at Ua_’uth
0 1 : PR .
‘ ‘th 1 at U.>uy (A1)
-1/
where AU l’l'th S Ue > WUgp °
I£f u, > /u u,th the growth rate goes to: be prqportional
to -u,:/z' Y apnd J. Sdk=ws —1 , so (11) is not: more
. -1,
valid . A rude estimation AR at  Uo > M /zu,
<Y
leads us to the result that ‘)eﬁ ~ U, 2 and decreases with
B s L ‘ . _ _yz
increasing of Uo ’ therefore Oe” has a peak at u"'uﬂ./‘
N a0 we T
oss (max) = Wee A0, wo T; ) Q2)

when .
-k Ue 2
%’;h > H (4% (& ) wp,)



with 419o %409

PPN . . -

the so—called\"c'orrelat_iovn deoay" is now ‘the main interaction

R of . s—waves and \)e” decreases with 75/7“ factor.

These estimations for Vey are based on the equation
Yy = Y;C y but it can be possible if the hroadening of the
angular divergence of a radiationtakes ‘time longer than the

nonlinear interaction of $ ~waves time, In the opposite oase

B 'the increase of the angular divergence concerning the scat- -

tering of t ~waves leads to a deorease of. the linear growth
rate. This decrease of Y, at small a0, (initial) can  be
significant up to the threshold Y; . The instability comes
then to an end because of the angular relaxation. There is

possible the situation when Y, ., >0 = ‘even at 490, xf

‘or more correctly at A 19 A '9,1[“, . Estimations give

l9re&>,x ”“( 2))0 < | o (13>
CIf 4 l9° < 4‘9m&u then at the initial stage Vef;f is
,determined by the linear growth rate |, l.e.
Yy = (&Y. as
. In time of the order {/X;( . the divergence av,
reaohes 4 Oy, am}iv Vejs  1s desoribed again by (1)

relox

eﬂ ¥ (Al9r¢!a.x) (OJPe)- = —LI‘,i Wo | (15)

" and

12



u'h:/“% : Q16)

We can derive from (12) that \)/f (rmax) = W, Vs /¢
at Uo=4 « When 489,548 ) ctax s Vesy @nd ut'h . are
determined by (11) and (8) and the.change of Ad, - during
the 1n£erection turns out to be small. |

The anomalous heat;ng takes place only when \)‘j:}-) Ve
therefore we have for WN,%w,./y, ( the number of particles
in Debye radins sphere) at.che angular relaxation possible

‘to be neglected

s _ ad, W, Y2 Uen
No>WNo S 500 Gpe M de (17)
and
s o o £ We . ‘
N, (anr)=/u/"419,,7,; e . (17a)

In the opposite case

s -z e 1 Uy
Np = u w,) 40,49, Uo

As it was done above we can find the effective frequen-
- cies corresponding to the remaining chanpels of the decay.
These t —t' +€ and t—t'+f — t"fﬁ'_ +S  give appro-
ximately the same heat‘ing frequencies (the cascade
process if 1t is possible leads to a smaller Veys ) as
for the first one associated with the stabilization of the
6 -wave 1nstab111ty due to their 1nduced scattering i
on. ions.and the. second due to Z—' ¢ +S decay. Utili—

zing the results of/4/ and (5) we get

I3



e ' 4 6 » .
Ve ™ Wee V(Y ) mi o o o
efy R Pf Q)n)( C.) e (A&.) ‘ . . - (18)

or taking into acqount the threshold u’th' from f‘: Ve .

