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ABSTRACT

X-ray diagnostic measurements have been used in a number of experiments
to improve our understanding of important tokamak physics issues. The
impurity content in TFTR plasmas, lts sources and control have been clarified
through soft x-ray pulse-height analysis (PHA) measurements. The dependence
o€ lucrinsic impurity concentrations and 2,0 on electron density, plasma
current, limiter material and conditioning, and neutral-beam power have shown
that the limiter is an important source of metal impurities. Neoclassical-
like impurity peaking following hydrogen pellet injection into Alecator C and a
strong effect of lmpurities on sawtooth behavior were demonstrated by x-ray
imaging (XIS) measurements. Rapid inward motion of impurities and
continuation of m=1 activity following an internal disrupticn were
demonstrated with XIS measurements on PLT using injected aluminum to enhanca
tine signals. Ion temperatures up to 12 keV and a toroidal plasma rotation
velocity up to 6 x 10° m/s have been measured by an x-ray crystal spectrometer
(XCS) with up to 13 MW of 85-keV neutral-beam injection in TFTR. Precise

wavelengths and relative intensities of x-ray lines in several helium-like
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ions and neon-like ions of silver have been measured in TFTR and PLT by the
XCS. The data help to identify the important excitation processes predicted
in atomic physics. Wavelengths of n=3 to 2 silver lines of interest for x-ray
lasers were measured, and precise instrument calibration techniques were
develaoped. Electron thermal conductivity and sawtooth dynamics have teen
studied through XIS measurements on TFTR of heat-pulse propagation and
compound sawteeth. A non-Maxwellian electron distribution function has been
measured, and evidence of the Parail-Pogutse instability identified by hard x-

ray PHA measurements on PLT during lower-hybrid current-drive experiments
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1.0 INTRODUCTION

X-ray diagnostics are used to measure a variety of plasma parameters of
importance to tokamak physies and fusion research. In a companion paper /1/
the x-ray diagnostic instrumentation and data interpretation techniques are
reviewed. This paper focuses on some significant experiments over the past
few years in which x-ray diagnostic methods have played a key role in
improving our understanding of tokamak phenomena. To represent the xX-ray
diagnostie capabilities as broadly as possible, work from PLT and Alcator C,
as well as from TFTR, is presented.

In Section 2 a study of the variapion of intrinsic impurities in the
Tokamak Fusion Test Reactor (TFTR) /2/ with plasma parameters, machine
conditioning, and different limiters is summarized; the soft x-ray pulse-
height analysis system (PHA) was used for these measurements. The experiments
Suggest that the limiter, whether it be graphite or metal, is probably the
dominant source of metal impurities in the plasma, The increase of metal
concentrations with plasma current and with neutral-beam power and the
decrease with electron density agree qualitatively with the notion of
sputtering of the limiter by plasma and/or impurity ions. Seetion 3 reviews
some observations on impurity transport and summarizes two recent studies of
impurity transport that used the x-ray imaging system (XIS). First, following
injection of hydrogen pellets into the Alcator C tokamak, the earbon and
molybdenum density profiles were observed to peak in agreement with multi-ion
neoclassical transport theory /3/. A large disruption reduced the central
impurity density and terminated the neoclassical transport. The increase in
central resistivivty and the decrease following the disruption were
accompanied, respectively, by an increase and then a decrease in sawtooth

period. Second, experiments on the PLT tokamak used aluminum injection inte



the plasma to study MHD behavior and impurity transport /47, Inverted
sawteeth on the central chord soft x-ray signals resulted from abrupt inward
motion of tke aluminum. Magnetohydrodynamic activity with m=1 structure was
observed after the internal disruption. In Section 4 are presented some
measurements by the x-ray crystal spectrometer (XCS) of the ion temperature
and plasma toroidal rotation velocity in TFTR during intense neutral-beam
heating experiments. Central ion temperatures greater than 12 keV and
toroidal rotation velocitles up to 6 x 10° m/s were measured for deuterium
neutral-beam injection powers up to 13 MW. Section 5 summarizes some results
of a study of the Ka rescnance line and satellites of helium-like titanium
using the XCS on TFTR /5/. The intensities of most lithium-like and
beryllium-like satellites, relative to the helium-like titanium resonanée
line, agree well with predictions. The intercombination and forbidden lines
are more intense than predicted for electron temperatures below 1 keV. A&
review of some of the findings in an XCS study of neon-like silvar spectra on
PLT is presented in Section 6 /6/. Wavelengths of pairs of n=3 to 2 electric
dipole and electric quadrupole 1lines were measured precisely, yielding
accurate wavelengths for an = (O transitions of interest in x-ray laser
studies. The Ka 1lines of hydrogen-like and helium-like ions of several
elements provided excellent reference wavelengths. In Section 7 measurements
using an XCS of neutral hydrogen density in Alcator C are summarized /7/. The
neutral hydrogen density 1s inferred from the enhancement of 1s2 - 1snp lines
in Ar"’16 for 3 < n ¢ » due to charge transfer from neutral hydrogen to-
Ar*17, Section B summarizes recent theoretical and experimental (XIS) work on
measurement of the eleetron thermal diffusivity in TFTR from heat-pulse
propagation /8/., In Section 9 XIS studies of compound sawteeth in TETR are

reviewed briefly /9/. Finally, in Section 10 some results are presented from



a study of the electron distribution function during lower-hybrid current-
drive (LHCD) experiments on PLT /10-12/. Observation of a relaxation

oseillation consistent with the Parail-Pogutse instability is presented /13/.

2.0 INTRINSIC IMPURITY BEHAVIOR IN TFTR

Impurities play an important role in determining plasma characteristies
in tokamaks. The concentration of impurities is determined not only Sy the
impurity sources but by transport. The main deleterious effects of impurities
are dilution of fusion fuel, loss of energy by radiation, creation of
instabilities through modification of the current profile /14/, and, perhaps,
enhanced erosion of the limiter due to the higher sputtering yield by typical
impurity jons than by deuterium /15,16/. Impurity control will be crucial at
reactor power levels, gince impurity production appears to increase with input
power, The soft x-ray PHA diagnostic has been used to study the behavior of
intrinsic metal and low-Z impurities and Zeff in TFTR /2/ as a function of
electron density, plasma current, plasma size, internal vacuum vessel hardware
and its proximity tc the plasma, machine conditioning, and neutral-beam
injection power. The studies have improved our knowledge of impurity sources,
particularly of the metals, and of impurity contral techniques. A summary of
some of the main results and conclusions of the TFTR study will be given here,

The behavior of metal concentrations in TFTR suggests that sputtering of
the limiter by plasma and/or impurity ions may be the dominant source of metal
impurities. The central plasma concentration of typical metals {titanium,
chromium, iron, and nickel) was observed to deerease with line-averaged
electron density fi, and to inerease with plasma current Ip as shown in
Fig. 1. These plasmas had a major radius R of 2.45 - 2.95 m, a minor radius a

of 0.82 m, and either a graphite limiter or a titanium-carblde-coated graphite



limiter. This type of behavior has been observed on other tokamaks, but the
TFTR study quantified the observations for a varlety of machine parameters.
Three interesting points to notice are that (1) the decreare with n, is
approximately expcnential, perhaps with two different slopes in some cases,
(2) the magnitude of the slope decreases as plasma current increases, and (3)
the magnitude of the slope is smaller for smaller plasma radius (not shown in
Fig. 1}. A similar effect 1is observed feor the total 1low-Z impurity
concentration, although the decrease with density i1s much iess prounounced .and
varies considerably less with plasma current and size. These trends are
consistent with a picture in which the impurity source, particularly for the
metals, is due to sputtering of the limiter (and/or other hardware) by plasma
and/or impurity ions. The average energy of an ion striking the limiter
should be propnrtional to the sheath potential and, thus, proportional to the
electron temperature /16,17/. Lower edge temperatures and, thus, decreased
sputtering shouid ocour for either (1) higher density, (2) lower current, or
(3) larger plasma size. This picture is, however, gualitative. A discussion
of une more complicated aspects of impurity produection, shielding from the
plasma center, and confinement is beyond the scope of this paper. Also, other
impurity source mechanisms may cocme into play /17/.

