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We consider here how one might change the rf experiment to try to
produce hot, turbulent plasmas and also the feasibility of investigating

the turbulence using the (COZ) laser scattering technique.

A. General Considerations

The scheme for the experiment is simply to have a large rf current

flowing in the plasma along the direction of a steady magnetic field.

Although it is difficult to predict the behaviour in a turbulent
heating experiment, we have some guidance in what to expect from the
results of somewhat similar experiments. A few years ago one might
have dismissed such a proposal for heating a plasma from skin depth
considerations. The classical skin depth for a hot, effectively col-

lisionless plasma is only
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at a plasma density of n = 10" m ~. However it is found in a number

of experiments that the actual skin depth is more like

5¢ 6 = c/wpi

which gives Si = 2 cm for a hydrogen plasma at n = 1020 m—3. This
behaviour, observed at densities n 2 1020 m—3 in such experiments



as Janus and Omega (Efremov Institute, Leningrad), NPR-2 (Kurchatov),
Columbus 4 (Los Alamos), Tarantula (Culham), is discussed by Dubovoi

et al. (1971).

The explanation of the large skin depth has been given by Breizman

et al. (1970) and others. According to this explanation the electron
drift velocity u cannot increase indefinitely. When it exceeds a cri-
tical velocity u, ion acoustic waves begin to grow and this leads to
an anomalous resistance which limits the drift velocity. At the same
time the electrons are heated. Assuming (1) u ~u ~c o= (Kié/mi)%
for Te >y Ti’ and (2) negligible loss or transport of thermal energy,
it can be shown that Maxwell's equationslead to the following relation
for the externally applied electric field near the surface of a (one-

dimensional) plasma
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Thus the skin depth is S ~ C/(3.) -
PL

This kind of behaviour can also be expected in an rf experiment, and

1.7

there is evidence for this from the Omega (Irf ~1lka ;3 /2T
MHz ; n ~ 1020 m‘3) and Janus (Irf < 30 kA ; W/2W = 0.4 MHz ;

20 - .
n~2x 10 m 3) experiments, as long as

W << ¥

where Zn(fé (%)Pi) is the growth rate of the ion acoustic instability.
For example at n = 1020 m—3, Udpi = 1.3 x 10lo sec—l (hydrogen plasma)
and it seems that the present frequency of the Lausanne rf generator,
=2 x 2.7 x 106 sec—l, should be sufficiently low. Reduction to
half this value can be made without much difficulty (Lietti 1973) and

may be advantageous.



Suppose now that we have an experiment which is current-limited or
constant-current—amplitude as is the case in an rf discharge when
the constant inductive reactance WL > R the resistance. Then the

current 1is

T =new QeHg

and
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where Aeff\/ ZYTR—gi is the effective cross section for the current
flow. Thus as the current turns on W increases to \LC,' Then ion
acoustic waves grow, limiting \M to approximately \Lc s, but at the
same time electron heating takes place up to a temperature Te limited
by the current. This estimate of Te is only very rough because of un-
certainty in W and Aeff' We can do a little better by making use of

another experimental fact. First let us rearrange the above expression
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where r is the radius of the plasma column.

Information on the quantity in brackets can be obtained from the exper-

imental result that
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where
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is the magnetic field of the plasma current. In some rf experiments
(Janus, Berezin et al. 1972) /SP = 1 has been found; in the Omega
experiment (Dubovoi et al. 1971) (Xp » 1. In recently reported
pulsed current experiments on the other hand (Dubovoi et al. 1972)

fsp ans 0.3 was found. Taking FSP = 1 as typical we have
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Comparison with the previous expression for T indicates
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We probably should not look for new physics in the experimental re-
sult that /$p n 1. At first sight, it seems to be a pressure balance
condition but we note that there is an axial magnetic field Bz('> Be)
in the experiments so pressure balance does not require/3P= 1.

Evidently this result is just another expression of the physics dis-

= 2“’\.8 where & is the

cussed above. For example, substituting Aeff

actual experimental skin depth we have
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So the result ﬁP ~ | is consistent with Ss SL and W e CS and

serves only to specify their values somewhat better.



