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If r'=yd, the Coulomb interaction is independent
of the density, which is the usual situation. Then

(2l)

If ~c0, use the expansion for cp,

(22)

and find

/—
So Vo ~ Vo~

rectly:

One then finds

V, '- 4mqd '~S(x),

and

E/N- 2mqd'~+ s'q'/3d.

(26)

(27)

(28)

2m~'(x —l)
r' sinh'(sx/r) '

(23)

Then the energy per particle is

E 2wkd A m 2mXWd X s
N r 3r vy 3yd' (24)

In the opposite situation, where r»1., one re-
covers the case discussed in Ref. 1.

In order to obtain more explicit results, go one
step further and consider the limit X, r-0, x/r
= q/d. Then

V, '- 4rq'[ -xi+4m'q'x'/L. (25)

It is easier to proceed from the wave function di-

Using the techniques developed for the thermo-
dynamics of the classical partition function, one
may calculate the normalization and correlation
in the ground state. These results will be re-
ported in a subsequent publication.
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Proton heating varying from 10 to 40% as plasma density is decreased has been ob-
served as a result of energetic H beam injection parallel to the discharge current on the
OHMAK device. The change in ion temperature agrees with a theoretical heating calcula-
tion in both density scaling and magnitude. In contrast to the results reported for the
ATC device at Princeton Plasma Physics Laboratory, no measurable heating was ob-
served for an antiparallel beam.

It has been recognized for some time that sup-
plementary heating is necessary to raise the tem-
perature of an Ohmically heated tokamak plasma
to the level required for fusion experiments. ' A
promising heating method is that of injecting an
energetic neutral beam. ' Experiments at Oak
Ridge National Laboratory, ' Princeton Universi-
ty, 4' and Culham Laboratory' have demonstrated
that this technique can produce experimentally
significant ion heating. We have extended those
results and isolated the component of the heating
due directly to the beam by measuring the varia-

tion in ion temperature as a function of electron
density. We find that the calculated heating agrees
with the experimental data both in magnitude and
in the scaling with electron density.

Detailed measurements of discharge parame-
ters in the ORMAK device have been reported in
previous articles. ' ' The machine geometry and
discharge characteristics that are relevant to the
experiments described below are given in Table I.
Thomson scattering, 2-mm microwave interfer-
ometry, and charge-exchange neutral analysis
were used for making the measurements of elec-
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TABLE I. ORMAK parameters.
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Major radius
Minor radius
Discharge current
Discharge voltage
Toroidal field
Average electron

density
Central electron

temperature
Average electron

temperature
Central ion

temperature
Central neutral

density

80 cm
28 cm
O5 kA
2.5-3.5 V
18 kG

(1-2.5) x10 /cIII

400-1000 eV

200-300 eV

160-250 eV

(1-2)x 10 /cIII
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FIG. 1. Plasma current (l), one-turn voltage (V),
and extracted ion beam current (I&).

tron temperature, electron density, and ion tem-
perature and neutral density, respectively.

The neutral-beam injectors used in the heating
experiments are each capable of delivering more
than 100 kW in beam power to the discharge for
times of up to 0.2 sec. Detailed characteristics
of their operation have been presented elsewhere. "
Two injectors have been installed. They are
aimed approximately tangential to (8 cm inside)
the magnetic axis and are oppositely arranged.
One injector produces a H' beam parallel to the
plasma current (coinjection) and the other pro-
duces an antiparallel beam (counterinjection).
The roles of the injectors are routinely inter-
changed by reversing the discharge current di-
rection.

The timing of a typical experiment is shown in
Fig. 1. A large voltage ionizes the fill hydrogen
gas and drives the rapid initial current rise. The
desired toroidal current is reached after about
15 msec, and then held nearly constant by a feed-
back system until the experiment is terminated,
usually because the iron core has begun to satu-
rate. The discharge current is clamped at this
time and undergoes an inductive decay. Some
time after the plasma is well established, the
neutral beam is turned on, reaching full current
in about 10 msec for this case.

The response of the ion temperature and line-
averaged electron density to a coinjected beam is
shown in Fig. 2. The mechanism responsible for
the density increase that is apparent in the figure
is not understood. The increase is too large,
however, to be accounted for by plasma ioniza-
tion of neutral gas streaming from the source,

additional particle refluxing induced by increased
wall bombardment, or direct accumulation of the
trapped beam. These conclusions are based on,
respectively, the observation of constant density
with normal source operation but no extracted
beam, spectroscopic measurements of Lq and
CIII line intensities, and theoretical estimates of
confined-beam densities that are about a factor
of 4 lower than the measured density increase.

