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ABSTRACT 

An experiment using the 10.28 ym and 9.56 ym radiation 

from a high power CO2 laser and a preionized helium plasma 

was conducted to investigate anti-parallel beam beat heat

ing. The helium plasma is heated by a focused single, 

double pass, laser beam with two frequency components. The 

temperature increase is compared with that obtained using 

a single frequency laser. A small amount of additional 

heating is observed with the double frequency laser beam 

22 -3 

at a spatially average plasma density of 5.3x10 m . How

ever, this additional heating is not as strong as originally 

expected. The results are explained by the detuning of the 

beat heating process at the interaction zone due to parti

cle losses. 
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DEFINITION OF SYMBOLS 

a = Radius of CO2 laser beam inside plasma 

A = Magnetic vector potential 

A. = Amplitude of plasma normal mode i 

B = Magnetic flux density 

B = Vacuum quasistatic magnetic flux density (axial) 

c = Speed of light in vacuum 

e = Charge of electron 

E^ = Electric field of high frequency laser beam 

E, = Electric field of low frequency laser beam 

h = Plank's constant 

I(t) = Intensity of incident laser at time t 

I^ see Eq. (IV-4) 

I2 see Eq. (IV-5) 

Im = Imaginary part 

J. = Transverse current density 

ic = Wave vector of high frequency laser beam 

ic^ = Wave vector of low frequency laser beam 

^2 " ^o " ^1 

K, = Electron thermal conductivity perpendicular to B 

I , = Inverse bremsstrahlung absorption length 
ab 

L = Length of plasma column 

L = Density scale length of plasma 
n 

L = Linear operator 

m = Mass of electron 
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z = Position vector 

Z = Ionic charge number 

Z* = Average ionic charge number 
o o 

a = Hell 4686 A to Hel 5876 A line intensity ratio 

a' see Eq. (IV-7) 

3 = Kinetic to magnetic pressure ratio 

e = Linear dielectric function 

r. = Dissipation of plasma normal mode i 

K = Boltzmann's constant 

X = Mean free path of electron 

A., = Coupling constant between plasma mode j and k 

y = Index of refraction 

y = Average index of refraction 

Vj = Frequency of CO2 laser 

V = Plasma Frequency 

Q,. = Characteristic frequency associated with plasma 
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p = Input action ratio 
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CHAPTER I 

INTRODUCTION 

There has been a strong interest in using CO2 lasers 

to generate a dense, hot plasma to produce radiation as 

well as to achieve controlled thermonuclear fusion. ' For 

a cold dense plasma, energy absorption from the laser by 

the plasma is principally through inverse bremsstrahlung. 

However, due to the rapid decrease of the electron-ion col-

lisional frequency with temperature, inverse bremsstrahlung 

becomes very inefficient for hot plasmas. For instance, a 

2 3 —"? 0.1 m long hydrogen plasma with a density of 10 m at 1 

keV absorbs only 0.06% of the energy of an incident laser 

beam via inverse bremsstrahlung. Therefore, in order to 

generate a small volume of hot dense plasma for radiation 

generation, a high power density laser beam is needed. 

When laser light above certain power levels irradiates 

a plasma, collective processes occur which can either en-

4 S 6 7 8 
hance ' ' or retard ' the light absorption. One of the 

many processes is the parametric excitation of two new 

9 waves by the incident electromagnetic wave. If one of the 

excited modes is electromagnetic, it can escape from the 

plasma and appear as stimulated scattering of the incident 

electromagnetic wave. If both the excited modes are 

purely electrostatic, they are eventually absorbed in the 

plasma and this decay process rhus leads to enhanced 

1 



absorption of the incident electromagnetic wave. Therefore, 

the problem of nonlinear interaction of two coherent elec

tromagnetic waves in a plasma has gained considerable atten

tion in the past decade. Of particular interest is the res

onant excitation of electron plasma waves when the difference 

frequency of the two electromagnetic waves is near the plasma 

frequency. Collisional damping. Landau damping, convective 

losses, and nonlinear mode-coupling processes may convert 

the plasma wave energy into thermal energy of the plasma. 

Several theoretical studies of optical mixing of laser 

beams in under-dense plasmas have been reported. Kroll, 

Ron, and Rostoker proposed in 1964 to use the beating of 

two laser beams as a density probe that gives good resolu

tion in both space and time without disturbing the plasma 

12 
significantly. James and Thompson considered the heat
ing of ions in magnetized plasma by beating high frequency 

transverse waves at the ion cyclotron resonance frequency. 

13 Rosenbluth and Liu studied the effects of the nonlmearity 

of the large amplitude plasma wave and the inhomogenity of 

the plasma on the excitation of the plasma wave by beating 

14 two laser beams. Cohen, Kaufman, and Watson investigated 

the beat heating of a uniform plasma with the plasm.a fre

quency nearly equal to the difference frequency of the two 

laser beams and found that the process is Manley-Rowe 

15 limited. They considered cascading (successive induced 



decay of the laser beams) to increase the conversion effic

iency of laser beam energy into plasma wave energy and found 

that the process was optimized by having parallel beams, 

equal laser intensities, and damping rate equal to the fre-

1 6 

quency mismatch. Beaudry and Martineau treated the prob

lem of beat heating by parallel and anti-parallel laser 

beams taking into account the influence of collisions. 

Fuchs, Neufeld, Teichman, and Engelhardt studied the 

parametric excitation of longitudinal plasma oscillations 

when the difference of laser beam frequencies was (2/N)aj , 

where N is a positive integer, and oo is the electron 

plasma frequency. They also examined the effect of fre

quency mismatch and radiation absorption efficiencies. 
18 However, as pointed out by Cohen, . Fuchs et. al. erroneously 

infer that the size of the resonance region is proportional 

to the wavelength of the plasma wave rather than the scale 

19 length of the plasma. Kaufman and Cohen found that for 

a weakly damped plasma the total amount of energy trans

fer to the plasma waves depends on the input power density 

and on the density scale, but is independent of the damping 

20 

rate and therefore the damping mechanism. Beaudry exam

ined the problem in the case of a linearly varying density 

profile plasma and with the assumption that the convection 

of the plasma wave dominates over dissipation. His results 

21 
agree with those of Kaufman and Cohen. Cap:iack and Jam.es 

http://Jam.es


studied the problem from a kinetic theory approach. They 

calculated the heating rates for plasmas with temperatures 

in the range 1 eV to 10 keV assuming strong Landau damping. 

They also found that the heating mechanism is relatively 

insensitive to fluctuations in plasma density and in the 

angle between the two laser beams. Willett and Maraghechi 

studied the magnetic field effects on the beat heating of 

a plasma and found that the presence of a static magnetic 

field does not affect the absorption by beat excitation of 

the Langmuir mode provided the cyclotron frequency is small 

compared to the plasma frequency or the Lagmuir oscilla

tions are parallel to the field. 

Two experiments have also been reported on the optical 

23 
mixing of electromagnetic waves m plasmas- Kuhn con
ducted the mixing of electromagnetic waves at UHF frequen-

-2 
cies using a neon afterglow plasma (p = 2 x 10 Torr). 

24 Stansfield, Nodwell, and Meyer mixed two dye laser beams 

at an angle of 45° in a plasma jet to excite resonantly 

the electron plasma waves. They then found that the en

hanced oscillation due to the optical mixing of the two 

beams resulted in a 50% increase in the intensity of the 

satellite in the scattered spectrum of a third beam. 

Neither of the two experiments mentioned above was 

done to demonstrate beat heating. Therefore, in this in

vestigation, an attempt was made to observe beat heating 

^ 
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with a high power density (greater than 10 W/cm ), two-

frequency, CO2 laser beam. The experiment was conducted 

with a plasma formed by a discharge between two ring elec

trodes in a quasi-static axial magnetic field. The chief 

diagnostics were temperature measurements using a diamagnetic 

loop and spectroscopy. An attempt to observe the resonantly 

2 5 2 6 
excited plasma waves using helium satellite techniques ' 

was made. Other diagnostic techniques such as high speed 

framing and streak camera photography, and Mach-Zehnder 

interferometry, were also used. 



CHAPTER II 

THEORETICAL AND EXPERIMENTAL CONSIDERATIONS 

Introduction 

As pointed out in Ch. I, a rather extensive study on 

the theory of beat heating has been made in the past. 

Factors affecting beat heating rates, such as density grad

ients, damping rates, magnetic field, frequency mismatch, 

etc., have been considered by various investigators. """̂  ' "̂^ ' ̂"̂  

Approaches using the fluid theory as well as the kinetic 

theory have been employed. In this chapter, a derivation 

of anti-parallel beam beat heating, following that of Cohen, "̂^ 

along with a physical picture is outlined. The derivation 

is done in cgs units since this is the system used in all 

the theoretical studies mentioned in Ch. I. The parallel 

beam beat heating requires much higher laser power density^ 

and is, therefore, not discussed. 

Since there is always the classical inverse bremsstrah

lung absorption mechanism converting laser energy into ther

mal energy of plasma, a brief discussion of the process is 

given. Results of some numerical evaluations of plasma 

temperatures due to inverse bremsstrahlung are presented 

as guidelines to what diagnostic techniques might be used 

to detect beat heating. Considerations leading to the 

choice of various experimental parameters are also dis

cussed. 

