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A new operational regime has been observed in neutral-injection —heated ASDEX divertor
discharges. This regime is characterized by high P& values comparable to the aspect
ratio A P& (0.654) and by confinement times close to those of Ohmic discharges. The
high-P& regime develops at an injection power ) j..9 MW, a mean density n, ~~ 3&& 10
cm 3, and a q(a) value ) 2.6. Beyond these limits or in discharges with material limiter,
low P& values and reduced particle and energy confinement times are obtained compared
to the Ohmic heating phase.

PACS numbers: 52.55.Gb, 52.50.Gj

One of the main goals in fusion-oriented toka-
mak research is the production and investigation
of high-temperature, high-13 plasmas. The stimu-
lation for these efforts is the requirement of high
P values for a fusion reactor device in order to
achieve high fusion power output at low invest-
ments of magnetic field energy. A significant
portion of the research program of all major
tokamaks is devoted to the investigation of the

confinement properties of auxiliary-heated high-
/3 tokamak plasmas. ' ASDEX (R = 165 cm, a = 40
cm, toroidal field B~-2.8 T, plasma current I~
(0.5 MA) is a divertor tokamak with neutral-

beam injection (NI) presently capable of deliver-
ing 3„1 MW to the plasma for 200 msec at a
source voltage of 40 kV. The power is delivered
by two beam lines both oriented tangentially in
the direction of the plasma current. Hydrogen
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FIG. j.. Time dependence of various plasma param-
eters of L-type (left column) and H-type (right column)
discharges: (a) line averaged density n, , (b) external
gas flux g&, (c) atom flux p, g =273 eV) reflected
from the divertor neutralizer plate, (d) central elec-
tron temperature, and (e) beta poloidal. The neutral
injection phase is indicated by the hatched time interval.
The dashed vertical line indicates the transition from
the L to the H regime (see text).

is injected into deuterium plasmas. The techni-
cal details of the ASDEX tokamak and the NI sys-
tem are described by Keilhacker et al. ' and
Stabler et al. ' With NI an increase is seen in
both the ion and electron temperatures T; and T, .
The increase in total energy content, however,
is reduced by a decrease in global energy con-
finement time T~ and in particle confinement
time r~ '.Two different types of discharges,
however, can develop. ' In one case the reduction
in confinement lasts throughout the NI pulse. Be-
cause of the low values of P~ achieved during
these discharges they are called L-type discharg-
es. In the other case, particle and energy con-
finement suddenly improve during the NI pulse.
As a higher value of P~ is obtained, this dis-
charge type is called H type.

The two types of discharges are compared in
Fig. 1 (left column, L type; right column, H type)
The only difference in the externally controlled
parameters is an increase in injection power &Nl
into the plasma vessel from 1.6 MW (L type) to

1.9 MW (H type).
i. tyP-e discharge .—The left-hand column of

Fig. 1 shows the line-averaged density during the
NI pulse (indicated by the hatched time interval)
as it develops during a discharge with feedback-
controlled density. The density tends to decrease
although the external gas flux yG, plotted in Fig.
1(b) (left column), increases up to the maxi-
mum, and an additional 5 mb ~ L/s ~ MW are de-
posited by the beams. From the total ionization
rate (deduced from toroidal H -D„measure-
ments), which rises while the density decreases,
it is concluded that ~~ deteriorates during NI.
Another indication of the change in particle con-
finement is the outf lux of plasma ions measured
at energies ~ 100 eV as a flux q, of back-reflect-
ed atoms from the divertor neutralizer plates by
a charge exchange analyzer. y, increases during
NI as shown in Fig. 1(c) (left column). The in-
crease in atom flux is caused by a reduction in
particle confinement and to a lesser extent by
an increase in the plasma-edge ion temperature.
Another indication of a degradation in confine-
ment is an increase in hard x-ray radiation
caused by an enhanced outf lux of runaway elec-
trons produced during the initial phase of the dis-
charge. The deterioration in T~ is accompanied
by a decrease in energy confinement time T~
during NI into I -type discharges which is a com-
mon feature of NI-heated tokamak plasmas. '
The value of r~ during an Ohmically heated deu-
terium discharge with e, = 3 &10" cm ' and I~
=0.3 MA is between 50 and 70 msec. Figure 2

