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Abstra-t: Two main plasma regimes are identified in Alcator, depending on

the value of the streaming parameter, & = <u“fvthe>, where Y and Vohe are
the el-ctron drift and thermal velocities. For high E({ 0.4 in H2) two—compo-—
nent electron distribution functions are obtained, rf emission at frequencies
greate: ..an and equal to the ion plasma frequency, and strong ion heating

up to temperatures of 1 keV occurs. For low values of £ (generally obtained
by pulsed gas injection), the distribution function is Maxwellian; nearly
classical resistivity and rates of bremsstrahlung emission are observed. The

energy replacement time T_ is found to increase roughly in proportion to the

E
densit,. 'n the extremes of the two regimes Ti £ Te' Preliminary results of

ion heating by rf injection near the lower hybrid frequency are reported.

[1]

Introduction: In this paper, we report on results obtained in Alcator , a
tokamak device with major radius R = 54 cm, limiter radius a = 9.5 cm, and
maximum toroidal field of 100 kG. The results reported here were obtained
with toroidal fields in the range of 35 kG to 55 kG, with the bulk of the
measurements taken at 40 kG. The corresponding plasma current range was 50
to 150 kA, with discharge duration from 70 to 400 msec. The base pressure
was between 3x1079 and 1x1078 Torr. Vigorous discharge cleaning, accomplished
by audio—frequency excitation of the ohmic system, preceded each run. The
majority of the measurements were performed in hydrogen or deuterium. Addi-
tional measurements were performed in He and other gases or with a controlled
dose of contaminants. Normal filling pressure was about 1x10™% Torr; initial
plasma density corresponds closely to this pressure. For clean machine condi-
tions, the density always decreases with time, with the predominant decrease
occurring in the first 5 msec of the discharge. In order to vary the plasma
density, and therefore the electron flow velocity, additional gas is injected
after toroidal equilibrium is established. In this way plasmas with average

densities in the range of 5x10'2 cm™3 to 2x10'* cm™® have been investigated.
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Two main regimes of operation are encountered by varying the value of
the streaming parameter, & = <u”/vthe> where uH(vthe) is the local flow
(thermal) velocity of the electrons; the average is over the minor toroidal
cross section. In one, the classical or '"Coulomb'" regime which occur : for
relatively high density and low values of £, the electron distribution func-
tion is nearly Maxwellian as measured by both laser and soft x-ray techniques.
In the other, the anomalous or "slide-away" regime, characterized by rela-
tively low density and high values of £, the electron distribution function
inferred from these measurements is not Maxwellian. This regime is also char-
acterized by strong heating of ions (up to I, 1.2 keV) accompanied by emis-—
sion of rf radiation near wpi’ lack of hard x-ray production (< 1 mR per
shot near limiter), extremely low level of MHD instability and long stable
discharges (up to 400 msec has been obtained). We believe that this is 2 new

regime of tokamak operation.

Resistivity measurements: Examples of spectra obtained from pulse-height

analysis of bremsstrahlung in the range 1-10 keV are shown in Fig. 1. We
find the presence of an energetic tail in the slide-away regime, whereas we
obtain a Maxwellian spectrum in the case of the Coulomb regime. An indica-
tion of similar effects is also obtained using laser scattering, and the re-
sults are documented elsewhere[z’s]. In the Coulomb regime, the peak temper-—
ature Te(O) determined from the soft x-ray measurement is systematically
about 207 higher than that found from the laser, which may reflect a differ-
ence between transverse and longitudinal temperature. In the following we

use the laser (transverse) temperature for evaluation of the classical re-

sistivity.
We define S u ) L J”(r) 2Te(rf1_%
£ = f dr r 89
\v the/ E-g 0 SBAE) Te J

where J”(r), n(r), and Te(r) are the current density, particle density, and
electron temperature, and a, is the effective radius of the current channel.
We evaluate Eq. (1) by using the following radial proflles T = T (0) x

|: (r/a )"{2], n = n(O)[ (r/a)? :[ and JrI (r) = sz(r) w1th == ~ cm.
These profiles are consistent with measurements made by the laser at } cm

off centre. Using these profiles, we evaluate <n/mn , Where n = EHJF”,

>
cl
N.q is the Spitzer-Harm resistivity for hydrogenic plasma and E" is Lhe
electric field (assumed to be constant oyer the cross section). In * ‘ms of

the peak electron temperature ﬁeo (in units of keV)

/_n_\ - v “3/2
g 1 ™ 2.98 = T 8, (2)
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where V is the 1 ) voltage, I is the loop current in units of 100 kA, and
S is a ;rufile shupe factor given by
3
5 T (] 72
S = dr r =
E% T (3)
0 €0 |
: i : |
(al is the limiter radius).

Typical values of S found for
other tokamaks range between
0.2 and 0.4, For the tempera-
ture profile used her S$=0.23.
Hence, the uncertainty in our
temperature profile could lead
to an underestimate of <nfnc1>

by a factor of 2.