.N^9B9 ' 



Physical Picture of Beat Heating 

Consider two laser beams with frequencies w-., oo, and 

propagation vectors k̂ ., k, , as shown in Fig. II-l, together 

with a small amplitude electron density fluctuation. The 

electrons will respond to the incident electric fields 

with a quivering velocity of 

-y ->-

v= (eE-^/mw,) COS (oĵ t+kp. • z+({)-.) + (eE,/mw, ) cos (w, t+k, • ẑ 'i, ) 

where Ê ., E, are the incident electric fields. However, 

due to associated magnetic fields in the perpendicular 

direction, the electrons will experience the Lorentz driv

ing forces in the longitudinal direction. The magnitude 

of these Lorentz forces will be proportional to the pro

duct of vB or EB. The product of various cosine terms gives 

-y ->• - > - - > • 

rise to terms such as cos(2coQt + 2kQ«z), cos(2a3^t + 2k^*z), 
,->- -> 

cos ( (OJQ+OJ, ) t + (kQ+k^)«z), and cos ( (ODQ-OJ^) t + {k^-k^) 'z) , 

Each of these terms will drive the electrons to oscillate 

at its corresponding frequency. In general, the amplitude 

of these forced oscillations will be small. However, if 

-y -y 

0 
-'jd = 03̂ , k^-k, = k^ of the local density fluctuations, 

1 ^ u 1 ^ 

where GO., and k^ obey the Bohm-Gross dispersion relation-

ship 
2 2 o 2, 2 
2̂ = 'V ^ ̂ ^e^' 

then the last term will enhance the fluctuations. The 

eventual damping of the fluctuations will then add thermal 
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energy to the plasma. This process, as shown in the next 

section, will have a maximum energy transfer efficiency 

governed by the Manley-Rowe limit, namely ŵ /oo-̂  which cor

responds to the case when all of the higher frequency laser 

beam energy is converted into lower frequency laser beam 

energy and plasma wave energy. 

The process described above may also be described in 

quantum mechanical terms as being a set of photons (the 

higher frequency laser beam) undergoing induced decay by 

a second set of photons (the second laser beam) into photons 

of the second kind and plasmcns. The damping of the piasmons 

deposits energy irreversibly into the plasma. Because energy 

and momentum must be conserved, one therefore has the phase 

matchina conditions: 

fico-j = -hco, + ^^2 

and 

^1^0 = 
-> 

-ftk, + -ttk̂ . 

Also, because the number of photons is conserved, the maxi

mum number of piasmons generated v/ill be equal to the num

ber of photons in the higher frequency laser beam. Thus 

the maximum energy transfer efficiency is ^.i^^/'fiD^ = ^^^'^O' 

which is the Manley-Rovv'e limit. 

The beat heating process can also be described in the 

following way by viewing the plasma as a quasi-linear system 

^ 
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having a large number of normal modes. The two laser beams 

and the plasma wave are, therefore, different normal modes 

of the system. In the absence of couplings between modes, 

each mode can be described by an equation of the form̂ "̂  

LA (x,t) = idl + 2r.3. + Q^ + v?9^ }A.(x,t) = 0 
1 t I t 1 1 X 1 

(II-l) 

where the normal mode frequencies oo. satisfy, in the ab

sence of dissipation (i.e. r. = 0), the dispersion rela-
2 2 2 2 

tionship 00̂  = r̂. + v.k. . However, nonlinearities such as 

Lorentz forces will couple the various modes, and the equa

tions describing each mode must be written as LA.(x,t) 
1 

I A. A. (x,t)A (x,t) (II-2) 

where the A., 's are the coupling constants. As a result, 

excitation of a normal mode by two large amplitude waves 

is possible. Damping of the excited mode may therefore 

become the significant heating mechanism for the plasma 

if the damping of the two large amplitude waves become 

very small. 

A Theory of Beat Heating 18 

In this section, the lasers are assum^ed to be infinite 

plane waves propagating in opposite directions. Further, 

no external magnetic field is assumed. 

28 . ^ 
The wave equation for the vector potential A m 

the Coulomb gauge is 

••>, • ' i ' « ^ ' - . ••i.-,.' 



11 

X t. 
-47TC"-̂ J, (II-3) 

where J^ is the transverse current density. The vector 

potential is related to the electric field by 

•^ - 1 . -^ 

E = -c "-d^A (II-4) 

and, therefore, the quivering or transverse oscillation 

velocity of the electrons is equal to 

v(x,t) = -eA(x, t) /mc. (II-5) 

where e is the charge of an electron. 

-> 
If A is assumed to be in the y direction and the wave 

-y 

vectors k.(i=0,l) in the x direction, then the vector no

tation can be dropped without creating confusion. The 

transverse current density can then be written as 

J^ = evn 

= ev(x,t)(n^(x) + 5n(x,t)) (II-6) 

where 6n(x,t) is the density perturbation excited by the 

two high frequency electromagnetic waves through the 

Lorentz force on the electrons. Substituting Eq. (II-5) 

and Eq. (II-6) into the wave equation yields 

{dl + 00̂  (x) - c^d)v{x,t) = 
t pe x ^ o 

(II-7) 



12 

2 2 
where ^^^(x) = 4TTe n(x)/m. To simplify the notation, we let 

Using a WKB representation for the transverse waves, 

the transverse velocity v(x,t) can then be expressed as 

X 

v(x,t) = v^(x,t)exp[-iaj t + i/ k (x')dx'l + c.c. 

X 
+ v^(x,t)exp[-i oĵ t - i/ k^(x')dx'] + c.c. 

(II-8) 

where v^ and v^ are the slowly varying complex transverse 

velocity amplitudes associated with the two electromag

netic waves. The frequencies ^Q/W^ and wavenumbers k-̂  (x) , 

k^(x) satisfy the dispersion relation 

2 2 ^ 2. 2,, , i=0,l 

The density perturbation, driven by the Lorentz 

forces, has components that oscillate at harmonics of co-̂  

and (JO, as well as at the sum and difference frequencies of 

CO and cô  . However, the frequencies and wavenumbers of 

all components except the one at the beat frequency do 

not satisfy the Bohm-Gross dispersion relationship and 

are strongly damped. Therefore, without loss of generality, 

the density perturbation 6n(x,t) can be expressed as 

X 
5n(x,t) = n (x, t) exp [-i(j02t+ if k2(x')dx'] + c.c. 

(II-9) 
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where oô  = w^ - (JO, is the beat frequency and k̂  = k-. + k, 

is the local beat wavenumber. Note that fi(x,t) is assumed 

to be slowly varying on the beat frequency and beat wave-

number time and space scales. 

Substituting Eq. (II-8) and Eq. (II-9) into Eq. (II-7) 

and keeping only the resonant, slowly varying terms (since 

the amplitudes of the non-resonant terms are small), one 

obtains 

0) 
(3, + C9^) v,(x,t) = - i ^ ^ ^ v,(x,t) (11-10) 

and 

O 
CO ~ 

^-c3^,v^(x,t, = - i ^ l 4 ^ v ^ ( x , t , (11-11) 

where * denotes the complex conjugate operation. 

Multiplying Eq. <II-10) by coQVQ*(x,t), Eq. (11-11) by 

co.,v *(x,t) and then adding the complex conjugates of these 

equations, one obtains 

2 I I 2 

^̂ t "̂  ĉ x̂ '̂ o'̂ Ô '̂'̂ ^ ' "̂  ̂ t̂ " c3̂ )(Aĵ |v-L(x,t) 1 = 0 

(11-12) 

However, the energy density of each beam is 

W. = CO^IA. |^/2TTC^ i = 0,1 
1 1' 1' ' 

and 

( — ) ̂  I V . 
'e ' 1 



Thus, Eq. (11-12) can be rewritten as 

14 

w w 
(̂ .̂ + cd) -^ + (9 - ca ) -^ = 0 

t X CO^ t X CO, 
(11-13) 

The quantities W^/COQ, W,/CO^ are the actions of the two 

transverse waves and Eq. (11-13) implies that transverse 

action is conserved. 

Identifying (9 + c9 ) W and (9 - ca )WT as the 

rates at which energy is transferred out of the high and 

low frequency beam respectively, then, by the conservation 

of energy, the rate at which energy is transferred into the 

beat frequency wave is given by 

CO. 
(9^ + C9^)WQ - (9^ -c9^)W^ = (9^ + C9^)WQ(1 - - ) 

= (9^ + c9 )W^ -^ (11-14) ' t X 0 COQ 

which is a fraction Wo^^O °^ ^^^ rate at which energy is 

transferred out of the high frequency beam. 

The rate at which action is transferred out of the 

high frequency beam is, from Eq. (11-10) 

W m^ 2 * * 

Q 2TTe 

(11-15) 

From t h e P o i s s o n ' s e q u a t i o n , 9 d) = 47Te6n, one has 
2\. 

k^^ = 4TTen ( 1 1 - 1 6 ) 

X 

where (|)=(|) (x , t ) exp (-ico2t + i / k 2 ( x ' ) d x ' ) 

•*Wf''^;.«: 
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Using Eq. (II-5), the Lorentz force in the longitudinal 

direction due to the transverse wave can be expressed as 

2 2 2 
-(e /2mc )9 A . If we define the ponderomotive potential 

^ e^ 2 (j) as -e9 d) = - ?r 9 <A > o x^o ^ 2 X 2mc 

then 

1 e ^^2^ 1 ^ 2 ^ 

mc 
2e 

where the brackets represent an average over the rapid 

temporal variation at cô , co, . If we express 

X 
(f) =(}) (x,t) exp(-ia3^t + i/ k.5(x')dx') 
o 

then 

d) = l/2mv V. 
^o o 1 

(11-17) 

The Coulomb potential, (|), and ponderomotive potential, 

(}) , are related by 

(j) = (e ^ -1) ̂  (11-18) 

where £ is the linear dielectric function. Substituting 

Eqs. (11-16), (11-17), and (11-18) into (11-15), one ob

tains 

W Q 2 2 '^ ' II I 2 -1 
(9^ + c9 ) — = (m̂ /27Te ) k; | v^ I I Vn I Ime 
t ^ n z u 1 

(11-19) 

If one is looking only for the steady state solution 

to Eq. (11-19) and if one defines the action flux density 

as 

Eq 

18 
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^i " k^W^(e/mcco^)^ i=0,l 

then Eq. (11-19) becomes 

dS^ 

d3r = S^S^S^Imc-^ (11-20) 

where 8 = 2k2/kQk^ : 8 for o) << o) Similarly, one has 

^^1 - -1 
d3r = S^SgS^Imc (11-21) 

Dividing Eq. (11-20) by S^ and Eq. (11-21) by S^ and 

then subtracting, one has 

£ n ( ^ ) = •8Tr(SQ-S^)Im£~-^ dx (11-22) 

The quantity (S^-S^) is a constant due to the conservation 

of action. 

Upon integrating Eq. (11-22) over x, one has 

A£ -1 
n(SQ/S-j^) = 8 7 T ( S Q - S ^ ) / dxime "̂  (x) (11-23) 

where 

A£n(SQ/S^) = £n(SQ/S^)| -£n(SQ|s^)| 

x=a x=b 

and a and b are the boundaries of the plasma. 