¢4 jwe 3, gt L :
(,Lth’=7v'n(a—)ﬁ) ad, E ~ we have.
(VY m ouw, o R
\7e/f o \)e e (ce me ., - S (19)
‘and‘.
Ve Y mi |
\7 (max) X e ( = : : (20)

The condition necessary for the dissipation due to

process to be enohanced is

vy Gmg o 17 (A0)F 8 i _
N, >> (Uc ) &)pz) Uo = Nn ) (21)
. . ]
and when \),,, _ “being maximum
Lo o) o We €y me . o
Ny min) 2555, () g = @

Comparing (17a)and (22) one can-find

Ny (min) o A
kN;(mln) Al9( )

‘This means that the process f —~1#'+s  1is more effec—
tive at v /c </“1/z(°0-/wfe)z/’("le!9 % WS /w?) .« The pro-

cesses of the anomalous dissipation studied above took place

when ), » W, and Wo>2Wpk for ¢ —t'+¢ channel. At

14



o —+-w ‘the process t—¢{'+¢§ is impossible, the.
t —f£+s decay goes to be the main and at the same time the
efficiency of the ¢ —»t'+s process enlarges.
The anomalous dissipation frequency due to the ¢t —~{l.+5
decay .can.be easily der'iVed kvia. the‘ growth rate with ellowance

for the energy densities of t and £ -waves rueh to be

equivalent Therefore - o N
4 B 1 e . S g .
VA e \ (23

osf

4

"The thre’syholvdnof‘ this instability is folilowed from the

. s . . LRI R .
condition ¥, >V, - therefore | =95 o v, and
: T . '
Oen - \),e Un ‘ : (24)

Formula (11) for i;——t,’+s channel in the resonance .

region w, —»u)P, is’ formally the same 1if -
Wpe
A's.,- =4\9*.k.c <1

being ‘s’ubstituted in lieu of a9, . Here one must keep

in mind that W¢A< c < /v therefore
Ai?r , : o
\) (res) =Ue 7307 Al9 Toc c wpe Wpe A—& (25)
We can now find from comparing (25) and (17) that at the
173
same . U, ;\)e;;f= \7 (res) when
Asoz/l,zf’;‘lcfimS _— (@8

In the resonance region the t——t'+3  prooess is also

important at AS.,‘ < A\91' . The generation of § -waves

‘15
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followed by. the simultaneous "1ilcrea.se of the angmlar diver-
gence continues untill AU, =a¥, , 12 49,<{ and then

the £ > £¢+¢ process becomes the main.

3. The above results are valid for : quite rarefied and
sufficiently hot plasma. Let us see how the interaction ‘of
a laser beam with plasma changes in the ca.se of the influence
of the pair particle collisions to be essential (if not de-
termining),i.e.in dense plasma'. The dispersion curve (k)

and the damping rate Y (k) for low frequency (L.F. ) oscil-

lations- are plotted in Fig. 8 (see/7/). One can. see that in a

plasma with temperatures of electrons to be greater than

‘that of ions | T, » 37; jthe ion-sound branch w>V; trans-

forms into acoustic that W< Vi at k=ky,=Ye/ve .
The damping rate Yk) x/uvzu)(k) deo‘rea‘ses with decreasing
k for k> /<o and becomes constant, and equal to
9, ax k> ks uky . .
In the wave number region k =~ /« kv “'the damping
rate is of order of frequency (the region of a significant
absorption of a -ossillations), then it decreases with k

deoreasing k as follows

RSk |
Yk = 50 = g, @@

v

As was shown in /1/ .the decay probability increases
approximately with (k //c) factor when . k' becomes less
than kg . Curve III in Fig.8 depicts the growth rate of

L.F. oscillations due to the presence of a laser radiation in

plasma.

6



The influence of pair collisions on the generation
of L.F. oscillation'and consequentli on the anomalous dissi=