Other experiments during the earlier periods of aperation of TFTR further
implicated the limiter as the dominant source of metal impurities in the
plasma. First, the titanium concentration was 50 times higher with a
titanium-carbide (TiC)-coated graphite limiter than with an uncoated graphite
limiter /2,18/. Second, the nickel concentration was 20 times higher when the
plasma was operated on the Inconel bellows cover plates than on a TiC-coated
graphite moveable limiter. Third, for plasmas operated on a graphite or a

TiC-coated graphite limiter (See Fig. 2) the plasma central nickel



concentration at fixed density was observed to decrease gradually with plasma
operation after pulse-discharge cleaning (PDC). Since metals are generally
higher after PDC, it is believed that the PDC and preceding glow-discharge
cleaning (GDC) remove metal from the vacuum vessel wall and other metal
hardware inside the vacuum vessel and deposit some of it on the limiters. The
concentrations in Fig. 2 decrease with the number of plasma shots, N, after
pulse-discharge cleaning according to N‘°'6.

The low-Z impurity concentrations and Z,pp are alse inferred from the PHA
x-ray spectrum. The low-Z concentrations are obtained by taking the measured
continuum intensity and subtracting a portion due to recombination and
bremsstrahlung of electrons with the metals Hhose concentrations are known
from line radiation /2,19-21/. The remaining continuum intensity i3 compared
with the bremstrahlung intensity expected for a pure hydrogen or deuterium
plasma. The enhancement of this intensity above that for a pure plasma is
attributed to electran bremsstrahlung and recombination with louw-2
impurities, Since the dominant low-Z impurity in TFTR has been identified by
vacuum ultraviolet (VUV) spectroscopy as carhon /22/, except at very high
density where oxygen becomes comparable, it is then easy to calculate how much
fully stripped carbon is required to produce the measured continuum
enhancement, The proton or deuteron density is then calculated from the
charge neutrality requirement, and the plasma resistivity or 2opp follows from
a knowledge o the density of all ion specles. The total low-Z concentrationg
inferred from the PHA typlcally range from 10% of electron density at the
lowest densities to ¢ 1% at high densities. These concentrations have a
larger uncertainty than do the metal concentrations, since the continuum-

enhancement factor is difficult to measure.



Some measurements of 2., in TFTR by the PHA are illustrated in Fig, 3
for ohmically heated deuterium plasmas with a current of 2.2 MA., These data
show that Z ppe for operation on the outer moveabie limiter blades or on the
inner toroidal bumper limiter, approaches values < 1.5 at high density. At
intermediate densities bumper-limiter operation shows somewhat lower Zeff
/237, For thils comparison, model profile shapes for temperature and density
were used in the analysis from both data sets. Reanalysis of the bumper-
limiter data using measured Thomson scattering profiles for these parameters
has given Z,4p values 0.2-0.4 higher than the values shown in Fig. 3.

The source of the low-Z impurities is harder to determine from PHA data
since the PHA cannot distinguish between carbon and oxygen. Vacuum
ultraviolet spectroscopic studies show that the carbon concentration decreases

with 6, in ohmie discharges. A comparison of these data with sputtering

e
yields suggests that the carbon impurity could be explained by self-sputtering
of the graphite limiter /15/. The oxygen concentration, however, is observed
to increase with density /22, so its production mechanism Is probably
different from that of carbon.

Intrinsic impurity concentrations are higher in neutral-beam-heated
discharges than in ohmic-heated (0H) discharges with the same electron
density, current, toroidal field, and radius /24/. This is not unexpected
since the electron /25/ and ion temperatures and the power to the limiter
inerease with beam heating. The enhancement of impurities relative to the
ohmic values is graphed versus total power in Fig. 4 for plasmas on the
graphite moveable limiter. The metals have a stronger dependence on beam
power than do the low-Z impurities, It is also true that the dependence of
metal concentrations on current and density are in general much stronger than

for low-Z concentrations.



The points in Fig. U4 were obtained by dividing the concentration of an
impurity obtained during neutral-beam heating by the impurity concentration
Just before the beams were turned on and multiplying by a factor to correct
for the inerease in electron density due to beam fueling. This correction
factor is taken from a curve such as that shown in Fig. 1, so that we can, in
the same shot, compare the impurity concentratior during beam heating with
that of an ohmic-heating value extrapolated to the same density ag that for
beam heating. This procedure has been adopted since the metal layer on the
limiter can vary with conditioning, and reference ohmic-heating density scans
are made very infrequently.

The enhancements shown in Fig. 4 appear to be largely an artifact of the
experimental procédure. To ensure that all plasmas had the samé density near
the end of the beam-fueling phase, it was necessary to decrease the pre-beam
density with increasing beam power. Hence, shots with higher beam powers had
higher pre-~beam impurity concentrations. Since impurity densities have been
observed to change little from the pre-beam to the beam-heated phase of a
shot, the impurity content during beams reflects mainly the content before
beams., Thus, while impurity sources may increase due to increased edge
temperatures with neutral-beam heating, this effect cannot be isolated from
the data of Fig. 4 because of the large variations in pre-beam impurity

content.

3.0 IMPURITY TRANSPORT

Neoclassical transport theory predicts an accumulation of impurities in
the center of tokamaks or a peaking on axis /3,14,26/. Impurity accumulation
has been observed in recent years 1ln several tokamaks in regimes of interest

for fusion /3,14,27,28/. Such behavior can adversely affect the current
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profile and, therefore, the stability of plasias. Also, as the heating power
increases in tokamaks, in general. the production of impurities appears to
inerecse, The combiration of l.acrasiug source strength of impuritles and
accumulation or peaiking in the ¢¢i%er cruld have severe consequences for
future -~eactors.

The study of Jjmpurity tcansport has received renewed interest in recent
years. Instabilities such as the sawtooth have been shown to have a strong
affect on impurity transport /29,30/. Conversely, impurity peaking has been
shown to affect the sawtooth and possibly to enhance the m-1 instability, and
ta cause or increase the frequency of major current disruptions at high
density /7. In many of the impurity transport experiments x-ray
diagnosties, and particularly the XIS, have been primary measurement toeols
because of their good sﬁatial and temporal résolution, and their capability to
respond preferentially to impurity radiation. The geoal of these experiments,
as usual, has been to obtain a better basic understanding of the physies
processes underlying the transport. An limproved understanding of these
phenomena should, hopefully, guide experimenters to regimes in which the
deleterious impurity effects are subdued, in order to permit plasma conditions
mure favorable for fusion. In this section, an overview of two recent studies
of impurity transport is presented. Experiments on impuriby accumulation and
on the redistribution of impurities due to internal disruptions are

emphasized, X-ray diagnostics played a major role in these experiments.

