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Much attention has been paid of late to the problen f .n-
teraction of some groups of high-energy particles with high~-
density laser fusion plasme. The first group of the particles
includes high-energy nuclei and nucleona. They are the primary

thermonuclear particles produced in the fusion of plasma muclsi;

the secondary thermonuclear particlea produced in the fus:ion reactior

betwesn primary thermonuclear particles and plasma nuclei; tia

plasma knock out nuclei produced at elastic scattering of ther-

monuclear neutrons, The energy of thege particles is EJ a 1-z0 MeV,

The second group of high energy particles includes hot eleztrone
of tens keV energy. They are generated in an evaporated pe-t of
the target "corona" as the lager absorption oceurs elther in <he
plasma resonance region (with near-criticsal denaity), or in the
quarter-critical-density region, where the stimulated procisses
are developed.

The basic mechaniem of the partiele interaction with master
is the Coulomb collisions with electrons and iens of the p_asua.

The energy and impulse of the thermonuclear particles and the
knock out nuclei transferred %o the plasma characterize th» trer-
monuclear burning and the development of fusgion. In particiler,
the energy transfer by primary particles and lmock out nuclei
turns ocut to be the leading mechanism for the propagation :-f

self-sustained wave of thermonuclear burning in a nonhomogeneous
rlasma of apherical targets under the central initiation of t:e
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reactlons. Of great interest is Just the oppoasite tagk, i.e,
to nvestigate the characteristics of thermonuclear particles
and knock out nuclei interacting with the laser target, It is
necessary to determine the spectra and the output perticles
flowing out of the target in order to investigate possible uti-
lizations of the microexplosion energy in various schemes of power
facilities, and to develop the corpuscular diagnostics of the
laser plasma.

The energy transfer by hot electrons proves to be one of the
mair processes of the target compression under the action of
the longware 002-1aaar emisaion. In this case, almost all the
abgcrbed laser energy is transformed into the energy of fast
particlea, The energy transfer by hot electrons represents the
basic mechaniam for the he8t-conductivity in the corona of 002-
leser irraciated target. It suppliez the greater part of the
abgorbed erergy from a low~-density region of the plasms reso-
nance to trhe surface of the evaporated matter, with incresse
in the abletion pressure. On the other hand, the energy transfer
5y hat electrons to a compressible part of the target is another
sourze of the enthropy which prevents the effective compression
of the plaama.

In the lecture we present the theory of the kinetic procesaes

for charged thermcnuclear particles and hot electrons of

the laser plasma, The theory is based on analytical solutions of
the boundary kinetic problems for high-energy particles in
the confined medium. We consider the application of this theory
to the plasma compression and ignition problem, as well as o

the plaema iiagnostica,
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1., Kinetic processea for thermonuclear particles and kxock
out nuelei.
1) CGeneral seclution of the kinetic equation.

The kinetic problem for thermonuclear particles and knock ou=
nuclei is based on the Interasction of charged high-energy per-
ticles with denge laser plaesma /1/. The velocities of high-
energy particles mre considerably higher than those of thermsl
ions of the plasmas. Therefore, the interaction of particles
with the plesmas is considered as g stationary process, and
one can neglect the partiecle diffusion in the energy space,
by taking that at Coulomb collisions the energy is transferred
only from the particles to the plasma components.

Then, in the wide temperature range up to 30 keV, the frecuency
of Coulemb collisions of high-energy nuclei with the electrors
l1s considerably higher than the collision frequency with the
jons. As a result, the slowing of thermonuclear particles anc
knock out nuclei occurs,when they interact with the plasma elec~
trons without changing of the motion direction.

