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ABSTRACT 

The e f f e c t s of MHD a c t i v i t y on i n t r i n s i c impur i ty t r a n s p o r t 

a r e s t u d i e d in ohraic d i s c h a r g e s of the P r i n c e t o n Beta Experiment 

(PBX) by measuring of the 3 e j f p r o f i l e from v i s i b l e b r e m s s t r a h l u n g 

r a d i a t i o n and the s p e c t r a l l i n e i n t e n s i t i e s from u l t r a v i o l e t 

s p e c t r o s c o p y . A d i f f u s i v e / c o n v e c t i v e t r a n s p o r t model, i n c l u d i n g 

an i n t e r n a l d i s r u p t i o n model, i s used t o s i m u l a t e t h e d a t a . The 

z e f f p r o f i l e w i t h no WB3 a c t i v i t y i s f i t t e d wi th a s t r o n g inward 

c o n v e c t i o n , c h a r a c t e r i z e d by a peak ing pa rame te r c (= - a 2 v / 2 r D ) = 

11 ( - 3 . 5 , + 4 . 5 ) . At t he onse t of MHD a c t i v i t y (a l a r g e m = 1 n = 

1 o s c i l l a t i o n fol lowed by s a w t e e t h ) , t h i s s t r o n g l y peaked p r o f i l e 

i s f l a t t e n e d and subsequen t ly r eaches a new q u a s i - e q u i l i b r i u m 

s h a p e . This p r o f i l e i s c h a r a c t e r i s e d by reduced convec t ion [ c y = 

3.6 ( - 1 . 1 , + 1 . 6 ) , D = 1 .4 ( - 0 . 7 , +5.6) * 1 0 4 C m 2 / s I , ir. a d d i t i o n 

t o the p a r t i c l e r e d i s t r i b u t i o n which accompanies the sawtooth 

i n t e r n a l d i s r u p t i o n s . 
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f r , t a ^ mak« any « m £ « P « - or implied, or assumes any legal liability or respo™-

United States Government or any agency thereof. 

1. INTRODUCTION 

The transport of impurities in tokamak plasmas i s an important subject in 

nuclear fusion research. The effects of impurit ies on power balance, current 

density p ro f i l e , and consequently, MHD a c t i v i t y have been emphasized. 

However, the relat ionship between MHD a c t i v i t y and impurity transport has not 

been studied in depth, in spi te cf i t s importance. Dynamic impurity behavior 

in so-called type-0 and type-S discharges was observed in Doublet I I I , 1 where 

i t was suggested that the impurity diffusion coefficient might ba changed due 

to a large m=1, n=1 osc i l l a t ion in the type-0 discharges. Long impurity 

confinement times for Si were observed in an impurity inject ion experiment in 
2 3 ISX-B, ' and these confinement times were s igni f icant ly reduced by strong MHD 

a c t i v i t y . in the Poloidal Oivertor Experiment (PDX) c i rcu la r plasmas, 4 

centra l titanium radiat ion (Ti XIX), during the s teady-state portion of a 

discharge, was observed to be a factor 10-15 less in discharges with sawteeth 

than discharges without sawteeth. The effects of sawteeth on impurity 

t ransport have recently been the subject of comparison between sawtooth models 

and experimental observations. On Alcator-C, 5 a f l a t redis t r ibuted p rof i l e , 

which occurs af ter the in ternal disruption has been adopted to model soft 

X-ray measurements. In addition, the TFR group 6 has suggested that an outward 

:onvective velocity during the in ternal disruption phase i t s e l f could be used 

to simulate the l inear increase of the Ni XXV line brightness during the 

recovery phase of the sawtooth osc i l l a t i on . 
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In general, a detai led analysis of impurity transport effects with MHD 

ac t iv i ty has been hindered by the lack of suff ic ient ly complete information on 

the spa t i a l d i s t r ibu t ion of the to t a l impurity densi ty. The few measurements 

which do exis t shew a variety of impurity behavior in various experiments for 

ohmically heated plasmas, Using v i s ib le breasstrahlang measurements, 7 a 

peaked Z e £ f prof i le in the high density regime was observed in JIPPT-II, while 

f l a t Z tf p rof i les were observed in ftlcator-C and PDX. Fully ionized low-z 
g 

impurity prof i les were measured by charge-exchange recombination spectroscopy 

in PDX. While the prof i les of n g + and n g were s l i gh t ly more peaked than 

n e ( r ) , these resu l t s were consis tent with no s ign i f ican t peaking of %eff °n 

ax is . ft He + + t ransport study derived a diffusion coefficient in the range 

of 1.2 x 10 4 to 3.0 * 10 era / s for - ohmically heated PDX discharges and 

indicated that , roughly, n . . * n_. These PDX resu l t s were obtained for 
H e + + e 