Count per Channel

Results for a variety of
plasma densities, currents and
filling gases are shown in
Fig. 2. For each gas, a cross-
hatched region is indicated
which marks the transition re-
gion between Maxwellian and
non-Maxwellian spectra. The
data obtained for He was ob-

tained by pulsed-gas injection

Count per Channel

into an initially hydrogenic

discharge, with density about

51012 cm™3. Since the density

for tiie points obtained in Fig. 1. Soft x-ray spectra obtained in slide-

Fig. 2c is greater than 2.5x away (top) and Coulomb (bottom)
regime.

1013 cm‘3, we believe that the

majority of ions in these discharges are helium. We call attention to the

fact that <nfnc > is never significantly greater than unity in H2 and D2,

1
and approaches the classical value of 1.8 in He. There is also a systematic

decrease in <nfnc1> for £ > ﬁc for all gases.

We also report experiments concerned with effects of impurities on the

resistivity measurements. Beginning with a well-conditioned machine, 0. was

2
injected into a hydrogenic discharge, and the partial pressure of O2 was
vair .. | between 1 and 30x10™® T. As a result, <anCl> increased to about 2

and the electron temperature increased from 0.7 keV to 1 keV. The results
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Fig. 2. Resistivity measurements in H, (a), D, (b), and He (c)
as a function of the streaming parameter E.

are summarized in shots numbered 1-15 shown in Fig. 3. Then, normal tokamak

operation ceased and the machine was discharge-cleaned in 0, for a'out 30

2

min. Immediately, upon recommencing tokamak operation, <nfnc in-reased to

>
1

values of 3-5 and the electron temperature nearly doubled, as s> »n in shots
20-30 in Fig. 3. In addition to having higher voltage "anomaly'" and electron

temperature, these discharges differed in having an increasing r<' 'ar than
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the usual d¢ :.asing density with time, a much higher level of hard x-ray
activity (10) mR/shot) and strong MHD instabilitiES[a]. Discharge cleaning in
H2 tended t. reverse the process, but the normal duration of about 1 hr was
not suffici:nt to reproduce the normal behaviour. Similar results were ob-

tained by u-ing N, rather than O, as the contaminating gas. We also note

2 2
that values of £, obtainable for the contaminated machine, were generally in

the range ¢~ 0.05-0.1. These results which show <n!nc > increasing to levels

1
more typic.! of conventional tokamak operation give support to the credibili-

ty to resul.lLs obtained under clean conditions.
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Fig. 3. Resistivity and temperature measurements in clean and contaminated
conditions.
Below we will use a parameter o defined as o = <&> <nfncl>. In contami-

nated discharges the value of <nfnc > is increased, so that a higher value

1
of o can be taken as an indication for a higher contamination level at the

same value of £ in different discharges.

Slide-away regime: Since plasmas with high £ are known to be unstable in

linear geometry (for example to ilon-acoustic modes in the case Te > Ti) we
have been led to search for evidence of similar instabilities in the Alcator
ice. Adcitional motivation for this work was provided by the observation

of high ion temperatures (Ti = ‘8 ~ | keV) even though the electron-ion equi-




libration time is much longer than the ion eﬁergy containment time. Here, we
report the discovery of a band of strong rf emission in the vicinity of the
ion plasma frequency wpi, extending from wpi to 5-10 wpi' The higher frequen-
cies tend to occur first in time and correlate with the onset of +d x-ray
emission (total dose » 1 mR) and intense synchrotron radiation. The emission
in the vicinity of wpl always occurs a few milliseconds later and correlate:
with the appearance of energetic ions (See Fig. 4). Thus, we identify the

w . radiation as being connected with the anomalous ion heating.

1.

Fig. 4. Example of slide-away phenomena
a.loop voltage 1 V/div; b. electron density 1.2x1013 em™3/div; c. total rf-
emission (arbitrary units); d. charge exchange neutrals: energy v 2.5 ke’
e. discharge current 65 kA/div; f. x-ray emission energy > 200 keV.
Sweep speed: 1. 50 msec/div; 2. 10 msec/div.

Measurements of the emission spectrum were taken with a small molybde-
num-tipped probe, 0.6 mm in diameter. The probe is movable and can be po:'
tioned at any point within the 2.5 cm shadow of the limiter. Twc spectrum
analyzers were used to obtain the spectra in the ranges 300-2000 MHz and I-
20 GHz. The spectra were recorded by either repeated, fast (10 m:2c) sweep-
ing of the analyzer, or by shot-to-shot scanning of the passband frequency.