The Landau kinetic equation for the spherically-symmetric
plasma derived in frames of the given approximation, has

the form: /1/:

U ey 2 0.0 R
U5 gl g iRy
where fd(tlgj‘vdj

energy particlea of j-type at the point of r and 'ﬁ; cooréi-

is the distribution function of the higk-
-

nates in the phase space; jH is the coside angle bhestween tte

- -
particle velocity direction, i; s @nd the radius-vector of
the particle position; RJ s the particle mource which is
the initial spectrum by the velocity; #, , the density
of the plasme iona of k-type; GEK (Qﬂ) » the cross-section
of the secondary thermonuclear reaction;
a,_(.v&.rz):cfpj /df‘, the velocity of the particle slowing., For the

electrons slowing we get:
{12 2 2 3f2
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where E and Mg are the charge and maaa of the electron;
Ls , the Coulomb logarithm; ed- » M, the charge and

mass of the particle,
The kineiic equations for a variety of high-energy nuclei
have different functicnal dependences of the initial spectra.
The primary thermonuclear particles have, practically, a
mono-velociy initial spectrum, i.e, the ratic of the gpectral
width to the initial velooity of the particle, (N, T/m, E'o\s/z« {

One can, therefore, assume that /1/: !

Réi: n£3(’U:§i-’l]3M) (3)

where n\E: n“in“Q_(&ﬂi%?/ 2 1is the number of fusion resctions

per undit volume per unit time, and ¢ G}A_T“> is the velocity

of the fuzion reaction averaged by the Maxwellian digtribution.,
n contrest te the primary particlea, the secondary thermo-

nuclear particles and knock cut nuclei have the prolonged ini-
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tial spectra, which are determined, respectively, by the éls-
tributions of primary particles, that is, the reagents of tla
gecondary reactlon and the thermonuclear neutrons,

For the secondary particles we have /2/:
.‘Uaio
(3
RN ORCALURALL

where }j ( t'lo is the probebility of the secondary particle

d’-’
emission with the velocity ﬂ:jl in one interval of enersiem,
In frames of the single scattering of thermonuclear neutrons,

we have for the knock out nuclei /3/:

P\ —n(ﬂm T E& | (4)

A‘s A A’am 3

where 1:\,3 is the number of events of the elastic scattering
of the thermonuclear neutrens on plasma nuclei per unit time,

per unit plasma volume; E“&bm Zl& h‘f\c(}\ &) the maximum enzrgy
of the knock out nuclei; }\ mp /I'ﬂ ’ I’Iaho y th=2

initial energy of a nautron, v s its velocity.

n
The boundary condition for the case when outer particle d:
not fly inte the sphere:
)S< = (3)
J £=R }440 ’
where $ S & ?ACI
The solution oi‘ the kinetic probdlem (1,5) for the general form
A-R(*L}“'D') , 0 ¢t e’
~de M e A, T, < ’U_ 'U-

s the flow of the particlea.

of the particle gource,

which is the continwoua func-.

- b -

tion of the spatial coordinates and the particle velocity,
is found from the method of characteristics., The smolution is

cf the form /3/: T

{mr y\—la« X g (¥, 5\1, (6
1!2 ,
where *(, (424 2 ) 21}1(% Ju] w[ap- 2( )]

--.

3“5 ";:S Wd‘d'\{;' / ovd-' s the length of the particle glowing from
the initiel velocity, 'U;-’ s to the current velocity, ’Ué' .

The integration limita in (6) are found from the boundary con-
dition (5). Their values depend on the shape of the initial spec-
trur of particlea,

8) If the initiml spectrum of the particles is limited by

U&_’U' ’U’i . 'U‘A_i o s then for 11.2".: 155:1};
we get:
0T, U= g Al 1)
U qr* ﬁg}L 21)% ,
wiere '\T* is found from the condition: 0 .
i€ -4 - 73
«’E}AU;GJ =£J- f ’tﬂH(th(Ju D) ﬂwg 150«&,
for 04.13‘6._4:'%‘2 £R
v if A4 < Z
’ / (8)
T T -
47 % L Uey 1t /7254521
0, o« 25
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where jL = %;%Td@?'a% .

b} If the initial spectrum of the particles is not limited

,
from above, 7); ‘:—-’fg < o> , then aslways /?_1 —}.é

, and

in Eqs, (7) and (8), therefore, there are no first lines for

the upper integration limit.