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. In the 

course of this effort, we 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 Zeff profile is observed at the onset of a large m=l, n=1 oscillation and 

its subsequent disruptions. This flattening is referred to as Che "impurity 

crash" in this paper. The measured Z « 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 effects of the 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-resolved studies of impurities 



4 

using visible bremsstrahlung spectroscopy, coupled with plasma profiles 

obtained via Thomson scattering, allow the measurement of the radial profile 

of the total impurity density via the effective ion charge Z ef f without the 

large uncertainties in atomic processes which are common in conventional 

spectroscopic observations. 

The steady-state Z ̂ c profile provides a unique ratio of convection to 

diffusion in transport equilibrium with no sawteeth, assuming all the dominant 

irapuiities experience the same transport. However, the Z e£^ profile is not a 

unique function of this ratio with sawteeth present, but becomes a function of 

boch the peaking parameter c and the diffusion coefficient D, given a fixed 

sawtooth period and mixing radius. The z
eff profile thus provides a 

relationship between c v and D inside the mixing radius. In addition, the 

decay time of Ni XVII and Hi XVIII line radiation during the "crash" provides 

another constraint on the allowed values ->f C V and D in the content of the 

flux model. These simultaneous constraints 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 discharges. 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 covers ~30* of the coil surface. The plasma is limited by a 



5 

separat r ix or by carbon l imiters which are located a t four different tcroidal 

loca t ions . Three sets of 2.5-cm thick Ni-coated aluminum pla tes are located 

near the bean lobes to s t ab i l i ze gross MHD motion. For th i s study, ohmic 

discharges with n e = 2.7 x 1 0 1 3 cm" 3, I s 290 kA, q(a) = 7.7, and a = 35 cm 

were produced with H+ as the working gas. The plasma is i n i t i a t ed with a 

c i rcu la r cross sect ion, then t ranslated to a smaller major radius to form the 

bean-shaped configuration shown in Fig. 1. Hidplane observations with the 

SPRED multichannel vacuum u l t r av io l e t (VUV) s p e c t r o m e t e r 1 2 ' 1 3 indicate that 

the dominant l igh t impurities are carbon (from the Utniters and armor) and 

oxygen, and that the dominant heavy impurity i s n ickel . 

A vis ible breosstrahlung detector array system (Pig. \) was ins t a l l ed on 

PBX to provide a 15-channel midplane tangential view of the plasma in order to 

take advantage of the c i rcular ( i . e . , toroidal) plasma symmetry in that f ield 

of vie* and to avoid regions of local recycling near the separat r ix and inner 

armor, A standard 50-mm f/2 camera lens images the plasma onto the 15 opt ica l 

f ibers quartz (600 ura core diameter) that are arranged in a one-dimensional 

array on the focal plane. From there the opt ica l t ra in i s i d s n t i c a l to that 

used on the PDX d e v i c e . 1 4 The collimated l i gh t i s sent to a remote 

photomultiplier through two interference f i l t e r s that are t i l t e d with respe.-t 

to one another to avoid undesirable cavity modes. One f i l t e r 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 opt ical multichannel analyzer spectrum showed a spec t ra l 

region free of discrete spectra l l i n e s . There i s no viewing dump in th is 

tangential view system, and the outermost channel views the wall outside the 

outer l imiter flux surface. An extra channel with a viewing dump on a 

raidplane radial view i s used to cross-check for wall ref lect ions and to 

monitor window transmittance. Since the tangential ly viewing system has a 
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longer l i n e of s i g h t through the plasma than the p r e v i o u s l y used u j i a l view, 

t he r a t i o of d i f f u s e w a l l - r e f l e c t e d l i g h t t o t he s i g n a l i s reduced to l e s s 

than 5%. This r e l a t i v e l y uniform background s i g n a l i s s u b t r a c t e d from a l l 

channe l s before the Abel i n v e r s i o n . 

