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SOME EFFECTS OF MHD ACTIVITY ON IMPURITY

TRANSPORT IN THE PBX TOKAMAK

K., IDA*, R.,J. FONCK, R.A, BULSE, and B. LEBLANC
Plasma Physics Laboratory
Princeton University

Princeton, New Jersey 08544

ABSTRACT
The effects of MHD activity on intrinsic impurity transport
are studied in ohmic discharges of the Princeton Beta Experiment
(PBX) by measuring of the Z.z¢ profile from visible bremsstrahlung
radiation and the spectral line intensities from ultraviolet
sSpectroscopy. A diffusive/convective transport model, including
an internal disruption model, is used to simulate the data. The

Zogg profile with no MHD activity is fitted with a strong inward

convection, characterized by a peaking parameter c, (= —azv/ZrD)
11 {-3.5, +4.5). At the onset of MHD activity {(a large m = 1 n =
1 oscillation followed by sawteeth), this strongly peaked profile
is flattened and subsequently reaches a new quasi-equilibrium
shape. This profile is characterized by reduced convection [cv =
3.6 (=1.1, +1.6}, D = 1.4 (~0.7, +5.6) = 10% en?/s), in addition
to the particle redistribution which accompanies the sawtooth

internal disruptions.

*Permanent Address: Department of Physics, Faculty of Science, University of
Tokyo, Bunkyo-Ku, ToKyo 113, Japan
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1. INTRODUCTION

The transport of impurities in tokamak plasmas is an important subject in
nuclear fusion research. The effects of impurities on power balance, current
density profile, and consequently, MHD activity have been emphasized.
However, the relationship between MHD activity and impurity transport has not
been studied in depth, in spite cf its importance. Dynamic impurity behavior
in so-called type-O0 and type-S5 discharges was observed in Doublet 111, where
it was suggested that the impurity diffusion coefficient might b2 changed due
to a large m=1, n=1 oscillation in the type-0 discharges. Long impurity
confinement times for Si were observed in an impurity injection experiment in

ISX-B, 2.3

and these confinement times were significantly reduced by strong MHD
activity. In the Poloidal Oivertor Experiment (PDX) circular ‘L_alasmas,‘1
central titanium radiation (Ti XiX), during the steady-state portion of a
discharge, was cbserved to he a factor 10-15 less ln discharges with sawteeth
than discharges without sawteeth. The effects of sawteeth on impurity
transport have recently been the subject of comparison hetween sawtooth models
and experimental observations. On Alcator-c,5 a fla:x redistributed profile,
which occurs after the internal disruption has been adopted to model soft
f-ray measurements. In addition, the TFR groups has suggested that an outward
tonvective veleocity during the internal disruption phase itself could be used

to simulate the linear increase of 'the Ni XXV line brightness during the

recovery phase of the sawtooth oscillation.
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in general, a detailed analysis of impurity transport effects with MHD
activity has been hindered by the lack of sufficiently complete information on
the sgpatial distribution of the total impurity density. The few measurements
which do exist shaov a variety of impurity behavior in various experiments for
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chmically heated plasmas. Using visible breasstrahlung measurements,
peaked Z.¢e profile in the high density regime was observed in JIPPT-II, while
flat zeff profiles were observed in Alcator-C and PDX. Fully ionized low-Z
impurity profiles were measured by charge-exchange recombination spectroscopys
in an.g While the profiles of "08+ anad nC6+ were slightly more peaked thaan
ne(r), these results were consistent with no significant peaking of Zogg O
axis. a He't transport studym derived a diffusion coefficient in the range
of 1.2 x 10% to 3.0 x 10% cmz/s for . chmically heated PDX discharges and
indicated that, roughly, n}{e++ = mn,s These PDX results were obtained for
plasmas with no discernable MHD activity.