The presence of this observed density increase
complicates the experimental analysis as can be
seen in the equation"

4T; Pg;; M~ ~ lnT@;
Tg P~g n~

p Q$ 3 n
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FIG. 2. Plasma response to H injection. The aver-
age electron density was measured by a 2-mm micro-
wave interferometer and the proton temperature by
analysis of charge-exchange neutral signals.

which gives an estimate of the ion temperature
increase 4T,. in terms of the injected beam power



Voz.vME 34, QvMj3ER 17 PHYSICAL REVIEW LETTERS 28 APRIL. 1975

280

260

240

0
~ ~ ~

x

~0
4 yO

X

—220
E
O

I~ 200

180

0

o %
oo

0*oo

0

oo

0 o
0

160

NO IN JE(.T ION

COIN J ECTION

COUN TE R IN JF C T ION

x CALCULATED AT', FROM *

140
0.5 1.0 15 20 25

(ns) (40 —50 ms) (cm ~)
S.O (x10"~)

FIG. B. Proton temperatures as a function of aver-
age electron density measured at 40-50 msec in the
"flat" portion of the current pulse. The temperature
is obtained by analyzing the charge-exchange neutral
spectrum in the range 500-1000 eV.

that is deposited in the ions Ph;;, the unperturbed
collisional electron-ion power transfer P„., and
any associated changes in the plasma density ~,
and neutral density ~,. Allowance is also made
for changes in the ion energy lifetime T~;. The
presence of the ~, and M, terms in the numera-
tor allow for the possibility of an ion temperature
increase that is not directly associated with the
injected beam but is rather a secondary effect.
From a computational point of view it should be
noted that (1) all terms in the above equation are
volume averages using appropriate radial pro-
files; (2) it is a perturbation calculation valid for
small h, T,;and (. 3) all energy components in the
injected beam are treated independently.

The separation of beam-induced heating from
that which may be associated with an electron
density perturbation is accomplished by measur-
ing the ion temperature as a function of electron
density for discharges both with and without neu-
tral injection, as shown in Fig. 3. Now the ion
temperature change can be examined at constant
density, and we see that almost all of the increase
f'or coinjection is due directly to beam heating.
The decrease in AT; with increasing n, is due to
the fact that P»; does not increase as rapidly
with density as P„, which is locally proportional
to n, '.

The agreement between the coinjection experi-
mental points and the theoretical values for AT;
can be seen in Fig. 3. Taking three average no-
injection points spanning the density range as typ-
ical "no-injection" starting points (designated by
stars), the AT, 's expected from the beam power
input alone have been calculated from Eq. (1) with
the following assumptions: (1) ~,=0 since the
comparison is made at constant plasma density;
(2) the ~o term is neglected since M, is propor-
tional to M, (n, -n, ' in ORMAK'); and (3) T,
x 8 lnTz;/&T; is neglected since it is small" (mag-
nitude &0.2) compared to —', .

In contrast with coinjection, the typical counter-
injection points in Fig. 3 fall within the spread of
the no-injection points, indicating little net ion
heating. Also, both injectors together give about
the same ion heating as coinjection alone. Calcu-
lations show that with counterinjection most of
the beam power should be lost by pitch-angle
scattering into unconfined "banana" orbits. Mea-
surements of the perpendicular energy spectrum
of the fast ions support this prediction, but indi-
cate that some power transfer to the ions (--,' to
—,
' of the coinjected value) must have occurred.
Even this reduced heating should result in an ob-
servable ion temperature increase. The fact that
no significant temperature rise is seen in general
is probably because of the offsetting effects of
somewhat lowered electron density, increased
impurity levels, and decreased plasma stability
that we often observe with counterinjection. " Al-
though significant in present experiments, the
counterinjection particle loss by unconfined ba-
nana orbits should become unimportant for larger
machine sizes and higher poloidal fields since
this effect scales as the fast-ion poloidal gyrora-
dius over the plasma radius.

In contrast, counterinjection ion heating has
been reported on the ATC device at Princeton
Plasma Physics Laboratory, although at some-
what reduced efficiency compared to coinjection
heating. " This difference between the ORMAK
and ATC counterinjection results is most likely
due to two factors: (1) The velocity-space region
corresponding to unconfined fast-ion orbits in
ATC is both smaller and less accessible; and
(2) the ATC injection energy is lower, producing
a larger fraction of fast ions energetically pre-
vented from becoming unconfined, as well as
permitting more efficient ion heating. In ATC,
charge exchange of fast ions, the dominant pow-
er-loss mechanism, reduces the importance of
the loss region for counterinjection and lowers
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the ion heating efficiency for both beam direc-
tions.

While the bulk of this Letter has concentrated
on ion heating, Thomson-scattering measure-
ments indicate that electron temperature increas-
es as a result of coinjection and in some cases
decreases for counterinjection. There are changes
in the temperature profiles at the same time that
complicate the separation of beam-produced heat-
ing from that which is possibly due to a redistri-
bution of the Ohmic heating current.

Our study supports the continued use of neutral
beams for plasma heating. This confidence is
based on (1) almost all of the ion heating we ob-
serve is due directly to the injected beam; (2) the
measured and calculated ion temperature increas-
es for coinjection are in agreement; and (3) a
basic understanding of the present relative inef-
ficiency for counterinjection.
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The field-dependent absorption of N in GaP is determined by a new method employing
depletion-region modulation. To explain the line shape and the peak increase with &,
we propose a Franz-Keldysh-type mechanism. It is based on the field's permitting non-
direct transitions, with an orientation dependence determined by the impurity symmetry.
We deduce that N has the GaP X& symmetry, with masses m~

——(1.35+ 0.1)mo and m&
=(0.175+ 0.01)m .

The dependence of the optical constants on elec-
tric field strength has proven to be an important
tool for studying solids. Its value depends on un-

derstanding the physics of both the measurement
technique and the mechanism causing the solid's
response to a field. For example, the develop-
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