\ pation connected with this 41s generally speaking miserable
1 k, much less than- k, where the growth rate of the

ot

instability has a maximum ‘1.e. ‘
o = ka8, > ky =% fve

or

N> Ny (2 B

on the other hand one can see that the growth rate
increases with deoreasing k ‘being less than v; 12 k<ky -
This 1is 111ustrated in- Fig. 9,where thresholds W, and W,
‘with allowance for the generation of acoustio oscillations
‘are. pictured It is easilyseem that ion—sound oscillations - are
not being excited and acoustic waves become unstable in the re-
glon k,‘m,,‘ <k s kmx " when Us < Uy, “Although the
growth rates of « —waves less than’ 0 their effect can be
quite essential if an interaction of a laser with plasma
continues long enough (longer than time of accumulation of
a,—oscillations in the interaction region, in other words
longer than the inverse: growth rate of . 0,—wave interaction).
Therefore.the thresholds of excitation of (L—waves are sig-
nificantly less than those‘for § —waves.
we ghall give the frequencies of the anomalous heating con—
nected with ‘the generation’ of acoustic waves and range of
plasma densities in which these processes are essential.
" The influence of pair collisions of plasma particles

can in fact be important at yet kA 3 kv . " If the impulse

17



of laser radiation 1s sufficiently short for gu;‘< //,f
the accumulation of .L.F, oscillations does not occur and n
the dissipation of laser energyto bquoule type. This takes‘
bplace at Y >Y,  and 4/(,( > L,_ad> 7, . v

When v >V, _and the impulse of a laser isvlong the
angular relaxation of the ldser beam occurs and CLH de- |
creases to be less or of order x; in about time-scale cér
If { <X;‘ or

%, 2 Al?t E ' .
Nn > Npg (1) :/“, (7;) a0, —L) oo (@8
the laser flash energy can be anomalously dissipated. o

When ‘ ,
i (13> Ny >,u’/’/v ry @9

the condition Y, > X}- yields

Moy (X))

u,>¢ﬂh(v)scgh Vo (mnv

- When (27) (28) and (30) hold the effective frequency of
absorption 1s determined by (11).- '
Finally the'dissipation becomes that of Joule type at

S 31
W, (V) > Us >uy, + v - (31)
“Let us now study the range of plasma parameters necessary

‘for the effect of Coulomb collis‘ions to be decisive. It 1is

clear this occurs at ko <k, or

Np <92 & G



Suppose ks xk, 8nd U,> u,, -- Then as it follows

from Fig. 9
2

(a) k
XJ (rnax) Y= /u. w"uu, ? Y;‘ (mu)=[',:j’:"

and ki isv'éi.vexi by equation [km(mézxkk‘lf; therefore
-l(z/l;l% de :b .4"#_ X;fu%maxi '-‘['Ef/l-%[/'%? |
By oomparizigk n‘(’:"u;‘ and ‘{:'(,',,ax) we find at
ﬁ>/a’/"1/—z%-': S S (33
that the growth rai:e of a,—ins‘tability is greater than tha.t
of ion—sound type tha.t 18 wh,y when (33) or

ot f Uy wﬂ.C__L_,
N < ITI° a)d '90 (34)

‘hold the anomalous dissipation and relaxation of .t -wave.
beam in angle go,»via the generation and absorption of acous-
tic 1instability.

.When ‘the-level of laser beam energy is sufficient = to
; lay 419 N(w /w,) in Uy  the anomalous dissipation
due to acoustic instabilityv.appears at a higher N,

~3¢ uth S wWee € .
n</u : w) cdova‘“Q" _ %)

Suppose now U, to be less than u,, there remains then
only the Q@ -wave instability. In this case and when (34),
(35) hold we have for '\7‘” e

o ®  w ko /U iy '
Ve = Vo p 2 (4 <V . 0O



‘The" effective dissipation frequency due to the exci-
tation of L.F. fluctuations is a sharp decreasing function®
of laser radiation frequency. Moreover the L.F, instability
threshold increases with inoreasing + W, « These facts
are illustrated in Figs.,ll 12, Figure 11. shows -that the

instability breaks down when a plasma density decreases up

to We/w,, 3 >l = (Ue/ug )" ug =y, (x=1). at fixed

Uo and f (,"J" . . e . i
The characteristic dependence  of the anomalous dissi-
pation due to the generation of both s:and Q. -waves as

a function of Wo. is depicted in Fig. 12.