fl mu l t i channe l ( 4 8 - p o i n t ) Thomson s c a t t e r i n g system fTVTSJ o e a s u r e s the 

r a d i a l e l e c t r o n t empera tu re and d e n s i t y p r o f i l e s i n the same midplane as t h e 

t a n g e n t i a l l y viewing v i s i b l e b r emss t r ah lung a r r a y . This avo ids u n c e r t a i n t i e s 

due t o the plasma c r o s s - s e c t i o n a l shape and any asymmetric d e n s i t y or 

t empe ra tu r e p r o f i l e s . L i n e - i n t e g r a t e d s i g n a l s from a t a n g e n t i a l viow allow 

s imple Abel i n v e r s i o n t echn iques t o be employed, r e g a r d l e s s of plasma shape i n 

the p o l o i d a l c r o s s s e c t i o n . The Z e ^ f p r o f i l e i s c a l c u l a t e d from the i n v e r t e d 

emiss ion p r o f i l e s u s ing the measured e l e c t r o n d e n s i t y and t empera tu re 

p r o f i l e s . C e n t r a l carbon and oxygen c o n c e n t r a t i o n s a r e c a l c u l a t e d u s ing the 

r a t i o of carbon to oxygen, d e r i v e d from plasma edge s p e c t r o s c o p i c 

measurements , t o g e t h e r w i t h the t o t a l carbon and oxygen c o n t r i b u t i o n to 

Z c f ( 0 ) , d e r i v e d by s u b t r a c t i n g t he d i r e c t l y measured c o n t r i b u t i o n s of n i c k e l 

from the measured Z f f ( 0 ) . A 28-channe l s o f t X-ray diode a r r a y views the 

plasma v e r t i c a l l y on a p o l o i d a l c r o s s s e c t i o n to p rov ide a moni tor of MHD 

a c t i v i t y . 

3 . EXPERIMENTAL OBSERVATIONS 

The time e v o l u t i o n of va r i ous s i g n a l s r e l e v a n t to the p r e s e n t exper iment 

a r e shown in P i g . 2 for an ohmic d i s c h a r g e . The i n d e n t a t i o n f i e l d c u r r e n t I I F 

ia de layed by ~100 ms from the e v o l u t i o n of the plasma c u r r e n t I , and by ~180 

ras a r e l a t i v e l y s t e a d y - s t a t e bean-shaped plasma i s achieved w i t h an 
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indentation of i = 0.12. At some time vfell into the current f l a t top , rapid 

decreases in the centra l soft X-ray s ignal , cent ra l v is ib le brecnsstrahlung 

channel, and the Ni XVII and Ni XVIII emissions are observed. They coincide 

with the onset of a large os-ri l lat ion observed with the soft x ray. Tha onset 

of this rapid decrease in cent ra l impurity levels and subsequent sawtooth 

osc i l l a t i ons in the plasma core, which we tefer to here as the impurity 

"crash," occurs e a r l i e r in the discharge as the gas puffing level i s 

increased. While addi t ional gas puffing is expected to reduce impurity 

influx, i t also helps increase current penetrat ion ' by reducing the 

tdmperatuce and conductivity in the plasma edge region, therefore, allowing 

rj(0> < 1 to be at tained e a r l i e r in the discharge. The penetration time of the 

poloidal magnetic f ield i s estimated to be ~400 ms for PBX ohmic discharges. 

During the "crash," the chordally integrated soft X-ray emission prof i le 

shows in te rna l disrupt ions, with an increasing inversion radius during the 

f i r s t three disruptions [Fig. 3 ( a ) ] , After the "crash" period, the soft x-ray 

emissions show regular sawtooth osc i l l a t i ons with a period of -10 ms. A large 

m/n = i/1 osc i l l a t ion (f = 1.8 kHz) i s observed between in ternal disruptions 

only in the "crash" phase, r.nd th i s MHD ac t iv i t y d i f fers from the normal 

precursor to in ternal disruptions in the followiag way: While the osc i l l a t ion 

i s localized within the inversion radius as shown in Fig. 3(b), i t s amplitude 

i s more or less constant between in te rna l disrupt ions u n t i l i t i s quickly 

s tab i l ized before the next in te rna l d is rupt ion, while the detai led mechanise 

for th i s ac t iv i ty i s not yet understood, i t i s c lear that i t is observed only 

in th is phase of the discharge. 

