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Abstract

At ruby or neodymium glass laser intensities exceeding L *'¢s1014

w/cm2 a ponderomotive force is produced towards low electron densi-
ties in inhomogeneous plasma surfaces near the cutoff density.
Under steady-state conditions, the final velocity of the ions is
integrated, details of the density profile being cancelled. The
energy of the ions accelerated to the vacuum is equal to the mean
osclllation energy of the electrons if the elevated electromagnetic
energy density in the plasma due to collective effects is taken
into account. The pronounced onset of the nonlinear, electrodynamic
acceleration mechanism at the threshold energy L¥ is due to the
fact that the ion energy rises with the fourth power of the light
intensity. Above Lo '-==v1015 w/cm2 the total laser energy is con-
verted into directed ion motion only. Between L ¥ and Lo a D-T
plasma of solid-state density can be heated sufficiently with a
10%31aser pulse of length 0.5 nsec to achieve the Lawson criterion
to within a factor of 3,




I) Introduction

The nonlinear interaction of electromagnetic radiation with a
collisionless inhomogeneous plasma produces a force towards lower
electron density /1,2/. In a plasma with collisions, the resulting
force is similar if the electron density generates a plasma fre-
quency w_ sSmaller than or very close to the frequency w of the in-
cident radiation /3/. Higher densities produce a force with a com-
ponent parallel to the light, which can be interpreted as a kind of
radiation pressure /3/. Integration of the force density to evaluate
the transferred momentum shows greater compression of the overdense
plasma compared with the usual radiation pressure owing to a recoil
of the nonlinearly blown off inhomogeneous surface /4/. A derivat-
ion of the basic equation was given by P, Javel on the basis of the
microscopic plasma theory /5/.

Here we shall discuss an integration of the equation of motion to
find the maximum ion energies. First we have to evaluate the con-
ditions under which the processes due to the interaction of the
radiation with the plasma exceed the thermokinetic processes. Com=-
parison of the resulting ion energies with the electron oscillation
energies yields quite a plausible relation between the energies.

The ion energies resulting from nonlinear interaction allow evaluat-
ion of the amount of energy consumed by the nonlinear process. This
absorption in the surface region is a loss of energy required for
heating of the plasma interior beyond the surface region. In order
to obtain conditions for plasmas for thermonuclear fusion, the
heating of the interior has to be large enough while the amount of
plasma nonlinearly emitted from the surface has to be small enough,
and the recoil of this emission has to increase the radiation
pressure sufficiently to confine the interior of the plasma. We
shall evaluate relations to satisfy all of these conditions.
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II) Limitations to the predominance of nonlinear over thermo-

kinetic processes,

The time averaged force density in a stratified inhomogeneous
plasma with perpendicularly incident electromagnetic waves with an
amplitude E, of the electric field Strength in the vacuum, and under
WBK conditions is /3/

E.° /1 1)
= -— _ ——+l l).e, —kﬁ] . (
,é. VK[P i Aérr(l'\Ll K XJPC )

x 1is the coordinate of depth in the layer. The complex refractive
index rz is given by
P ¥ 2
nz = ’l (4+Lw) ( )

w1+77—

with the plasma frequency mp

u?lz.éwc‘ml/ﬂwb (3)

where e is the charge and mg, the mass of the electrons, and ng is
the electron density; the collision frequency v

MPL 1,[_5/; ’W‘:”z Z ‘e-z-’@VL—A— (4)
3/

v o=

1s determined by the ion charge Z, the Coulomb logarithm ln~4,,
Spitzer’s correction /6/ of electron-electron collisions YE(Z), and
the electron temperature T. We use gauss units and express T in
electron volts. K is then 1.602 x 10”2 erg/eV. Other dimensions
used are specially noted. The integral absorption coefficient k in
Eq.(1) is

X
(]
keo = 22 [T (D) g (5)
and the thermokinetic pressure p is

P = (1+ %)Me‘jc-r. (6)




In the surface of a plasma with a temperature of 100 eV or more, we
find in Eq.(1) for Wy W that the absorption constant k (Eq.(5)) is
negligible,l1l<<-1, and

prWS/"Mﬂ;uZez,ﬂu_A- 1/
1 y.C&) .2 )"

e v N gl (1)

The electron density B = Duns is then the cut-off density given by

wp = w in Eq.(3). The electrodynamic part of the force density
(Eq.(1)) is more effective than the thermokinetic part if E24ﬁ6nuzD

> (1 + 1/2)necéKT, which gives

E.> B¥ =4 (ram. K(1ea/2))" 7" (8a)

This limitation is expressed by the light intensity L of the radiati-
ion for ruby lasers and deuterium plasma

1/, -
E,> E*= 2,¢5x10 T""’V/am Lyl 3.5t "W/om Using n“-Z.ax*O 8b3)
o = 4, el(cV}"

and for neodymium glass lasers

Y o L >L¥= 1,2 6 %10 TV /um; Using Ve, m0:895 1072 g0)

Evyr;-szq?-"“)l J

a = §2$ ({V)"!"

