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LASER-PLASMA INTERACTIONS IN THE SCYLLA I-C EXPERIMENT:

PRELIMINARY ANALYSIS

by

Thomas M. York and Kenneth F. McKenna

ABSTRACT

The interaction of high power laser beams with plasmas has
recently received considerable theoretical and experimental atten-
tion. However, experimental determination or the laser-plasma
interaction mechanisms in 0-pineh plasmas is limited. This work
considers the interaction of a 3 x 10l°W/cm2 peak flux CO2 laser
beam with the magnetically confined plasma generated in the Scylla
I-C 6-pinch. For the specific constraints of the CO2 laser and
Scylla I-C, and with the 0-pinch fill pressure as a primary vari-
able (100 mT - 1000 mT), the physical problems of plasma heating,
laser light backscatter, and channeling (converging diffraction
of the laser beam) are considered. Prediction of the 6-pinch
plasma parameters, prior to laser heating, is developed using
snowplow theory.

I. INTRODUCTION

The concept of using high power lasers to pro-

vide an independent source for heating a plasma to

fusion temperatures in controlled thermonuclear re-

actors has been proposed.1,2 Efforts to proceed

frora concept to proof-of-concept experiments have
3 4 5

been reported. ' ' Theoretical predictions of

laser-plasma interactions have provided a basis for

experimental evaluation of the physical interaction

mechanisms and the critical ordering of mechanisms

dominant in the different interaction regimes.

The present work will key directly to efforts

expended during the past year an LASL, which served

to define and Initiate a laser-plasma interaction

experiment. Laser-plasma reactor concepts have been

presented in LASL report form, ' and proposals for

initial experiments are outlined in informal re-

ports. In the LASL laser-plasma experiment, the

CTR-3 Scylla I-C B-pinch will be used -n conjunction

with a CO. cold cathode laser, supplied by the L-l

Group of the Laser Research and Technology Division,

to study the interaction of axially directed long

wavelength .laser light (10.6 urn) with the dense

(ng ~ 10 cm ) 8-pinch plasma column. A schematic

drawing of the proposed experimental plan is shown

in Fig. 1. Initially, the experimental investiga-

tion will be directed toward studying a) containment

or diffraction of the laser beam as it traverses

the meter-long plasma column, b) heating of the

plasma column by laser energy absorption, and c)

— 8ACKSCATTF.R
\_ENERGY MOHiTOR

TfiAKSMlTTEXi

ENcRSY MONITOR

ENERGY MONITOR

Fig. 1. Schematic of Scylla I-C laser plasma
experiment.



instability induced anomalous backscatter of the

incident laser light. A detailed listing of pos-

sible areas of experimental investigation will be

given below.

In this work, an ideal model of the Scylla I-C

6-pinch plasma creation and the CO, laser-plasma

interaction, based on a well-defined 6-pinch plasma

geometry, is developed in order to establish the

expected behavior of the laser-heated plasma. Ef-

fects such as laser light backscatter and diffrac-

tion will be considered. Finally, effects of higher

order plasma perturbations, which are not considered

in detail but do deserve further evaluation, will be

discussed.
1 2 9

While some studies ' ' indicate that higher

plasma temperatures may be achieved by laser pre-

heating followed by 0-pinch compression, the present

work considers only the reverse sequence, ioe., com-

pression to a magnetically confined plasma column

followed by laser heating. This approach was

adopted since the immediate interest in the present

experiment is to study the laser-plasma interaction

process, and the densities required for strong laser

interaction are more readily obtained in the com-

pressed plasma column.

II. TOPICAL AREAS FOR INVESTIGATION

The interaction of the C0 2 laser beam with the

Scylla I-C d-pinch plasma is analytically treated

with the plasma in a right circular cylinder con-

figuration and with the laser beam aligned along

the cylinder axis. The presence or absence of con-

vective plasma motion during and after laser heating

forms a natural criterion with which to delineate

the following areas of investigation:

A. Laser Heating of a Static Plasma

i) Consequences of inverse bremsstrahlung

absorption.

ii) Thresholds for anomalous effects due to

instabilities.

ill) Effects of "bleaching" (variable absorp-

tion coefficient).

iv) Species equilibration and thermal conduc-

tion effects (uniformity of heatci plasma),

v) Axial focusing or channeling due to radial

density gradients.

vi) Effects of axial density gradients in the

plasma column.

B. Flow or Convection Effects During Plasma Heating

i) Thresholds for local instabilities inducing

convective instabilities.

ii) Radiation induced convection.

iii) Characteristic flow times in comparison

with thermal equilibration times.

iv) Generation of macroscopic fluid turbulence

by microscopic instabilities.

C. Flow or Convection Effects After Plasma Heating

but Before Stabilization in Magnetic Fields

i) Flow and loss effects from ends of theta

pinch.

ii) Heated plasma and magnetic field inter-

action — area waves.

iii) Local surface heating, blow off.

III. SCYLLA I-C PARAMETERS

The geometry, energy storage capabilities, and

electrical discharge characteristics of the Scylla

I-C 0 pinch have resulted from optimization studies

intended to produce a dense plasma that will be

compatible with the CO, laser system performance.

The machine parameters, for operation at 40 kV main-

bank voltage, are given in Table I.

IV. LASER PARAMETERS10'11

A modification of the A-3 amplifier of the LASL

CO, laser system was chosen as a satisfactory source

for the 50-100 J requirement of the experiment.

The laser characteristics are presented in Table II.

The 8-cm-diameter beam will be focused onto the

end of the plasma column by one of two possible

spherical reflecting mirrors. A mirror with radius

of curvature, R = 6 m, will focus the beam to a 2—mm

TABLE I

SCYLLA I-C MACHINE PARAMETERS

Parameter Value

Coil length L • 100 cm
Coil bore D > 10.S cm
Discharge tube i.d. 2b • 3.8 en
Bank capacity CTQT - 97.2 vt
Source inductance l[S) - 5.4 nil
1/4 Cycle Time t/4 • Z us
Coil Electric Field Efroil i.d.) - 0.8 kV/cm 840 kV
Tube I.d. Electric Field Eftube i.dJ - 0.27 kV/cm 8 40 kV
Coil Current I - 3.1 MA e 40 kV
Peak Magnetic Field B

ot'/4) • 3S kC % 40 kV



CO, LASER SYSTEM PARAMETERS

Parameter

Optical aperture

Beam diameter

Laser length

Short pulse output

Focusing mirror

radius of curvat'jre

Focused beam diameter

Laser power density

Value

SO cm2

e cm

LOO cm

60 • 20 J in 60 ns (2 % iu"w, peak)

R * 6 m for post-pinch heat (in focus)

B ' S D for laser preheat (out focus)

2 mm

3 x 1010hVcm2 (nominal average)

spot at the near end of the plasma column. This

mirror is intended for plasma column heating experi-

ments. A second mirror with a radius of curvature

of 8 m will be available for laser heating of uncom-

pressed plasma. The R = 3 m mirror would focus the

beam at the far end of the plasma column. Only the

behavior of the plasma under the influence of the

near-end focus arrangement will be considered here.