In the limit of weak damping, the integral on the 
19 

right hand side of Eq. (11-23) can be shown to be 

/ dxime 
-1 

-TT (9ReE:/9x| ) 
£ = 0 

-1 
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Defining the quantity {^^^\ ''-^ 
£ = 0 

length L^, and using the result that for a cold-plasma model 

g^ I ) as the density scale 

£(x) = 1 - 00̂  (x)/co^ 
pe ^ 

L^ can be easily shown to be equal to 

L^ = 19£nn/9x -1 

With this result, Eq. (11-23) can be cast into the form 

2" "̂̂ Ô̂ nl V^'in " d-R-p) ""̂ n̂ [ (1-R) (p+R)/p] 
(11-24) 

where R, the relative action transfer, is defined as 

R E AS/S m 
0 

and p, the input action ratio, is 

P - S^ / S Q 

Relative action transfer is maximized when p=l for 

1 I 2 
a given power input. A plot of R versus 4Trk-L |vp̂ /cl 

is shown in Fig. II-2. 

It should be pointed out that in Eq. (11-24) the 

relative action transfer is independent of the damping 

rate and thus of the temperature and damping mechanism. 

Therefore, in contrast to inverse bremsstrahlung absorp

tion, the efficiency of beat heating will be relatively 

unaffected by the increase of the plasma temperature. At 

high temperatures, for example above a few hundred eV, 

Landau damping will be so strong that the weak damping 
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assumption used in the foregoing analysis become invalid. 

It should also be pointed out that the theory pre

sented in this section does not include the mechanisms by 

which the plasma wave energy can be transformed into the 

plasma thermal energy. In fact, this aspect of the beat 

heating process has been neglected in the various theore

tical studies mentioned in Ch. I. Mechanisms that have 

been assumed to be responsible for damping the plasma 

waves are Landau damping, collisional damping, convective 

losses, or non-linear mode-coupling processes. However, 

it is unclear that these mechanisms will always lead to 

the heating of the plasma. 

Inverse Bremsstrahlung Heating of Plasma 

As a laser beam goes through a plasma column, whether 

or not beat heating is present, there is always energy 

absorption by the plasma via inverse bremsstrahlung. Thus 

the power of the laser beam in the plasma may be des

cribed by l^exp{-x/Z , ), where i^^, the power absorption 

29 
length is given by 

i^^ = 1.28 X 10^^ v^(KT^)^/^(l-v^/v^)^/2(Zn2lnA(v^))"^ m 

where KT is the electron temperature in eV, v^ is the 

laser frequency, v is the plasma frequency, n is the elec-
IT 

_ T 

tron density in m , and Z is the ionic charge number. The 

quantity A(v^) = V^/2TTV^P^, where v^ is the electron thermal 
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velocity and p-̂  is the minimum impact parameter. For a 

22 -3 

6 X 10 m hydrogen plasma, the inverse bremsstrahlung 

absorption length is about 1 m at 4.5 eV and about 14.5 

m at 4 5 eV. However, with a focused high power laser beam, 

large temperature change may occur at the focal spot due 

to the high power density of the beam. Because an estimate 

of the degree of plasma heating at the laser focal spot 

by this process would be beneficial for the design of the 

beat heating experiment, a one dimensional computer code 

including inverse bremsstrahlung absorption and heat loss 

by thermal conduction was written. The code assumes that 

the plasma is made up of concentric layers, with each 

layer characterized by its average temperature KT in eV 

(as shown in Fig. II-3). For the sake of simplicity, the 

plasma density is assumed to be constant and uniform 

throughout the volume and each plasma layer is of equal 

thickness Ax. The central cylinder is heated uniformly 

by the laser beam via inverse bremsstrahlung. The heat 

transfer between adjacent layers is governed by the ther

mal conduction of the electrons. The thermal flux is given 
by 

Q^ = K_^(VKT)^ 

-3 29 
where, with KT in eV and n, n. in m , K̂ ^ is given by 

K, = 1.5 x 10^-^(KT^)^/^n[(n+Z^n.)lnA(l+co^ /v ) ] m s 
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F i g . I I - 3 The Plasma Column 

( 
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and ( V K T ) ^ is approximated by (KT^-KT^_^J_)/Ax. The energy 

crossing each layer of length L in time At is given by 

Q^2TTiAxLAt. Energy absorbed from the laser beam in time 

At by the central cylinder, for L«l^^, is approximately 

I (t) (1-exp (-L/£̂ ĵ ) ) TT (Ax) ̂ At. 

The quantity I(t) is the incident laser power density aver

aged over the time period At at time t. The code calcu

lates the temperature changes of each layer at the end of 

each At time period. The iteration repeats until a given 

time, such as the end of the laser pulse, has been reached. 

Some of the results obtained from the code for various 

peak laser power densities, pulse widths and plasma densi

ties are shown in Table II-l. Calculations are done assum

ing an initial temperature of 4.5 eV with x = 0.001 m, 

L = 0.01 m, and t = 1 ns. The T.'s shown in Table II-l 

are in eV and represent the temperatures of the various 

layers at the end of the laser pulse. It can be seen, 

from Table II-l, that for an average laser power density 

10 -2 of the order 10 W cm and for plasma densities of about 

22 -3 6 X 10 m , the temperature increase as a result of 

inverse bremsstrahlung heating is about 6 0-8 0 eV. The 

adjacent layers have a negligible increase in temperature 

over the laser pulse period. 

Experimental Considerations 

Most laboratory plasma sources have a density scale 
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length of the order 0.1 m. In order to have a significant 

relative action transfer between the two transverse elec

tromagnetic waves an estimate, using Fig. II-2, shows that 

a laser power intensity of the order lO"*"̂  W cm~^ is re

quired. An electron beam controlled, transverse excited, 

atmospheric CO2 laser was chosen for this investigation 

because of its high power output capability (̂1 GW) and 

most important of all, its availability. The CO^ laser 

used, as will be described in more detail in the next 

chapter, has two laser cavities. It is capable of pro

ducing two output laser beams of the same or different 

frequencies or it can be run in the master oscillator-power 

amplifier (MORA) configuration. In the latter case, only 

one laser beam is produced. However, by adjusting the 

pressure of SF^ in an absorption cell in the oscillator 

cavity, the laser beam can have two frequency components 

with variable intensity ratios. The MORA scheme is adopted 

because it alleviates the problem of synchronizing two 

laser beams to nanosecond accuracies. The laser, when 

run in the double frequency mode, produces 9.56 ym and 

10.28 ym wavelengths. The beat frequency corresponds to 

2 2 - 3 

a plasma density of 5.8 x 10 m and a Manley-Rowe limit

ed beat heating efficiency of about 7%. To provide opposite 

wavevectors for anti-parallel beam beat heating, the laser 

beam is reflected back into the plasma at the exit end of 

the plasma source by a second focusing mirror (see Ch. Ill). 
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Two common laboratory plasma devices capable of pro-

ducmg 5.8 x 10 m plasmas are theta pinches and linear 

discharges. The latter is chosen because a recent investi

gation by Gordon indicates that such a device would be 

suitable for the beat heating investigations. The length 

of the chosen plasma column is a compromise between two con

flicting requirements. In order to have a high relative 

action transfer, a large density scale length, which in 

general implies a long plasma column, is preferred. How

ever, a long plasma column with a density of 6 x 10^^ m~^ 

will reduce the power density of the laser beam at its 

focal spot by absorbing a significant portion of the beam 

power via inverse bremsstrahlung. A 0.1 m long column is 

31 32 

chosen because simulations using ray tracing techniques 

indicate that such a plasma column has negligible effects 

on the focusing of the laser beam. 
10 -2 To achieve power densities of about 10 W cm , the 

0.1 m diameter laser beam is focused to a spot diameter 

of 0.0025 m by means of a 0.15 m diameter, 1 m focal length 

focusing mirror located inside the vacuum chamber. In gen

eral, the focal spot size is proportional to the focal 

length of the focusing mirror. Higher power densities 

could be achieved by using a shorter focal length mirror. 

However, as the focal spot gets smaller, the diagnosis of 

the laser-plasma interactions becomes almost insurmountably 
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difficult. Furthermore, as the focal length gets shorter, 

the mirrors are more subject to plasma damage. 

With a laser power density of 10"̂ ° W cm~^ and a plasma 

density scale length of 0.05 m, one finds from Fig. II-2 

a relative action transfer of 0.3. This suggests that an 

overall energy transfer efficiency of about 2% from the 

higher frequency laser beam to the plasma waves is to be 

expected. 

Helium was chosen for the linear discharge for the 

following reasons. Helium has a higher atomic mass num

ber and thus a longer plasma end loss time than hydrogen. 

This consideration is important because it allows the 

laser to be fired into the plasma at a later time when 

the plasma current is approximately zero so that unneces

sary scattering of the incident beam is avoided. Helium 

was also chosen because it allows one to use the spectro

scopic technique described in Ch. IV to measure the plasma 

temperature on a single shot basis thus to minimiize errors 

due to shot-to-shot irreproducibility. 

LV 



CHAPTER III 

EXPERIMENTAL ARRANGEMENT 

The system used in the beat heating investigations 

consists of a high power CO2 laser and a plasma source. 

The CO2 laser was originally designed and built by the 

Air Force Weapons Laboratory at Kirtland AFB, New Mexico. 

Since its transfer to Texas Tech University various modi

fications have been made to upgrade its output power as 

well as its reliability. The most important change, as 

far as this investigation is concerned, is the introduction 

of an absorption cell into one of its laser cavities to 

enable to laser to run at two frequencies simultaneously. 

The plasma source is a linear discharge device where a 

plasma is preformed because the filling pressures appro

priate for beat heating studies are too low (~2 Torr) for 

the gas to be ionized by the focused CO2 laser. Moreover, 

laser produced plasmas usually have small density scale 

lengths. As a result, the laser power threshold for beat 

heating increases and thus reduces the chance of observ

ing beat heating. Figure III-l is a schematic diagram of 

the experimental arrangement. A photograph of the appa

ratus is shown in Fig. III-2. 