We now have some idea of the electron temperature. The ions should

be heated as well, due to the fluctuating electric field of the tur-
bulence and/or electron—ion collisions. However as Ti-g.Te ion

Landau damping becomes important and tends to turn off the ion acous-
tic instability. Thus we might expect Ti to level off at a value
somewhat below Te. In fact one experiment (Berezin et al. 1972) shows

a final temperature ratio

|
(TilT?')obs ~ s

For the observed electron drift velocity

]
(1L/C3)OBS ~ 7;

this corresponds to the threshold for the ion acoustic instability.
Assuming the same temperature ratio in the Lausanne experiment we

might expect plasma temperatures determined by the current and Column

radius according to the following table. The plasma density is assumed

to be n = 1020 m—3.
Table I
1 r Te Ti (wth)Max
(kA) (cm) (keV) (keV) (joules)
20 2.5 0.64 0.13 36
20 1.5 1.8 0.36 36
40 2.5 2.6 0.52 144
The thermal energy content (W __) has been calculated assuming uni-

th"Max
form temperature and density throughout the plasma column. In any case



it is not large. For available rf power of ~ 100 MW these temperatures
could be reached in t ~ 1 }Lsec, i.e. within a few cycles of the rf

current.

It should be possible to see if a hot, turbulent plasma can be pro-
duced without modifying the present rf experiment too drastically.

. 20 -3 .
One could first try to form a plasma at n ~ 10 " m 3 in hydrogen at a

pressure of a few microns. The column size could

be limited with the aid of quartz diaphragms and an axial magnetic
field BZ‘V 3-5 kG (large enough so that the ion Larmor radius is small
compared with the column size). The z-rf circuit could be modified
(Lietti 1973) to give IZ'V 20 kA through the plasma load of inductance
L ~ 250 nH.

The diagnostics in this preliminary experiment should include measur-
ement of the discharge voltage and current, the plasma density n, elec-—
tron temperature Te, and the magnetic fields Be(r) and Bz(r). From

such measurements one could find out if the macroscopic behaviour is

as expected and (a) heating occurs (b) W ~ C'S (¢) SN (/wP"' From
the measured anomalous resistance one could also estimate the level of

turbulence (discussed below).



B. CO, Laser Scattering Measurements
L

If the results of this first experiment were positive, they would
still not be very mnew since other experiments have already demons-
trated such behaviour. The real chance to make an original contri-
bution comes in studying the turbulence itself and relating it to
such quantities as the rate of heating and conductivity. In the
Leningrad experiments for example it is believed that ion acoustic
turbulence is responsible for the heating and anomalous skin effect
but no information is available on the frequency or wavelength of the

fluctuations. Ideally one should measure the spectral intensity
~—’
0
E" (o) k)

of the fluctuating electric field. This has not yet been done satis-
factorily in any turbulent heating experiment. Perhaps Paul and co-
workers at Culham (Daughney et al. 1970; Paul et al. 1971; Paul et al.
1969) have come closest, in their ruby laser scattering experiments
on the Tarantula device. However, the k-values investigated so far

-1
only cover the range from kD (=‘)\D , the Debye wave number) down to

kD/1.6 .

It seems that scattering measurements with the CO2 laser could be used
to obtain information on the spectrum of ion acoustic turbulence in the
Lausanne experiment. According to the momentum and energy conservation

- o 3 .
laws, a laser beam (ki, Cﬂi) scatters from a plasma wave (k, () to give
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We are interested in knowing first whether the k and G shifts can be

resolved and secondly whether the scattered signal is of sufficient



intensity to be easily detectable. With regard to the first question

the use of a CO, laser makes it desirable to work at somewhat higher

2
densities than the value n = 1020 m 3 assumed for Table I. If we take
n=73zx 1020 m—3, for example, then Te—+ 0.2 keV for I = 20 kA and
~1 -
r = 2.5 cm. We then have kD =:\D =16 x 105 m 1; for the CO2 laser

k., = 9-]'/>\-= 6 x 105 m—l.
1 L
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Thus from the scattering diagram (shown for the case kS =

we find that we can expect scattering angles up to

o=l h. °
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By choosing scattering angles from NflSO down to some resolvable lower

limit (4 or 5° say) one could cover a range of k-values from kD to

kD/3 or kD/A.