V. PROPERTIES OF THE SCYLLA 1-C 0-PINCH PLASMA

BEFORE LASER HEATING

Since the details of the laser-plasma interac-

tion are dependent upon the plasma electron density

and temperature, it is necessary to estimate these

plasma parameters over the anticipated range of 0-

pinch initial-fill pressures. The model used to

predict the plasma parameters is developed below.

A. Theta-Pjr.;h Plasma Model

Theta-pinch implosion-phase studies carried out

at LASL have concentrated on the imploding plasma be-

havior in discharge tubes of moderate diameter (20

cm) and moderate fill pressure (~ 10 mTorr). At 10-

mTorr fill pressure, recent experiments have shown

that during the early stage of the implosion

(r l a s m a ~ 7 cm in the 10-cm-radius tube) the elec-

tron density is coincident with the magnetic piston

field, a behavior indicative of "snowplow" dynamics.

However, halfway through the implosion (r , ~
plasma

5 cm), a density front which leads the magnetic pis-

ton field is observed, indicating "bounce" model be-

havior. In an investigation of the 6-pinch plas-

ma implosion in ~ 10-cm-diameter discharge tube at

higher fill pressures (50-200 mTorr hydrogen),

separation of the electron density and magnetic pis-

ton field was not observed. The ion-ion mean free

path in this case was about 0.025 cm, compatible

with a collision-dominated sheath with a thickness

of about 1 cm. Accordingly, at high-fill pressures

(~ 50 mTorr) and small discharge tube diameters

(~ 10 cm), it appears appropriate to consider the

implosion as an event which is not characterized by

a plane reflecting magnetic piston (bounce model),

but rather an event which involves entrainment and

continuous heating of the ions within the current

sheath, i.e., a snowplow model. Since the basic

interactions postulated in the snowplow model have

not been delineated in other available references,

the details of the development will be presented

here.

Figure 2 presents the 0-pinch magnetic field

waveform, B(t). Specific times during the discharge,

used in modeling the plasma behavior, are indicated

on the figure, T/4 defines the time of peak mag-

netic field, B , when the discharge current is crow-

o

barred allowing gradual decay from the peak field.

As will be seen, the pinch time, t (time for sheath

implosion to r=0) will occur with t « T/4. Thus

B can be assumed to increase linearly over the time

of the implosion.

B. Implosion and Plasma Column Formation Phase

Neglecting acceleration effects, the inelastic

snowplow momentum balance across the imploding cur-

rent sheath can be expressed as

B
m.n v
l o s

(2)

where m. is the mass of a deuterium ion, n is the
1 o

number density of fill atoms, and B and v are the

TIME

Fig. 2. O-pinch magnetic field waveform. B is the
peak magnetic field, B p the confining mag-
netic field at the termination of the implo-
sion phase, and B the average field over
the duration of tfie implosion.



average driving magnetic field and sheath velocity,

respectively. It is assumed that the sheath im-

plodes to the axis (r=0) in time, t , with the

electrons in the imploding sheath remaining cold

and the ions possessing equal kinetic and thermal

energies. As a Eirst approximation in determin-

ing the plasma state, the ion energy acquired dur-

ing the implosion is assumed to be converted to ion

thermal energy in the plasma column. Since gas

pressure in the highly compressed column will be

greater than magnetic pressure at t , the plasma

will rapidly expand to an equilibrium position at

Rsh (plasma boundary after shock heating and expan-

sion). The expanding plasma performs work against

ihe confining magnetic field B , and a temperature

T and density n are obtained after the expansion

to R . . The equilibrium energy balance at R , can
i>n si)

be approximated as

~ ,b2no- f kTp . (3)

Assuming B ~ 1 (3 is the ratio of plasma pressure

to magnetic pressure), the equilibrium pressure

balance at R is given by

Then, in th is model B = B M /2 is the averages o p
value of driving magnetic field over the duration of

the implosion. Ihe value of the confining magnetic

field B at the equilibrium position Rgh i s then

B(t=t ) w B u t = 2B . With B determined, the
p o p s s

sheath velocity can be expressed from Eq. (2) as

[B U t /2| /. \2
I o p i _ /b_\
8;tm,n 11 I

in \g/

(10)

Using the previously noted Scylla I-C machine paru-

meters, B = 35 kG, u = •'— and b = 1.8 cm yields

and

v = 5.16 x 10 1 0 n ~ 1 / 4 cm/a

t = 3.49 x 10"1 1

(11)

(12)

This analytical formulation can be compared

with the experimentally determined pinch times of

the piston sheath obtained in the Scylla I-B P-

pinch. Both snowplow and bounce models of the

implosion process predict a dependence of pinch time,

t , on the initial fill density, nQ, and the initial

azimuthal electric field, Efl, which can be expressed
16 U

8n P P

and conservation of particles requires t u bn i / 4 E
p o

0
(13)

n o b ' n
P
Rsh" • (

Combining (4) and (5) and substituting into (3),

yields.

kT

Then substituting (6) into (3) gives

(6)

and f'om equation (5)

, 2
(8)

With the specification of B and vg, Eqs. (6)-

(S) can be solved in closed form for T , Rsh> and

n . B can be determined by noting that during
P P
the short time of the implosion phase.

» B sin ujt -- B ut .o o (9)

Experimental results for Scylla 1-B lead to the

empirical relationship (for the 10-cm-radius dis-

charge tube)

9.0 x lO"11 n o
1 / 4 EfJ"

1/2 (14)

with EQ in kV/cm. Foi the smaller radius of Scylla

I-C (1.8 cm), the pinch time, with EQ = 0.27 kV/cm,

is predicted to be

t - 3.2 x 1 0 - " n 1 / 4 a
P o

(15)

within 102 of the analytical result obtained above

[Eq. (12)].

The above model for the plasma implosion, col-

umn formation and expansion to the <>quilibrlum posi«

tion assumed for convenience that the electron popu-

latioa remained at U s Initial preionization tempera-

ture ~ 2 eV. In the plasma column, the higher en-

ergy ions will lose energy to the cold electrons as



a result of ion-electton collisions. The time for

the ion energy to decrease by a factor of 1/s (37%),

thus increasing the electron energy, is given for

a deuterium plasma by

6.3 x 108 T e
3 / 2

Tie = n in A s (16)

where T is in eV and n in cm
e e

-3
For Te ~ 2 eV

and JinA ~ 6 energy equilibration times between the

ion and electron populations are only a few nano-

seconds over the entire range of initial fill pres-

sures considered (100-1000 mTorr). Accordingly,

the ion and electron temperatures rapidly equalize

so that T = T .
ep ip

With fill pressure as the varied parameter,

the plasma properties following shock heating and

expansion to magnetic pressure equilibrium at B

are given in Table III. R , has constant value of
- sh

b/ \/lO = 0.57 cm and n =n = n
P ep ip-

C. Adiabatic Compression Phase

Following the plasma implosion and expansion

to an equilibrium radius R , with confining magnetic

fields of strength B , the plasma is adiabatically

compressed by the magnetic field increasing from
B at t
F

T/4. The conditions att to B at t
P o

the end of the compression will be denoted by the

subscript f. For equilibrated electrons and ions

the plasma properties after compression are given

TABLE IV

PLASMA COLUMN PARAMETERS AT MAXIMUM COMPRESSION

100
500

1000

.249

.316

.351

3
1
1

.7

.1

.8

-3

,10"
x 10

X10 1 8

41
13

S

E f

143
230

283

The energy resident in the plasma column of

length L at the termination of the adiabatic com-

pression phase can be expressed .is

Assuming pressure balance (6 « 1).