4 The main conclusions of this review are as follows.

(1) In dense plasma the long anomalous dissipation is
possible only at  w, /cd,e >/u

(2) The anomalous dissipation grows with increasing of
laser radiation intensity untill U, <Uz v .Further decreas-
ing - - QU{ " when: U, . becomes ‘greater than’ U, ‘makes -
fairly intense transverse radiation to be useless.

" (3) The processes following the interaction of a.laser
beam with plasma used . to be of two types' the anomalous dissi-
pation and scattering of radiation. Last effect can..be more-
easily observed. ) ) 5 ‘

R (4) The utilization of beam with a small angular diver-
gence for the enchanced heating in many cases 1s unsuitable.
as the anomalous scattering following heating enlarges rapidly

the angular divergence. For the clear observation of the

anomalous dissipation the thresholdcorrespondingto a suffi—

ciently large angular diver*ence should be .exceeded.

20




(5) The thresholds for\thé enhange&'éb§prptioh .

_are not large, but an expiicif e*periﬁéntai study of this
requires that a series of above’conditions‘and réstrictions
have to be fulfilled. For example having used - formula (16)'
at n,~10"and T x3key we get that the electric field

.t!nsity of laser radiation has to exceed £y =3:40" vott .. .
The rate pf'the anémalduéyabsérﬁﬁion 1s then‘ qu=={0'1u"’ N
thgt'exceédslthe rate of Jqule diss;pation‘by fwo orders.,
This value of TQ&;; accofding to (27) cqﬁéqrpes with
excitétiqn’of<1on~sound_oscillations.

The anomalous effects for beams with a small ahguiar
divergence whenv(;s) is no longer valid also appéér though
the angﬁia;~relakationumakes the1r4f01ear identification

| difficult.
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Fige 1o Yeotar =X;*'X; 1s the total growth rate, X; is

the growth rate of kinetic instability (6).
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Fig. 2. The p;ctufe of the distribu,tio;n of areas
instabilities in variabiles W and A9

'I.1s an area of kinetic 1nstab111ty,Y; < Wy .; ¥ ~ U,
II 1s an area of quasjdecay.instabiiity{l'( >Ws 5 in Ila (] ~yk

in IIb drk"'u:/" .

"'II_Ia 1s an area of hydrodynamic Instability ¥, < w,

IIIb 1s an area of dissipative instability ¥ < ws

Lls&Ug(AZQO /A&k)z :

24

of various

A6, ;1

3 {k ~ Uﬂ’/z

Y;"'Uo



Ue
WUep

trang

- K,
. 1. ktfﬂns PR 3 . 2/L\ eo a

. Fig. 3. The picture of the distridbution of areas of instabili-
ties in variables U and k'COrresponding to the section along
g-§ in Fig. 2. The definition of areas just the sume as '

in Fig. 2. : , e g . B
Lines 1,2,3 and 4 concern Figs. 1, 4, 5 and 6,respectively.
kt . is the wave number separating the kinetic instability -
ran °

from tnat of quasidecay.

o
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Fig. 4. The section along Line 2 1n Fig. 3.

fh( )/” > e > *—h/u_//z
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W ' R
-
R
N
N
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~
—_—
f . ktr:.nc . 2/A 90 */kb

Fig. 5. The section along line 3 1n Fig. 3.

U, > u, ( ) ~7
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Fig. 6. The section along line 4 in Fig. 3 . The gquasidecay
instability.
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Fig: 7. The dependence of ){’k on U, . The section along line
o —o¢ 1n Fig. 3. i
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"Fig. 8. Increasing of the kinetic instabitily area,I. (compare

area I in Fig. 2).
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‘ 'Fig. 9. Dispersion curves of L.F. oscillations and the
growth rate, of kinetic instability.
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Fig. 10. Just 1ike that in Fig. 3 with allowance for the
generation of acoustic oscillations.

(1) kA > /(9

() ky < ky

Is 1s an araea of S -wave kinetig 1Mtab111ty.