In this paper, we discuss observations of the effects of the onset of
sawtooth oscillations on gross impurity transport in the PBX tokamak. 1In the
course of this effort, Wwe discuss the determination of intrinsic impurity
transport coefficients using a model including internal disruptions and a
simple diffusive/convective flux model. In general, a sudden flattening of
the Z ee profile ig observed at the onset of a large m=1, n=1 oscillation and
its subsequent disruptions. This flattening is referred to as the “impurity
crash" in this paper, The measured ZafE profile is fitted using a peaking
parameter c,, which reflects the ratio of convective to diffusive transport
terms, before and after the impurity “crash," After accounting for the direct
mixing effecte of th;a sawtooth, a significant difference of this peaking

parameter is observed with and without MHD activity, indicating a change in

the radial transport itself. Space- and time-resclved studies of impurities



using ‘visible bremsstrahlung spectrascopy, <coupled with plasma profiles
obtained wvia Thomson scattering, allos the measurement of the radial profile
of the total impurity density via the effective ion charge Z.pr without the
large uncertainties 1in atomic pracesses which are common in conventional
spectroscopic cobservations.

The steady-state Zafs profile provides a unique ratioc of convection to
diffusion in transport equilibrium with no sawteeth, assuming all the dominant
impurities experience the same transport. However, the Zeff profile is not a
unique function of this ratio with sawteeth present, but becomes a function of
boch the peaking parameter ¢, and the diffusion coefficient D, given a Fixed
sawtooth pericd and mixing radius. The zeff profile thus provides a
relationship between ¢, and D inside the mixing radius. In addition, the
decay time of Ni XVII and Ni XVIII line radiation during the "crasn" providas
another constraint on the allowed values ~f ¢, and D in the content of the
flux model, These simultaneous constraines on the relative values of the
diffusive and convective terms provide, within large experimental
uncertainties, absolute values of these transport terms for the time after the

crash.

2. EXPERIMENTAL APPARATUS AND TECHNIQUE

The Princeton Beta Experiment (PBX) is a large tokamak (R = 1,45 m, a =
0.35 m, B, = 1.4 T) in which the effects of a kidney-bean-shaped configuration
are studied in high beta éischarqes.” Plasma indentation on the inboard side
is produced by a "pusher™ coil which is located on the midplane inside wall,
The coil is protected from plasma and neutral beam impact by carbon graphite

armor which c¢overs ~30% of the coil surface. The plasma is limited by a
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separatrix or by carbon limiters which are located at four different tcroidal
locations. Three sets of 2.5-cm thick Ni-coated aluminum plates are located
near the bean lobes to stabilize gross MHD motion. Por this study, ohnmic
discharges with fiy = 2.7 x 10'3 en™3, 1, = 290 ka, g(a) = 7.7, and a = 35 cm
were produced with HY as the working gas. The plasma is initiated with a
circular cross section, then translated to a smaller majosr radius to form the
bean-shaped configuration shown in Fig. 1. Midplane obsarvations with the
SPRED multichannel vacuum ultraviolet (vVUV) spectrometer12'13 indicate that
the dominant light impurities are carbon (from the limiters and armor) and
oxygen, and that the dominant heavy impurity is nickel.

A visible bremsstrahlung detector array system (Pig. 1) was installed on
PBX to provide a 1S~channel midplane tangential view of the plasma in order to
take advantage of the circular (i.e., toroidal) plasma symmetry in that field
of view and to avoid regions of local recycling near the separatrix and inner
armor. A standard 50-mm £/2 camera lens images the plasma onto the 15 optical
fibers quartz (600 um core diameter) that are arranged in a one-dimeunsional
array on the focal plane. _From there the optical train is identical to that
used on the PDX device.!4 The collimated 1light is sent to a remote
photomultiplier through two interference filters that are tilted with respest
to one another to avoid undesirable cavity modes. One filter has a wide (40
A} passband width while the other has a narrow (6 A) width, and both are tuned
to 5235 A where an optical multichannel analyzer spectrum showed a spectral
region free of discrete spectral lines. There is no viewing dump in this
tangential view system, and the cutermost channel views the wall outside the
outer limiter flux surface. An extra channel with a viewing dump on a
midplane radial vies is used to cross-check Ffor wall reflections and to

monitor window transmittance. Since the tangentially viewing system has a
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longer line of sight through the plasma than the previously used :alial view,
the ratio of diffuse wall-reflected light to the signal is reduced to 1less
than 5%. This relatively uniform backgrcund signal is subtracted from all
channels before the Abel inversion.