The CO2 Laser 

The CO^ laser used m this investigation is a cold 

:athode, electron-beam controlled laser designed for double-

27 
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33 
sided operation. In the present investigation, one side 

is operated as the oscillator, and the other side as the 

amplifier. A block diagram of the laser system is shown 

in Fig. III-3. A key feature is the cold cathode electron 

gun which is housed in a stainless steel vacuum chamber, as 

illustrated in Fig. III-4. The electron gun has two sets 

of electron emitters, one for each side of the laser. The 

electron emitters are 12.7 ym thick tantalum foils oriented 

vertically and normal to the cathode supporting structure. 

Each emitter is .10 m long and the emitters are spaced 0.025 

m apart to form a 0.10 m by 1.0 m emitting structure. A 

25 ym titanium foil on each side separates the electron gun 

vacuum chamber from the laser discharge cavities and form 

the anode for each electron gun, giving a cathode to anode 

spacing of approximately 0.08 m. A 4" diffusion pump-10.6 

CFM mechanical pump combination provides a base operating 

pressure of approximately 10 Torr, although the laser 

-5 
can safely be run at pressures of up to 10 Torr. 

A three-stage Marx bank, as shown in Fig. III-5, with 

a total erected capacitance of 0-325 yF and a maximum out

put voltage of -3 00 kV is used to drive the cold cathode 

electron gun. The typical voltage applied to the electron 

gun is approximately -2 00 kV. The maximum value is lim

ited by the stand-off voltage allowed by the vacuum feed-

through insulator bushings. In order to avoide puncturing 
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holes in the titanium foils, the Marx bank is crowbarred 

2.5 ys after erection and before the collapse of the vacuum 

diode. The crowbar uses a positive point-to-negative-plane, 

water switch. The Marx bank and the associated switches 

are enclosed in an oil-filled, steel tank to minimize coupl

ing of RF noise into other parts of the system. 

There are two laser discharge chambers, one on each 

side of the electron gun vacuum chamber. The two laser 

discharge chamibers are very similar in construction, ex

cept that there is an absorption cell within the oscillator 

cavity. Each discharge chamber is made of Plexiglass hav

ing physical dimensions of approximately 0.15 m x 0.37 m 

X 1.05 m. The sustainer anodes are 0.03 m x 0.18 m x 1.00 

m aluminum slabs mounted on the inside of the Plexiglass 

boxes. Steel bars located 0.016 m from the titanium foil 

windows and spaced 0.022 m apart form the cathodes for the 

sustainer discharge. The resulting anode-cathode spacing 

is approximately 0-112 m. Sodium chloride flats (0.127 m 

diameter) seal the ends of the discharge chambers provid

ing a 0.10 m aperture for the laser cavities. The salt 

flats are inclined at an angle of 3.5° to the optical axis 

to prevent parasitic oscillations between the surfaces of 

the salt flats. 

The energy for the laser discharge is stored in two 

sustainer banks. Each sustainer bank consists of four 

Tobe Deutschmann ESC 24 9, 0.8 yF, 120 kV capacitors in 
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parallel. This configuration gives a stored energy of 

4.25 kJ per bank when charged to the normal operating vol

tage of 50 kV. Veradyne Model 50001 spark gaps are used 

to switch on the voltage to the discharge chambers. Both 

sustainer banks are triggered simultaneously using the scheme 

shown in Fig. III-6. Sixteen, two-meter-long, RG-8 cables 

are used to feed the current from each sustainer bank to 

its corresponding chamber. This low inductance arrange

ment permits arc-free operation without crowbar units in 

the sustainer discharge circuit. A 35 ohm copper sulfate 

liquid resistor is connected in parallel with each dis

charge chamber as an energy dump for the residual charge on 

the sustainer capacitors after the termination of the elec

tron beams. 

Confocal, unstable resonator optics are used for the 

oscillator. The optics consist of a 0.127 m diameter, 5 

m focal length converging mirror, a 0.07 6 m diameter, 2.5 

m focal length diverging mirror, and a 0.153 m diameter 

plane output coupler with a 0.05 m diameter hole in the 

center. The mirrors are constructed of OFHC copper with 
2 

a damage threshold of over 100 MW/cm . The oscillator 

optics are coarsely aligned using a small helium-neon 

laser. Then fine adjustments on the tilt of the mirrors 

are made to give the most uniform and symmetric output 

beam (see Appendix A). Beam uniformity is checked by 

making burn patterns on Thermofax paper. 
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The gas used for the lasing medium is mixed from com

mercial grade helium, nitrogen and carbon dioxide compressed 

gas bottles using Ace Rotameters. The typical gas mixture 

used is three parts of helium, 1/4 part of nitrogen and one 

part of carbon dioxide, by volume. Increasing the percent

age of nitrogen will increase the energy in the tail of the 

laser pulse. For the 3:1/4:1 mixture, gain switched laser 

pulses with typical FWHM of 60 ns and peak power of about 
9 

2 X 10 W are obtained. 

The absorption cell in the oscillator cavity is con

structed from 0.04 m thick aluminum with a 0.1 m diameter 

circular aperture. Two 0.127 m diameter, 0.02 m thick 

sodium chloride flats and 0-rings are used to seal off 

both ends. The cell is usually evacuated to a base pres

sure of 1 mTorr with a small mechanical pump. When filled 

with over 25 Torr of sulfur hexafluoride (SF^) gas, the 

oscillator will lase at 9.56 ym. By lowering the pressure 

of SF^ in the absorption cell to 12.5 Torr, simultaneous 
D 

lasing at 10.28 and 9.56 ym, with approximately equal in

tensities at both frequencies, is also possible. The 

spectral content of the beam is monitored using an Optical 

Engineering CO2 Spectrum Analyzer. In place of the grap

hite block, a piece of unexposed Polaroid film is used to 

record the spectrum. 

Due to the optics employed, the output beam from the 

oscillator has an annular cross-section. The typical out-
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put energy per pulse from the oscillator when run in the 

single frequency mode is about 40 J when the 3:1/4:1 gas 

mixture is used. The output beam of the oscillator is 

then amplified by the second laser cavity to approximately 

60 J per pulse. When run in the double frequency mode, 

the output energy per pulse is reduced by about 10%. 

The Plasma Source 

The plasma source, as shown in Fig. III-7, is made 

up of: 1) the electrical discharge section; 2) the mag

netic field coil; and 3) the focusing optics. 

The electrical discharge section consists mainly of 

two split-ring electrodes and a 0.05 m i.d. Pyrex conical 

processing pipe. The electrodes, spaced approximately 0.1 

m apart, are made from 0.0032 m diameter molybdenum rods. 

Each electrode is made in four sections, with each section 

connected directly to an aluminum plate which acts as an 

electrical feedthrough (see Fig. III-8). The plasma is 

generated by a linear discharge between the two molybdenum 

electrodes. The energy for the discharge is derived from 

a 2 yF, 20 nH, 50 kV capacitor. A Veradyne Model 50007 

spark gap located on top of the capacitor is used to switch 

on and crowbar the discharge current. The current is fed 

coaxially by six, two-meter long, RG-8 cables from the 

spark gap to the aluminum plates. The arrangement generates 

a peak discharge current of approximately 125 kA when the 

s».Ai!iL'.'. 
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energy storage capacitor is charged to 50 kV. Because of 

the low resistance of the circuit, the linear discharge 

current will ring if it is not crowbarred. However, since 

laser-plasma interaction data are easier to interpret for 

a quiescent plasma, the discharge current is crowbarred 

after the first half cycle. A typical discharge current 

waveform is shown in Fig. III-9. 

An axial magnetic field, produced by a fifteen turn 

coil surrounding the plasma tube, is used to stabilize the 

linear plasma discharge as well as to reduce the radial 

particle loss rate. The coil is constructed of No. 8 AWG 

THHN insulated wire wound closely on a 0.076 m i.d. PVC 

pipe. A 0.1 m i.d. PVC pipe is then slipped over the wind

ings. The windings together with the PVC pipes are held 

securely in place with phenolic pieces and G-10 fiberglass 

rods. A 3 kV, 1 mF slow capacitor bank is discharged into 

the 0.1 m long, 0.089 m i.d. coil to generate peak fields 

of approximately 2.8 T. The capacitor bank is built by 

paralleling fifteen 66 yF, 10 kV capacitors (see Fig. III-

10). A fuse is installed for each group of three capaci

tors for safety. The capacitor bank is switched by a Gen

eral Electric GL 33228 ignitron into the fifteen-turn coil, 

giving a quarter period of approximately 200 ys for the 

current. The plasma is created at the time the magnetic 

field is a maximum. 

r 
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31 kA/cm 

2 ys/cm 

Fig. III-9 Plasma Current Trace 
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The CO2 laser beam focusing optics are housed in alum

inum boxes attached to each end of the plasma discharge 

tube (see Fig. III-7). The CO^ laser beam enters the pi asma 

source through a 0.114 m diameter sodium chloride window 

on the side of an aluminum housing. The beam is then re

flected away from the plasma discharge tube towards a 1 

meter focal length focusing mirror by means of a 0.15 m 

diameter flat copper mirror with a 0.045 m diameter hole 

in its center. The beam is then focused back through the 

hole in the flat mirror to a 0.003 m diameter spot in the 

center of the plasma discharge tube. The configuration 

allows the study of beat heating with opposite k-vectors 

without the difficulties of synchronizing two separate 

laser beams to nanosecond accuracies. The tilt adjust

ments on the mirrors are made outside the aluminum hous

ing via flexible couplings. The size of the CO2 laser 

focal spot is estimated by allowing the laser beam to hit 

a piece of aluminum located at the focal point. Since the 

plasma causes only a very small perturbation oh the laser 

beam, it is expected that the focal spot size of the laser 

beam in the presence of a plasma remains approximately the 
Q 

same. With a peak incident power of 2 x 10" W a peak 
10 2 

laser power density of 2.8 x 10 W/m can be achieved us
ing the above focusing optics. 
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The plasma source is evacuated by a 4" diffusion pump, 

backed by a 10.6 CFM mechanical pump, to a base pressure 
— 6 

of 10 Torr. A freon cold trap was installed to reduce 

back diffusion of pump oil vapor to the plasma discharge 

tube and the consequent contamination of the plasma. High 

purity helium (better than 99.995%) gas is used to fill 

the plasma source to the desired filling pressure. The 

pressure is read from a calibrated Wallace-Tiermann mechan

ical gauge. The plasma source is evacuated and filled with 

new gas after every shot to keep impurities from degrading 

the spectroscopy data. 