3.1 IMPURITY PEAKING WITH PELLET INJECTIOK
During hydrogen pellet injection experiments in Adlcator C, two phenomena
have been observed by means of XIS measurements /3/. First, following the

pellet injJection a central accumulation or peaking of carbon (C) a:



1

molybdenum (Mo) was observed, in agreement with multi-ion neoclassical
impurity diffusion theory. Second, direct evidence was observed that the
impurity transport affects the sawtooth dynamies.

The spatlal evolution of the impurities was measured with two XIS arrays
having different filters. A thin foil allowed one array to respond strongly
to the Mo L x-ray lines near 2.5 keV. A second IS array had a foil thick
enough to block the Mo radiation, and thus it responded strongly to the carbon
bremsstrahlung and recombination radiation, as well as 0 the hydrogen
bremsstrahlung. In order to infer impurity concentration profiles, Abel-
inverted emission profiles were compared to theoretical emission calculations
that used wmeasured eléctron temperature and density profiles and the XIS
response functions.

Signals from several chords of the XIS array that was sensitive to Mo
radiation are shown in Fig. 5a and b. The chords are 1.7 em apart. The top
signal is from the central chord. At t = 223 ms the pellet enters, and the
electron temperature drops from 1.6 to 0.6 keV. During the reheat phase the
impurity profiles become peaked, and the sawtooth period lengthens; in many
cases the sawteeth disappear. The impurity peaking agrees with a multi-ion
neoclassical transport model (see Fig. 6). Following the large disruption
near 259 ms the central impurities drop by a factor of 3, the neoclassical-
like transport terminates, and the sawtooth period shortens by a factor of 2.5
approximately 15 ms later. Figure 5c shows the x-ray emissivity profiles just
before the pellet, and enters just before (257.5 ms) and just after (259.3)
the large disruption.

Radial profiles of {a)} carbon density, (b) Mo densibty, (e) electron
dénsity, (d) electron temperature, {e) hydrogen density, and (f) Spitzer

conductivity, are shown in Fig. 6 Jjust before (i) and after (ii) the large
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disruption. The dashed curves are the neoclassical equilibrium predictions,
which agree quantitatively with measurements for carbon, but are just outside
the error bars for Mo.

For cases in which the sawteeth disappear after the pellet enters, large
disruptions do not occur and the highly peaked impurity profiles persist. For
cases with sawteeth, the carbon profile does not dramatically repeak after the
large disruption. The increasing sawtooth period during impurity peaking and
he deecreasing period after the impurity profile flattens suggest that the

sawtooth dynamics are affected by the changes in the conductivity profile

(Fig. 6f).

3.2 IMPURITY TRANSPORT AND MHD ACTIVITY WITH ALUMINUM INJECTION

A recently putlished experiment with laser-injected aluminum in PLT
discharges illustrates the use of the XIS to study %!bcbh MHD behavior and
impurity transport /4/. Aluminum injection into PLT discharges with normal
sawtooth oscillations made it possible to observe the persistence of m=1
zctivity on x-ray traces after an Internal disruption. The m=1 activity is
normally not observable after an internal disruption in nonimpurity-injected
plasmas. Furthermore, numerical simulations of the impurity transport and the
chordally integrated x-ray emission were able to explain the unusual
suppression or inversion of the normal sawtcoth drop on the central soft x-ray
{5X) and ultrasoft x-ray (USX} traces in plasmas following the aluminum
injection.

The inverted sawteeth on the central x-ray; trace is illustrated in
Fig. 7. It is preceeded by a sharp rise and saturation of the intensity. A
similar time behavior is observed on the central USX trace, although usually

two inverted sawteeth are observed. The internal disruption associated with
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the inverted sawtooth is labeled the principal internal disruption,
Simulations show that the sharp rise in intensity after aluminum injection is
due to hydrogen-like and helium-like aluminum lines and recombination
radiation. The Ka lines of these species are at 1.73 and 1.59 keV,
respectively. The 1/e cut-off energy of the T76-micron-thick SX beryllium
filter is 2 keV, and for the 13-micron-thick USX beryllium filter it is
1.1 keV.

Both the inverted sawteeth and the Subsequent persistence of m=1 actlvity
after the internal disruptiorn on the SX and USX traces are shown in Fig. 8.
This figure also illustrates more clearly the main features on the central SX
{top traces), USX (middle traces), and electron temperature (bottom curves)
before, during, and after the time of 'impurity injection and prineipal
internal disruption. The T, measurements-wtre made from the second harmonic

of the electron cyclotron emission. The x-ray traces (left éurves)'evolved_
{

firom the normal sawtooth before impurity injection te a sharp rise aftgr
impurity injection, a saturation, either one or two invérted sawteeth, aﬁd
subsequent normal sawteeth. The normal sawtee.h on the T, trace appear to be
unchanged by the aluminum injection. This suggests that the impurity
injection does .not alter the MHD activity. The central and right-hand set of
curves show expanded views of the three signals before (center) and after
(right) aluminum injection. The m=1 osclllations are present before a
sawtooth drop and absent after a sawtooth drop on all three signals before
aluminum injection. The sawtooth-like behavior of the SX and USX traces is,
of course, due bto modulation of the plasma bremsstrahlung and intrinsic
impurity radiation by the sawteeth variations in Te' After aluminum
injection, however, the m=1 activity disappears (as usual) on the T, trace but
continues essentially unchanged in amplitude on the SX and USX traces,

although the period is slightly larger.
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The interpretation of the inverted sawteeth is as follows: initially the
radial profile of the injected aluminum impurity density 1s hollow. The
principal internal disruption tends to abruptly fill the center with
aluminum. The increase in emission from the higher aluminum density can be
equal to or larger than the decrease in emission of each ion due to the sudden
drop in T,. Similar hollow profiles of silicon in the helium- and hydrogen-
like charge states were observed in Aleator C /29/. Following an internal
disruption the radial profiles are flattened through an abrupt inward motion
of silicon.

The fast disappearance of the m=1 signature on the central Te signal
during both normal sawteeth and the sawteeth at the inverted disruption
resuits frem a flattening of the T, profile. This flattening also accounts
for the disappearance of the m=1 signature on the x-ray traces. The presence
of thevpostadisruptive SX and USX m=1 oscillaticens with impurity injection is
interpreted as being due to either {a) an excess of aluminum in the m=1
magnetic island compared to the central core of the plasma, or (b) a lack of
penetration of aluminum into the island, leaving an eceentric radiating inner

core. In case (b) the island itself is weakly emitting. Further studies are

required to identify which of these hypotheses is correct.