A multichannel (48-point) Thomson scattering system (TVTS) neasures the
radial electron temperature and density profiles in the same midplane as the
tangentially viewing visible bremsstrahlung array. This avoids uncertainties
due to the plasma cross-sectional shape and any asymmetric density or
temperature profiles. Line~integrated signals from a tangential view allow
simple Abel inversion techniques to be employed, regardiess of plasma shape in
the poleidal cross section. The Z,¢e profile is calculated from the inverted
emission profiles wusing the measured electron density and temperature
profiles. Central carbon and oxygen concentrations are calculated using the
ratio of ~carbon to oxygen, derived from plasma edge Spectroscopic
measurements, together with the total carbon and oxygen contribution to
Zeff(O)' derived by subtracting the directly measured corntributions of nickel
from the measured zeff(O). A 28-channel soft X-ray diode array views the
plasma vertically on a polaidal cross section to provide a monitor of WMHD

activity.

3. EXPERIMENTAL OBSERVATIONS

The time evolution of various signals relevant to the present experiment
are shown in Fig. 2 for an ohmic diacharge. The indentation field curreat I
is delayed by ~100 ms from the evolution of the plasma current Ip, and by ~180

ms a relatively steady-state bean-shaped plasma is achieved with an

e+

A



indentation of 1 = 0.12. At some time well into the current flattop, rapid
decreases in the central soft X-ray signal, central visible breamsstraklung
channel, and the Wi XVII and Ni XVIII emissions are observed. They coincide
with the onget of a large osviliation observed with the soft X ray. Th2 onset
of this rapid decrease in central impurity levels and subsegquent sawtooth
oscillations in the plasma core;, which we refer to here as the impurity
"crash,” occurs earlier in the discharge as the gas puffing level is
increased. While additional gas puffing 1is expected to reduce impurity
influx, it also helps increase ourrent ;_:ene.t-.::ation15"16 by reducing the
temperature and ccnductiviey in the plasma edge region, therefere, allowing
q(0) ¢ 1 to be attained earlier in the discharge. The penetration time of the
poloidal magnetic field is estimated to be ~400 ms for PBX ohmic discharg‘es.15

buring the *crash,” the chordally integrated soft X-ray emission profile
shows intern:lA disruptions, with an increasing inversion radius during t}_1e
first three disruptions (Fig. 3(a}]. After the "crash” period, the soft X-ray
emissions show regular sawtooth oscillations with a period of ~10 ms. A large
m/n = i/1 oscillation (f = 1.8 kKz) is cbserved between intecrnal disruptions
only in the "crash" phase, ~nd this MHD activity differs from the normal
precursoer to interpal disruptions in the following way: While the oscillation
is lccalized within the inversion radius as shown in Fig. 3(b), its ampliitude
is more or less constant between interpal disruptions until it is quickly
stabilized before the pext internal disruption., While the detailed mechanism
for this activity is not vet undergtocd, it is clear that it is observed only
in this phase of the discharge.

The electron temperature profile is flat or slightly hollow in the center
before and after the "crash" while the density profile is peaked in the plasma

center hefore and flat afterwards, as seen in the Thomson scattering profiles



of Fig. 4. The peaked density profile experiences flattening at the same time
as the soft X-ray profile and the visible bremsstrahlung profiles, which are
shown in Fig. 5. Since the visible bremsstrahlung emissivity, which 1is
proportional to Zeff“g'r;”z' shows a flattening similar to that of the soft X-
rays and the electron temperature profiles do not drastically change while the
central electron density drops by ~ 2%%, Lt appears that the drop in the X-ray
intensity is due more to a decrease in the central impurity content than to
tha drop in electron temperature.