System Operation Considerations 

Because of the presence of high voltage transients (e.g 

from switching the various capacitor banks) and the nec

essity of detecting low level signals (such as photon-drag 

laser power detector signals) special and strict attention 

was given to the grounding and shielding of the various 

pieces of equipment. A metallic ground plane is placed 

underneath the entire CO^ laser system. All components 

of the CO^ laser system are grounded to one common point 

on the ground plane by means of large copper braids. The 

three-stage electron gun Marx bank is enclosed in an RF-

shielded oil tank to minimize coupling to other parts of 

the system. All control cables are run in electrical con

duits. Pneumatic controls are used instead of solenoidal 

^ 
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controls whenever possible. Electrical power is isolated 

from the building ground using isolation transformers. 

The plasma source is also built on top of a metallic 

plane. The linear discharge capacitor and associated 

electronics are housed in a large aluminum box grounded 

to the metallic plane. In all cases, ground loops are 

eliminated. 

The oscilloscopes, time-delay generators, and various 

low voltage pulse generators are located inside a screen 

room. The CO^ laser system, the plasma source, and the 

screen room are all grounded to a copper wire grid buried 

in the earth outside the building. All signal cables are 

shielded with copper pipe sections running from terminal 

boxes located near the equipment to the screen room. Where-

ever needed, tri-axial cables are used instead of co-axial 

cables. The shields on the tri-axial cables are grounded 

on one end only. 

The various capacitor banks are charged from constant 

current power supplies constructed using a method des

cribed in Appendix B. Since each capacitor bank requires 

a different charging time, relay timers are used to start 

charging each bank at a different time so that they will 

all be charged up at about the same time. A remote control 

panel is installed inside the screen room to control the 

operations of the various equipment outside the screen 

room. The remote control panel is isolated from the equip-
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ment through a set of electromechanical relays. Electro

mechanical relays are used in favor of solid state cir

cuits because the former are more immune to high voltage 

transients. 

Safety precautions, such as interlocks on all en

trance doors and flashing warning lights, are used. All 

devices are designed to be fail safe in the event of power 

failure. 

( 
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CHAPTER IV 

DIAGNOSTIC TECHNIQUES 

Several methods for diagnosing the plasma and detect

ing additional heating due to optical mixing were used. 

Among these are: single-pass laser interferometry, spec

troscopy, Mach-Zehnder interferometry, image converter 

camera photography, diamagnetic loop measurements, and 

helium satellite line spectroscopy. 

Single-pass Laser Interferometry 

Single-pass laser interferometry is used to provide 

time-resolved information about the electron density aver

aged over paths parallel to the plasma column. Laser in-

terferometry works on the principle that as light travels 

through the plasma, it is phase shifted with respect to a 

reference beam which does not go through the plasma. If 

the reference beam travels through only air or vacuum, 

the relative phase shift of the beam going through the 

plasma is given by 

/̂  27T(l-y(x,t))^ dx (IV-1) 
L C 

where the integral is performed over the length of the 

plasma column. The quantities y(x,t) v, and c are the 

refractive index of the plasma, the frequency of the laser 

light, and the speed of light in vacuum, respectively. 

r 
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Defining y(t) as the average refractive index over 

the length of the plasma and L as the length of the plasma 

column in m, one can then write the number of fringe shifts 

as 

N = phase shift/2Tr = (l-y(t))L /c 

However, the refractive index of a pla sma IS 

(l-^p^V^2jl/2 : 1 . l/20Op̂ Vc.2 

= 1-40.3 n /v' e' 

where n^ is the average number density of electrons in m~^ 

over the length of plasma column. Therefore, the number 

of fringe shifts becomes 

N = 40.3 n L/vc = n LA/2.24 x 10 15 (IV-2) 

where A is the vacuum wavelength of laser light in m. 

The average electron density can then be expressed as 

n = 2.24 X 10"^^ N/LA m ^ e (IV-3) 

The experimental setup of the single-pass laser inter

ferometer is shown in Fig. IV-1. Light from the CW helium-

neon laser is divided into two beams of about equal in

tensity by means of a beam-splitter. The beam that goes 

through the plasma undergoes a different phase shift than 

the unperturbed beam. When both beams recombine at the 
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second beam-splitter, interference occurs. The recombined 

beam is directed into a spectrometer set at 6328 A using 

an optical fiber. The photomultiplier at the exit slit of 

the spectrometer provides voltage signals corresponding to 

the intensity of the recombined beam. The spectrometer 

filters out the plasma light. Instead of a spectrometer, 
o 

a narrow-band filter at 6328 A can be used. 

Even without the presence of a plasma, fringe shifts 

due to mechanical vibrations can be observed. Fortunately, 

the mechanical vibration periods are long (a fraction of 

a millisecond or longer) when compared to the plasma dens

ity variation time periods (a few tens of microseconds). 

As a result, fringe shifts due to mechanical vibration 

will appear as d.c. offset on the short time scales of the 

density variations. In fact, a way of aligning the inter

ferometer is to maximize the intensity variation of the 

recombined beam due to mechanical vibrations. 

A typical oscilloscope trace of the intensity of the 

recombined beam is shown in Fig. IV-2. because of the 

difficulty in counting the fringes at early times, each 

oscilloscope trace is analyzed by counting backwards from 

t = °o. 

Spectroscopy 

Spectroscopy is one of the very few diagnostic tech

niques that do not affect or perturb the plasma. The use 
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Plasma Current 

Interferometry 

Fringes 

t = 5 ys/div 

Fig. IV-2 Typical Single Pass Laser 
Interferometry Fringes 
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of spectroscopy as a plasma probe is a very vast subject^"^ 

and therefore the discussion in this section is limited to 
O Q 

the Hell 4686 A/Hel 5876 A line intensity ratio technique 

used in this investigation. 

In choosing a method to measure the temperature of 

the plasma, the following restrictions were imposed, for 

practical reasons. The method to be used should be a 

relatively simple one to carry out experimentally and 

should as well be sensitive to the change in plasma tem

peratures. The measurement of line intensities is there

fore preferred over that of line profiles because the 

latter in general requires a large number of experimental 

shots to determine a given profile unless an Optical Multi

channel Analyzer is available. Because of the relatively 

small separation between the upper levels of the two lines, 

relative line intensities from the same ionization stage of 

an element usually do not result in accurate temperatures. 

Considerable improvement in the sensitivity is obtained 

if lines from successive ionization stages of the sam.e 

element are compared with each other, because the effec

tive energy difference is now enhanced by the ionization 

energy.'̂ '̂  In the case of using the intensity ratios of 
o o 

Hell 4686 A and Hel 5876 A for temperature measurements, 

the sensitivity can be noted from Fig. IV-3. The use of 

this particular technique is not restricted to local ther

modynamic equilibrium (LTE) plasmas. The only restriction 
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is that the upper level of the Hell 4686 A line must be 

in Boltzmann-Saha equilibrium with respect to the higher 

levels of the ion and with doubly ionized helium atoms and 

free electrons. For the temperature range shown in Fig. 

IV-3, 3 to 7 eV, this assumption will be satisfied by 

22 -3 34 plasmas with densities above 10 m 

If one denotes the line intensity ratio by a, then 

for all practical purposes, a will be a function only of 

34 temperature for a given line pair, i.e. a = a(T). Con-
o 

sider the observation of the intensity of the Hel 587 6 A 

line from a chosen volume of plasma. The observed intens
ity will be proportional to 

/ I^(T(x)) dv, 
vol 

(IV-4) 

where the volume integral is carried out over the observed 

plasma volume and I^(T(x)), a function of the plasma tem-
o 

perature at point x, is the intensity of Hel 5876 A radia

tion emitted per unit volume of plasma per unit solid 

angle at the location x. Likewise, the observed intensity 

of Hell 4686 A radiation will be proportional to 

.->-. 
/ TI^(T(X)) dv 
•' vol 2 

(IV-5) 

where I (T(x)) is the intensity of Hell 4686 A radiation 

emitted per unit volume of plasma per unit solid angle at 

the location x. However, 
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l2(T(x) ) = a(T(x) )I^(T(x) ) . (IV-6) 

Therefore, the observed intensity ratio, a', of Hell 4686 
o o 

A to Hel 5876 A will be 

/^olCt(T(x))I^(T(x) ) dv 

^vol^l^T^^^)^^ 
a' = (IV-7) 

and the temperature with this a' will therefore be a speci

ally weighted function of the temperatures of the observed 

volume of plasma. In the case of uniform temperature dis

tribution, a(T(x)) will no longer be a function of position 

and thus the observed temperature will be equal to the 

actual temperature of the plasma. 

The experimental setup is shown in Fig. IV-4. Two 
o 

spectrometers with slit widths of 2 mm (20 A) are used to 
o o 

monitor the Hell 4686 A and Hel 5876 A line intensities 

simultaneously with each spectrometer set at the center 

of each line. A converging lens collects the light emitted 

from the plasma and images it through a pin hole. A second 

converging lens relays the light passing through the pin 

hole to the entrance slits of the two spectrometers simul

taneously by means of a beam splitter. The output of the 

photomultipliers on the spectrometers are displayed on a 

dual trace Tektronix 7844 oscilloscope. The aperture of 

the pin hole used in this investigation is about 0.002 m 
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in diameter. This size limits the observation to a 0.08 m 

diameter plasma column on the axis of the plasma source. 