In the interior of the plasma, the electrodynamic part of the force
density vanishes because of absorption due to collisions. But with
respect to the differentiation in Eq.(1), the force densities are
effective only in inhomogeneous regions, especially in the surface;
it can therefore be concluded that the expansion process of a plasma
is dominated by the electrodynamic part of the force density if

E, > E/¥ in Egs.(8).
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III) Ion energy from the nonlinear blast wave process

If the electric field strength Ev of the incident laser radiation
exceeds the value EV of the Egs.(8), the nonlinear force 'ii of
Eq.(1) produces a force towards lower plasma density up to depths
in the plasma, where wp:: w at electron temperatures T > 100 eV,
The momentum transferred by this process has already been evaluated
/3/. Here we shall evaluate the energy e, transferred to the ions.

A necessary condition for the following is that the density profile
of the plasma surface should not change noticeably during the com-
plete acceleration process of the ions. The time of this accele-

"1 ¢6 1072 seconds, which may be

ration is of the order of 10
short enough to consider the blast wave mechanism of the electro-
magnetically driven surface acceleration as being of the quasi-
stationary kind. Neglecting the thermokinetic pressure p at

EL?-E"in Eq.(1), the force density /3/ is given by

1
— oo d -y _ - B 0. 1 at w_~ w because |»/[<<1
’,€, L P5.-Chal 2Py med-vagver P k

(9)

Using the relation n, = Ehi, we find the accelerationﬁg.

P N T e (10)
8= aoq B2 2
A € nne w/{éfl_mecga dl

The necessary fulfil meht of the WBK condition restricts our con-
sideration to

A = _?__4_.‘4’( (11)

T T 12X

The total thickness of the surface layer Ax can be derived from
Eq.(11)

Ax:._ __-..--C 4 _.41"__:_,’ .._C_... ._4_— (12)
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where 17| . << 1 is satisfied at T > 10° eV (Eq.(7)) and the de-
confining acceleration is effective from low density only to about
wp‘” w, at which the minimum of 11 results for v<<w. At higher
densities, the interior of the plasma is compressed /3,47,
Expressing the accelerationfglof Eqs.(10) by Eq.(11)

1&) = EvS Z 2«9 (13)
= Nl ey | o

we find the final velocity Vo of the ions after falling through the
inhomogeneous surface owing to the ponderomotive force to be

'E Z r — 1

i v

e :’iZAi"é‘ = ——-{ : (1%)
o e 2 2w M, ;Wﬂrlijw“

<

It can be seen that the special profile of the plasma density as
described by the value © has been cancelled. The maximum ion energy
ey is given by

: E. =
v - z — v
. = — U, = —
g, B A6 Myl ™ecs (15)

€4 is the energy gained by the ion for a directed motion after being
nonlinearly accelerated through the inhomogeneous plasma surface.
This motion is driven by the electromagnetic field, where each
particle describes a moving eight-like track owing to the electric
field and the Lorentz force producing a longitudinal oscillation
with the frequency 2w.

We shall show that the kinetic energy €4 of the ion after being
shaken electromagnetically through the surface is Z-times the

<

oscillation energy s;‘ of an electron in the electromagnetic fileld

in the plasma,

Sl Es"
ese _ Mg ’0,'!— _ e “ E z _ _:(___ “_')__t.‘ v '
E = e - ;Fnn \4U (16)
e 2 Mt b 1em W Me

Here we make use of the relation between the actual amplitude of
the field strength E in the plasma and the value Ev in vacuum /1,3/,
E = Ev/ﬂtq} , and find at mp€% w that

g BE LT, (17)
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The temperature of the electron used in ldl\min in Eq.(11) is com-
posed of the thermokinetic temperature Téﬁ?of the mean energy ¢
gained by the electron from the electromagnetic field.

e

T o= T+ g7/% (18)
This virtual increase of the "temperature" is well known in plasmas
and induces a decrease of the collision frequency /7/. From Egs.
(7) and (16) we find an equation

Z'-e g P — C—r“_h—f ~< ) (19)

n o
168 ME(c

which cannot be solved generally by algebra. By the formulation

3/,
Bt T, . 2
244‘; fl g FEv< ENTL)

&, = . (20)
% E . - * -r
e g Ev >E (T

<ccoe

we find an appropriate approximation of the kinetic energy e
erg of the ions that is exact for EV>> E* and Ev << E*

i in

Equation (20) states that a very steep increase of the ion energies
£y by the fourth power of the light intensity is to be expected at
light intensities L larger than .that given by Egs.(8). Intensities
of the order of magnitude mentioned are available at present /8,9/.