The electron temperature prof i le i s f l a t or s l igh t ly hollow in the center 

before and af ter the "crash" while the density prof i le i s peaked in the plasma 

center before and f l a t afterwards, as seen in the Thomson sca t ter ing prof i l es 
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of Fig. 4. The peaked density prof i le experiences f la t tening a t the same time 

as the soft x-ray prof i le and the v is ib le bremsstrahlung p ro f i l e s , which are 

shown in Fig. 5. Since the vis ible bremsstrahlung emissivity, which i s 

proportional to Z e f f n g T ^ 1 ' . shews a f la t tening similar to that of the sof t X-

rays and the electron temperature prof i les do not d ra s t i ca l ly change while the 

cent ra l electron density drops by ~ 25%, i t appears that the drop in the X-ray 

in tens i ty is due more to a decrease in the cent ra l impurity content than to 

ths drop in electron temperature. 

The Abel-inverted vis ible bremsstrahlung emissivity p ro f i l e s are very 

peaked before the "crash" (which i s obvious even in the chordal data) and 

r e l a t ive ly rounded after the "crash," in the normal sawtooth phase of the 

discharge. The measured z ff prof i les are shown in Fig. 6 for the times 

before and af ter the crash. The z

e « p rof i l e is fo-jind to be very peaked 

before the crash, Fig. 6(a) , even af ter taking the peaked n e p rof i le into 

account. After the "crash," the Z e * f p ro f i l e , averaged over a sawtooth 

period, was s t i l l s l i gh t ly peaked on axis , but less so Hian before the 

"crash." The error bais on the data in Fig. 6 r e f l ec t only the uncer ta int ies 

in the Abel-inverted emissivity p ro f i l e s , due to a 5% re la t ive ca l ib ra t ion 

uncertainty in the v i s ib le bremsstrahlung detector array. The solid and 

dashed l ines in Fig. 6 are resu l t s from the t ransport calculat ions described 

in the next sect ion. 

Due to low signal levels , the vis ible bremsstrahlung was averaged over a 

10 ms period, precluding an observation of d i sc re te sawtooth osc i l l a t ions in 

the continuum radiat ion in these discharges. In l a te r experiments with 

neutral beam inject ion a t higher plasma dens i t i e s , longer sawtooth periods, 

and often higher impurity levels , the s ignal- to-noise levels allowed 

observations of sawteeth d i rec t ly in the bremsstrahlung emissivity p ro f i l e s . 



9 

These profiles are almost flat after an internal disruption inside the 

inversion radius (as is the electron density) and become mote 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 ^ « profiles 

discussed in the previous section. For simplicity, toroidal and poloidal 

symmetry are assumed in this code, and the governing equation for the radial 

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

^ - a = - - | - C r r ) + I 1 n 1 - t I + R ) n (1) 
a t r 3r q q-1 q-1 q q q 

+ a . n . - -2— + s . 
q+1 q+1 X.. q 

Here I and R a a r e t he t o t a l i o n i z a t i o n and recombina t ion r a t e s for cha rge 

s t a t e q, r e s p e c t i v e l y . T . i s a p a r a l l e l l o s s time i n the plasma s c r a p e - o f f 

r eg ion , and S_ i s a volume source term of r ecyc led or i n j e c t e d impur i ty 

n e u t r a l s from the plasma edge r e g i o n . The p a r t i c l e f lux for charge s t a t e q i s 

given by the g e n e r a l form 

3n 
3 

*q " q " - ' 3r " q " ' "q 
T = -D ( r ) -=-^ +v t*> n • ( 2 ) 
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where D (r) is the radial diffusion coefficient and v„ is a convective 

velocity. Since in this experiment the character of the data precludes a 

detailed transport analysis and since we are most concerned with the peaking 

of the z f» profile, we simplify the transport model and define a peaking 

parameter c v via the following expressions: 