4,0 ION TEMPERATURE AND TOROIDAL ROTATION VELOCITY

The x-ray ecrystal spectrometer in recent years has become a well
established diagnostic for measuring the ion temperature in tokamaks /5,31~
34/. 1t iIs especially useful for measuring temperature in the hot central
core of large, densé, neutral-beam-heated tokamaks where other ion temperature
diagnostics experience difficulties /31/. It is also useful for measuring

toroidal rotation velaeity in tokamaks /5,35,36/. The ion temperature is
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measured from Doppler broadening of x-ray lines of typical helium-like or
hydrogen-like medium-Z lons such as Ar, Ti, Cr, Fe and Ni. In order to
measure toroidal rotation velocity the spectrometers on TFIR are oriented such
that their line of sight has a tangential or toroidal component. Thus, motion
of the lons toward or away from the spectrometer due to toroidal plasma

rotation imparts a Doppler shift to the x-ray lines, which can be used to
measure the retation velocity and direction. Descriptions of the instruments
have been given elsewhere /1,31-33,37,38/. In this section, results of
measurements from TFTR are presented.

Figure ¢ illustrates both the measurcmencs of ion temperature and
toroidal rotation in TFTR. The curves at the left are measured spectra of the
titanium XKXI resonance line at 2.61 3 integrated over the indicated
consecubiveyﬁo—ms time intervals. The solid lines are a least squares fit to
the data using a Voigt function, which accounts not only for Doppler
broadening but alsu for the spectrometer resolution and the natural line
width. The lines are perceptibly broadened, and the centroid is shifted
toward higher channel nurber or longer wavelength, The wvalues of ion
temperature inferred from the broadening are shown on each spectrum and are
graphed versus time in the top right curve. The shift toward longer
wavelength indicates plasma motic: away from the spectrometer. The rotation
velocity and direction can be calculated from the Doppler shift, since the
spectrometer line of sight points toward the counter—clockwisé direction at an
angle of 22 degrees relative to the plasma center line. The curves on the
right show the time evolution of the ion temperature and counter-clockwise
toroidal rotation velocity vy from 2.0 to 3.9 s during a discharge which has
3.6 MW of 85-keV deuterium beams injected from 2.5 to 3.0 s. The other plasma

parameters were IP = 0.7 MA, By = 3.9 T, R = 2.56 .., and minor radius a = 0.82
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m. During uneutral-beam injection (NBI) the temperature of the titanium XXI
jons increases from 2 keV to a peak value of 13 keV., Alsc, the plasma spins
up to a rotation veloeity of just under 6 x 109 m/s, which is greater than the
average ion thermal velocity. ,

The saturation and drop in ion temperature before the end of the beam
pulse probably results from beam fueling. During neutral-beam injection the
line-averaged electron density ﬁe rises continuously from 4.5 x 1012 o B.5 x
10"%em=3. This increase in cold electrons tends to cool the ions, especially
since the electron-lon coupling increases at the higher density. The peak
electron temperature at t = 2.9 s was 3.8 keV, and the peak density was 2 x
10'3em3.

After the NBI is terminated at 3.0 s both T; and v, show a delay in
returning to their values before NBI. Immediately after t = 3.0 s there still
exist fast beam ions since the slowing down time is 100 ms. These 1lons
continue to impart angular momentum to the plasma and continue heating it
until they have thermalized. After this first 100 ms, the decay in vi can be
related to a momentum confinement time, which is typically 200-300 ms. More

details of the rotation measurements and modeling are presented in Ref, 36.

5.0 HELIUM-LIEKE TITANIUM Ka SPECTRA

High-resolution x-ray crystal spectrometers (XCS) on tokamaks have
provided a unigque opportunity to study experimentally inner-shell excitation
and dielectronic recomblnation processes in 1, 2, and 3 electron medium-Z
impurity ions (2 = 18 - 2B). For these relatively simple ions, atomic physiecs
computer codes have some hope of making reliable predictions. The excellent
energy resolution (E/AE ~ 104) and dispersion of the XCS permits recording of

very high quality spectra and very precise determination of wavelengths. The
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tokamak x-ray source has relatively low density (ne = 1013 - 1015cm"3), and
thus is relatively collisionless. This means that (1) the impurity ions are
predominantly in the ground state, and (2) once excited, e.g. from tnhe n=1 to
n=2 level, the electron impact collisional excitation and de-exeitation rates
are usually small compared to radiative or Auger decay rates or recombination.
Furthermore, the line broadening for ion temperatures of 1 to 2 keV is
dominated by Doppler effects, which are small compared to broadening in high
density plasmas such as those produced by lasers, and the relatively long time
secales allow a steady-state ionization bzalance to be achieved.

The spectra of helium-like impurity ions have received a lot of
attention, both experimental and theoretical /5,33,39,40/, since the two-
electron ion is relatively simple and exists in tokamaks over a wide range of
electron temperatures. Also, for these reasons, taese spectra are ideal for
diagnostics of both laboratory and astrophysical plasmas. In general, the
theoretical predictions have done quite well in predicting observed spectral
features. In this section, some of the results of a study of helium-like
titanium in TFTR are presented.

Ka x-ray spectra of helium-like titanium and satellites, measured by the
XCS on TFTR, have been compared with recent theoretical predietions /5/.
Agreement 1s generally good, although some deficiencies in the theory
remain, Figure 10a shows that the data points agree well with a synthetic
spectrum (solid curve) calculated from atomic data with some adjustments. The
various contributions to the synthetic spectrum are shown in Fig. 10b, ¢, and
d. In Fig. 110b we see that the theoretical intensities for the
intercombination (x,y) and forbidden (z) lines, as shown by the darkly shaded
peaks, underestimate the measured intensities. Here the dotted regions were

obtained from least squares fits of Veoigt functions to the data. Figure 10c
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2n1 - 1s2pnl

shows lithium-like satellites due to transitions of the type 1s
with n > 2. Figure 10d shows both Li-like lines produced by collisional
inper-shell excitation and Be-like satellites excited by dielectronic
recombination of Li-like ions. An adjustable parameter used in the fit was
the ratio of the abundance of Li-like to He-like charge states,

The theoretical underestimates of lines x, y, and z are illustrated in
- Fig. 11 as a function of electron temperature. The thecretical lines were
calculated for direct electron impact excitation from the ground state (solid
line) and excitation to levels n 2z 2 including cascading (dashed lines).
Agreement between theory and experiment (points) generally improves at higher
temperature, Casecade corrections worsen agreement for line x but generally
improve agreement for lines y and =. Interestiggly, predictions for the sum

of intensities of the three lines (Ix + 1, + Iz)/Iw agree well with

y
measurements for 1.2 < T, < 2 keV, but are too low by a factor of 8 for Ty =
0.6 keV. The experimental enhancement of intensity appears to be related to

the increase in the Li-llke charge state at low temperatures.

6.0 NEON-LIKE SILVER

Recently, high resolution n = 3 to 2 (where n is the principal quantum
number) x-ray spectra of neon-like silver in the wavelength range 3.36-U4.1 &
have been measured with an x-ray crystal spectrometer (XCS) on the PLT tokamak
7%/, These studies have provided new insights into precise wavelength
calibration techniques and the accuracy of wWavelengti measurements for x-ray
crystal spectrometers, as well as an experimental verifieation of wavelengths
calculated by atomic physies codes. This information is imnportant both for
plasma diagnostics and for basic atomie physics. The measurements have also

provided an improved knowledge of intra-shell energy separations of levels
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which are important candidates for xz-ray lasers and of transition rates in
neon-like as well ag gsodium-, magnesium-, and aluminum-like ions of silver.