A necessary condition is the approximate fulfilment of the station-
ary state, i.e. that the light should interact long enough. As is
well known from the initial processes of the transmission of
electromagnetic waves /10/, the increased power density of electro-
magnetic energy in matter has to be built up during a certain time.
This may be the reason why at light pulses of 10_11 sec /11/ the
ion energies of the value of Eq.(20) do not have to be reached,

For the processes considered only the electron temperature is of
interest. Delays due to the energy transfer to the ions are not
effective here, With long laser pulses it is also possible that

the storing of energy in the surface front needs more time to reach
i of Eq.(20) than the nonlinear blow-off of the ions;
but no matter what limitations exist for the validity of the

the energy e
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relation (20) towards higher intensities, one should observe the
onset of a highly superlinear increase of the ion energy around E*:

The possibility of the electrodynamic blow-off mechanism also
being present at measured lower average light intensities cannot
be excluded in view of a spontaneous picosecond spike structure
of the Q-switched laser pulses, which are sufficient to get the
higher intensities /12/., Some experiments show completely the
properties of Eq.(20):

1) the mass independence of e, /13,14,15/,

2) the linear dependence of e; on Z /15,16/,

3) the superlinear dependence of e; on the light intensity,
where an increase of Tth with increasing light intensity
is implied /14,17/.

IV) Conditions for plasma confinement and heating

From previous work /3,4/ we know the momentum transfer to the
plasma surface and the confining recoil to the interior of the
plasma, expressed in multiples of 100 to 1000 of the usual ra-
diation pressure. Using the ion velocity Vs of Eq.(14), we can
calculate the amount of plasma blown off nonlinearly to achieve
confinement, Furthermore, we can calculate the amount of energy

of the light which is consumed by the surface, and we find what
remains to heat the confined interior of the plasma. In this sect-
ion we derive the expressions of all the conditions which are
necessary to achieve both‘heating and confinement of the plasma

interior.

The first condition to be fulfilled is that the electron density
in the interior of the plasma be larger than the cut-off density
W > g

(I) 'VLQ > Méc'u = Jfﬂ'é (21)
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Furthermore the laser intensity L has to be so large that in the
plasma surface with wpzs w the electrodynamic force density is

larger than the thermokinetic, Egs.(8), or
: ; AL
(I1) L '71-* =-'4-ac’ﬂ£cc::< C4+1/2)T+k‘r (22)

The nonlinearly increased radiation pressure PS has to balance the
thermokinetic pressure in the plasma

' [
P, = = = — T¥HE = 2 X T (23)
2cl41| 2cea

The factor 2 at the right-hand side is the value 1 + 1/Z for hydro-
gen, For Z2 > 1, PS is a lower bound for an always compressing
radiation process. We shall always use Z = 1 in this and the

following sections. T is composed of the thermal energy Tth and

LEC

the oscillation energy €a of the electrons. For the condition

(II) we can neglect T relative to aé“. Using Egs.(7), (16), and

th
(23) we get the condition of confinement at the increased radiation
pressure
1/¢ 1/4 B4
(III) L = dacecHT, N, Meee . (24)

Tth’ like all temperatures T, is given in electron volts and a
has the dimension of (eV)j/h.

Starting from the momentum a7 of the accelerated plasma of the
surface /3/

P« =ts (25)

and using = MNL v, We get the nonlinear mass loss

£ _Yr; L_

MY G at e MmO

™M (26)




We compare this mass with the total mass Mtot of the plasma
heated to an average temperature T

th
— W‘- £—
™M Fok ’—:;2?"' (27)
2 +W
using a factor «:
MNL T"—KL
A= — = s 1 28
M&g(: z-ri" 0—16‘ Vlea:—jq lmr' ¢ ( )
We shall have to check whether condition
(IV) X << 1 (29)
is fulfilled.
We compare the energy of the incident laser radiation e. with the

L
energy consumed by the nonlinearly accelerated surface layer

= égvo/?. The parameter g, evaluated by Egs.(7), (20), (25),

“NL
and v = NF§§I7E?
s
ﬂ =i g T2y = @ aiz;y*)"w,-‘“»«f (30)
has to be
o a1 (31)