2.3 x 103 Rf
2 J

(20)

(21)

for the Scylla I-C operating parameters.

With fill pressure as the varied parameter, the

predicted (final) conditions of the plasma at the

termination of the snowplow-adiabatic-compression

processes, determined from Eqs. (17)-(21) using the

values in Table III, are given in Table IV and pre-

sented graphically in Fig. 3.

2(Y-D

(17)

(18)

(19)

where V = 5/3 for the collision dominated plasma,

Tf = Tef + Tif a n d nf "ef " "if

TAIIE III

PLASMA PARAMETERS FOLIOWNG SHOCK HEATING

Po. "Tort tp.|.»/v,.M B, •!„/;.!

100 »9
SOO 477

1000 &«•

4.4 7 »llfv

• •6 J . i i l J '
7.1 7»10"

10'

Fig. 3. Plasma column parameters at the termination
of the snowplow-adiabatic-compression pro-
cess as a function of initial 0-pinch fill
pressure.



The possibility of significant radiant energy

loss on the time scale of the pinch and adiabatic

compression events must be considered. Assuming

free-free transitions of electrons (continuum radia-

tion) to be the dominant radiant energy loss mecha-

nism, the energy radiated per unit volume per unit

time can be expressed as

3 h m c'
e

, 2 u 2Z nf

ER - 1.7 x lO"
32 n £

2T e £
1 / 2 W/cm3

-3

(22)

(23)

in the present case, with nf in cm" and T f in eV.

The greatest energy loss is found to occur at J.000

mTorr pressure where the loss rate is 10 J/us or

about 2% of the total plasma energy per ps. At 100

mTorr fill, the plasma radiates about 0.2% of its

energy per us. Such loss rates are sufficiently

small over the time scale of the laser-plasma inter-

action to be neglected.

VI. IDEAL LASER-PLASMA INTERACTION

This work will first consider the response of

the plasma under the influence of the expected domi-

nant laser absorption mechanism, inverse brems-

strahlung, ignoring problems of laser light back-

scatter, and possible diffraction of the laser beam

out of the plasma column. Thus, the results oc such

an analysis will provide an indication of the maxi-

mum perturbing effect of the laser heating. This

information is crucial in the evaluation of possible

diagnostic techniques and the identification of

optimum 0-pinch operating conditions. Following

this analysis, each of the effects (backscatter,

etc.) which serve to reduce the local energy flux,

and thus the heating effect, will then be evaluated.

A. Inverse Bremsstrahlung Absorption Length, Hab

In a fully ionized plasma, the energy of the

incident laser light is absorbed through the pro-

cess of inverse bremsstrahlung by wfhich the elec-

trons are accelerated in the electric fields of the

focused light. The plasma ions are heated as a

result of subsequent electron-ion collisions. The

inverse brrmsstrahlung absorption coefficient, K,

19
has been presented by Johnston and Dawson and

clarified by Kristiansen.20 The absorption length

Z . , can be expressed, in terms of K, as
3D

K ab
1.15 x LO

29 (kTef>
3/2

. 1 -

1/2

Here X is the laser light wavelength, X the wave-

length of radiation at the plasma frequency, Z, the

electronic charge number and A " vJuP

Ze
3kT

the wave frequency and P =

For Z = 1 and CO2 laser light (A = 10.6 x

10" cm), the above reduces to

1.03 x 10 3 5 (kT f ) 3 / 2

5
nf p..5S.n(kTgf) +0.494]

(25)

for nf in cm" and kT f in eV.

Substituting the values of the plasma column

electron temperature, T g f, and density, nf, derived

for the snowplow-adiabatic-compression model (Table

IV) into equation (25), results in the absorption

lengths presented in Table V.

B. Physical Interpretation of i.

The physical problem under consideration is the

attenuation of a laser beam, with a total incident
2

flux density I (W/cm ,\ upon passing through the

plasma column where it loses an increment of flux

density, Kl-ds, upon traversing a distance ds.

TABLE V

,,' m T

ab1

LASER ABSORPTION LENGTH

100 500

33 0.8

1000

0.2



Ideally, neglecting scattering and emission, the

distance rate of change of the incident flux density

is given by,

f£ - -KI . (26)
For the case with the beam entering at the plasma-

vacuum boundary, S = 0, the solution of the above

equation takes the form

I(s) =I(o)e'T(s) where T(s) -f K«ds . (27)

This functional form represents an exponential

decay of the flux density along the beam path. At

one absorption length the beam flux density is re-

duced to 1/e of its initial value. For constant

absorption coefficient, K, the above formulation

allows interpretation of the absorption lengths pre-

sented in Table V. For a plasma with an absorption

length, H , greater than the plasma extent, one

could expect an almost linear decrease in absorp-

tion (and thus heating) to occur along the plasma

column. For an absorption length smaller than the

length of the plasma, beam energy would still '.>e

deposited at positions larger than the absorption

length, but with significantly reduced intensity.

This simple exponential reduction in flux density

can be altered by a variation in the absorption co-

efficient, K, along the column due to the local

plasma heating. Since K ~ T , local laser heat-

ing of the electron plasma reduces the absorption

coefficient (increasing t , ) , thus allowing the
3D

laser beam to penetrate further into the plasma.

This nonlinear absorption process is referred to as

bleaching.

C. Inverse Bremsstrahlung Absorption with Nonlinear

Absorption Coefficient

Laser-plasma interactions dominated by non-

linear inverse bremsstrahlung absorption (IBA) have

been given a rather general treatment by Steinhauer
21 22

and Ahlstrom. ' However, the strength of the

physical arguments in the present case are best de-

lineated in the work by Schappert, which will be

followed here. This analysis assumes constant

electron density within the interaction region with

no electron-ion energy transfer and no electron

thermal conduction to the surrounding plasma over

the time scale of the laser pulse. The laser beam

is presumed to remain collimated at its initial inci-

dent diameter (2 mm in the present case) heating a

cylindrical central core of the plasma column.

Nonlinear aboorption is included in the analysis

through the introduction of a variable inverse brems-

strahlung coefficient which, neglecting density

variations, can be written as

-1 (28)

K is the ideal IBA coefficient defined by Eq. (24),

T . is the initial plasma column electron temperature
er
(prior to the laser heating) and T £ is the local

electron temperature which varies over the duration

of the laser pulse. Substituting T? into the time

dependent radiative transfer equation and integrat-

ing over the laser pulse length, the exact solution

for the laser energy absorbed at a given axial pcsi-
23

tion, F.(X), can be written as,

Q)1 / 5

,1/5 ,

Q(X)

Q(o)

•-•§ KX; (29)

L(l + Qr'J ••• lj

Q(X) and Q(o) are the limits of integration. Q(X)

is a dimensionless parameter expressed in terms of

the plasma state prior to laser heating,

K E(X)
(30)

f ef

0(o) can be considered as the ratio of the incident

laser energy per unit area, E(o), to the original

plasma thermal energy is one absorption length. Eq.