shows T~ (deduced from temperature and density
profiles) and T~' (deduced from the diamagnetical-
ly measured P~~) during NI versus n, at I~=0.3
MA and for PN& -2 MW. 7~ and T~' are deter-
mined from the absorbed power (shine-through,
orbit, and primary charge-exchange losses are
subtracted). There is good agreement between
thermally and magnetically measured energy con-
finement times. In L-type discharges T~ and T~'
decrease to 20-30 msec. A beam power of 2

times the power input during the Ohmic phase is
sufficient to affect the confinement deleteriously. '
In addition to the observed decrease in global en-
ergy confinement, the favorable T~ ~n, scaling
of Ohmically heated plasmas is not seen with NI
into L-type discharges. A numerical transport-
code analysis of this discharge type' shows that
the degradation of confinement with NI results
from enhanced electron heat conduction and par-
ticle diffusion. The ion heat conduction continues
to be approximately neoclassical.
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If-type discharge. Some o—f the discharge
characteristics are plotted in the right-hand
column of Fig. 1. The discharge begins as I
type. The line density tends to decrease with
the beginning of NI [Fig. 1(a) (right column)],
and the external gas valve counteracts by increas-
ing its throughput [Fig. 1(b) (right column)]. At
1=1.18 sec, however, as indicated by the dotted
line, the density suddenly increases without
modifications from the external controls. The
gas valve closes, but nevertheless the density
continues to rise and exceeds the value obtained
during the plateau of the Ohmic phase. From
bolometric measurements and from the intensity
of 0 VI and Fe XVI radiation (0 and Fe are in-
trinsic impurities), it can be excluded that the
density rise is caused by an enhanced impurity
influx. All three signals, normalized with re-
spect to the plasma density, decrease at the tran-
sition into the H regime.

The increase in density is caused by a sudden
improvement in particle confinement. This can
be seen from the variation of the back-reflected
atom flux from the neutralizer plates [see Fig.
1(c) (right column)]. At the transition into the H
regime the back-reflected flux drops suddenly as
a consequence of a corresponding reduction in
plasma ion outf lux. The improvement in particle
confinement is also indicated by H„-D and hard
x-ray radiation measurements. At the transi-

I I
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FIG. 2. Global energy confinement time vs average

line density for toroidal limiter (triangles) and divertor
discharges (other symbols). TE (plusses and crosses)
is deduced from thermal profiles and T~+ (open circles,
solid circles, and triangles) is determined from the
diamagnetically measured P».

tion both signals decrease approximately to the
values obtained during the Ohmic phase.

The improvement in particle confinement in H-
type discharges is accompanied by an improve-
ment in global energy confinement. In Fig. 1(d)
(both columns) the time variation of the central
electron temperature T, (measured by electron
cyclotron emission) of the two discharge types is
compared. In.the H regime T, increases to a
value 540 eV above T, of the L-type discharge
despite the increase in electron density. The
overall improvement in plasma energy content
and confinement time is illustrated in Fig. 1(e)
(right column), which shows p~~ (with tangential
injection, this signal contains only a minor beam
contribution). Compared to the L-type discharge
[Fig. 1(e) (left column)], P~~ increases by a fac-
tor of 2, although the injection power is only 18%
larger. The energy confinement time of the H
type is 40-50 msec at I~= 0.3 MA (see Fig. 2)
and increases linearly with plasma current. At
Ip 0 38 MA, Tz is between 50 and 70 ms ec. In
the H regime the values of T~ and Tp attained
during Ohmic discharges are approximately re-
covered. This result holds up to the highest in-
jection power of 3.1 MW.

a+~+-,' I, ], the increase in the measured signal
P~+-,' I, due to NI, is plotted in Fig. 3 versus the
power, P», injected into the vessel, both for
L-type (solid symbols) and H-type (open symbols)
discharges. The plasma current is 0.3 MA.
There are experimental indications that the in-
ternal inductance l,. does not change much during
NI (a slight reduction cannot be excluded). P~
+ —,

' I,. is deduced from the plasma equilibrium by
use of either the applied vertical field or meas-
urements of the poloidal magnetic flux and field
near the plasma boundary. The values for /3~

+ —,'I, obtained from the two measurements agree
within 10/o. A[P~+ —,

' I,. ] of L-type discharges in-
creases linearly with injection power. No satura-
tion or P~ limit is observed. Above 1.9 MW the
h[P~+ —,'l, ] curve of the H-type discharge branch-
es off. Although there is a larger scatter in the
data points, there seems to be no saturation in
P~+-,'I, of the H-type discharges either.