Mach-Zehnder Interferometry 

Mach-Zehnder interferometry provides spatially resolved 

information about the electron density at a given instant 

in time. The experimental arrangement is schematically 

illustrated in Fig. IV-5. The setup is basically similar 

to that of the single-pass laser interferometer described 

earlier. However, instead of a CW helium-neon laser, a 

short duration (-30 ns), pulsed ruby laser is used. A 

beam expander, consisting of a negative and a positive 

lens, is used to expand the ruby laser beam to approximately 

0.05 m in diameter. The expanded beam is then divided by 

a beam-splitter into the plasma and reference beam. The 

two beams are then recombined into one by means of another 

35 beam splitter. Because of the short coherence length 

(-0.03 m) of the ruby laser, the path difference between 

the two beams is held to less than 0.01 m. The interfer

ence pattern is displayed on a piece of frosted glass. 

The interferograms are then recorded by means of a Polaroid 

camera with a 6943 A line filter. A typical interferogram 

is shown in Fig. IV-6. 

Image Converter Camera 

An image converter camera, TRW Model ID, is used to 

observe the luminosity of the plasma during its formation 
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Fig. IV-6 Typical Mach-Zehnder 

Interferogram p = 0.9 

Torr t = 6 ys 
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as well as during its interactions with the CO2 laser. 

When used with the high speed framing plug-in. Model 6B, 

five framing pictures per shot with variable explosure 

times (from 100 to 500 ns) and variable delay time between 

successive pictures (from 1 to 20 ys) can be obtained. 

When used with the high speed streak plug-in. Model 5B, 

streak pictures of duration up to 10 ys can be taken. 

Due to the limited access to the plasma from the side, 

all framing and streak pictures are taken from the end of 

the plasma. Some typical framing and streak pictures are 

shown in Fig. IV-7. In order to get maximum resolution, a 

focusing lens of focal length 0.5 m is used to image the 

plasma approximately 0.25 m in front of the image converter 

camera. Focusing is done by replacing the plasma tube sec

tion of the plasma source by a strobe lamp. This procedure 

ensures that the image converter camera is in perfect focus 

and eliminates a large amount of guesswork. During the 

streak-mode a horizontal slit, 0.002 m high, is placed in 

the focal plane of the imaging lens. To avoid damage of 

the image converter camera by high voltage transients, 

both the camera and its power supply are housed in a screen 

cage. 

Diamagnetic Loop 

Because of their simplicity in construction, diamag

netic loops have been used extensively for magnetized 

^ 
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a. Framing Pictures at p = 1.4 Torr 

(i) t = 1 ys, (ii) t = 3 ys, (iii) 

t = 5 ys, (iv) t = 10 ys, (v) t = 

20 ys 

b. Streak Picture at p = 1.4 Torr. 

Camera starts at t = 1 ys with 

treak Duration = 6 ys 

Fig. IV-7 Typical Framing and Streak Pictures 

r 
i&AI mm, 
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plasma investigations. The simplest form of a diamagnetic 

loop IS a single or multiturn coil encompassing the plasma 

column. The voltage across the coil is proportional to 

the rate of magnetic flux change within the loop, which 

IS related to changes in the plasma parameters. In general, 

the diamagnetic loop signals are difficult to interpret. 

There are also many pitfalls which can easily lead to erron

eous results. Among these are: the finite spatial resolu-

3 6 
tion of the probe and shielding effects from the vacuum 

vessel as well as the external magnetic field coils.^^ 

In the present investigation, the incident laser beam 

is focused to a small, slender focal volume in the plasma. 

The radius of the focal volume is small compared to that 

of the plasma column. As energy is transfered to the plasma 

from the laser, the temperature of the irradiated volume 

increases, and as a result, some magnetized field lines 

are expelled due to pressure balance. However, since the 

disturbances cannot be propagated faster than the Alfven 

39 • • 

wave velocity there will be a delay in the diamagnetic 

loop signal relative to the laser pulse. If one makes 

the following assumptions: quasi-static pressure balance, 

a low 3 for the plasma, uniform plasma density, and equal 

electron and ion temperatures, then the observed integrated 

diamagnetic loop signal will be given by (see Appendix C) 

V^ = ( 1 
* - l 2 

Z ) 3TTa y nKT / B RC o m̂  o (IV-8) 

rras 

^ 
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where a = radius of laser beam in m 

n = electron density in m~^ 

T^ = increase in temperature of the plasma in °k 

RC = integration time constant in s 

BQ = vacuum magnetic flux density in T 
* 

Z = average charge number of plasma ions 

Thus, in this investigation, the diamagnetic loop will pro

vide measurements of the increase in temperature of the 

plasma due to heating by the CO^ laser. 

As mentioned earlier, the experimental setup for the 

diamagnetic loop is very simple. In this investigation, 

a three-turn coil is wound on the Pyrex plasma tube about 

the focal spot of the CO2 laser. The choice in the num

ber of turns is a compromise between the magnitude of 

signals desired and the frequency response of the probe. 

Using the three-turn diamagnetic loop, signals with rise 

times longer than 15 ns can be detected without much dis

tortion. The output of the diamagnetic loop is then fed 

through a high pass filter with a cutoff frequency of about 

50 kHz and a minimum attenuation of 50 dB for frequencies 

below that (see Fig. IV-8). This filter attenuates the 

large amplitude (-300 V), 2.5 kHz signal induced by the 

externally applied axial magnetic field so that the low 

level diamagnetic loop signals can be displayed on the 

scope. The high frequency components are then integrated 

r ~x 
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DIAMAGNETIC 
LOOP 

HIGH 
PASS 

FILTER 

PLASMA 
TUBE 

PASSIVE 
INTEGRATOR 
RC = IOMS 

SCOPE 

0.077)LtF 0.035^F 0.066/xF 

Fig. IV-8 a. Block Diagram for Diamagnetic 

Loop Measurements 

b. 50 kHz High Pass Filter 
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passively with a RC integrator with a time constant of 10 

ys. The integrated signal is displayed on a Tektronix 

7844 oscilloscope. 

Helium Satellite Lines 

The use of helium satellites as a diagnostic tool for 

the frequency and intensity of plasma oscillations has 

been proposed by Baranger and Mozer,'^^ Bobin,"̂ "̂  and Bengt-

son. The production of satellites can be easily under

stood by considering a three energy level system, as shown 

in Fig. IV-9. The transition from level I to l^, denoted 

by A, is an allowed transition for electric dipole radiation 

and that from il' to l^, denoted by F, is a forbidden tran

sition. If the atom is assumed to be in the state £' ini

tially, it can undergo a virtual transition to state I and 

eventually to state l^ under the influence of the static 

plasma field. This is the time-independent Stark effect. 

However, if an oscillating plasma field of frequency ca 

is present, energy of +_hoa can be transferred to the ex

cited atom. As a result, the emitted light will be fre

quency shifted by the amount +^ and so there will be in 

the spectrum two lines separated from the forbidden line 

by the frequency w . These two lines are the satellites 
pe 

corresponding to the forbidden transition F. This effect 

is often known as the time-dependent Stark effect. 
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The integrated intensity of the satellites can be cal

culated by second-order time-dependent perturbation theory 

and can be shown to be proportional to the time-average of 

the plasma electric field squared. The two satellites, 

according to the theory, are not equally strong. "̂ ^ The one 

closer to the allowed line is expected to be stronger than 

the other. 

Although perturbation theory says nothing about the 

shape of the satellites, it is clear that they will always 

be wider than the allowed line. In using the helium satel

lites to detect the presence of large amplitude plasma waves 

as a result of optical mixing, however, the exact shape of 

the satellites is not very important as long as they are 

not too broad to become buried in the background radiation. 

In order to detect any significant satellite emissions 

from the beat heating process, the plasma wave electric 

field must be much larger than the static background field. 

(It is in general difficult to estimate the magnitude of 

plasma wave excited in the optical mixing process as it de

pends on how fast the wave is damped, even though the over

all beat heating efficiency is independent of the damping 

rate.) If one assumes that the amplitude of the plasma 

wave electric field is 3% of that of the incident laser 

beam (i.e. plasma wave power density is approximately 0.1% 

10 2 
of that of the incident laser beam), then, for a 10 W/cm 

incident laser beam power density, the oscillating plasma 
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field will be approximately 2 x lo"̂  V/m. When compared to 

a static field of 6 x 10^ V/m, corresponding to the 6 x 10^^ 

-3 34 

m plasma, the detection of satellite emissions is ob

viously very difficult, especially as most of the emissions 

are expected to originate only from plasma at the focal 

spot of the laser beam. Nevertheless, as the observation 

of any satellite emission is a solid proof of the presence 

of large amplitude plasma oscillations, the diagnostic 

technique is adopted. 

The experimental setup is very similar to that des

cribed in the section on spectroscopy. The spectrometer, 
o o 

in this case, is centered with a 6 A slit at 5024 A, 5060 
o o o 

A, 6601 A, and 6664 A which correspond to the near and far 

satellites of the 2 S - 3 D transition and the far and 

near satellites of the 2 P - 3 P transition respectively. 

The output stage of the photomultiplier on the spectro

meter is terminated in 500 ohms and then connected by a 

0.3 m long RG-58 cable to a Tektronix 7844 oscilloscope. 

This arrangement allows a response time of about 2 0 ns for 

the photomultiplier. 