The Abel-inverted visible bremsstrahlung emissivity profiles are very
peaked before the "crash" (which is obvious even in the chordal data) and
relatively rounded after the "crash," in the normal sawtooth phase of the
discharge. The measured Z,e¢ profiles are shown in Fig. 6 for the times
before and after the crash. The Z,e, profile is fcund to be very peaked
before the crash, Fig. 6{a), even after taking the peaked n, profile into
account. Aftar the "crash," the Zeff profile, averaged over a sawtooth
period, was still slightly peaked on axis, but less so than before the
. "crash."™ The error bais on the data in PFig. 6 reflect only the uncertainties
in the Abel-inverted emissivity profiles, due to a 5% relative calibration
uncertainty in the wvisible bremsstrahlung detector array. The solid and
dashed lines in Fige. €& are results from the transport calculations described
in the next section.

Due to low signal levels, the visible bremsstrahlung was averaged over a
10 ms period, precluding an observation of discrete sawtooth oscillations in
the continuum radiation in these digcharges. In later experiments with
neutral beam injection at higher plasma densities, longer sawtooth periods,
and often higher dimpurity levels, the signal-to-nolse 1levels allowed

observations of sawteath directly in the bremsstrahlung emissivity profiles.
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These profiles are almost flat -afteer an internal disruption 1inside the
inversion radius (as is the electron density) and become more peaked before

the next sawtooth. These results will be discussed in detail in a later

report.

4. TRANSPORT MODELING AND ANALYSIS

The one-dimensional radial impurity transport code MIST'? has been used
to analyze the time evolution of the impurity radiation and the Z.rr Profiles
discussed in tt_le previous section. For simplicity, torcidal and mpoloidal
symmetry are assumed in this code, and the governing equation for the radial

distribution of a given charge state +g in space and time has the form:

anq i 3
% T "% ar [rl"q) + Iq__,| l'lq._1 - (Iq+ Rq) l'l’:1 (1)
n-w
+ R n - = 4+ 5_.
q+1 g+l Ty q

Here Iq and Ry are the total ionization and recombination rates for charge

state g, respectively. Ty is a parallel loss time in the plasma scrape-off
region, and SL_x is a volume source term of recycled or injected impurity
neutrals from the plasma edge region. The particle flux for charge state q is

given by the general form

anq
I‘q =-Dq(r) e +vcl (r) nq ' (2)
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where Dq(r) is the radial diffusion coefficient and Vg is a convective
velocity. Since in this experiment the character of the data precludes a
detailnd transport analysis and sirce we are most concerned with the peaking
of the Z¢g profile, we simpitify the transport model and define a peaking

parameter c  via the following expressions:

v

D (r} D(r) =D ' (3)

vq (r) v{r) -< 3 . (1)

where a is the plasaa minor radius. In a steady-state plasma, the above
definitions give a Gaussian equilibrium radial profile for the total impurity

density in the source/sink-free core plasma region:

Eoaglr) = exp (-cy r¥/a?) . (5

The value of o, as defined above, thus indicates the powe: to which a
Gaussian profile is raised to model the total impurity profile.

A time-dependent sawtooth model similar to that described by Sequin,
petrasso, and Marmar5 has been incorporated into the MIST code to simulate
impurity transport in the presence of internal disruptions. At the time of

the interna)l disruption, the density profile for each chacge state 1is

redistributed inside a mixing radius r;, while conserving the total number of
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particles for each charge sgtate, as illustrated in Fig. 7. The pcst-
disruption total impurity density profile is adjustable, but chosen to be flat
Eor our initial discussions (as indicated in Fig. 7). Assuming a nearly
parabolic current density profile, Tl x is taken to be 1.4 times the sawtooth
invergion radius rinv.w After the redistribution, the charge states evolve
according to Egs. (1)=(4) until the usext internal disrupticn. The assumpticn
of a flat redistributed profile for each state may not he correct, but it is a
reasonable first estimate, The sensitivity oF the present analysis to the
shape of the redistributed profile in this sawtooth model is discussed later.