2. Energy and Pulse Transfer.

Conmider the physics of these processes at the example of

the homogeneous confined plasma, The efficiency of the energy amd
pulse transfer is determined by the plasma tranaparency pararsier

equal to the ratic of the plasme radius, R, to the length of

the particle slowing , /?' +« The calculation made on the taelis

4

of the kinetic equation solution yields the following resu.ts far

fractions of the energy transferred to the plesma by various par—

ticles,

The primery thermonuclear particlea /1,3/

_ 2
B2 Ty= 415 T | Ty= RA < 472,

) KR
Ly - (T (0 T y

the knock out nuclei

4

/

?55:
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A
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L- (5T + (28075) Ty 82,
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2.Tys- 815 Ty + 46/35 Uy | Uy = RIMy< 32

(3

here /ﬁlois the length of the particle slowing with the iritisl

velocity IEO ; 2J5 is the length of the knock out nuclei

slowing occurring with the maximum velocity in the spectrum

o«
'd L)

For D-T plssma, the length of 06 ~particle slowing with tka

initial velocity ﬂ;c = 1.3x109cm/s is f1/:

IR R Ay R

cm

where Te is in keV, 9 in gleme.

The lengthe of D-T knock out nuclei slowing of the maximum velo-
elitien(3.5, 2.6)x1090ng respectively,and tha charges reduced by
nearly one half, as compared to the charge of & =particle,
are esgentially higher than mean free path of o+ ~particle:

c%{=5ﬂw, Ay = 62 2y

Figures 1 and 2 illustrate the data of the energy tranafer by

o), -particles and the knock out nuclei for the particular para-
meters of the plasma, In Fig. 1 the tranaferred energy is norme-
1ized by the own initial energy of the particle. These data
show that D-T plasma iz much more tr:asparent for the knock out
nuclel than for ol -particles, In Fig. 2, the transferred energy
is normalized by the total amount of the thermonuclear energy
raleased ir the plasma, These dependences illustrates the com-
parative contribution of a&—pnrticlea and the knook out nuc-—-
lei into the processes of heating of the combustion regime and the
energy transfer in the embient region of the cold fuel., The lat-
ter process sxIREXINEaRIMEYEREXWAYEXEXEREpELiNx determines,
in fact, the velocity of the thermonuclear wave propagatlion. Note
that at j’R.a_i g/cma, when the efficiency of neutron scat-
vexring in the plasma is high, the contribution of the energy
tranafer by the knock out nuclei, dueing the wave propagation,
im comparsble with the contribution of o -particles.

The precceas of the pulse transfer from thermonuclear particles
and knock out nuclei to the confined plasma is anisotropic. As a

reault, the particlea have a strong effect on the plasma. The ani-

sotropy is the greater, the more transparent 1s the plasma

for these particles, For example, for ths homogenecus plaasma
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with the parameter tgg < 4/2, the value of the volume farce of

primary thermonuclear particles im /4/:

-4 ,
g:z (e X q{ilio'nf' ?.‘:*C/R

41

and for the plasme with the thermonuclear parameters it can

?%’12 ?

reach 10-20% of the hydrpdynamic pressure,
3. The Wave of the Fusion Reaction
The energy tranafer by «{ -particles iz the mailn heaz-
conductivity mechanisms which is effective in the wide range
of DT-plesma parameters (0.2 5/cm2 £ OR = 2 g/cmz.'l‘;;wkev).
it is of intereat from the viewpoint ;} the fusior wave ini—=aticn.
The development of the fusion reaction starting from the memtral
initiation wave region heated up to thermonuclear temperatures,
is determined by two parameters. One of them is the tranaparancy
f‘:rR/ lL. The second is the ratic of ({ -particle energy re-
leased within the characterigtic time of the wave propagasica,

L"\/P\ » to the thermal energy of the plasma /5/:

+ anl
N Y -4 c..F‘- "“
’ J:‘JO = 3,6 MeV, ?\:i.-r‘?_ c. é:.' l_{])

Pi and £y + the plasmadensities, reapsctively, in <he

regions of the initial initistion and the ambient matter; e ’
the specific heat-conductivity; T:L s the temperature of tiae
initiation region,

The velocity of growth of the plasme mass is /5/:

I‘;l/r’l:[i—g(ft)]. A - Pl/R’

- 10 =

wtere the part of the o, -particle energy in the ignition
region is given by Eq. (9).