(29) can be reduced to

E(X)
E(o) '

-KX

KX
Q(o)371

for Q(o) <• i

for KX
5/3

(31a)

(31b)

For low energy absorption (absorption length > plas-

ma extent), the constant absorption coefficient

solution with exponential beam energy decay is ob-

tained [see Eq. (27) and (31a)]. The nonexponential

energy absorption, Eq. (31b), is indicative of

bleaching along the column.



0 10 20 30 -10 50 CO 70 GO 90 100
X(cm)

Fig. 4. Electron temperature profiles for nonlinear
inverse bremsstraWlung absorption coeffi-
cient. The curves represent the maximum
temperature ratios in the absence of all
loss mechanisms.

Integrating the electron energy conservation

equation over the laser beam pulse width and apply-

ing Eqs. (31a) and (31b), the laser-induced electron

temperature, T nOO, along the 2-mm-diameter heated

plasma column core can be solved for as

= ^ = fl + QO
ef

Tef

kVl

o)e *"*\ ; Q(o) < 1 (32a)

2/5 |2/5
Q(o) - ~ Q(o) KXJ

/3 \;Q(o) » (j KXJ

The electron temperature profiles, for various fill

pressures, are presented in Fig. 4.

For the high fill pressure cases the beam en-

ergy will be completely absorbed before reaching

the far end of the plasma column, X = 100 cm. The

limiting axial station, Xf, where E(Xf) = 0 is given

-! Q(o) »{j
5/3

(33)

Values of X., the initial electron temperature before

heating, T ., and the electron temperatures after

laser heating, TeJ1(X), for X = 0 and X = X^ are

given in Table VI as a function of fill pressure.

When X^ > 100 cm (the plasma column length), Te^(
Xj)

is calculated at X. 100 cm.

(32b)

A comparison of the laser absorption length,

I , , obtained for constant K and the length, Jl . ,aD aD M

derived for the variable absorption coefficient, K,

is presented in Fig. 5. As for l^, the length i.^

is defined as the axial position at which the laser

beam energy is attenuated to 1/e of its initial

value, i.e., E(£ , ) = E(o)/e. As can be seen from

Fig. 5, nonlinear absorption significantly increases

the laser beam penetration distance, the divergence
between H . and J. . increasing with fill pressure,ab ab ^
The absorption lengths H , and £ . actually repre-

sent two limiting cases. In the former, electron

heating is neglected so that £ , is the smallest

possible absorption length obtainable for a given

set of initial plasma conditions. In the lattar

case, thermal heat conduction is neglected so that
I is the maximum obtainable absorption length. Asao
will be discussed below, the characteristic time for

radial heat diffusion is less than the duration of

the laser pulse. Accordingly, the rapid transfer of

energy from the central core of heated plasma to the

TABLE VI

PLASMA PARAMETER FOLLOWING LASER HEATING

p , mTorr

100

500

1,000

66

2.

1.

<K°)

.3

34 x 103

14 x 10''

Tef

41

13

8.

eV

3

X ,, cm

232

55

29

33

0,

0.

cm

,8

,2

T e f(o), .V

221

293

348

Tei,(X = l

178

13

8.

00)

3

, eV



VII. PLASMA RESPONSE TO LASER ENERGY ABSORPTION

in the preceding section, ideal electron heat-

ing in the 2-mm-diameter cylinder of plasma exposed

to the laser beam (beam diam ~ 2 mm) was analyzed.

The laser induced particle interactions within this

hot plasma core, the transfer of energy to the sur-

rounding plasma, und the dynamic response of the

entire plasma column will now be analyzed.

A. Electron-Electron EnerKV Transfer

As previously discussed, the absorbed laser

energy directly heats the electrons through the ii.-

verse bremsstrahlung mechanism. The time, t , for

the heated electrons to attain a local Maxwellian

energy distribution can be expressed as

3.3 x 10 5T e £(x)
3 / 2

n JtnA
(34)

-3

Po (mTorr)

Fig. 5. Compression of laser absorption length,
'ab* f"^constant K» and absorption
length, ̂ aj,' f o r variable absorption coef-
ficient K.

surrounding plasma will decrease the indicated absorp-

tion length, T ., together with the electron tempera-

ture, T Ax) (Fig. 4). The experimentally observed

laser absorption length can therefore be expected to

fall within the crosshatched region shown in Fig. 5,

being greater than I , due to nonlinear absorption,

but less than S , as a result of radial heat diffu-

sion.

where T is in eV and n in cm . Using the elec-
er, e

tron temperatures at the hot end of the plasma col-

umn, Te)j(o) (Table V I ) , ItnA «s 10, and n e = n f , the

calculated equilibration time for the electron popu-

lation t ~ 1 ns over the entire range of initial

ee

fill pressures. Thus, the electrons will maintain

a Maxwellian distribution even during the duration

of the laser pulse (~ 50 ns).

Neglecting, momentarily, local heating of the

ions in the plasma core, the primary process induc-

ing electron temperature equilization of the hot

core with the remainder of the plasma column is

thermal conduction. Heat conduction basically re-

sults from electron thermal transport; since the

velocity of electrons greatly exceeds that of the

ions, due to the mass difference, and the plasma

column is assumed to be magnetic-field free, only

the electrons need be considered carriers of thermal

energy. Neglecting density variations, the electron

temperature equalization time is given by the time

constant of the lowest order mode of heat conduction.

The appropriate diffusion equation is

cv f - n V ?T , (35)

where C is the plasma specific heat, C =

•x(n + n..)k, and n is the electron thermal con-

ductivity. The characteristic thermal diffusion

time can be expressed as

cth

Cv .2 L2

( 3 6 )

where L is the characteristic length. With the

electron thermal conductivity from Spitzer, the

thermal diffusivity, in the absence of internal mag-

netic fields, can be written as

D
6.3 x 10
n UnA

20
T e J(X)

5 / 2 cm2/s . (37)

„ ^2For Jocal radial heat diffusion, L =(Rf - £

where R is the radius of the hot central core,c '

R =0.1 cm, and R, is the plasma column boundary

given in l'able IV. Taking T AX) = T j,(o),

2nA «! 10, and n e » nf, the radial diffusion time

t (R) ~ 1.0 ns in all fill pressure cases. Accord-

ingly, the input laser energy Is transferred locally,



during the time of the laser pulse, to the entire

plasma column electron population at a given axial

position.

The electron temperature equilization process

will have the effect of lowering the laser induced

electron temperature T » uniformly across the plasma

column at a given axial station. The resulting

tenperature of the electron plasma, T^(X), is deter-

mined from a local energy balance which can be ex-

pressed as,

- (38)

where t j, n, and K, are given in Table IV. The

above equation assumes that the electron density re-

mains constant over the nanosecond time scale of the

energy transfer process. The energy balance equation

can be reduced to

<39>

Substituting values from Table IV and VI, the result-

ing electron temperatures at X » 0 and X - X. are

given in Table VII, together with the radial thermal

diffusion times evaluated at T ̂ (o).