In PBX ohmic discharges, Ni XVII (wavelength = 248.2 A, ionizaton
potential = 570 eV) and Ni XVIII (292.0 R, 607 ev) radiate from the central
half of the plasma minor radius, allowing near-central nickel concentrations
to be measured directly. Oon the othear hand, central oxygen and carhon
concentrations could not be measured due to a lack of a diagnostic neutral
beam for charge~exchange recombination spectroscepy measurements, and the
highest spectrally acceasible statea were the lithiumlike ions CIV (312.4 &,
65 ev) and O VI {150.1 A, 138 ev), which radiate from the plasma edge
region. While central impurity concentratlons derived from edge radiation
have large uncertainties due to trangport and atomic physics uncertainties, it
is reascnable for the present purposes to use these observed line intensities
to estimai_:e, via the transport coda, the ratio of the edge influx of carbon to
that of oxygen. Since previous measurements in PDX suggested similar
transport for carbon ard cxygen.B this modeling can be used to estimate the
central carbon-to-oxygen ratio. Sensitivity studies using relatively wide
variations in the diffusion coefficent D (from 0.5 x 109 to 2,0 x 104 cmz/s),
peaking parameter ¢, [from 0.0 to 3.0), scrape-off parallel loss time 71, (from

0.4 to 10 ms), neuiral particle energy En (from 0.1 to 10 eVv), and impurity
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source location rg (from O to 10 cm from the plasma surface) indicate that the
central carbon-oxygen ratio derived from these edge C IV, O VI line ratios
have at most a 25% uncertainty due to transport assumptions.

In order to determine the value of the peaking factor ¢, from the
measured Zaff profile, we assume that the three dominant impurity species
(carbon, oxygen, and nickel) have the same transport coefficients and derive
the relative contributions to Zeff(o) from estimates of the central impurity
density ratios, The resultant central nickel concentration, as measured by Ni
¥VII and XVIII emissiona, is 0.1% before and 0.01% after the "crash." Using
the above-mentioned influx ratio to derive the central oxygen-to-carbon ratio
and the wvalue of 2,¢¢(0) imnus the nickel contribution gives 1.,5% and 3.2%
before and 0.6% and 2.1% after the crash for oxygen and carbon concentrations,
regpectively. The profiles of Zeff(r) are fitted by the results of the
transport calculations, and using a least squares fitting of the data to the
calculated profile which is normalized to the measured Zogg(0), the best fit
to the profile before the "crash" gives ¢, = 11.0. The resultant chi-squared
pe: degree of freedom x% is 0.39. We estimate the uncertainty in c, by
varying its value until x\z, increases by ona, which gives ey = 11.0 (+4.5,
-3.5) for the "before crash" case. The calculated profiles for the best fit
case and the two extremes are shown in Fige 6{a)e. We note that the "befate
crash” calculations are essentially steady-state profiles, although the rising
visikle continuum and soft X-ray signals woulq indicate that a quasi-steady-
state condition has not necessarily been achieved before the onset of the
“crash." However, this analysis is sufficient to demonstrate the need for a
strong imward convective veloci:ty to degcribe the peaked Zeff(r) profile.