Ia 1s-an area of Q -wave kinetic instability,

For the g-g section § and QA ~waves to be unstable.
For the a-a section only a -waves to be unstable.
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Fig. 11 Dependence of the kinetic § -1nstab111ty‘ threshold
and the critical Debay number S (17) on of = W,/ e
OC ’v—(Uo/U,h) uth—uth W, =W, pe
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Y a
X*H;X;R 1)’1}“,
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Fig. 12, Dependence of the anomalous heating rate on (A)o/a)Pe .
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The influence of pair collisions on the generation
of L.F. oscillation'and consequentli on the anomalous dissi=

\ pation connected with this 41s generally speaking miserable
1 k, much less than- k, where the growth rate of the

ot

instability has a maximum ‘1.e. ‘
o = ka8, > ky =% fve

or

N> Ny (2 B

on the other hand one can see that the growth rate
increases with deoreasing k ‘being less than v; 12 k<ky -
This 1is 111ustrated in- Fig. 9,where thresholds W, and W,
‘with allowance for the generation of acoustio oscillations
‘are. pictured It is easilyseem that ion—sound oscillations - are
not being excited and acoustic waves become unstable in the re-
glon k,‘m,,‘ <k s kmx " when Us < Uy, “Although the
growth rates of « —waves less than’ 0 their effect can be
quite essential if an interaction of a laser with plasma
continues long enough (longer than time of accumulation of
a,—oscillations in the interaction region, in other words
longer than the inverse: growth rate of . 0,—wave interaction).
Therefore.the thresholds of excitation of (L—waves are sig-
nificantly less than those‘for § —waves.
we ghall give the frequencies of the anomalous heating con—
nected with ‘the generation’ of acoustic waves and range of
plasma densities in which these processes are essential.
" The influence of pair collisions of plasma particles

can in fact be important at yet kA 3 kv . " If the impulse

17



of laser radiation 1s sufficiently short for gu;‘< //,f
the accumulation of .L.F, oscillations does not occur and n
the dissipation of laser energyto bquoule type. This takes‘
bplace at Y >Y,  and 4/(,( > L,_ad> 7, . v

When v >V, _and the impulse of a laser isvlong the
angular relaxation of the ldser beam occurs and CLH de- |
creases to be less or of order x; in about time-scale cér
If { <X;‘ or

%, 2 Al?t E ' .
Nn > Npg (1) :/“, (7;) a0, —L) oo (@8
the laser flash energy can be anomalously dissipated. o

When ‘ ,
i (13> Ny >,u’/’/v ry @9

the condition Y, > X}- yields

Moy (X))

u,>¢ﬂh(v)scgh Vo (mnv

- When (27) (28) and (30) hold the effective frequency of
absorption 1s determined by (11).- '
Finally the'dissipation becomes that of Joule type at

S 31
W, (V) > Us >uy, + v - (31)
“Let us now study the range of plasma parameters necessary

‘for the effect of Coulomb collis‘ions to be decisive. It 1is

clear this occurs at ko <k, or

Np <92 & G



Suppose ks xk, 8nd U,> u,, -- Then as it follows

from Fig. 9
2

(a) k
XJ (rnax) Y= /u. w"uu, ? Y;‘ (mu)=[',:j’:"

and ki isv'éi.vexi by equation [km(mézxkk‘lf; therefore
-l(z/l;l% de :b .4"#_ X;fu%maxi '-‘['Ef/l-%[/'%? |
By oomparizigk n‘(’:"u;‘ and ‘{:'(,',,ax) we find at
ﬁ>/a’/"1/—z%-': S S (33
that the growth rai:e of a,—ins‘tability is greater than tha.t
of ion—sound type tha.t 18 wh,y when (33) or

ot f Uy wﬂ.C__L_,
N < ITI° a)d '90 (34)

‘hold the anomalous dissipation and relaxation of .t -wave.
beam in angle go,»via the generation and absorption of acous-
tic 1instability.