Cher., from the energy equation one can easily derive:

[4-p)4-3} o

Figure 3 1llustrates the solution of the aystem of equations

%:—%[?(ﬂ&ub(’r‘-ﬁ],

(10} in terma of the parameters o and ¢ . The waves
with the temperature rising behind the front are plotted as
the trajeciories above the lineg 1 ~0-~2, That means that the
initiation needs rather high values of the parameter A .
For example, for T~ 0.5, the energy of 6¢'~partic1es must
be kigher -han the internal energy by 3.

The ini-ietion can take place bhoth at large and small values
of ¢ . Itis interesting fo note that in both ceses the
perameter ¢ tends to the values 0.2-0.4, as the energy of

# -part-cles is gpent approximately squally for the plasma
heating end the wevefront propagation,

However, at large values of ff» 1 the initiation is optimal,
because in thia cage lesser values of &/ &re needed.

At T 4= 10 keV and from a& > 3 and ?’)- 0.3 the conditions

of the initiation follow /5/:

ife
; 2
fio Ry > 034 (9, /5_,_0)  glem
which in terms of the intermal enorgy givas:

€,,> 5.5 x 10° T, P (?ﬁo/j) J.
Heuce at Sic = 20 g/cm . jﬁ°4jao = 1/4 and T,p = 10 keV, for
the value of the required internal energy we get: éiow 2x104J,
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which corresponds to the laser energy of -~ 1 MJ.

4, The laser plasma diagnostics ueses dependence of the
spectra and yileld of thermonuclear particles and the knock out
nuclei on the plasme density and temperature, due to the
Coulomb slowing. Such a dependence can be illusirated by the
output of secondary partiecles. For the transparent plasma with

1
mary particles

f
?;i: . & 1/2 the ratioc of the yield of the secondary and pri-
is, by the order of magnitude, /2/:
K /K «n g
Jz/ i k 6;“( h‘l\m) R
and depends on the plasma parameter, 0Of , only. Here [0 (f:--)
o 454 J3

is the cross-section of the secondary reaction at initial energy
of a primary particle,

t. »1, the raxio of

With decrease in the plasma transparency st %i

output is:

T/ Sz n, G (B, .

Since Zd ”T /nn’ the ratioc of output is (-2/jfi~ Te » amd depent
on the plasma temperature only, ! ﬂ
II. Energy Transfer by Hot Electrons.

In contrast to high-energy nuclei, the plasma interactionm
of hot electrons is accompanied by strong gcattering of the
electrons on the ion component. The scattering of hot elec—
trons in the plasma with high ion charge proceeds Fagter
than their slowing, In the target corona the energy is transfer-
red by hot electrons of the low-energy part of the spectrum mitn
energies E.f < (2-3) Tf’ whare Tf_ is the temperature of Max-
wellian hot electrons. The process is stationary, With increase in

the initial energy of hot electrons the time of Coulorb slowin

- 12 =
a3
of these perticles increases as talﬁ" —,U—, A-Ef. and can exceed
the time of the target compression. Therefore, the energy
sransfer by hot electrons in high-energy part of the spectrum
must be investigated on the basis of the nonstationary kinetic
equation.
1) Energy Transfer in the Target Corona.

The proceas of energy transfer by hot electrons can be inves-
tigated in one-group approximation by the energy of particles.
Hot electrcns are generated in a narrow region of the plasma
regonance, The kinetic problems can be set for these particles in
she form of a homogenecus kinetic equation with the boundary
sonditiona which describe the generation of particles and their
reflection from the plasma boundaries. To get the analytical
solutions cne should use the approximate description of the an -
gular part in the distribution function by the "back-and-forth"
method., The particles, in this approximation, are divided into
two groups, those flying in the positive ( f! > 0) and negative
{ ﬁ) £ 0) directions of the radius-vector. The kinetiec equation
is divided into two equations for the distribution functions for

thease groups of the particles /6/ :