Unlika the earlier studies in PDX with no sawteet:lrl,s"IO the quasi-steady-

state impurity profile measurements in the sawtooth phase do not provide a
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unique value of the peaking parameter ¢, because the sawtooth redistribution
effectively keeps the profiles cut of transport equilibrium. On the averags,
the profile is determined by how €fast the impurity distributions recover
towards the transport equilibrium limit before the next internal disruption,
which clearly depends on the diffusive and convective transport in the central
discharge region. While the sensitivity of the derived value of ¢, on the
assumed D is discussed in detail below, it is clear that, in contrast to the
above case, the Z,¢p profile after the "crash” is considerably less peakéd and
lower in magnitude altogether. aAveraging both the measurments and the
modeling calemlations over a sawtcoth period (%10 ms) gives c, = 4.0 {+2.5,
—1f5) as the best qstimate of the peaking factor tor D = 104 cmZ/S- Ignoring
sawtooth effects altogether in the modeling gives c, = 3.0. The calculated
Borg profiles are shown in Fig. 6(b).

Pigure 8_ shows the effects of three different redistributed impurity
profile assumptinns on the sawtooth-modified Zaff profile. Case I is the flat
praofile used in most of this analysis, while cases II and III represent more
hollow redistributed impurity density profiles. These bhollow profiles are
qualitatively gimilar to those produced by a strong cutward convection duriag
the internal disruption, as discussed by the TFR group in their sawtooth
modeling effort.® As Fig. B shows, Cases I or II are reasonably
indistinguishable when analyzing the sawtooth-averaged Z,.r profile, and the
resulting uncertainty in the adopted peaking parameter is relatively small
compared with the unceriainty of the 3,¢¢ profile measurements itself.

The measured time evolution of the Ni XVII 249.2 A and Ni XVIII 292.0 A
line intensities show reasonable agreement with tlie code calculations within
the estimated uncertainties of the ¢, parameter during the sawtooth phase of

the discharge, as shown in Fig. 9. Here, the measurements of the UV lines are
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made with the multichannel SPRED spectrompeter, which has a 20 ms integration
time. The absolute intensity calibration was achieved with a branching ratio
calibratlon,19 and the uncertainty in the ratioc of the Ni XVII and XVIII line
intensities is ~10% from the spectrometer calibration.

Ta model the change Ln impurity distributions across the time of the
“crash," we take the equilibrium impurity distributions for ¢, = 11.0 and
normalize them to the measured intensities at t = 450 ms These resulting Ni
ion distributions are used for the initial conditions of the time-dependent
sequence, which starts at the onset of the internal disruptions at t = 490 ms,
with a period of 10 ms. The calculated time evolutions of the Ni lines are

shown in Fig, 9 for the estimated range of c, during the sawtceth phase. The

v
error bar on the calculated curves indicates uncertainties obtained using
Thomson scattering profiles measared at t = 500, 520, 5340, and 560 ms. The Hi
influx rvate after the "crash® is taken to be the same as that hefore the
"crash.” Since high ¢, = 11 implies a long central coniinement time for these
ions, this influx rate is guite low (~2 x 10139 atoms/s for D = 10d cmz/s).
Increasing the influx ra'.e after the "crash" by two orders of magnitude does
not change the f£itted transport coefficients, and the Ni XvII and XVIII
calculated intensities rise by only 10% and saturate in time more quickly than
observed. In general, the Ni emission lines are well described by the model,
with paramaters derived from the Zogs Profiles within the uncertaiaties of- the

¢, value and the line intensity calculations. Given the uncertainties in

v
ionization and recombination rates, the simplicity of the diffusive/convective
flux model, and the assumption that <y is not a function of q, the agreement
between the measured Ni XVII and XVIII intensities and the calculated values

is guite reasonable,
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Since fixed values of G, and D produce a unique Z.¢¢ profile and unique
decay times of the Ni XVITI and XVIII emissions during the "crash" phase, these
measurements can be combined to estimate the range of ¢, values allowed by the
data during the "crash" and sawtoothing phase. A summary of how our
relatively crude data constrains D and ¢, is shown in Fig. 10, which also
shows the range of ¢, and D values allowed hy our observations of the "crash"
phase:. The raage of Cy and D pairs allowed by the Z.¢f profile measuremei.ts
i« noted by the closed squares and solid and dashed lines in the fiqure [e.q.,
at D = 104 cmz/s, Cy = 4.0 (+2.0, -1.5})]. To match a given Z,¢ profile, an
increased peaking factor is needed as D reduces to retalp the same inward
convection speed with reduced diffusive transport during a savftooth period,
Since an increesed irward convection tends to decrease the decay of the Ni
line emissions, D Mist be increased as ¢, increases to model consistently the
Ni line emissions. The constrained pairs of Cyp D alldwed by the Ni XVII and
XVIII emissions are noted by the open and closed circles, respectively.
Likewise, the ratio of Ni XVII to XVIII intensities, which more or less
deserihe a local slope of nickel impurities, constrain the values of Syr D to
a region similar to that given by the Zoff profile.