CHAPTER V 

EXPERIMENTAL RESULTS 

The Plasma Col umn 

The plasma column is formed by the electrical dis

charge between two molybdenum electrodes after the plasma 

source is filled with 0.5 to 1.9 Torr of high purity helium 

(99.995% purity) as described in Ch. III. Time resolved, 

on-axis density measurements were made with the single-pass 

laser interferometer described in the last chapter. Typi

cal interferometry traces are shown in Fig. IV-2. The 

average electron densities along the plasma column for var

ious filling pressures at the time the CO2 laser is fired 

(5 ys after the initiation of the plasma discharge) are 

shown in Table V-1. The estimated errors of these data 

21 -3 are less than ĵ 4.5 x 10 m , which corresponds to ĵ l/8 

of a fringe. The temperatures before the laser fires are 
o 

measured using spectroscopy. The Hell 4686 A to Hel 5876 

A intensity ratio method, as described in Ch. IV, gives 

fairly accurate measurement of the temperature because of 

the logarithmic dependence on the intensity ratios (see 

Fig. IV-4). Fluctuations of the observed temperatures 

are found to be within ĵ 5%. The temperatures of the on-

axis plasma at the time the CO2 laser fires for various 

filling pressures ar e tabulated in Table V-2. There is 

70 
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Filling Pressure 

(Torr) 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

Electron Density 
22 

(x 10 rr 

3 . 9 

4 . 2 

4 . 6 

4 . 8 

5 . 0 

5 . 3 

5 . 7 

5 . 8 

6 . 2 

6 . 5 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

rh 
. 4 5 

. 4 5 

. 4 5 

. 4 5 

. 4 5 

. 4 5 

. 4 5 

. 4 5 

. 4 5 

. 4 5 

TABLE V-1 On-Axis Average Plasma Densities at 

t = 5 ys for Various Filling Pressures 
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Filling Pressure 

(Torr) 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

Temperature 

(eV) 

4.46 + .22 

4.44 + .22 

4.37 + .22 

4.28 + .21 

4.23 + .21 

4.24 + .21 

4.33 + .22 

4.15 + .21 

4.19 + .21 

4.20 + .21 

TABLE V-2 On-Axis Average Plasma Temperatures 

at t = 5 ys for Various Filling 

Pressures 

" ) 
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a definite trend towards lower temperatures for higher fill' 

m g pressures in the tabulated data. Becuase the equipar-

tition times for the plasma at these temperatures are rela

tively short (approximately 10 ns), one can apply the Saha 

equation to find the fraction of each ionized species in 

the helium plasma. One can then define an effective charge 

number Z* as: 

Z* = fraction of doubly ionized ions x 2 

+ fraction of singly ionized ions x 1 

The effective charge number for various filling pressures 

is tabulated in Table V-3. The effective charge number 

provides an estimate of the maximum change in density of 

the plasma due to further ionization. However, since the 

ionization times for Hel due to electron collisions for 

42 
this plasma are typically 100-200 ns, full ionization 

of the plasma during the laser pulse would not be expected. 

The spatial density profiles of the plasma column are 

obtained using Mach-Zehnder interferometry. A typical 

interferogram and the density profiles derived from it are 

shown in Fig. V-1. Typically, there is a density minimum 

43 
on axis which is a 'favorable' profile for beam trapping. 

32 
However, computer simulations using the code by Druce 

indicates that a plasm.a column of length 0.1 m and density 

5 X iO^^m" has negligible effects on the focusing of an in

cident laser beam. 
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Filling Pressure 

(Torr) 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

1.83 + .10 

1.81 + .10 

1.80 + .10 

1.71 + .10 

1.67 + .10 

1.67 + .10 

1.70 + .10 

1.59 + .10 

1.60 + .10 

1.60 + .10 

TABLE V-3 Observed Effective Charge Number for 

the Plasma at t = 5 ys 
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Time evolution of the luminosity of the plasma col

umn is captured with the streak camera. Both the streak

ing and framing mode are operated with the camera viewing 

the plasma end on. The camera has a burn-spot on the image 

converter tube which shows up distinctly as a dark spot 

on the top left corner of each framing picture (see Fig. 

IV-7a). In taking the streak pictures, this dark spot was 

carefully avoided. The observed darker region in the center 

of the plasma (see Fig. IV-7b) changes in size and shade 

with time and therefore cannot be due to the burn-spot on 

the image converter tube. This observation confirms the 

claim made on the basis of Mach-Zehnder interferometry. 

Both the framing and streak pictures indicate that there 

is some pinching of the plasma column at times that corres

pond to the peak of the plasma current shown in Fig. III-ll. 

A list of typical experimental parameters of the 

plasma column at 5 ys is tabulated in Table V-4. 

Laser-Plasma Interactions 

The increase in temperature of the plasma column due 

to laser-plasma interaction as measured by the three-turn 

diamagnetic loop is shown in Table V-5 for various filling 

pressures. The increases in temperature when the plasma 

is heated with a single-frequency laser beam are listed 

next to those heated with the double frequency (10.28 :;m 

and 9.56 ym) laser beam. The listed figures represent the 

/ " 
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n = 

0) 
pe 

T e 

Z* = 1.67 

5.3 X 10^^ m"^ 

1.30 X 10^^ rad/s 

4.24 eV 

^^t. = 0.72 m ab 

B o 

3 

= 2.85 T 

= 1.1 X 10 -2 

TABLE V-4 Typical Plasma Parameters 

at t = 5 ys 



78 

Filling 

Pressure 

(Torr) 

Single Frequency 

Laser Heating 

(eV) 

Double Frequency 

Laser Heating 

(eV) 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

27.8 + 10.3 

38.5 + 12.7 

52.6 + 15.5 

53.2 + 21.1 

90.7 + 26.9 

42.8 + 17.6 

67.8 + 18.3 

104.9 + 28.8 

77.6 + 23.5 

79.3 + 29.6 

23.1 + 9.3 

30.0 + 12.3 

35.1 + 12.3 

47.7 + 16.5 

38.4 + 18.5 

44.4 + 16.7 

38.6 + 15.0 

59.1 + 19.0 

49.9 + 21.3 

66.9 + 27.1 

TABLE V-5 Single and Double Frequency Laser Heating 
Results Measured Using Diamagnetic Loop 
Method 
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average of two or more numbers obtained under the same set 

of conditions. The increases in temperature are calculated 

using the equation derived in Appendix C with B^ = 2.8 T, 

RC = 10 sec, a = 1.25 X 10~^ m. The indicated errors 

are estimated errors due to uncertainties in reading the 

diamagnetic voltages, variations in plasma densities from 

shot to shot, variations in B^ as a result of jitters of 

timing pulses, and variations in the incident laser power. 

In addition to the errors just mentioned, there are also 

errors from the determination of the laser beam diameter, 

the maximum value of B^, and the RC value of the integrator 

used. However, the laser beam diameter, maximum value of 

B and value of RC are expected to be constant throughout 

the experiment and do not contribute to any shot to shot 

variations. Since we are interested only in the difference 

between single frequency and double frequency laser heating, 

these errors are ignored. On examining the temperatures 

tabulated in Table V-5, one finds that the increase with 

the single frequency beam, which has more energy per pulse, 

is consistently higher than that with the double frequency 

beam at all filling pressures except at 1.5 Torr. On apply

ing the paired t-test to the data, the observed departure 

is significantly different from the rest of the measure

ments with a better than 99% confidence level. 
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The differences in temperature of the plasma before 

and after the laser irradiations using Hell 4686 A and 
o 

Hel 5786 A line intensity ratios are tabulated in Table 

V-6. These differences, as discussed in Ch. IV, are not 

the true temperature differences of the plasma at the focal 

spot. Rather, they are indications of the relative increase 

in temperature of the irradiated plasma volume. However, 

due to the large difference in temperature between the irra

diated plasma and its surroundings, these data should not 

be taken as seriously as those from the diamagnetic loop 

measurements. The estimated uncertainty in these data as 

a result of laser intensity variations, plasma density vari

ations, etc of 20%. Applying the paired t-test to this set 

of data shows that once again, at 1.5 Torr, there is signi

ficantly more heating in the double frequency case relative 

to the single frequency heating than at other filling pres

sures with a better than 99% confidence level. 

Results from both temperature measurements suggest 

that there is some additional heating of the plasma at 
22 

1.5 Torr filling pressure which corresponds to 5.3 x 10 

m"^ observed average plasma density. Due to the large 

uncertainties involved with the results, this claim is 

not completely verified. It appears, however, that any 

additional heating observed in the case of double fre

quency heating, when compared to single frequency heat

ing is not as strong as originally expected. 
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Filling 

Pressure 

(Torr) 

Single Frequency 

Laser Heating 

(eV) 

Double Frequency 

Laser Heating 

(eV) 

1 . 0 

1 . 1 

1 .2 

1 . 3 

1 .4 

1 

1 

5 

6 

1 .7 

1 .8 

1 .9 

0 . 4 7 2 + 0 . 0 9 4 

0 . 4 0 7 + 0 . 0 8 1 

0 . 5 8 9 + 0 . 1 1 8 

0 . 5 4 2 + 0 . 1 0 8 

0 . 6 7 0 + 0 . 1 3 4 

0 . 5 6 3 + 0 . 1 1 3 

0 . 6 0 2 + 0 . 1 2 0 

0 . 7 3 5 + 0 . 1 4 7 

0 . 6 2 7 + 0 . 1 2 5 

0 - 6 3 2 + 0 . 1 2 6 

0 - 3 9 5 + 0 . 0 7 9 

0 . 4 2 0 + 0 . 0 8 4 

0 . 4 3 5 + 0 . 0 8 7 

0 . 5 0 5 + 0 . 1 0 1 

0 . 4 6 0 + 0 . 0 9 2 

0 . 5 9 5 + 0 . 1 1 9 

0 . 4 6 4 + 0 . 0 9 3 

0 . 5 7 2 + 0 . 1 1 4 

0 . 5 7 5 + 0 . 1 1 5 

0 . 6 0 8 + 0 . 1 2 2 

TABLE V-6 Single and Double Frequency Laser Heating 

Measured Using The Hell 4686 A to Hel 5876 
o 

A Line Intensity Ratio Method 
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A careful search for satellite emissions, as discuss

ed in Ch. IV, has been made. No significant differences 

m photomultiplier signals between plasma irradiations 

by single and double frequency beams was observed. As 

discussed in Ch. IV, a plasma with density 6 x 10^^ m"^ 

has a static electric field of about 6 x 10^ V/m. Since 

no significant satellite emission is observed, the elec

tric field associated with the plasma wave in the optical 

mixing process therefore appears to be less than 6 x lo' 

V/m. 

6 

Discussion 

To understand the observed results, one notes that 

at 4.5 eV, the plasma wave damping rate, as a result of 
-2 

electron collisions, is approximately 3.6 x 10 co with 

insignificant contributions from Landau damping. At 4 0 
-3 

eV, for example, the damping rate is 1.36 x 10 w and 

2.05 X 10 0) from collisional damping and Landau damp-
pe 

ing respectively. Therefore, for the plasmas encountered 

in this investigation the ^̂ /̂  ratio will be at most on 
the order of 1%. 