D (r) = D(r) = D (3) 
q 
v (r) = v(r} = -c q ' v 2 (4) 

where a i s the plas.na minor radius . In a s teady-s ta te plasma, the above 

def in i t ions give a Gaussian equilibrium rad ia l p rof i le for the to t a l impurity 

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

£ n q ( r ) = exp <-c v r 2 / a 2 ) . (5) 

The value of c v, 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 Seguin, 

Petrasso, and Marmar has been incorporated into the HIST code to simulate 

impurity transport in the presence of internal disruptions. At the time of 

the internal disruption, th<; density profile for each charge state is 

redistributed inside a mixing radius r m^ x while conserving the total number of 
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pa r t i c l e s for each charge s t a t e , as i l l u s t r a t e d in Fig. 7. The pes t -

disruption t o t a l impurity density prof i le i s adjustable, but chosen to be f l a t 

for our i n i t i a l discussions, (as indicated in Pig. 7 ) . Assuming a nearly 

parabolic current density p ro f i l e , r , x is taken to be 1.4 times the sawtooth 

inversion radius r, „ , After the red i s t r ibu t ion , the charge s t a t e s evolve 

according to Eqs. (1)-(4) u n t i l the next in te rna l d is rupt icn . The assumption 

of a f l a t redis t r ibuted prof i le for each yta te may not be correct , but i t is a 

reasonable f i r s t est imate. The sens i t iv i ty of the present analysis to the 

shape of the redis t r ibuted prof i le in th is sawtooth model i s discussed l a t e r . 

In PBX ohmic discharges, Ni XVII (wavelength = 249.2 A, ionizaton 

potent ia l = 570 eV) and Ni XVIII (292.0 A, 607 eV) ra-Uate from the centra l 

half of the plasma minor radius, allowing near-central nickel concentrations 

to be measured d i r ec t ly . On the othor hand, cent ra l oxygen and carbon 

concentrations could not be measured due to a lack of a diagnostic neutral 

beam for charge-exchange recombination spectroscopv measurements, and the 

highest spect ra l ly accessible s t a tes were the l i thiumlike ions Civ (312.4 A, 

65 eV) and 0 VI (150.1 A, 138 eV), which radiate from the plasma edge 

region. While centra l impurity concentrations derived from edge radiat ion 

have large uncer ta in t ies due to transport and atomic physics uncertainties, i t 

is reasonable for the present purposes to use these observed l ine i n t e n s i t i e s 

to est imate, via the transport code, the r a t i o of the edge influx of carbon to 

that of oxygen. Since previous measurements in PDX suggested s imilar 

t ransport for carbon ard oxygen, th i s modeling can be used to estimate the 

central carbon-to-oxygen r a t i o . Sensi t ivi ty studies using re la t ive ly wide 

variat ions in the diffusion coefficent D (from 0.5 x I Q 4 to 2.0 x 10 4 cm 2 / s ) , 

peaking parameter c v (from 0.0 to 3.0), scrape-off p a r a l l e l loss time t j (from 

0.4 to 10 ms), neutral pa r t i c l e energy E n (from 0.1 to 10 eV), and impurity 
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source location r g (from 0 to 10 en from the plasma 3urface) indicate that the 

cent ra l carbon-oxygen r a t io derived from these edge C IV, O VI l ine ra t ios 

have a t most a 25% uncertainty due to t ransport assumptions. 

In order to determine the value of the peaking factor c v from the 

measured z g f f p ro f i l e , we assume that the three dominant impurity species 

(carbon, oxygen, and nickel) have the same t ransport coeff icients and derive 

the r e l a t ive contr ibutions to Ze£.p(0) from estimates of the centra l impurity 

density r a t i o s . The resu l tan t cent ra l nickel concentration, as measured by Ni 