Also presented in this table Is the time for

axial electron temperature equalization, t. (z) «
, tn

XgVD where X, i. 100 cm (plasma column length • 100

cm), calculated at Te " T ^(o). It should be noted

th is several orders of magnitude greater than

t,. (R) in all cases. The electron distribution at
tn

the two extreme ends of the plasma column are effec-

tively thermally insulated, and axial temperature

equilization along the length of the plasma would

not be expected to occur over the time scale of the

experiment ( ~ 1 us).

TABLE VIII

ELECTRON-ION EQUIPARTITION TIME

p , mTorr

100

500

1000

B. Electron-Ion

T'(c
e

Energy

>), eV

70

42

35

Equipartition

t (o), ns

100

16

6

The electrons are heated directly by the in-

verse bremsstrahlung process and rapidly share their

energy with the electrons in the local surrounding

plasma. Ion heating results from subsequent elec-

tron-ion energy transfer collisions via the Coulomb

interaction. The equipartition of energy between

these two species is governed by the equation,

dt

where t is Spitzer's equipartition time,

(40)

6.3 x 108

eq

Values for t evaluated at T'(°) and n « n, are
eq e e i

given in Table VIII.

The electron-ion energy equipartition times

are much larger than the radial electron thermal

diffusion times, t ,(R). Thus, the ion temperature

lags the electron temperature on the time scale of

the laser heating pulse. However, on the time .scale

of the experiment (~lps) electron-ion equilibra-

tion is rapid enough (a few hundred ns) to affect

plasma properties.

In the above calculations, it has been assumed

that the plasma column does not expand before elec-

tron-ion thermalization. An estimate of the time

scale for radial expansion of the plasma column

boundary as a result of hot electron pressure can

TABLE VII

ELECTRON TEMPERATURE AFTER RADIAL HEAT DIFFUSION AND DIFFUSION TIMES

p mTorr T ., eV >, eV T'(X0), eV ), ns

100

500

1000

41

13

8

70

42

36

63

13

8

0.2

0.5

0.9

tth(z),

78

34

12

10



TABLE IX

PLASMA EQUIPARTITION AND EXPANSION TIMES

p , mTorr

100

500

1000

be obtained by equating the change of radial kinetic

energy of expanding plasma to the work dont by the

electron pressure In expanding the plasma against the

confining magnetic fields. When expressed per unit

length, this gives the differential expression,

higher fill pressure cases offer the most favorable

absorption conditions for laser heating (£ . < 10G

cm) the following analysis will maintain that energy

equipartition precedes expansion.

Equipartition of energy between electrons and

ions further reduces the local electron temperature

to a value T"(X) and increases the ion temperature
Q

to T"(X). From energy balance,

(44)

which reduces to

••*«*:« TJf]

where T., Is the ion temperature prior to laser

(45)

+Ttf]27TR(X)dR(X) - -8f- 2*R(X)dR<X) , { 4 2 ) h e a t i n g " T a b l e I V ). T h e calculated values of T"(X)

where m. is the ion particle mass and R(X) is the

outer boundary of the plasma at a given axial sta-

tion. Assuming T'(X) remains constant (and thus

overestimating the expansion velocity) the above

equation can be integrated and rearranged, yielding

the characteristic expansion time,

-2
At AR' (43)

The only unknown variable in the above equation

is the radius of the plasma boundary, R(X). If the

plasma expands adiabatically, the final radius will

be independent of the expansion time and thus R(X)

can be determined from simple conservation consid-

erations. This analysis is discussed below, but the

results for R(X) will be used here. Taking T'(X) =

T^(o) and R(X) « R(o) (Table XI), the expansion

time, At, and the electron-ion equipartition times,

t , are given in Table IX as a function of initial
eq

fill pressure.

It will be noted that the above At values are

underestinated since T'(X) decreases during the ex-

pansion. Comparing the expansion time, At, with

the electron-ion equipartition times, t , it can

be observed that the assumption of ion-electron

equilibration before expansion is reasonable only

at the higher fill pressures. However, since the

at X = 0 and X » X. are shown in Table X with the

initial electron temperature Tg]f.

After equilibration of electron and ion tem-

peratures the plasma column will have a uniform

local temperature with T|j (X) => Tj (X) and a gradi-

ent in temperature will exist between axial posi-

tions. This axial temperature gradient will be

maintained for the duration of the experiment.

C. Plasma Column Expansion and New Equilibrium

State

The rapid increase of plasma temperature by

laser heating produces a plasma-magnetic field pres-
2

sure imbalance, since B /8ir < 2nfk[T'.' (X)]. Theo t I

plasma must subsequently expand until pressure bal-

ance is again attained. Expansion is assumed to

occur after laser energy absorption and temperature

equalization between species, and be slow on the
n

electron-ion equilibration time scale (~ 10 ns),

but fast on the time scale of external magnetic

TABLE X

ELECTRON TEMPERATURE AFTER ELECTKON-ION

ENERGY EQUIPARTITION

p , mTort

100

500

1000

eV ev

56

28

22

52

15

10

41

13

8

11



field variations (~ 1 LIS). The final state of the

laser heated plasma is determined from the equation

of pressure (assuming g « 1) ant' energy balance, and

particle conservation:

V
8TT

2n (X)kT (X)

particle conservation,

n (X)TTR2(X>

e
energy balance,

n,7iR
t t

(46)

(47)

3n (X)kT (X)TTR(X)2 = 3nckT" (X)JtR
 2 -

6 c t I

- R f
2] (48)

Here, T (X) Ti(X), ng(X) and R(X) are the local

plasma temperature, density and radius after expan-

sion. TJJ (X) - T^ (X), nf and Rf are the local

plasma temperature, density, and radius immediately

prior to expansion. The above equations can be com-

bined and rewritten as,

(49)

ne(X) R(X) and

R
5 Rf

T» (X)

(50)

(51)

Values of Tg(X), ng(X) and R(X) after expansion of

the heated plasma column are given in Table XI.

P. Sequence of Plasma Events Following Laser

Energy Absorption

The values presented in Table XI represent

the final state of the plasma after laser heating,

thermal equilibration, and plasma expansion. The

sequence of events characterizing the plasma

response to input laser energy is summarized

below. It should be understood that such a charac-

TABLE XI

EQUILIBRIUM PUSMA PAKAMETDBS

po, »T Te(o), oV ne(o). an"
S R(o), an Te(Xt), cV ne(Xt). an"

1

100

500

1000

49

23

17

3

6

1

.1

.7

.1

X

X

x

1 0 "

10>7

1 0 "

.274

.406

.495

48

IS

10

terization is somewhat artificial, since each event

is interdependent.

1. Laser input energy pulse of time duration

tj is absorbed by the electrons in the 0.2-cm-diame-

ter central core of plasma.

i) Electrons in core thermalize with t <

t., increasing the electron temperature to Te)[(X).

2. Electron thermal energy diffuses radially,

i) Electrons in core thermalize with the

electrons in the surrounding plasma with tt]](R) "

o, decreasing the local electron temperature to

T;
3. The electrons and ions thermally equilib-

i) Plasma temperature becomes radially uni-
form with t » t (R), decreasing the electron

eq th

temperature and increasing the ion temperature until

r; (X) = T1^ (X).
4. The plasma column expands until pressure

equilibrium is again obtained.

i) The outer boundary of the plasma expands

with At > t , uniformly decreasing both ion and

electron temperatures to their final values, Te(X) =

Tt(X).