The sghaded intersection arga indicates the allosed range of Cyr D
consistent with both types of measurements in the sawtoothing plasma. While
this crogsed area éives a large range for D = 1.4 (=0./, +3.6) X 104 cmZ/s and

C, = 3.6 (-1.1, +1.6), 1t is sufficiently constrained to exclude averlap with

v

the ¢, values required to describe the nc MHD case. In addition, our

v
uncertainty estimates on 2y from the f£it to the Zaff profile may be aoverly
generocus. Nonetheless, the range of the diffugsion coefficient 1s consistent

with the values obtained from earlier experiments on Be™, c®, 08+, and Sc

trans;ort in ppx,.?1 10,20 Taking D = 104 c_.nz/s, the inward convective speed is



16

v = 2.8 x 103 (z/a) cm/s, which is faster than the values of v % 6.B x 102
(r/a) cmfs (nickel), 2.5 x 102 (x/a) cm/s (oxygen) and 1.8 x 102 (r/a) cm/s
(carbon) given by neoclassical theory in the Pfirsch-Schluter regime assuming

Gaussian Ty ond ny prccfiles.21

5. DISCUSSION

The most immediate conclusion to be drawn from the above observations is
the obviocus cne: MHD behavior, in pariicular sawtooth oscillations, cannot be
ignored when studying impurity transport in tcokamak discharges. Indeed, even
after subtracting cut the sawtooth flattening effect, there appears ta be a
significant difference in impurity transport between a plasma with noc MHD
activity, such as beEor;a the "crash," and a dAischarge with MHD activity (both
sawteeth and m/n = i/1 oscillations). 1In the context of our simple transport

model, the peaking parameter c, with no MHD activity is large (=11) while it

v
is considerably smaller (=3.6 for D = 1.4 x 104 cmzfs) in a sawtoothing
discharge, While such a relation between impurity bebavior and MHD activity
has been discussed in other studies {e.g., Ref, 1, 5, and 6), the analysis of
relatively ¢lobal quantities such as the Z,gg Profile allows a more
quantitative evaluation of this phenomenon than hitherto shown in previcus
reports.

Finally, we note that the peaked Zeff profiles in PBX, even in the
presence of sawteeth, contrasts with the relatively flat zeff profiles seen in
chmie P4 and Alrator-c22 discharges. Although impurity accumulation has been

2

inferred from line intensity ratics in ISX~B,“ the present data set explicitly

shoWws a peaked impurity profile., The most curlous difference lies between
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these: resuits on PBX and the flat Z,.c prefiles and flat impurity
concentration measurements2/1% in the predecessor PDX device. Perhaps a
relevant difference in operation between the two canfigurations is the biasing
condition of the 1li:iting surfaces. Unlike PEX, wherein all limiting surfaces
are grounded, the carbon rail limiter and Jdivertor neutralizer plates on POX
were floated above ground by 10 to 50 {, with the result that the plasma edge
had a positive potentia123 with respect to the vessel wall. As shown in the
M.crotor device,24 retatively small changes in the edge potential can cause
drastic changes in impurity and particle confinement behavior. 1Indeed, very
preliminary observations in FBX with a limiter grounded through 1 or 106 Q
indicate the impurity acgcumulation may ke pore savere for the 1§ case.
Detailed tests of the limiter conditions on impurity confinement in EBX  are
olanned for the near future and will be reported later.