.When ‘the-level of laser beam energy is sufficient = to
; lay 419 N(w /w,) in Uy  the anomalous dissipation
due to acoustic instabilityv.appears at a higher N,

~3¢ uth S wWee € .
n</u : w) cdova‘“Q" _ %)

Suppose now U, to be less than u,, there remains then
only the Q@ -wave instability. In this case and when (34),
(35) hold we have for '\7‘” e

o ®  w ko /U iy '
Ve = Vo p 2 (4 <V . 0O



‘The" effective dissipation frequency due to the exci-
tation of L.F. fluctuations is a sharp decreasing function®
of laser radiation frequency. Moreover the L.F, instability
threshold increases with inoreasing + W, « These facts
are illustrated in Figs.,ll 12, Figure 11. shows -that the

instability breaks down when a plasma density decreases up

to We/w,, 3 >l = (Ue/ug )" ug =y, (x=1). at fixed

Uo and f (,"J" . . e . i
The characteristic dependence  of the anomalous dissi-
pation due to the generation of both s:and Q. -waves as

a function of Wo. is depicted in Fig. 12.

4 The main conclusions of this review are as follows.

(1) In dense plasma the long anomalous dissipation is
possible only at  w, /cd,e >/u

(2) The anomalous dissipation grows with increasing of
laser radiation intensity untill U, <Uz v .Further decreas-
ing - - QU{ " when: U, . becomes ‘greater than’ U, ‘makes -
fairly intense transverse radiation to be useless.

" (3) The processes following the interaction of a.laser
beam with plasma used . to be of two types' the anomalous dissi-
pation and scattering of radiation. Last effect can..be more-
easily observed. ) ) 5 ‘

R (4) The utilization of beam with a small angular diver-
gence for the enchanced heating in many cases 1s unsuitable.
as the anomalous scattering following heating enlarges rapidly

the angular divergence. For the clear observation of the

anomalous dissipation the thresholdcorrespondingto a suffi—

ciently large angular diver*ence should be .exceeded.
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(5) The thresholds for\thé enhange&'éb§prptioh .

_are not large, but an expiicif e*periﬁéntai study of this
requires that a series of above’conditions‘and réstrictions
have to be fulfilled. For example having used - formula (16)'
at n,~10"and T x3key we get that the electric field

.t!nsity of laser radiation has to exceed £y =3:40" vott .. .
The rate pf'the anémalduéyabsérﬁﬁion 1s then‘ qu=={0'1u"’ N
thgt'exceédslthe rate of Jqule diss;pation‘by fwo orders.,
This value of TQ&;; accofding to (27) cqﬁéqrpes with
excitétiqn’of<1on~sound_oscillations.

The anomalous effects for beams with a small ahguiar
divergence whenv(;s) is no longer valid also appéér though
the angﬁia;~relakationumakes the1r4f01ear identification

| difficult.
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Fige 1o Yeotar =X;*'X; 1s the total growth rate, X; is

the growth rate of kinetic instability (6).
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'I.1s an area of kinetic 1nstab111ty,Y; < Wy .; ¥ ~ U,
II 1s an area of quasjdecay.instabiiity{l'( >Ws 5 in Ila (] ~yk
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"'II_Ia 1s an area of hydrodynamic Instability ¥, < w,
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g-§ in Fig. 2. The definition of areas just the sume as '
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Lines 1,2,3 and 4 concern Figs. 1, 4, 5 and 6,respectively.
kt . is the wave number separating the kinetic instability -
ran °

from tnat of quasidecay.
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‘ 'Fig. 9. Dispersion curves of L.F. oscillations and the
growth rate, of kinetic instability.
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() ky < ky

Is 1s an araea of S -wave kinetig 1Mtab111ty.

Ia 1s-an area of Q -wave kinetic instability,

For the g-g section § and QA ~waves to be unstable.
For the a-a section only a -waves to be unstable.
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Fig. 12, Dependence of the anomalous heating rate on (A)o/a)Pe .
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