The results presented above represent the ide-

alized changes in the 6-pinch plasma that could be

expected during the course of the Seylla I-C laser-

heated plasma experiment. Specific aspects of in-

terest are the axial variation of equilibrium ra-

dius, changes of electron and ion temperatures at

one particular point, axial variation of tempera-

tures, and changes in electron density following the

laser heating, as well as the time history of these

variables. The results presented above represent

maximum changes in variables as the calculations

have rot included anomalous backscatter effects due

to instabilities and beam divergence because of ra-

dial gradients in the electron density. Each of

these effects will now be considered.

VIII. LASER LIGHT SCATTERING INSTABILITIES

The irradiation of plasma with laser light of

sufficient power level can cause "laser driven in-

stabilities" to occur which result in anomalous
24 25

backscatter or absorption of the laser light.

Anomalous absorption instabilities are effective for

laser radiation near the plasma frequency or twice

the plasma frequency. In the Scylla I-C experiment

12



u « m (ID is the CO, laser light frequency and

i.ij the plasma frequency) and thus anomalous, absorp-

tion instabilities will not be important. However,

laser light scattering Instabilities, which occur

in underdense plasmas, could result in the reflec-

tion of a significant fraction of the incident laser

radiation. The theory of such scattering pro-

cesses indicates that the energy of the incident

light wave is reflected by the plasma through the

generation of a backward-traveling light wave and

either a low frequency ion wave (stimulated Bril-

louin scattering instability) or an electron plasma

wave (stimulated Raman scattering instability). In

the laser heating of underdense magnetically con-

fined plasmas of interest here, or laser-produced

plasmas of higher density, a knowledge of the depth

of laser penetration allowed by these instabilities

and the amount of incident laser energy reflected

(backseatter) is required.

Laser scattering by plasma instabilities is

currently receiving a great deal of theoretical

study. Much work has been done on scattering

instabilities in homogeneous plasmas and more re-

cent studies have treated inhomogeneous plasmas.

Thermal self-focusing instabilities (stimulated

Rayleigh scattering) have also been theoretically

identified. However, experimental confirmation

of the scattering instability mechanisms has not

yet been established. With the moderate power lev-

els (~ 3 x 10 W/cm ) of the present experiment

and the generally unresolved nature of the insta-

bility hierarchy, this work will concentrate upon

identifying Che power thresholds for excitation of

instabilities and the backecatter scale lengths

for Brillouin and Raman scattering instabilities,
90

which are expected to be of primary importance."

A. Formulation of the Instability Problem

The set of coupled wave equations which de-

scribe the evolution of the scattering instabilities

are obtained by combining the fluid equations for

ions and electrons with Maxwell's equations. Non-

linear theory includes the reaction of the back-

scattered light wave and electrostatic plasma waves

on the incident wave. It can be shown that the

solution of this set of equations is completely de-

scribed in terms of three waves excited by the in-

cident laser light. Two of the excited waves are

For y > ui, the "strong coupling"

electromagnetic, the backscattered wave and a

forward traveling nonresonant wave. The forward

scattered "Stokes" wave, not being in resonance,

can generally be neglected. The remaining excited

wave is electrostatic, being either an ion wave

(Brillouin scattering), or an electron plasma wave

(Raman scattering).

When the combined fluid and Maxwell equations

are Fourier analyzed in the spatial coordinate, the

temporal evolution of the instabilities, their

growth rates, and excitation power levels, can be

obtained. The Fourier analyzed equations describe

three coupled harmonic oscillators (the incident

light wave, backscattered light wave, and an elec-

trostatic wave) whose time behavior is different,

depending on the magnitude of scattering instability

growth rate, y , as compared to the frequency of

the electrostatic wave, <u. The growth rate is

found to be a function of the incident laser light

power level.

limit is obtained. In this regime the incident

light wave determines the properties of the elec-

trostatic wave, and the energy in the backscattered

electromagnetic wave rapidly approaches that of the

incident light wave. It will be noted that the in-

troduction of nonlinear effects, such as anoma-

lous damping of the electrostatic wave, can signifi-

cantly decrease the predicted amount of backscat-

tered laser energy. The "weak coupling" limit, the

general category of the present experiment, results

when y * «. In this regime the incident light

wave does not greatly affect the frequency of the

electrostatic wave. The theory developed for weak

coupling will be used in the following discussion.

When the combined fluid and Maxwell equations

are Fourier analyzed in time, the spatial evolution

of the laser-induced Instabilities is obtained.

From these resulting equations, the characteristic

instability length scale, L.. is determined. L,

describes the exponentiation distance of the back-

ward scattered light wave obtained when damping

effects on the electrostatic wave are neglected; it

may also be thought of as the distance into the

plasma at which total reflection of the incident

laser light will occur. Computer simulations

indicate that the exclusion of damping effects is

generally not valid. A dimensionless parameter, g,

13



which describes the damping of the electrostatic ion

or electron plasma waves, is thus introduced into

the problem formulation. Then the factor 6L-, which

is dependent on the properties of the plasma and

the incident laser power level, determines the pene-

tration depth of the incident laser light. Strong

damping of the electrostatic waves, S » 1. allows

greater laser light penetration of the plasma than

weak damping, 6 ~ 1. Thus for finite plasmas where

the plasma length, I, is « 1OSL, no significant

backscatteriug of the incident light is expected.

However, if 8. ~ 1031^, bar.Ucatter instabilities

will be important, 10SL, can be shown to be the

penetration distance at which 50% of the incident

laser light is reflected.

An additional length scale for laser light

backscatter has been recently proposed by Liu.
27

Rosenbluth, and White. They consider the propaga-

tion of an electromagnetic "noise pulse" from a

point far from the plasma boundary. As it propa-

gates, the pulse grows at a rate, YQ, with a scale

length, c/2vQ, where c is the speed of light. I£

10 (c/2y ) is the smallest length involved in the

laser-plasma interaction problem, then this effect

dominates, and the scattering could be greatly en-

hanced. Although the theory dealing with the ampli-

fication and propagation of noise pulses is not well

developed, and can be considered speculative at the

present time, it is noted here for completeness.

B. Brillouin and Raman Scattering Instability

Thresholds

The Brillouin and Raman instability thresholds,

growth rates, and scale lengths are dependent on

the power level of the incident laser light and the

temperature and density of the irradiated plasma.

The power level dependence is written in terms of

the electron velocity, v , induced by the electric

field of the incident light. For plane polarized

light this velocity can be expressed as

v = 25 X /p~cm/s ,o o (52)

where X is the laser wavelength in units of microns

(10~ cm) and P is the incident power density In
2

units of W/cm .