XVII and XVHI emissions, i s 0.1% before and 0.01% af ter the "crash." Using 

the above-mentioned influx r a t i o to derive the cent ra l oxygen-to-carbon r a t io 

and the value of Z e f f ( 0 ) minus the nickel contribution gives 1.5% and 3.2% 

before and 0.6% and 2.1% af ter the crash for oxygen and carbon concentrat ions, 

respect ively . The prof i les of Z i c l r ] are f i t t ed by the resu l t s of the 

t ranspor t ca lcula t ions , and using a l eas t squares f i t t i ng of the data to the 

calculated prof i le which i s normalized to the measured z

e f f (0>» the best f i t 

to the prof i le before the "crash" gives c y = 11.0. The resu l tan t chi-squared 

pe- degree of freedom Xv i s 0«39. We estimate the uncertainty in c v by 

varying i t s value u n t i l x^ increases by ones, which gives c y = 11.0 (+4.5, 

-3.5) for the "before crash" case. The calculated prof i les for the best f i t 

case and the two extremes are shown in Fig. 6 ( a ) . We note that the "before 

crash" calculat ions are essen t ia l ly s teady-s ta te p ro f i l e s , although the r is ing 

v is ib le continuum and soft x-ray signals would indicate that a quasi-s teady-

s t a t e condition has not necessari ly been achieved before the onset of the 

"crash." However, th is analysis i s suff ic ient to demonstrate the need for a 

strong inward convective velocity to describe the peaked Z f f ( r ) p r o f i l e . 

Unlike the e a r l i e r studies in PDX with no s a w t e e t h , 8 ' 1 0 the quasi-s teady-

s t a t e impurity prof i le Measurements in the sawtooth phase do not provide a 
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unique value of the peaking parameter c v because the sawtooth red is t r ibu t ion 

effect ively keeps the prof i les out of t ransport equilibrium. On the average, 

the prof i le is determined by how fa3t the impurity d i s t r ibu t ions recover 

towards the t ransport equilibrium l imit before the next in te rna l d isrupt ion, 

which clear ly depends on the diffusive and convective t ransport in the cent ra l 

discharge region. While the s ens i t i v i t y of the derived value of c v on the 

assumed 0 i s discussed in d e t a i l below, i t i s c lear that , in contras t to the 

above case, the Z f f p rof i le af ter the "crash" i s considerably less peaked and 

lower in magnitude a l toge ther . Averaging both the measurraents and the 

modeling calculat ions over a sawtooth period (M10 HIS) gives c v = 4.0 (+2.5, 

-1.5) as the best estimate of the poaking factor tor D = 10* cm' / s . Ignoring 

sawtooth effects al together in the modeling gives c v = 3.0. The calculated 

2 . « prof i les are shewn in Fig. 6(b) . 

Figure 8 shows the effects of three di f ferent red is t r ibu ted impurity 

prof i le assumptions on the sawtooth-modified Z e f f p r o f i l e . Case I i s the f l a t 

p rof i le used in most of this analysis , while cases I I and I I I represent more 

hollow redis t r ibuted impurity density p r o f i l e s . These hollow prof i l es are 

qua l i t a t ive ly s imilar to those produced by a strong outward convection during 

the in te rna l disrupt ion, as discussed by the TFR group in the i r sawtooth 

modeling e f f o r t . 6 As Fig. 8 shows. Cases I or I I are reasonably 

indist inguishable when analyzing the sawtooth-averaged Z 6 f f p ro f i l e , and the 

resul t ing uncertainty in the adopted peaking parameter i s r e l a t ive ly small 

compared with the uncertainty of the 3 e f f p ro f i l e measurements i t s e l f . 

The measured time evolution of the Ni XVII 249.2 A and Hi XVIII 292.0 A 

l ine i n t ens i t i e s show reasonable agreement with tlie code calculat ions within 

the estimated uncer ta int ies of the c parameter during the sawtooth phase of 

the discharge, as shown in Fig. 9. Here, the measurements of the UV l ines are 
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made with the multichannel SPRED spectrometer, which has a 20 ms integration 

time. The absolute intensity calibration was achieved with a branching ratio 

calibration,19 and the uncertainty in the ratio of the Hi XVII and XVIII line 

intensities is ~10% from the spectrometer calibration. 