If one assumes a density scale length of lOL at the 

center of the plasma column, where L is the length of the 

plasma column, an optical mixing interaction zone of the 
18 

order of 0.01 m results. Using a laser power density 

r 
:*ijt»^^ 



83 

10 9 

Of 10 W/cm , one finds from Fig. II-2 that a large relative 

action transfer (-1) is to be expected. With weak damping 

(̂ /̂Wp̂ Ô.Ol) and a large relative action transfer, one then 

expects a large amplitude plasma wave which leads to elec

tron trapping and consequently energetic electron produc

tion. The hot electrons produced will have a velocity 

approximately equal to the phase velocity of the plasma 

wave, which is about 0.036 c where c is the speed of light 

in vacuum. The time required for those hot electrons to 

escape from the resonance zone will be less than 1 ns with 

each electron carrying an energy of about 330 eV. However, 

if one assumes that all the energy in the plasma wave is 

converted into kinetic energy of the hot electrons and with 

a beat heating efficiency of 7%, the number of hot elec

trons generated in 1 ns will be 6.5 x 10 . This number, 
15 when compared to the 2.95 x 10 particles in the 0.01 

m long, 2.5 mm diameter interaction volume, gives a 22% 

change in the density as the hot electrons produced stream 

out of the interaction volume. Because of weak damping 

(v/oj <.1%) a change of less than 1% of the plasma frequency 

will detune the optical mixing process from resonance. One 

therefore expects the optical mixing process to stop long 

before the 22% density change occurs. 

One may also argue that at low plasma temperatures, 

e.g. a few eV, the plasma wave dissipation is mainly a 
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result of electron collisions. It is therefore possible 

to provide additional heating for the bulk of the plasma 

in the interaction region by collisional damping of the 

plasma waves. if one considers a triangular laser pulse 

with peak power density of 2 x 10^° W/cm^ and FWHM of 50 

ns, then at 5 ns after the initiation of the laser pulse, 

the plasma temperature will be approximately 8 eV (assum

ing an initial plasma temperature of 4.5 eV) as a result 

of inverse bremsstrahlung heating. At this time, the 

laser power density is about 2 x 10^ W/cm^, so that with 

the assumed density scale length of 1 m and interaction 

zone of 0.01 m, one finds from Fig. II-2 a 2% overall 

power conversion efficiency of laser energy into plasma 

wave energy. If one assumes that all the plasma wave 

energy is converted into thermal energy of the plasma at 

the interaction region, then in 1 ns, the temperature at 

the interaction region will be increased by about 8.3 eV 

as a result of beat heating. As a result, the electrons 

in the interaction volume will have an end loss time of 

approximately 8 ns, implying that approximately 0.16 ns is 

needed for the density at the interaction zone to drop by 

2%, which is more than sufficient to cause detuning from 

resonance. 

From the above discussion and the observed data it 

is likely that beat heating may have taken place for a 

/ " 
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short period of time (< 1 ns) in the experiment conducted 

in this investigation. Satellite emissions that may have 

occured in this time period will not show up in the measure

ments since the spectrometer photomultiplier system has a 

response time of about 20 ns. Because the energy trans

ferred to the plasma through beat heating is small compared 

to the overall energy transfer due to inverse bremsstrah

lung, the optical mixing scheme is therefore not very suc

cessful with a 'long' pulse CO^ laser such as the one used 

in this investigation. 

r 



CHAPTER VI 

CONCLUSION 

An experiment designed to investigate beat heating in 

dense plasmas using 10.28 ym and 9.56 ym radiation from a 

CO2 laser has been conducted. A small amount of addition

al heating has been observed at a filling pressure of 

1.5 Torr of helium when the laser is running in the double 

frequency mode. The spatially averaged density and tem

perature of the plasma prior to the laser pulse are 5.3 + 

22 -3 
0.45 X 10 m and 4.24 eV, respectively. Therefore, it 

is likely that this additional heating is due to beat-

22 —3 heating, as a local plasma density of 5.9 x 10 m is 

required for resonance. However, this observed additional 

heating is insignificant compared- to inverse bremsstrah

lung heating. The results observed may be explained by 

particle losses at the resonance zone at the onset of beat 

heating, as discussed in the last chapter. 

The difficulties encountered in this investigation 

are mainly in the diagnosis of the laser-plasma inter

action. The accuracy of the diagnostic techniques used 

may be improved if a highly focused laser beam was not 

needed to provide the desired power density. It is, 

therefore, conceivable that a higher power laser together 

with a longer density scale length column would alleviate 

the problem. In retrospect, Thomson scattering using a 

86 
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Ruby laser would probably have provided better spatial and 

temporal resolution information on the laser-plasma inter

actions. An infrared spectrometer with a fast detector 

for analyzing the back scattered radiation from the plasma 

might also have provided useful information on the optical 

mixing process. A particle energy analyzer would have 

been useful in searching for evidences of hot electrons. 

i 
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APPENDIX A 

CO2 LASER ALIGNMENT PROCEDURES 

Because of the confocal resonator optics used, the 

oscillator of the CO2 laser can be aligned using the fol

lowing procedure: 

1) With all the mirrors removed, two pin holes are 

inserted into the cavity, concentric with the two sodium 

chloride windows. A small helium-neon laser beam is then 

allowed to pass through the two pin holes, thus .defining 

the optical axis of the cavity. 

2) The 4 5° output coupler is placed in its proper 

position centered with the helium-neon laser beam. 

3) The convex mirror is centered with the helium-

neon laser beam behind, but as close as possible to the 

output coupler. The convex mirror is then adjusted so 

that the incident laser beam is reflected back through 

the pin holes towards the laser. 

4) The concave mirror is then placed at a distance 

2.5 m from the convex mirror with the center of the mir

ror coinciding with the helium-neon laser beam. 

5) The helium-neon laser is then removed and aligned 

to hit the inner edge of the output coupler at such an 

angle that the reflected beam is parallel to the optical 

axis of the cavity. 

6) With the pin holes removed from the cavity, the 
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tilt of the concave mirror is adjusted to allow the helium-

neon laser beam to "walk" towards the optical axis of the 

cavity as shown in Fig. A-1. 

7) The oscillator is now aligned although fine ad

justment of the tilt of the concave mirror may be required 

to give a symmetrical output laser beam burn pattern. 

/ " 

i ^ 
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APPENDIX B 

CONSTANT CURRENT CHARGING POWER SUPPLIES 

For the circuit shown in Fig. B-1, if one chooses the 

value of the inductor, L, and the value of the capacitor, 

C, in such a way that they are in resonance with the a.c. 

voltage source when the impedance X is infinite, i.e. 
-1/2 

(LC) = 0), then the magnitude of the current going through 

the impedance X will be independent of the value of X and 

IS equal to V^/wL. Utilizing this property of the resonance 

circuit, one can design a nearly constant current power 

supply (see Fig. B-2) by replacing the impedance X by a 

regular high voltage power supply, such as a step-up trans

former-rectifier combination. One then chooses the value 

of the inductance L to give the desired current output for 

the high voltage power supply. A meter relay can then be 

installed to turn off the voltage source when a preset 

voltage has been reached. To protect the power supply 

from charging into an open circuit, a small capacitor is 

connected across the output of the power supply to allow 

the meter sufficient time to turn off the voltage source 

V^ when excessive voltages are generated. A spark gap 

designed to break down at excessive voltages is also in

stalled. 

As the capacitor bank charges up, the voltage across 

the primary of the transformer also increases. This im-

94 
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L 

Vo,<-(3 

Fig. B-1 LC Resonant Circuit with Impedance X in 

Parallel with C 
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y,(nov) 
6 0 Hz 

Controlled 
by Simpson 

meter relay 

Overvoltage 
Spark 
Gap 

Simpson 
meter relay To 

Capacitor 
Bank 

Fig. B-2 Near Constant Current Power Supply 

r "i 
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plies that the current in L will increase correspondingly 

Thus, for further protection, a fuse is installed in the 

resonant circuit to protect the power supply in the event 

that the relay meter fails to turn off the voltage VQ. 



APPENDIX C 

DIAMAGNETIC LOOP SIGNALS 

To derive an expression for the signals induced in a 

diamagnetic loop, we assume that a plasma with uniform 

density is immersed in a radially varying axial magnetic 

field, denoted B(r). The magnetic field external to the 

plasma is assumed to be constant and is equal to B^. The 

diamagnetic loop, in this investigation, is a three-turn 

coil of radius R^. The flux enclosed by the diamagnetic 

loop is therefore 
R 

$ = 3/ B(r) 27rrdr 
o 

The voltage across the loop is proportional to the time 

rate of change of the flux enclosed, which is equal to 

^s = - 3t * 

R 

= - 3/ at 
B (r) 2iTrdr 

If one assume quasi-static pressure balance between 

the kinetic pressure of the plasma and the magnetic field 

pressure, then 

B^(r,) B^(r ) 
— + y n. KT. (r, ) = -^ =— + Tn. KT. (r^) = 

V 1 i l 2u VI i 2 

B' 

^o 1 o 1 2y 
o 

where r,, r^ are any two points inside the plasma and the 

summation is over the species of particles of the plasma. 
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It follows thPii- ^B(r) . 
xxows tnat — ^ - ^ IS not equal to zero only when 

It l̂ i'<T̂ (r)7̂ 0 which occurs only in the region heated by 

the laser. Hence 
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9B(r) O 9 rV 
BTFT dt U^i^T (r)] 

1 

for r £ a where a is the radius of laser beam. As a r 

suit 
e-

1 9 
^s = ^^^o / F u r Jt^l ni^T^(r)]rdr 

For a low 3 plasma, B(r) - B^ and V can be expressed as 

-5 2 
37Ta y V = 

s B — ^ It tl "i^Til 

where 

KT 
1 ^ • = — o / 2TTrKT.(r)dr 

1 2 •' 1 
ira o 

If Z* is the effective charge number for the ions, then 

n = Z* n 

and the diamagnetic loop signal becomes 

-3 2 
3TTa y ô  _, 

o 

where T is assumed to be equal to T.. 
e 1 

If one integrates the diamagnetic loop signal with a 

passive RC integrator, one has for the integrated diamag

netic loop signal 
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V, = (1 + Z ") 
T 3Tra y nKT -is o o m 

B RC o 

where T^ is the increase in temperature of the plasma 