The frequency shift of the scattered radiation is in the range (for

k /4 & k & 'kD , and assuming the dispersion relation LO/QL = (COP,, }Q}))
e TYVe
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where UJ?; = 23 x lOlO sec—1 for a hydrogen plasma and n = 3 x 1020m—3.

The corresponding wavelength shift is
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This is comparable with the shift that the group at Culham hopes to
observe in a 002 laser scattering experiment presently underway on
the Tarantula device.

Use of the linear dispersion relation implies a §-function shape
for the frequency spectrum Ei(uj) at a given value of k. Nonlinear
effects can lead to finite breadth however and it is therefore of
considerable interest to have good measurements of the frequency
spectrum. No such measurements have been made so far although Paul
et al. (1970) have observed a finite breadth for the spectrum, con-
trary to the theory of Kadomtsev (1965), even though their measured
k-spectrum (integrated over frequency) appears to agree with the

Kadomtsev theory.

Finally we would like to know if the level of turbulence will be
sufficiently high to give an easily measurable scattered signal.
Since we cannot predict the level of turbulence in the Lausanne exper-
iment, let us assume the value found in the Janus experiment (Berezin
et al. 1972)

& ~ IO-‘*

Wi,

where WE is the energy density in the electric field of the fluctua-
tions and wth = %- n K_Te. This value was found both by measuring the

effective collision frequency
D ve
e¥¥ ~ C&JPQ “GI;L
and by measuring the Stark shift of H[S lines in hydrogen due to

turbulence whose spectrum has not been measured but which is believed

to be due to the ion acoustic instability.
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The differential scattering cross section per electron is determined
by the Fourier transform of the electron density fluctuation (Paul

et al. 1969; Bekefi 1966)

o (w, %) = <“37ff°'9‘)> 0y = Slwh)er

where
> -»>

AN

is the Thomson cross section. Integrating over frequency at a given

S )

value of k gives

L
0% (R) = L%m ot = S(B)Oy

For a stable, homogeneous plasma with Té Z'Ti’ S(k)£. 1.0. For a
turbulent plasma S(k) can be larger however. We want to determine its
value in terms of the level of turbulence. To do this we need to
2 2 . .
. Kk ba-
relate <ne(k)> to <E (k)> For an ion acoustic wave (1), k) the ba

lance between kinetic and potential (electrostatic and pressure) energy

gives
VJK’ = MJP*+ VJE
! L
where WK = Timin’vi.
%L
\ YA Py _ —_
WP = -9: me“ﬂ. (‘.P’ .‘;{ %Qf T&>> ‘L (see Denisse and
‘ Delcroix 1963)
_ < So gt
£ v

2 . . . .
and c, = }QTe/me, n, is the electron density perturbation, E is the
electric field of the wave, ] is the oscillatory ion velocity. Since
for negligible ion pressure (Te'>) Ti)

. e
-t 1&_ = &KT Ei )

L
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the total wave energy is
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V —2\\/ (,xb’-mL

From the dispersion relation for ion acoustic waves
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So we obtain
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Now let us assume a spectrum of turbulence with the same shape as that

calculated by Kadomtsev, for which there is some experimental evidence,

chiefly from the work of Paul et al. on the Tarantula device.

CEHR)Y = %Jm %l

*
Although Te > Ti has been assumed in deriving this result, it also

holds for T > T..
e ~ 1
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where the factor C can be defined in terms of the level of turbulence.

Thus

We=gms = | FRCEW)

. . . Lo . "
Assuming isotropic turbulence within the k-space hemisphere O([B(—{
( {l = angle between -?1 and -12) we have

b <o B db .
V]

We = g Tl )b b

The cutoff wave vector kc, determined by the dimensions of the plasma,
is normally <«K kD and its value is not critical. The integral gives

k§/4 and we have

3 6mn KT, WE
C - (o) LTk e
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b2
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We can check this relationship against data given by Paul et al. (1971)
for their ruby laser scattering experiment on Tarantula. They give

n = 10°1 m"3, K =71x%10 m "

-3
R kD/k = 1.3, WE/Wth = 0.53 x 10 ~ (com
puted from the given values Erms =7 x 107 V/m and Te A/ 20 eV in the
shock). We then find
Q
<M (&)>