In the weak coupling regime, the Brillouin in-
stability occurs when i o » i o + v 4 ( k - k ) +co

' o s o pe
(obtained from balancing growth with damping); which

implies I n 2 k , since to « w and m « c

<k-k or. Here, <os
o pe

k vT /m. is the ion wave fre-
quency, k the wave number of the ion wave, k the

wave number of the incident light of frequency uo>

and ID is the plasma frequency. The power thresh-

old is then

V v
(53)

V
where v « /T /m is the electron thermal velocity,

Y_ is the collisional damping coefficient, Y_ *
2

v .u /2io (v . is the electron-ion collision fre-
ei pe o ei

quency), and Y is Landau damping rate For a plas-

ma where T «> T., as in the present case, and kX <

is the Debye shielding distance), the ratio
3

Y Ao » 0.43.
P s
given by,

The instability growth rate is then

-1 (54)

30For Raman scattering, the balancing of insta-

bility growth with damping occurs when to "

Vu e
2 + 3k2vg

2 + >42(k-ko)
2+to e

2

pe • then

k « 2k -ko o
—-I cm -1 ,

Since 3k2vg
2 «

(55)

where k in this case is the wave number of the elec-

tron plasma wave. The threshold power at this match-

ing condition is then

> 16 2, 2 2
(56)

where u. is the electrostatic wave frequency, With

kXQ small, the Landau damping rate, Y , is replaced

by Y1 - (Y + ve.) for the electron plasma wave,

\\u\ l(t,\ — (it ̂  1 anA M m h\

pe
Y_ " (vel/2)[upe

2/(<oo-u)k)
2] and

The instability growth rate is

kv
pe -1 (57)

From the above expressions, the threshold power

levels required for excitation of the Brillouin and

Raman scattering instabilities and the Instability

14



growth rates, can be calculated for the previously

determined plasma conditions presented in Table IV.

The power levels and growth rates for instabilities

are given in Table XII as a function of initial fill

pressure.

The C0_ laser beam power level in the Scylla
10 2

I-C experiment will be approximately 3 x 10 W/cm .

At this power level, it can be seen from Table XII

that the Brillouin scattering instability may be

excited over the entire range of initial fill pres-

sures, with the possible exception of the 1000 raTorr

fill •.ase. The Raman instability would not be ex-

pected to occur at fill pressures much above 100

mTorr.

C. Brillouin and Raman Scattering Instability

Lenfith Scales

For both Brillouin and Raman instabilities the

primary length scale L,, which is derived by neglect-

ing damping effects, can be expressed as

- K /L\1 / 2

•w
(58)

1 and k s 2k In the

3 and k £ 2k as presented in Section

For Brillouin scattering, y

Raman case y

VIII B.

Damping of the electrostatic wave, which is in-

dicated by the dimensionless parameter 3, is given

for Brillouin scattering as

\l/2
(59)

(60)

and Raman scattering by

pe D

For the CO, laser beam with incident power

level of 3 x 10 W/cm , the laser light penetra-

tion distance, 103L., at which theory predicts 50%

backscatter of the incident light, is given in

Table XIII for both Brillouin and Raman scattering

instabilities. The inverse bremsstrahlung absorp-

tion length, H , , and the scale length proposed to

indicate amplification, 10 (c/2y ), are also pre-

sented.

For both Brillouin and Raman scattering the

absorption length, £ab ~ 10 BLj. For cases where

I « 108L., instability scattering theory cannot
ab 1

be applied and backscatter may or may not be ob-

served. For H , SB 10BL, local plasma heating ef-
ab 1

fects, which increase the required power level for

instability, must be considered. In such a case,

the local increase of electron temperature could

shut off the instability and thus the observation

of scattering is uncertain.

IX. LASER BEAM REFRACTION-CHANNELING AND SELF-

FOCUSING

In the theoretical study of laser heating ot

confined plasmas, it has been proposed that gradi-

ents within the plasma would refract the laser beam

towards regions of lower density (higher index of

refraction). If the incident laser light is di-

rected along the cylindrical plasma column axis, a§

in the preeent case, then a density miniraum on axis

(dn/dr > 0) should result in channeling of the beam

down the column axis, and possibly beam self-focus-

ing. Conversely, the laser beam would be expected

to refract awa;. from the axis, and thus out of the

plasma column, if the plasma density has an on-axii

maximum. Experimentally, it has been estab-

lished
3,34

that channeling of the laser beam does

result when the plasma has a density minimum on

TABLE XII

INSTABILITY POWER THRESHOLDS AND GROWTH RATES

P , mTorr

100

500

1000

6

2

4

B

p,

.1

.4

.0

rlliouin .

W/cm2

x 109

xl0 i U

xlO 1 0

Instab

2

3

8

Yo

.6

.9

.5

11

•

X

X

X

ity

s

10 1 0

10 1 0

10 1 0

2

8

1

P,

,1

.0

.2

Raman

W/cm2

X10 1 0

X10 1 2

xlO 1 4

Instability

6

7

7

V
.1

.7

.8

1 !

X

X

X

r1

10

10

in10

15



p , mTorr

100

500

1000

Brlllouln

10BL., cm

39

4.8

1.0

TABLE

INSTABILITY

Scattering

6

2.5

l.S

XIII

LENGTH

i

SCALES

ib' C n

31

0.9

0.2

Raman

60

172

1402

Scattering

c
cm 2Y , cm

o

2.5

1.9

1.9

axis, and for low power density laser beams (~ 10
2

W/cm ), refraction of the beam out of the plasma has

for the case of an on-axis density
35

been observed *

maximum. However, Hoffman"'"' has found that a laser

beam of sufficient power density (~ 10 W/cm ) can

create and maintain an on-axis density minimum (and

thus channel) even if a density maximum is initially

present on axis of the confined plasma column. It

would thus appear that a laser power density "self-

channeling" threshold exists, above which the laser

beam will "drill" its own density minimum through

the plasma regardless of the on-axis density condi-

tions. It might be expected that such a threshold

would coincide with the initiation of the "bleach-

Ing" phenomena discussed earlier. It should be

noted that in Hoffman's experiment, ' the plasma

column length was an order of magnitude smaller

(10 cm) than the column produced in Scylla I-C (100

cm). Accordingly, the Investigation of beam chan-

neling in the present experiment, and the possible

identification of the self-channeling threshold,

is of significant interest.

Considering the experimental evidence above, ic

appears realistic, in the present experiment, to

presume that the incident 3 x 10 W/cm laser beam

will sufficiently heat the plasma to create and

maintain a density minimum on axis over duration of

the laser pulse. With this assumption, an estimate

of the laser generated density gradient and the

assuciated beam retraction and self-focusing effects

can be made.

A. Laser-Generated Density Cradlent

In order for the incident laser beam to channel

down the plasma column axis, a density minimum must

be created during the early stages (t < t.) of

laser pulse. The maximum attainable local electron

temperature of the 2-mm-dlameter heated plasma core

at the end of the pulse duration is Te(l(X), neglect-

ing thermal heat conduction, electron-ion equiparti-

tion and plasma column expansion. Although electron-

ion temperature equilibration can be neglected fur

times t < to, electron heat conduction is quite rapid

It , (.R) ~ 1 ns) and this process will determine the
th

maximum electron temperature at any given time dur-

ing the laser heating pulse. As an order of magni-

tude estimate, the transient electron temperature of

the heated plasma core will be assumed to approach

the temperature obtained as a result of thermal heat

conduction, T^(X), (Table VII).