Ld_ ! :F f f+' f— - 0
2 dx i ﬂd 14
_L_Jf- _ f— +£f+—f-:o

2 | M A3

where /74 f'g):ﬂdmpgﬁa, ‘{r'TEfA;.fIE, /?g( {if1)2 y are
reapectively, the lengths of slowing and scattering of a hot

electron; A, z. the atomic number and the plasma ion chaerge; rh
the proton mass- e » the electron charge; jmﬂ
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plasma density depending on the radius,
The boundary problem has the analytical solution for the
j)(t) ’ﬁﬁf /t) , waich

describes qualitatively the density distribution inm the cowoma of

hyperbolic profile of the plasma denaity,

the laser target. For the density of hot electrons this sclutien

has the form:

e fo - ASLeD W gy ),

43¢} o

: A2
where ,f:[1+-—‘%—(i+ (tr20)3)] -4 g:’c/i',;) 0¢ 4 <A

&= A e )/t {=04/0g- (1+3,)/2 "

3
and N is the powser of the hot electron source,
For the distribution of the absorbed energy of hot elec:rons,

by the plasma mass, ane can eaglily obtain:

ko )
dWwW My ot e 3K 5. 3 K72
dp ) §M"‘E£‘1£d”i’5(2”)( Sp1

where }J‘m /mi , My = Z\Ti/)ol(“lt)ﬁ, is the characteristic a=ale

of the corona mass; the corona mags, m, ls calculated from thsz

critical-demsity surface to the inside of the plesmas.

Figures 4 and 5 show the distribution of the specific enargy
¥ield by the plasma mass at different values of the parameier-
and the ion charge. If §= 4{/Rc3>_i_ (the problem is strcngly aphe-
rical) the scattering process has a amall influence on the diet -
ribution of the sbsorbed energy which 1s close, in thias case, to
the mass-homogeneous dimtribution. Such a distribution is due to
the fact that at ;L{[ic) 2 Zc the greater part of hot electrons

transfers the energy to the plasma es a result of multiple passages

- 14 -
through the plasma region with (<4, . If £ < 4 the solution
is close t> the limiting ocase of the solution in the plane ap -
proximatisn. For the plasma of the laser target the parameter % >>1,
Therefore, the solution of the kinetic equations ylelds the im-
portant result sbout the homogensous distribution of the absorbed
energy in a0t electrons.

2), Nonstationary Energy Transfer by Hot Electrons,

The nonstationary energy tranafer by hot electrons is
congidered in frames of the kinetic equations in the plane
epproximation, We take that a source of mono- energy hot electrons
of the power N is effective at the boundary of the infinite
somi-gpace within the time to. The duration to corregponds to
the time ¢ the target compreasion.

To ge- an approximate calculation of the hot electron mscat-

tering effect we use the functional relation betwsen the flow and

dengity of particles in the stationary approximetion (see (11):
: a2 -4
S=[2(1+20)7 ] n

Thent the nonstationary kinetic equation, in the plane appro-
ximation, has the form:
on, W_On Wph
Ot 2(a2M P X
Ity soluticn in the case when Nmconst ylelds for the part of

energy trarsferred to the plasma by hot electronz within time t,:

3 =4
l-5% , 4=7,
?: 3 o4 3 -4 5/
L-5T, + 7% (4-T) , T, <4

_ i {(12)

d 2L ,
where (x:to/fd’, to[ = % hﬁ_i—=¥540 m. Me \P s C

C
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Figure 6 illustrates Eq(12). As the target is irradis-ed
hy Coz-laeer pulse the calculations show that for Eagt T?f .
the parameter Q;fh ('7-8) and 2 is about 90%, i.e, the proczas
of the energy transfer, for this spectral group, can be taeker
stationary. But already for Eﬁ) ::3Tf. T.~14-2
~50%, The hot electrons with A A (s-s)Tf

and £ ~ 4I-
14
tranasfer less
then 10% of its energy to the plasme. The nonstationary energy
transfer decreases significantly the efficiency of the prelimina=y
heating of the compressible part of the target by hot electrcas.

1.

2.

3-

4.

S
€.
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