Thus, while other effects such as edge conditioms, rotation effects,
background plasma species, etc. must all be taken into account in a complete
treatment of impurity behavior, the present results serve tc emphasize the
very Strong role of MHD activity, in particular sawtooth oscillations, in
modifying both the distribution of impurity particles and, apparently, the

transport processes themselves in the plasma core.
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FIGURE CAPTIONS

Schematic diaqram of the tangentially viewing visible bremsstrahlung
spectroscopy array on PBX along with the toroidal location at the
soft X-ray (SXR), Thomson scattering (TVIS), and VUV spectrometer
(SPRED)} dlagnostics. The remote detector assembly, denoted by PMT,
includes bpoth the sgpectral filters and photomultiplier Jetectors.
The inset shows a cross-sectional flux contour of a bean-shaped

plasma limited on the Lnner graphite limiter.

Time evolution of the plasma and indentation currents (IQ‘IIP)' 1ine
Integrated joft X-ray emission(SXR), visible bremsstrahlung,
continuum (VC) and UV emissions. The sudden decrease {"crash") of

impurity levels occurs at t = 485 ms.

(a) Internal disruptions and (b) n=1 m=1 large oscillations observed
by the soft X-ray line-integrated emission profile. An internal
disruption occurs at k£ = 490 msec, followed by a large amplitude n=1

m=1 oscillation (f = 1.8 kHz) which stabilize at t = 515 msec.

(a) Electron temperature and density profile from TVTS prior to the
sawtooth phase and 40 ms before the FEirst internal dJisruption
appeared in Fig. 3. {b) Electron temperature and density profile

during the sawtooth phase 40 ms after the first internal disruption.

Time evolution of visible bremsstrahlung line-integrated intensity

{a) and the Abel-inverted emissivity (b) profile.

;
i
!
i
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{a) The 2, profile measured by visible bremsstrahlung at the times
of the plasma profiles in Fig. 4. The smooth curves indicate Z,¢s
profiles calculated with the impurity transport model for different
values of C,» Solid lines are best fits, and dashed lines are
estimated upgar and lower limits., The sawtooth model is used in the
transport model in case (b), with D = 104 cmz/s, mixing radius Inix =

20 cm, and sawtooth period tsaw = 10 ns.

Impurity density profiles for each charge state just before (a) and
after (b} internal disruptiong used in the flattening model in the

MIST code. The total number of particles for each charge state

within the mixing radius (rmix = 20 cm}) is conserved, The example
shown is for nickel, assuming typical n, and T, profiles for PBX and
c, = 4.

Sensitivity of the average Zeff profile toc the redistributed ion
profile at internal disruption in the sawtooth model for ¢, = 4.0, D
= 10% cmz/s, tgaw = 10 ms, and Fnix = 20 cm. Case I is flat
redistributed profile used in this analysis. Case If and Case 111
are Gaussian redistributed profiles with their centers at Fuiyx and

half widths of v ;, amd rp;./2, respectively.

mi

‘a
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Decay of Ni XVILI (249.2 A) and Ni XVIII (292.0 A) line-integrated
emisgion during impurity decay phase. Transport coefficients used in

the model calcalations: Cy = 11.0, B = 104 cmz/s before MHD onset

(t ¢ 485 ms); o, = 6.5, 4.0, 2.5, D = 10% em?ss, t ., = 10 ms and

r 20 cm {(in the FEirst sawteeth Frin = 10, 15 cm, respectively)

mix
at t > 485 ms. Open c¢ircles are 20-ps averaged intensities measured

by VUV spectroscopy.

The allowed range of combinations of peaking partameter ¢, and
diffusion coefficient D in sawtooth discharges as determined by the
Zapg profile and the decay of Ni XVII and Ni XVIIT emigiions. The
shaded area indicates the allowed owverlap region for cye D paira to

be consistent with the data within a reasonable error estimate.
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