Before laser heating, the plasma-magnetic field

pressure balance can be written as,

2
Bo

nfk(Tef Tif) (61)

for :• ~ 1. During the laser heating pulse, the elec-

tron temperature In this model is assumed to increase

from T g f to T'(X), locally expanding the heated plas-

ma to a mean density n'. The resulting pressure

balance between the heated core and the surrounding

plasma (or equivalently, the external field) can be

expressed as

B Q
2

n;k[T;(X) + Tlf1 " g? • <«>

Combining equations (61) and (62), the average den-

sity of the heated plasma is,

(63)
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TABLE XIV

INDUCED DENSITY

n^/nf

0.74

0.47

0.36

GRADIENTS

dn

9.

5.

1.

e

6

8

2

/dr

X

X

X

-4, cm

io17

io18

1O19

Since the laser heating is spread over the ra-

dius of the laser bean, R (~ 1 mm), an estimate of

the density gradient induced by local heating can be

taken as

dn An "f ~"e
dr ~ AR ~ R

(64)

Based on the parameters of the present experiment,

with T^(X) • T^(O), the numerical values shown on

Table XIV are determined.

B. Channeling and Beam Focusing with dn/dr > 0.

The refraction of the laser beam within the

confined plasma column can be determined from calcu-

lated light ray trajectories. The expression for

the ray path, r(X), at any axial position X within

the plasma can be derived from the Implicit ray

equation

x-<x-
dr

.1/2 (65)

where ro - r(X«0) define* the entry radius of a

specific ray, ZQ ' 5(re> and ?(r) • ne(r)/nec is

the ratio e-f plattna density to the critical density

(at nec the laser frequency equals the plasma fre-

quency) .

Assuming a linear increase in electron density

with radius over the heated plasma core, and desig-

nating the minimum density on axis as n , the

density profile can be written as,

C(r) (d;/dr)r, r ~ (66)

where z, « n /n if the value of C on axis (r • 0),m m ec
and dr,/dr » (1/n )dn /dr. From conservation of

line density, it can be •hown that

n - n' --r R
dn.

(67)
"m " 3 c dr '

where n1 is given by Eq. (63). When the expression

for the linear density profile, C(r), is substituted

into Eq. (65) and the integration carried out, the

ray trajectory equation,

r(X) (68)

is obtained. This expression gives the radial loca-

tion of any ray entering the plasma column at 0 < r^

~ R as a function of axial position, X.

Considering the ray entering the plasma at rQ w

Rc where CQ «
 C'<-Io> ^

 nf' n
e c'

 the ray e9 u a t i c i n be"

Rc "
(69)
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For CO, laser radiation n g c » 10 cm , signifi-

cantly larger than the greatest density expected in
1R —3

the present experiment <~ 10 cm ). Accordingly,
with dn /dr > 0 converging diffraction of the inci-

dent laser light is indicated in all cases since

r(X) < Rc for all X > 0. Further, Eq. (69) predicts

that for sufficiently large X, point-focusing [r(X)

•+ 0] of the channeling laser beam will occur. The

axial position, P.f , at which all of the internal

laser beam is focused to a point can be obtained by

setting r(X) * 0 in Eq. (69) and solving for X

(• I. ). (It should be noted that total focusing of
fP

the laser beam will not occur since, in any real
plasma, the density gradient (dn/dr) goes to zero

as r -» 0). Using the values of dne/dr given in

Table XIV, it can be seen that 4. 4 2 en for all

fill pressures. With SL. < I . , in all cases, local

"hot spots," beam filamentation and the necessarily

inherent nonlinearities associated with intense heat-

ing of very small plasma volumes, might be expected

to occur. Such phenomena could represent a serious

problem tor the present 100-cm-long plasma column

heating experiment and for future fusion applica-

tions. These effects will be investigated in detail

in the present experiment.

X. THETA-PINCH END EFFECTS

The results presented above neglect the effects

of convectlve loss of plasma from the ends of the

theta pinch, as well as axial plasma energy losses.

Both of these effects could have a pronounced in-

fluence on the expected laser-plasma interaction

through alteration of the local density and tempera-

ture profiles and related factors, such as the
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ordering of characteristic times. Although the

plasma end loss time (x ~ L/v « 10 (is at 100 eV)

is much larger than the laser pulse time (~ SO ns),

the possibility of local "blow off" at the hot end

of the plasma column is highly possible in the pre-

sent experiment. This effect could significantly

alter existing theories'10 for end loss involving

area wave perturbations of the magnetic confinement

equilibrium. Clearly, this problem requires inves-

tigation as it relates to the present experiment

and future fusion applications.

XI. SUMMARY

The present analysis has attempted to provide

a preliminary indication of the results that can be

expected in the proposed Scylla I-C laser-plasma

Interaction experiment. Throughout the analysis,

it has been assumed that the incident laser beam

will create and maintain the appropriate on-axis

density conditions required for channeling. If

self-channeling is not obtained, simple modification

of the Scylla I-C theta pinch can be carried out,

which would result in the creation of favorable on-

axis density conditions necessary for trapping the

laser light. In either case, the basic analytical

procedures used in this work can be applied to esti-

mate the results of the laser-plasma interaction.

Using snowplow theory as the relevant high-

density model with 3 » 1, Scylla I-C plasmas in the

17 16
10 to 10 range with corresponding temperatures

in the SO-to 10-eV range, are predicted. (Somewhat

lower plasma column densltiea might be observed in

the actual experiment since B can be expected to be

less than unity.) For this range of plasma den-

sities and temperatures, nonlinear absorption of

the C02 laser light Is indicated. This bleaching

process results in absorption lengths significantly

greater than predicted for classical inverse brems-

strahlung absorption with constant absorption coef-

ficients. Such an effect should be easily observed

in the Scylla I-C experiment.

The plasma response to laser energy absorption

has been treated in a step-wise fashion, consider-

ing interparticle energy transfer mechanisms, heat

conduction, and bulk motion of the heated plasma.

The analysis Indicates that a laser induced plasma

column temperature increase of about 10 eV will be

obtained after the transient energy transfer pro-

cesses are completed and the heated plasma has

reached a new equilibrium state. This temperature

increment is nearly independent of the initial 6-

pinch fill pressure. Significantly higher tempera-

ture increases, on the order of 100 eV, can be ex-

pected during the time of the heating laser pulse

(~ 50 ns).

Analysis of the power density thresholds for

the laser light scattering instabilities shows that

the Brillouin instability threshold is exceeded over

most of the Scylla I-C operating range. Accordingly,

strong backscatter of the incident laser light could

be expected, based on the calculated threshold lev-

els. However, since the characteristic backscatter

length scale 106L is generally ~ S.^, the classical

inverse bremsstrahlung absorption length, the ob-

servation of instability induced backscatter is un-

certain.

The creation of an on-axls density minimum has

been analyzed, assuming that local laser heating of

the central core of Irradiated plasma results in a

local plasma expansion that is rapid on the time

scale of the laser pulse. The diffraction of the

laser beam within this laser-Induced density grad-

ient results in channeling of the incident laser

light. Analysis of the laser light ray trajectories

indicates that point-focusing of the channeling laser

beam will occur, even in the presence of a very

small, favorable density gradient (dn/dr > 0). Such

beam focusing could result in local "hot spots" and

beam filamentatlon, which would represent a serious

problem in attempting to uniformly heat the 100-cm-

long theta-pinch plasma column.
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