So far, the highest j3~ value measured at a plas-
ma current of 0.2 MA is 2.65 (-0.3 is the beam
contribution). This value corresponds to 65% of
the aspect ratio A (A =4.1). The highest observed
value of the volume-averaged toroidal beta is
(j3)= 1.06% at a q(a) value of 2.8.

In the following, the experimental conditions
and the range of plasma parameters which allow
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FIG. 3. Increase in p& + 2l; with respect to the Ohmic
phase vs the power Z~j injected into the vessel in the L
regime (solid symbols) and the H regime (open sym-
bols) .

the development of the H regime are described.
Figure 3 reveals that there are only L-type dis-
charges at an injection-power level I'NI & 1.9 lNW.

Above this power level both discharge types are
encountered depending on n, and B~. Figure 2

reveals that the H phase develops abave n, =3
X10" cm '. In the density range (3-3.5) x 10"
cm ' there is a transition region where either
an L-type or an H-type discharge can develop
without external modifications. At high density
at I~= 0.38 MA the achieved P~ values of the H

regime decrease again, possibly because of the
limitation in available injection power or deposi-
tion depth, and L-type discharges can develop.

H-type discharges have been obtained at plasma
currents between 0.2 and 0.4 MA. A decrease of
the toroidal magnetic field resulting in a lower
q(a) value can lead to a transition into the L
regime. H-type discharges have not been ob-
served for cylindrical values of q(a) & 2.6 Iq(a)
= 2va2Br/p+I& I.

The H regime is characteristic of divertor dis-
charges in ASDEX. It has never been obtained in
ASDEX limiter discharges. T ~' values of toro-
idal limiter discharges are plotted in Fig. 2.
Given a limited number of shots with material
limiters, the accuracy of this statement is main-
ly based on the observation that the H regime dis-
appears at the transition from divertor to limiter

discharges. In sequential discharges, both diver-
tor and limiter behavior could be compared. The
H-type characteristics of the divertor discharges
with NI always disappeared in the limiter dis-
charge which followed.

The observation that the H type does not devel-
op in limiter discharges may be the result of
the higher impurity content of these discharges.
The role of impurities in the formation of the H-

type discharges was empirically studied by puff-
ing small amounts of low-Z (CH, ) and high-Z
(Kr) gases into the discharges. The addition of
impurities deteriorates an H-type discharge or
prevents its formation. As a result of radiation,
particularly from the plasma edge, added impuri-
ties or those released from the limiter may sup-
press the formation of very broad, nearly circu-
lar, temperature and density profiles, which are
characteristic of H-type discharges.

The achieved P~ va. lues and confinement times
in H-type discharges are affected by short bursts,
detected by Mirnov coils and soft-x-ray diodes,
which lead to periodic density and temperature
reductions in the outer plasma zones. The gross
plasma parameters remain unaffected in the plas-
ma center. In particular, these discharges show
no sawtooth activity. Bursts are also observed
in the back-reflected flux from the neutralizer
plate [see Fig. 1(c) (right column) J as thermal
particles are expelled' from the main plasma into
the boundary layer. There are indications that
these bursts can cause the transition back into
the low confinement regime which, however, is
not maintained as long as enough beam power is
available. Figure 1(c) (right column) shows that
the H regime is sustained until 20 msec after
termination of the beams. Then the discharge
changes to an L-type discharge as indicated by a
sudden increase in flux, y, . The transition back
into the L regime occurs simultaneously with, or
is triggered by, a burst. Possibly as a result of
the decaying beam, the plasma does not return
to the H regime, but transforms into the Ohmic
heating phase as an L-type discharge.

In summary, a new operational regime in neu-
tral-injection-heated discharges of ASDEX is
discovered with high P~ values. It is documented
that NI-heated discharges can have confinement
properties close to those of Ohmic discharges.
The new regime extends over a wide range of q
values, plasma currents, and densities, but —so
far—has only been obtained in divertor discharg-
es.