The spectra of medium- and high-Z neon-like 1lons are useful for
diagnostic purposes because they are prominent over a wide range of plasma
parameters in tokamaks and other plasma sources. This fact is due to the
closed-shell configuration and the resultant stability of the ions.
Furthermore, accurate measurements of wavelengths of ftraraitions in such
multi-electron ions are important, especially for high-2, because
configuration interaction and gquantum electrodynamic effects can reduce the
accuracy of wavelength calculations. An advantage of using high-Z ions for
these neon-like 3-2 transitioas is that electric quadrupole (E2) transitions
become comparable to electric dipole {E1) transitions., This results in pairs
of E1 and E2 quadrupole lines whose e¢nergy sSeparations are equal to the
transition energies in &n = 0 transitions of importance for population
inversions.

Tokamak plasmas are particularly useful for studyling transitions in high-
Z ions because the electron densities are low enough to render collisional
depopulation of exeited states, such as the n = 3 states of neon-like silver,
negligible, Also, the long time scales relative to, e.g., laser-produced
plasmas allow 3 steady ionization balance to be achieved in tokamaks. The PLT
study extended the observation of neon-like states in tokamaks from the
higheat Z (42) previonsly caserved to the present record of Z=47. Neon=like
ions of even higher atomic number should be attainable in TFTR, which has
recently reached electron temperatures greater than 6 keV.

Figure 12 illustrates the lines of interest for this experiment. This is
a Grotrian diagram of the ground state and selected first excited states of

the neon-like ion. The important transitions for the x-ray laser experiments
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are indicated by the dashed lines connecting the left 2p53s levels to the
central 2p”3p levels. A low decay rate to the ground state for the electric
quadrupole transitions labeled E2 relative to the electron dipole transitions
labeled 3G and 3F permits a populatior inversion between the 2p53s and 2p53p
levels to occur. The laser -transitions, however, are difficult to identify by
UV or soft =x-ray spectroscopy in plasmas because they occur in regions
dominated by stronger An = 0 transitions in ions of neighboring charge
states. Hence, simultanecus measurerents of the wavelengths of E! transitions
3G and 3F and the E2 transitions can provide an accurate measure of the
wavelengths of the lasing transitions.

The silver was introduced into t': tokamak by the laser injection
technique, Figure 13 shows a porticn of the spectrum measured on PLT, which
illustrates the line 3G and the corresponding E2 transition. This spectrum
has, been simplified by subtraction of a spectrum Etaken without silver
injeetion inte the plasma in order to remove strong lines of intrinsic
impurities., The energy interval between these lines is 124.1 eV. The
theoretical rinterval is 123.5, calculated by a relativistic atomic structure
code. The center position of a2 line is obtained from a least squares fit of a
Voigt function to the data. The uncertainty in the center position of these
lines is appreximately #0.1 mi.

For precise wavelength measurements an accurate calibration of the XCS is
réquired. For this experiment Ka resonance lines of several hydrogen and
helium-like ions Were used for reference wavelengths. The reference spectra
are similar to the He-like Ti spectra of Fig. 10. The positions of these
reference spectral bands on the first-order silver spectrum are illustrated by
the shaded reglons in Fig. 14. The shorter wavelength Fe and Mn lines were

measured in second order; thus, the wavelength scale in Fig., 14 should be
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divided by 2 for these ions. The resonance lines of these ! and 2 electron
ions are well suited as wavelength references because they can be calculated
theoretically to a high degree of accuracy. The large number of strong
reference lines covering the spectral Eegion of interest served two
purposes. First, they provided a nearby, strong H- or He-like reference line
for each of the lines to be measured, The estimated upcertainty in the silver
lines due to uncertainties in the dispersion of the spectrometer were thus
reduced to less than 0.15 mk. Second, they allougd a very precise comparison
of nearby lines ~f both H- and He-like ions. In general, close agreement was
found between the measured and theoretical ‘Wavelengths for these many
reference lines. However, a discrepancy of 0.4 mi was observed between theory
and experiment for the H-like line of argon when the He-like iron line w was
used as a reference. This is larger than the experimental uncertainty in the
measurements and suggests that theoretical calculétions for these systems
should be revised.

In summary, high resolution measurements of a range of x-ray lines from
neon-like silvér in the region 3.36-4.i L have been made. The wavelengths of
both electric dipole aﬁd electron quadrupole lines in the n=3-2 spectra have
been measured very precisely, thus establishing experimental energy intervals
for transitions of interest in x-ray laser research. Several strong
calibration 1lines of helium-like and hydrogen-like ions have provided very
accurate references, thus demonstrating a very precise calibration scheme for
the XCS. Somte discrepancies in theoretical calcuiations of Ke transitions for
these gsystems have been observed, In addition, many lines of suodium-,
magnesium-, and aluminum-like silver have been identified. Also, intensity
calculations have been made for many of the features and have been compared

with the spectra. An improved understanding of neon-like systems should



22

increase their suitability for plasma diagnostics, similar to the applications

of helium-like and hydrogen-like ions.

7.0 NEUTRAL HYDROGEN DENSITY MEASUREMENTS

Recent XCS measurements of helium-like argon x-ray spectra have enabled
measurement of the neutral hydrogen (Ho) density profile (no[r]} in the
Aleator-C tokamak /7/. The H, density was inferred from the enhancement of
lines from the transition 1snp =+ 152 with 3 £ n £« due to charge transfer
between intrinsic H, and hydrogen-like argon (Ar+17}.. Charge transfer to
ar*17 from Hy in its first few excited states was also observed for the first
time.

Spectra which illustrate the charge-transfer process are shown in
Fig. 15. These are the 1Isnp =+ 1s? transitions in Ar+16 measured from
different chords of Alcator C following the introduction of Ar into the
discharge. The quantum number n is indicated near the peaks. The parameter n
represents the perpendicular distance of the viewing chord from the center of
the plasma. The limiter radius was 16.5 em. The intensities of the lines for
n = 9 and 10 are strongly enhanced relative to the lines n = 8 and 11 for
outer radil. This enhancement is consistent with the charge-transfer process
8ince the process 1s predicted to have a strong dependence on the n level of
the recombining ion with a maximum near n = 9. The enhancement is expected vo
be larger at outer radii because there ls a relatively large neutral dei.sity
and electron impact excitation of the np levels is negligible because of the
low electron temperature (< 300 eV). Measurements extending to shorter
wavelengths show an intense, broad feature at the location corresponding to
n = 27 with a shoulder near the wavelength for n = 18. These observations are

interpreted as charge transfer from hydrogen atoms in the first two excited
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levels to ar*17 since, again, these are the gquantum numbers pradicted for the
maximum of this process.