The sign of equality in Eq.(31) is the case where we can assume a
50 4 heating of the plasma interior by the incident radiation,
taking into account the difference of the assumed linear decay of
intensity against the real exponential decay due to the absorption
process., The highest acceptable intensity for g =1 is

A/40

L f-‘-Le = 2.-4/10 (&Ac %B/A)é/gmccc/w( (32a)
For D-T plasma we find in the case of ruby lasers

L, = 2.36x 1012 W/bme (32b)

and of neodymium glass lasers

L, = 7.9% x 10“* W/cm? . (32¢)
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Any confinement by the nonlinear surface acceleration process at
sufficiently high heating of the plasma interior is possible only
if L*éELO. From Egs.(22) and (32a) we find
& Vi

Lo (Gack )V (g2 ) /(A 2) T 2 A (33a)

L#
From this relation (33%a) we find a limitation for ruby and neo-
dymium glass lasers respectively

T < 4,06 keV and 3.1 keV respectively. (33Db)

V) D-T plasma

In accordance with the conditions of the last section we calculate
the confinement and heating of a spherical D-T plasma of a 50-to-
50 mixture to find the parameter ni’rL of the Lawson criterions,
4 =16 x 1022 em™ in vacuum. If the
light of a neodymium glass laser of a total energy € is incident

We start from the density n

from two opposite sides or from four corners of a tetrahedron
simultaneously and in equal parts, we can then neglect the spheri-
cal modification of the material because the electrodynamic forces
are mainly radially directed /3/. This is also valid when the in-
cidence is so oblique that total reflection occurs, as will be
shown in a later paper.

In order to produce a plasma of a temperature Tth = 3 X 103 ev,
the radiation intensity L needed for achieving confinement by
the nonlinearly increased radiation pressure has to be

1, =8 x 10" w/em? (3h4a)

The intensity then simultaneously fulfils the conditions (II), (III),
and (V), while condition (I) is fulfilled by the used density

n; =ng. Condition (IV) results in a value

and expresses that 35 4 of the plasma are lost by the nonlinear
acceleration mechanism.
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The laser pulse length T, 1s determined by the time during which
the laser intensity L passing the surface of the sphere heats

up the interior to a temperature T Longer heating would result

th*
in higher temperatures. The relation of this surface process and

the volume heating with illumination from two sides only

Ly lw, it 2 1'—'31 P, S T (1-w) (35)

together with the sphere radius r53= jeL/ane KT(1-a) yields
cco

1/2 — S/ ShH - 3/, -1 2/3
T, = B(e) T o) e (o) (36a)

where

B =1.172 x 107/ with [tud=eV; Ea]:(eV)”‘/‘j [5.3=ceaq (36D)

=3
and 'rL is in sec and ne and neco in em ©“. The value

Mg T = (QL)”‘IL.B x 107 cgs (37)
T 12
leads with e, = 10" Jjoule = 10 erg to
M.T, =14.8 x 1012 cgs (38)

This value is compared in Fig. 1 with other experimental values
of n,7,. We find that the value deviates from Lawson’s D-T

criterium by a factor of three. In addition, we find that'zL =
3 x 1072 sec and that the radius of the initially solid D-T

sphere is r, = 2.5 mm,




VI) Conclusions

At ruby and neodymium glass laser intensities of L a=1015 W/'cm2
(Eqs. (8)) we expect a very pronounced start to the nonlinear de-
confining acceleration of the inhomogeneous plasma surface owing

to the interaction with light, which overcomes the thermokinetiec
properties. The ion energy increases with the fourth power of the
laser radiation and the surface acceleration produces by recoil

a confinement of the plasma interior in the form of a superlinearly
increased radiation pressure. The surface acceleration consumes
only a small part of the interacting energy for light intensities
up to a factor ten higher than the threshold intensity Li: At in-
tensities a little higher than L B it is possible to heat and con-
fine a D-T plasma of16 x 1022 cm-3 ion density, the Lawson criterion
being reached within a factor of three., The amount of plasma which
is blown off by the nonlinear acceleration of thg surface is about
35 %. This loss increases at higher temperatures and lower light
frequency as shown by Eq.(28) with allowance for the relation

a “;w1/é. This reason exludes an application of microwaves for
confinement on the basis of the described mechanism. Only at higher
ion masses can better conditions be expected, but these cases are
of less interest for thermonuclear fusion,

The applied laser intensities of a few 1016 W/'cm2 in the experi-
ments of laser produced fusion reactions /11/ are higher than

the upper limit of Eq.(32c¢). So a higher thermal effect can be
expected at lower intensities and longer laser pulses, because
under the present conditions most of the radiation energy should
accelerate the surface only in directed way if the interaction
times are long enough.
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