Thanks are due to the operational teams of

1411



VOLUME 49, NUMBER 19 PHYSICAL REVIEW LETTERS 8 NOVEMBER 1982

ASDEX and the NI group and to F. Dylla for criti-
cally reading the manuscript.

On leave from Academia Sinica, Peking, People' s
Republic of China.

Proceedings of the International Atomic Energy
Agency Workshop on Finite-Beta Limits and Transport
Phenomena in Thermonuclear Plasmas, Varenna, 1982
(to be published) .

M. Keilhacker et al ., in Proceedings of the Eighth
International Conference on Plasma Physics and Con—

trolled Nuclear elusion Research, Brussels, 1980 (In-
ternational Atomic Energy Agency, Vienna, 1981), Vol.
II, p. 351.

A. Stabler et ul. , in Proceedings of the Ninth Inter-
national SymPosium on Engineering Problems of tu-
sion Research, Chicago, 1981, edited by C. K. Choi
(IEEE, New York, 1981), Vol. I, p. 767.

F. Wagner et ul. , Max-Planck-Institut fur Plasma-
physik Report No. III/78, 1982 (unpublished).

F. Wagner et al. , in Proceedings of the Ninth Inter-
nation Conference on Plasma Physics and Controlled
Nuclear Fusion Research, Baltimore, 1982 (to be pub-
lished), Paper No. IAEA-CN-41/A-3.

G. Becker et al. , to be published.

Atomic-Scale Structure of Random Solid Solutions. ' Extended X-Ray-Absorption
Fine-Structure Study of Gal „In„As
J. C. Mikkelsen, Jr. , and J. B. Boyce

Xerox Palo Alto Research Centers, Palo Alto, California 94304
(Heceived 23 August 1982)

In random solid solutions of Gal „In„As, the Ga-As and In-As near-neighbor distances
0

change by only 0.04 A as x varies from 0.01 to 0.99, despite the fact that this alloy ac-
curately follows Vegard's law, with a change in average near-neighbor spacing of 0.17
0
A. This result contradicts the underlying assumption of the virtual-crystal approxima-
tion. Nonetheless, the cation sublattice approaches a virtual crystal with a broadened
single distribution of second-neighbor distances, whereas the anion sublattice exhibits a
bimodal anion-anion second-neighbor distribution.

PACS numbers: 61.55.Hg, 78.70.Dm

In random solid solutions the atomic-scale
structure, i.e. , the nature of the near-neighbor
(nn) environment, is not wel. l understood because
of the fact that standard diffraction techniques
average the structure over distances which are
l.arge on the scale of a lattice constant. One con-
sequence of this lack of microscopic information
is that calculations of the properties of sol.id solu-
tions have often relied on simpl. e approximations ~

One of the most used of these models is the vir-
tual-crystal approximation (VCA)' which assumes
that all atoms occupy the average l.attice positions
defined by the x-ray lattice constants. With use
of the VCA, properties of the alloy, such as the
electronic band structure, can be calculated
whether or not the alloy lattice constant varies
linearly with composition between those of the
end members, i.e. , follows Vegard's Law. ' Sim-
ilarly for dilute alloys, the assumption that the
impurity-host distance is equal. to the host-host
distance is often used to cal.culate alloy proper-
ties, even those which may depend very sensitive-

ly on distance, e.g. , the magnetic properties and
the NMB and ESR spectra. However, the validity
of this assumption, namely, an average distance
or equal impurity and host distances, has never
been systematically addressed with experimental
measurements.

We have used extended x-ray-absorption fine
structure (EXAFS) to address these issues in
random solid solutions since this technique is
well suited to the study of local. bonding, especial-
ly the determination of nn distances rel.ative to a
well-defined standard. As a result EXAFS has
been used successfully to study other issues in
alloys. These incl.ude studies of dilute binary
metal alloy systems' where the main issues ad-
dressed were local clustering or chemical order,
such as Guinier-Preston zones, and deviations
from the continuum elastic theory. Other EXAFS
studies of ternary al. loys ' have indicated that
the nn distances do differ from the average, but
the main emphasis was on other issues and so
these studies were not performed over a wide
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