~ = 180

in good agreement with their measured value of 230. If we consider a
.. ) .

cone of turbulence limited to (Snmx = 50, for which they have some

experimental evidence, we find

QAU

|\ >10
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Let us now consider the conditions anticipated in the Lausanne exper-

iment. If we are looking at scattered light corresponding to

5 -4

-1 . 20 -3
k = kD/2 =0.8x100m , withn=23x 10" m~ and WE/Wth = 10

(as in the Janus experiment) we find

2
Q&é&l): l.q X \0%

This 1s to be compared with the "thermal' or stable-plasma value

(Salpeter 1963)

by el Bt
I (R L ;"_—")}

for O_= 2 and assuming Te/Ti = 5. The level of turbulence WE/Wth =10

4

. . 4
thus leads to an enhancement in the scattered light by a factor 5.8 x 10

over the thermal wvalue !

The dependence of <n§(k}>v/n on k-3 is important to us. Since the

expected value of k. (and therefore k) in the Lausanne experiment is

D
nearly an order of magnitude lower than that in the ruby laser scat-
tering experiments on Tarantula; we can expect a relatively good

enhancement in the scattered signal even at low levels of turbulence.

These conclusions are not restricted to the shape of spectrum assumed.

If, instead of a Kadomtsev spectrum, we assume a peaked spectrum

CEH)Y = G
(VLJLO)”+_D._

we find
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For the same conditions as before (kD =16 x 105 m_l, n=3x 1020 m_3,

-4
WE/wth = 10 ') we then have

13
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. 4
compared with 1*'9 x 10 for a Kadomtsev spectrum shape. Thus the re-

sults are not very sensitive to the shape of spectrum assumed.

The power PS scattered into a solid angle element I).is given by
BR -Lnoy e
I T ™

where Pi is the power of the incident laser beam and L is the scat-

tering length.

The values of L and IL depend on the optical arrangement and the spec-

tral resolution desired. For the Lausanne experiment let us take L = 0.5 cm

and Il = 0.4 x 0.4/82 = .0025 steradian. (These compare with L = 1 cm
and fL .00l steradian in the CO2 laser scattering experiment now under-

way on Tarantula). For the scattering angle GS = 7.60, corresponding to

k = kD/Z in the proposed Lausanne experiment, we find (Bekefi 1966)

6-‘— =7.9 x 10_30 m2. With (ni(k)) /n = 1.9 x 104 as estimated for a

Kadomtsev spectrum shape we then obtain

20 3

05 x 102 x 3 x10°0x 7.9 x 10°°°

19 x 10% x 2+5 x 10

P /P,
s’ 1

5.6 x 10 0

With PiA/ 100 MW available from the CO2 laser we have

PS = 5:6 x 10-_2 watts.
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If a CMT detector of the kind constructed by SAT were used (operating
at liquid N, temperature; response time down to ~ 1 nsec; area

~4 * L . .
A~ 10 cm ; D ~ 5 x 109 cm Hz?/watt), together with a pulse ampli-

fier of bandwidth B

180 MHz, the noise equivalent power would be

NEP = (AB)? / D

5 B}
1.8 x 105)°/ 5 % 10° = 2°7 x 10 ° watts.

]
~
—
o
i

This is comparable with the NEP in the Culham experiment, which uses
the same amplifier but a Mullard CMT detector whose poor response time
(~ 500 nsec) results in a reduction of the scattered signal by a fac-—
tor of ~ 50. This would be avoided by use of the SAT detector. On the
other hand, the small area of the SAT detector element (5 times smaller
than the Mullard detector) makes it more difficult to focus the scat-
tered power on it. For example, if the scattered beam were focussed down
to 1 mm2 only a fraction 10-_2 of the scattered power would strike the
detector. Even so the estimated effective scattered power

-2

P =10 P =56 x 10 " watts
s eff s

is more than a factor of lO4 above the NEP.

These estimates of course depend on our assumed value of WE/Wth = 10_4
for the level of turbulence, as found in the Janus experiment. This

value is not very high however and should not be too difficult to reach,
if necessary by going to a Janus—type power source (400 kHz; 10 kA).

Thus it seems feasible to measure the spectrum of turbulence by observing

the scattering of the CO2 laser radiation.
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