In order to interpret the measurements, the Abel-inverted emission
profiles were compared with a model for the line intensities which ineluded
the processes of eleetron impact excitation of Ar*16 from the ground state,
radiative recombination of ground state Ar*17, and radiative decay of the
excited np levels. The density profiles for ground state ar*1® and ar*17 were
obtained from an impurity transport simulation. Calculated emission profiles
for the various lines in Fig. 15 were in excellent qualitative agreement with
measurements for r < 9 e,

The enhancemerits outside r = 9 cm of the measured emissioﬁ profiles
relative to the calculétions for n = 9 and 10 were used, along with available
charge-transfer cross sections, to determine the hydrogen neutral density
profile. The results are illustrated in Fig. 16. The data points inferred
from the Ebroad spectrel feature for n 2 15 (the excited-state hydrogen)
required further assumptions and have been normalized to the n = 9, 10 data at
r = 12 em. The results are in good agreement with simulations from the
FRANTIC neutral transport code.

Further information obtained was an order-of-magnitude estimate of the
eross section ror charge transfer to ar*'7 from the excited levels of Ho'
This was deduced from the measured neutral density profile and the enhanced
spectral fleature for n > 15. The results are <op.o VX/V, = 10~13 em? and
$Ope=3 v/ = 2.5 x 10713 cme, where <gv> is a rate coefficient averaged/over
a Mazwellian peutral thermal distribution.

The uncertainty in the absolute value of n, in Fig. 16 is estimated to be

about a factor of 5. The n, profile shape, howéver, should be much less

[]

uncertain, as indicated by the error bars.
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8.0 HEAT-PULSE PROPAGATION STUDIES

Electron heat diffusivity x, is another parameter which can be measured
by x-ray imaging (XIS}/8/. A knowledge of this 3juantity is impor’'ant since
anomalous heat conductivity 1s generally thought to dominate the :nergy lass
mechanisms ir large tonkamaks such as TFTR. Few direct methods have been
available to measure this quantity locally. However, the Xg Measured by the
XIS on TFTR usually exceeds that determined from power balance considerations
by a factor ranging from 2 to 10 (Fig. 17). This discrepancy is presently not
understood, and resolution could elucidate the anomalous transport mechanisms
present in large tokamaks such as TFTH.

The tenhnique of measuring Xe 1in tokamaks using the XIS involves
measuring the radial propagation of heat pulses produced by naturally
oceurring sawtooth oscillations., This technique was first used on ORMAK
/41/. A& brief historical survey of this.type of measurement ls given in Ref.
8. Recently, extensions of this work were done cn TFTR for two reasons: (1)
the time scales for sawtooth repetition and propagation of heat pulses to the
edge of the plasma are much longer {tens of milliseconds} in large tokamaks
than in smaller ones; (2) excellent x-ray imaging data and fast (few ms)
electron temperature profile data from electron cyclotron émission were
available /42/.

The recent work on heat-pulse propagation was based on a solution of the
electron heat balance equation following a small, sawtooth-induced electron
temperature perturbation i(r,t) from an equilibrium profile. The spatial and

temporal evolution of the perturbation evolves according to the equation

3. a%fr,t) _ 1 2 aT(r,t)
2 e T3t “r &r [rne e ar 1. 8
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A sclution derived by Soler and Callen /43/ is

2

2 2, 2 2
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(2)

Here t is the time measured from the sawtooth crash at time t,, a2 = 372y, g
is the @ = 1 or inversion radius (related to the reconnection radius Ty by

r.< 2r

o $ g» and I, is a modified Bessel function. The initial temperature

perturbation was a negativs and a positive delta function of magnitude EO at
positions ry and ry, respectively, where 0 < ry < rg and ry < r, < rg. Other
assumptions required to derive Eq. (2) were that ng and Xe are constant with
radius.

The study of heat-pulse propagation in TFTR involved comparison of both
#-ray emissivity and electron temperature profile evelution with solutions of
Eq. {1), both the analytic solution, Eq. (2), and numerical solutions. The
comparisons have indicated that the s~wtooth-generated heat pulses are

+diffusive in nature, i.e., their behavior can be described by Eqg. (1).
Furthermore, it was shown that the solutions of Eq. (1) were insensitive to
most of the assumptions used in deriving Eq. (2), i.e., initial pulse shape
and electron density prefile, fhe values of Xe derived from this analysis,
however, are consistently larger by a factor of 2-10 than the X derived from
the plasma global power balance as illustrated in Fig. 17. This diserepancy
is still unresalved, although some possible explanations have been suggested.

A number of techniques were used to compare TFTR data with the solution
Eq. (2) of the diffusive heat-pulse propagation model and, thus, to confirm
the diffusive nature of the observed heat pulses. The first involves the

time-to~peak of pulses at various radii. A large Bessel function argument
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expansion of Eq. (2) and differentiation to find the time-to-peak to led to

the result
2
Ar
AL = ——
P Me (3)

This suggests that a plot of the time-to-peak as a function of radius squared
should be linear with slope 1/9 x,. Figure 18 shows such a plot for TFTR XIS
data, supporting the diffusive nature of the pulses and providing a measure of
Xa- Figure 18 also shows that the heat pulse which is sometimes seen
resulting from the first sawtooth crash {the “event") is much slower than
pulses propagating from normal periodic sawteeth.

A second method of data reduction invelves the pulse shape or time
evolution of the heat pulse at a fixed radius. An expression derived from
Eq. {2) for this pulse shape is graphed as the points and smooth curve in
Fig. 19. This pulse shape agrees well .ith the rough curve, which is the T
perturbation measured from electron cyclotron emission by a radiometer /42/.
This agreement further verifies the diffusive nature of the heat pulses. The
electron thermal diffusivity x, can be derived by either doing a least squares
fit of the analytical pulse shape to the data or by finding the decay time
from peak to half mawximum. A further check on the diffusive nature of the
measured heat pulses 1is the radial dependence of the maximum of the
temperature perturbation, which is observed to decrease approximately as r'u,
in agreement with the analytic solution of Eq. (1).

A third technique of reducing the heat-pulse propagation data, which is
less sensitive to inaccuracies due to pileup of multiple pulses or to the
specific model assumed for the initial temperature perturbation, is the phase

shift analysis. This technique has been used to find radial profiles of

Xg(r), rather than a cylindrically averaged Xg*
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In order to check the analytic solution Eq. (2) and te verify that it has
no gross model dependencies, Eq. (1) was salved numerically for var s
conditions. It was verified that different initial temperature perturbations,
opposing positive and negative delta functions, square waves, or parabolas

2 curves. Also, realistic

resulted in only minor variations in the tp versus r
electron density profiles resulted in approximately the same solution as the
constant ne(r) agsumed in deriving Eq. (2). Multiple-pulse effects were shown
to increase the inferred x, by at most a factor of 2. However, if the time
for propagation of the heat pulse is less than one fourth the sawtooth peried,
the effect of multiple pulse pileup on xg is less than 15%.

The assumption having the largest effect on the calculated bp versus r?
curves is that of nonconstant xe(r) radial profiles. However, the
similarities in the curves for different xe(r) profiles and the uncertainties

in the experimental t, versus r? data make it difficult to infer directly the

p
radial profile of x,(r).