In Fig. 5, we present the spectra obtained at three moments in time
during the discharge. A strong peak at the lower end of the spec'.rum is found
at frequencies corresponding to fpi = 210Vne?A, where A is the ion mass num-
ber. This dependence is displayed in Fig. 6, where we have pl-t'+d the densi-

ty calculated by assuming the peak of the spectrum to correspond with fpi vs
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Fig. 5. Spectral emission from a slide-away discharge
shot measurements were taken at B
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the actual average density as
measured by either 4 mm or 2 mm
interferometers or by calibrat-
1 ed Thomson scattering. A 30 dB
4 drop in the intensity is ob-
served just below fpi’ and

when the average density de-
creases during a discharge

pulse, this cut-off moves
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accordingly. The spectrum ex-

T |
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601 a=0.2 *7a > 0.2 emission level becom~= ~~7 ha=

rable to the sensitivity of

pi !

the analyzer (v 45 dB).
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The relative power P(wpi) of
the emitted radiation at fpi
as a function of £ is found to

have a distinct threshe?! ! at
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values of 0.45 for hydrogen

and 0.2 for deuteriur dischar-
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are also indications that the

presence of impurities leads

Fig. 7. Relative power level P(w i) of the
radiation emitted at wpi'

to a decrease of the emitted

power., Discharges with higher

impurity content (o = 0.3 to 0.4) have P(wpi) decreases by 15 to 20 dB.

The fact that the emission is cut off below wpi tends to rule out tur-
bulence associated with classical current-driven ion-acoustic waves. In thi
regime of operation w? >> wze and the lower hybrid resonance frequency
@ e wpi' This suggests the excitation of
lower hybrid modes which propagatc ‘or w >
w_., whose mechanism has been inves igat-
ed-5].

Coulomb regime: After formation of  dis-

charge at normal filling pressure of

1X10™"% T, gas is injected by means f a
pulsed gas valve. In this way, discharges
with <n > up to 2x10M* em™3 have bLecon stu-
died. Typical traces of voltage, cv - rent,
and density for this mode of operal:on are
shown in Fig. 8. In this mode, t“¢ .lectron

and ion distribution functions are rearly

Fig. 8. Example of a discharg: i. the
Coulomb regime: a loop voltage 7 V/div;
b. discharge current 65 kA/div;
c. 0! emission at A = 1032 S? £ 8x1015
: photons/sec/cm?.sterad/div; d. |
Sweep speed: 20 msec/div. density & 6i1013 ngﬁdgvlv’ ¢ setron
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Maxwellian (..r. Fig. 1.b), and the resistivity appears to be close to clas-
sical as ev:!enced by data presented in Fig. 2 for & << Ec. Both soft x-ray
and visible . -msstrahlung measurements show that the effective Z (defined
here as the ratio of measured to computed free-free hydrogenic bremsstrah-
i1ng decreas. - [rom 5-10 at low density (Vv 1x1013 e¢m™3) to near unity at -
' 3h density (1x10!% em™3). This implies that the relative impurity concen-
tration in t!= centre of the plasma decreases as the density is increased,
a conclusic: wiiich is also supported by the density dependence of the UV-
lines of 1i. ¢ ‘mpurities, for example, i as shown in Fig. 8.
Poloid:i Lcta 88 =
<nk(Te+Ti)>;‘?f—{-11);’21.10 and ol o
gross energ. replacement time ///

T, = é41’11{('1 i 7.)>Volume/I.V.
il 10 //TE

E 2
have been n:asured (see Fig.9). Kk
: oD, //
Here the pro/iles quoted above i //
o]
are used. The data points re-—

present T, .:glecting the L g o

s
ion energ? content, and the Bl s 0 © Oy
dashed line indicates the ef- - oo X
fect of including the ions, - o0 X

The energy :cplacement time o

: : %
1s roughly proportional to r %xé}i

w, and has weak (if any) de- | 2

pendence on I and B,. The np (10" ecm™)

4
poloidal beta, consistent Fig. 9. Energy replacement time vs density.
with the measurement of Tps
scales as BB « neflp, where p ® I. We also find the maximum density is pro-

portional to the maximum value of I, which suggests a limiting value of 88.

R.F. heating: Ion heating by rf injection near lower hybrid frequency Wy
has : lso been studied[é]. A pulse of rf power, frequency 2.45 GHz, peak
pover 70 kW and width variable up to 100 msec have been applied by means of
an ' -band waveguide flush-mounted in the vacuum chamber wall and oriented so
that E | B. The total absorption efficiency is high with 70-80% of the for-
ward power absorbed. No deleterious effects (such as density rise or impuri-
ty increase) on the discharge are found. Typical ion temperature rise is on
the order of 100 eV (see Fig. 10). Strong tail-heating is also observed; the
efi -+ is nonlinear in the applied power. For ion heating to occur, it is

not necessary to satisfy w = Wy anywhere in the plasma.




(keV)
© o
(9] ~
T
—
'3
-~
; |
%
|
> —
\
>
/ —

o
o
1
=1
\
\

o
n
|
AN

|

150

0.2

ION TEMPERATURE
o
o
I
\
~
>
/
Q
O
CURRENT (kA)

I
(&)
@)

T RE PULSE
O. I
' 70 KW

l | | ] I ‘I ] I l

I0 20 30 40 50 60 70 80 90 100
TIME (msec)

Fig. 10. Development of the ion temperature with rf heating applied.
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