In summary, sawtooth-induced electron temperature perturbations propagate
diffusively through the TFTR plasma at a rate which is faster than that
expected from equilibrium electron heat transport. Two hypotheses to explain
this discrepancy have been proposed: (1) the electron heat diffusivity x,
varies during the time the heat pulses pass through the plasma; or (2) a "heat
pinch" effect nearly cancels the outward heat diffusivity. However, both
hypotheses require further study to identify the nature of the time-dependent
or additional terms required in Eq. (1) in order to explain the diffusive
nature of the heat pulses, Also, the origin of the additional terms needs to
be identified. For example, the time varying x, might be caused by enhanced
magnetic or electrostatic fluctuations associated with a mode which is

destabilized by the crash of the sawtooth. It is possible that a resolution
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of the discrepancy in Xe could lead to a better understanding of the process

causing anomalous transport in large tokamak plasmas such as TFTR.

9.0 COMPOUND SAWTEETH

A recently observed new phenomenon which has resulted in improved
understanding of mechanisms underlying instabilities and of electron thermal
diffusivity is the compound sawtooth relaxation. Sawteeth relaxations are so
named because of the sawtooth-like signature observed on the line-integrated
x-ray emissivity. The XIS and electron cyclotron emission (ECE) system have
been the main instruments for studying this phenomenan. These large amplitude
long period (% 250 ms) compound sawteeth have been observed in ohmically
heated, high current, high density plasmas in TFTR and JET {1 sec) and in
neutral-beam-heated discharges in Doublet III. The faect that compound
sawteeth cannot be explained by the Kadomtsev model, invoked as an explanation
for normal sawteeth, has spurred new theorstical investigations and
intensified experimental studies in an attempt te gain insight into the
underlying mechanisms.

"Coinpound" sawteeth comprise a more complex relaxation phenomenon than do
"simple" or "normal" sawteeth /44/, Simple sawteeth consist of a serles of
periodie oscillations as shown in Fig. 20a around 1 s. Each cycle is
characterized by a slow rise of the central temperature, resulting in a
gradual increase in central x-ray emissivity, followed by a rapid flattening
of the temperature profile [T (r)] and concurrent rapid decrease in central x-
ray emissivity. In simple sawteeth the rapid drop or sawtooth '"crash" is
immediately preceded by relatively small m=1, n=1 precursor oscillations.
Successor oscillations, following the crash, are seldom observed. The

sawtooth cycle 1s interpreted as a slow Increase in central heating due to a
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centrally pcaked current profile, leading to an instability which rapidly
expels energy from the center radially outward and flattens the temperature
profile in the central reglon. XIS detectors viewing chords outside the g=1
radius observe a slow decrease in emissivity while the electron temperature
profile is peaking, and a rapid increase in emissivity at the sawtooth crash,
confirming the rapid outward transport of thermal energy. This inversion is
illustrated in Fig. 20b, except for compound sawteeth. Also, Fig. 20c shows
normal central and inverted outer T, traces from ECE measurements. Small
sawteeth (Fig. 20a from about 1.7 to 2 s) have small m/n = 1/1 precursor
oscill-ations but have large successors like the main relazations at the
compound sawteeth.

The compound sawtooth oycle begins, as does the simple sawtooth, with a
slow peaking of the Te(r-) profile. iowever, bhefaore the main relaxation a
"subordinate" relazation occurs (Fig. 20b and 21 tep) r42/. The subordinate
relaxation differs from the main relaxation {and from, simple sawteeth) in that
only a minor flattening of the temperature (Fig. 21 top) and x-ray emission
profiles occurs and only over intermediate radii; a very small perturbation
occurs at r = 0, but T, and x-ray emission increases noticeably at the edge.
In contrast the main relaxation of the compound.sawtooth flattens Te(r)
markedly all the way to the center (Fig. 21 bottom). Furthermore, the
subordinate relaxation has small precursor and large successor oscillations.
Sometimes the successor oscillations persist for ten's of milliseconds. The
main relaxation has very small precursors and medium-amplitude successor
oscillations.

The compound sawteeth are not fully understeed, but a proposed
explanation suggests that the phenomenon results from a flat to haollow current

profile and slow current penetration in large high temperature tokamaks.
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Theoretical simulations indicate that a flat current profile develops a skin-
like current with two q = 1 surfaces. Under these conditions relaxations
corresponding to both the subordinate and the main relaxatibn can occur; the
former involves a partial reconnection of magnetic field lines, and the latter

involves a éomplete reconnection that penetrates to the center of the plasma.

10.0 ELECTRON DISTRIBUTION FUNCTION DURING LOWER-HYBRID CURRENT DRIVE

Noninductive current drive provides the potential for steady-state
operation of tokamaks, which 1is desirable for reactor effectiveness.
Successful current drive by radic-frequeney (rf) griven lower-hybrid waves has
been demonstrated in PLT /10-13,45/ and other tokamaks /46,47/. Hard x-ray
measurements during lower-hybrid current-&rive (LHCD) experiments on PLT have
shown the existence of a non-Maxzwellian tail of energetic electrons formed by
the rf waves. In an attempt to improve understanding of the LHCD physics, one
of the main goals of the PLT LACD experiments has been measurement of the
plasma electron distribution function. Toward this goal a hard x-ray
diagnostic system has been developed, detailed measurements have been made,
and comparison of the data with computer modeling has provided excellent
information on the electron distribution. Also, strong evidence for a
theoretically predicted ingtability which causes a transfer from parallel to
perpendicular energy has been observed /13/.

Determination of the anisotropic non-Maxwellian portion of the electron
distribution function involves measurement of the bremsstrahlung from the high
energy electrons., The fact which makes this measurement possible is that the
bremsstrahlung is strongly peaked in the direction of electron propagaticn for
electron energies above 50 keV. Thus, a highly collimated detector will

respond more to electrons moving parallel to 1its line of sight than to



N

perpendicular electrons. Adjustment of the angle of the diagnostic relative
to the magnetic field allows a mapping out of the angular distribution of
emitted radiation and, thus, acquisition of information about the angular
distribution of the electrons. However, the complex x-ray emission processes
must be theoretically simulated with model electron distribution functions in
order to interpret the data, since (a) both the eleetrons and photons have a
range of energies and anisotropic distributions, (b} the emission spectrum and
angular distribution are complex functions of electron energy, and (c) the
experimental geometry varies with angle in a complex way.

The instrumentation for measuring the angular distribution of hard x rays
and the measurement and modeling results have been discussed in several papers
/10-13/. Here we present an overview of the observations, with emphasis on
the observed evidence for the Parail-Pogutse in.stabilit.y which results in a
sudden relaxation of the energetic electiron distribution and a transfer fram
parallel to perpendicular energy.

Computer modeling has succeeded in reproducing the measured emission
reasonably well. The best fit so far has been obtained with a two-step radial
varfation of the electron distribution functiun which is less energetic in the
interior half of the plasma and more energetiec on the outside. This
comparison is illustrated in Fig. 22b where the solid lines are simulated
emission, and the points are measured data. Parallel and perpendicular
components of the electron veloeity distribution function are deseribed by
factors of' the type exp(-p2/2T), where p is momentum and T is temperature.
Subseripts IF and IB denote "parallel forward" and "parallel backward.! E* is
a maximum or cutoff energy. The parameters are TIB equals T, = 150 keV
throughout the plasma. However, for 0 < r < 20 cm, Typ = 750 keV and E® = 425

keV, whereas for 20 < r < 40 cm, Typ = 5,000 keV and E* = 800 keV. The



32

momentum distribution funections are illustrated in Fig. 22a. The reduced
emission for 8 ¢ U45° is caused by the fact that the line of sight passes
predominately through the inner region which has less energetic electrons.
The assumption of the maximum electron energy E® = 425 keV in the interior is
consistent with the lower-hybrid wave accessibility condition, which restricts
the waves capable of penetrating to the interior to those with phase
velocities which can resonate with electrons a2t energies less than or equal to
400 kev.

Relaxation oscillations which seem to have the characteristies of the
Parail-Pogutse instability have also been observed during LHCD experiments
with the tangential hard x-ray system /37/. The data are illustrated in Fig.
23 and show that there is a transfer from parallel to perpendicular energies
accompanying these relaxations, The two traces represent the total hard x-ray
intensity emitted perpendicular (90 degrees) and near parallel (28 degrees) to
the direction of the lower-hybrid waves. For these measurements the pulses
from the Nal detectar were integrated by a 10-kHz low-pass filter, and the
apertures were opened to maximum size to optimize statistics (current mode).

Under normal current drive conditions, (Fig. 23a) a single small
relaxation occurs shortly after the rf is turned off. The decrease in
parallel intensity and increase in perpendicular intensity demonstrates that
parallel energy is converted into perpendicular energy and supports the view
that the relaxation instability is due to the ancmalous Doppler effect. Also,
in Fig. 23a both parallel and perpendicular intensities increase when the rf
is turned on and saturate shortly afterwards. As the rf power is decreased,
the electric field in the plasma prebably increases. This is consistent with
the observation in Fig. 23b; i.e., the parallel intensity does not saturate,

but continues to increase, and the instability amplitude or transfer of energy
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from parallel to perpendicular is greater. Both of these observations suggest
an acceleration of electrons to higher and higher parallel energies. In Fig.
23e, at still lower rf power, the parallel energy increases even more rapidly
and the relaxation actually occurs befare the rf is turned off. Figures 23a-c
were for a plasma density of 5 x 1012 cm‘3. Figure 23d, however, is at higher
electron density, where the rf current drive is less efficient. Thus, even
though the rf power is high as in Fig. 23a, this case has the characteristics

of the weak current-drive data of Fig. 23ec.
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FIGURE CAPTIONS

Density dependence of metal concentrations in TFTR measured by the
x-ray pulse-height analyzer (PHA) for several plasma currents.
Curves are for titanium with a TiC-coated graphite limiter and total
metals (Cr, Fe, and Ni) for two graphite limiters. (Note g¢ifferent

scales).

Central Zeff in TFTR measured by the PHA for two graphite limiter

configurations.

Density depende.ce of central nickel concentration in TFTR for
different degrees of conditioning of the graphite or TiC-coated
graphite limiter. The nickel concentration decreased with the

number N of shots.since pulse discharge cleaning as N'0'6.

Enhancement of nickel and low-Z impurities in TFTR with heating
power {(ohmic plus neutral beams} relative to ohmic heating only, at

the same density and current.

(a) and (b} X-ray signals from five chords of an array sensitive to
Mo radiation. Top signal is center, and the chords are 1.7 cm

apart. (e) X-ray emission profiles. (PPPL 86X3237)
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41

Radial profiles just before (i) and (ii) after the large impurity

disruption. (a) carbon density, (b) Mo density, (c¢) electron

density, (d) electron temperature, (e) hydrogen density, and (f)

Spitzer conductivity. (86X3236)

Time evolution of the central chord soft x-ray signal from PLT

during a discharge with aluminum injection.

Summary of central chort ultrasoft and soft x-ray signals and

central temperature in the Al-injection experiment. (86X3230)

Doppler broadened and shifted profiles of resonance Ka line of Ti
XXI measured by the XCS, inferred (central) ion temperature, and
toroidal rotation velocity with 3.6 MW of D° beam heating in TFTR.

Other parameters are I_ = 0.7 M4, a = 0.82 m, and maximum ﬁe = J.85

o
« 1013 em-3.

(a) Measured (points) and synthetic (solid curve) Ka spectrum of Ti
XXI and satellite lines from TFTR recorded by the XCS. (b)-(d)
Contributions of various processes to the spectrum. The dotted

areas in (e¢) correspond to Voigt function fits to the data.

Comparison of ratios of Ti ¥XI lines measured from TFTR (points)
with ecalculations. Dashed 1lines include contributions from
excitation fo n > 3 followed by cascading and “rom ionization of Ti

XX.



Fig. 12.

Fig. 13.

Fig. 14.

Fig. 15,

Fig. 16.

Fig. 17.

42

Grotrian diagram of some energy levels and transitions in Ag*37.
Dashed lines at left are x-ray laser transitions. Notation is jj

coupling (11, JE)J' where i is angular momentum.

Selected region of Ag*37 n = 3-2 spectrum with other impurity lines
subtracted out for clarity. A theoretical spectrum for Na-like
{splid lines and lower case letters) and Mg-like (dashed lines and

numbers) Ag is shown below.

Overview of spectra in wavelength range 3.3 - 4.1 & (first order)
and 1.65 - 2.05 & (seccnd order) showing overlap of calibration

bands (shaded) with silver spectral lines.

X-ray spectra of ar+16 for transitions 1s° - isnp with n = 7-12 from
three chords of Alcator C. Transitions for n = 9 and 10 are
enhanced for cuter chords due to charge-transfer population of the

upper level. (B6X3232)

Comparison of radial profile of neutral hydrogen density deduced
from enhancement of peaks shown in Fig. 15 with calculations of

neutr:1l transport code FRANTIC. (86X3234)

Comparison of xe's determined by phase shift analysis of heat-pulse

propagation with those determined from power balance.
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Fig. 19.

Fig. 20.

Fig. 21.

Fig. 22.
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2 to

Plot of inverted soft x-ray sawtcoth time-to-peak bp versus r
determine x,. Solid lipne corresponds to normal sawteeth; dashed for

"event" at onset of saWteeth.

Comparison of temperature perturbation from electron cyclobtron
emission radiometers at r = 47 cm with predicted temporal behavior
from analytic (pulse-shape) solution of heat-pulse-propagation

equasion.

(a) Soft x-ray (SX) signals from central chord of TFTR; (b) Expanded
SX signals from chords at r = 0 and 37 cm showing normal and
inverted compound sawteeth; (c) Electron temperature at positions

corresponding to {(b).

‘Top} Inverted and normal compound sawteeth of TFTR soft x-rey
sigrals at r = 0.5 and 0O m. (Bottom) Partial flattening of
temperature profile (curve B) at intermediate radii after
subordinate disruption and complete flattening of central Te profile

(curve D) after main disruption.

(a) Two-step radial variation of tail distribution Ffunction.
Parameters fnr the two distributions are given in the text. (b)
Comparison of calculated bremsstrahlung emission (lines) with that
meastred from PLT (peints) versus observation angle for four values

of photon energy.



Fig. 23.

4y
(a) and (b) Relazation instability on PLT as seen on near forward
(28°) and perpendicular (90°) hard x-ray emission. (a)-{c) Behavior
of instability for different levels of rf power. (d) Behavio:i' near

high density limit of current drive.
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