To model the change in impurity distributions across the tirae of the 

"crash," we take the equilibrium impurity distributions for c v = 11.0 and 

normalize then to the measured intensities at t = 450 ms. these resulting Hi 

ion distributions are used for thn initial conditions of the time-dependent 

sequence, which starts at the onset of the internal disruptions at t = 490 ras, 

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 v during the sawtooth phase. The 

error bar on the calculated curves indicates uncertainties obtained using 

Thomson scattering profiles measured at t = 500, 520, 540, and 560 ms. The Ni 

influx rate after the "crash" is taken to be the same as that before the 

"crash." Since high c v = 11 implies a long central cominement time for these 

ions, this influx rate is quite lew (~2 x 10 1 5 atoms/s for D = 10 4 cm 2/s). 

Increasing the influx re'.e after the "crash" by two orders of magnitude does 

not change the fitted transport coefficients, and the Ni xvil and xvin 

calculated intensities rise by only 10% and saturate in time more quickly than 

observed, in general, the Mi emission lines are well described by the model, 

with parameters derived from the Z„£f profiles within the uncertainties of the 

c„ value and the line intensity calculations. Given the uncertainties in 

ionization and recombination rates, the simplicity of the diffusive/convective 

flux model, and the assumption that c is not a function of q, the agreement 

between the measured Ni XVII and XVIII intensities and the calculated values 

is quite reasonable. 
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Since fixed values of c v and D produce a unique Z eg E profile and unique 

decay times of the Ni XVII and XVIII emissions during the "crash" phase, these 

measurements can be combined to estimate the range of c values allowed by the 

data during the "crash" and sawtoothing phase. A summary of haw our 

relatively crude data constrains D and c„ is shown in Fig. 10, which also 

shows the range of c and 0 values allowed hy our observations of the "crash" 

phase. The range of c v and D pairs allowed by the Z e f f profile measurements 

it. noted by the closed squares and solid and dashed lines in the figure [e.g., 

at D = 10 4 cm2/s, c v = 4.0 (+2.0, -1.5)]. To match a given Z g f f profile, an 

increased peaking factor is needed as D reduces to retain the same inward 

convection speed with reduced diffusive transport during a sawtooth period. 

Since an increased inward convection tends to decrease the decay of the Ni 

line emissions, D must be increased as c increases to model consistently the 

Ni line emissions. The constrained pairs of c v, 0 allowed 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 

describe a local slope of nickel impurities, constrain the values of c v, D to 

a region similar to that given by the 2 g f f profile. 

The shaded intersection area indicates the allowed range of c v, D 

consistent with both types of measurements in the sawtoothing plasma. While 

this crossed area gives a large range for D = 1.4 (-0./, +5.6) * 10 cm /s and 

c„ = 3.6 [-1.1, +1.f>), it is sufficiently constrained to exclude overlap with 

the c v values required to describe the no MHD case. In addition, our 

uncertainty estimates on c v from the fit to the Z £ f profile may be overly 

generous. Nonetheless, the range of the diffusion coefficient is consistent 

with the values obtained from earlier experiments on He + +, C , 0 3 +, and Sc 

transport in PDX.®' 1 0' 2 0 Taking D = 10 4 c.n2/3, the inward convective speed is 
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v = 2.8 x i o 3 ( r / a ) cm/s, which i s fas ter than the values of v * 6.B x l o 2 

(r /a) cra/s (nickel) , 2.5 x 10 2 ( r /a) cm/s (oxygen) and 1.8 * 10 2 ( r /a) cm/s 

(carbon) given by neoclassical theory in the Pfirsch-Schluter regime assuming 

21 Gaussian Tj_ and n^ p r o f i l e s . 

5. DISCUSSION 

The most immediate conclusion to be drawn from the above observations i s 

the obvious one: MHD behavior, in pa r t i cu la r sawtooth o sc i l l a t i ons , cannot be 

ignored when studying impurity t ransport in tokamak discharges. Indeed, even 

af te r subtracting out the sawtooth f la t tening effect , there appears to be a 

s igni f icant difference in impurity t ransport between a plasma with no MHD 

a c t i v i t y , such as before the "crash," and a discharge with MHD ac t iv i t y (both 

sawteeth and m/n = 1 / 1 o s c i l l a t i o n s ) . In the context of our simple t ransport 

model, the pealcing parameter c w with no MHD ac t iv i t y i s large ("11) while i t 

i s considerably smaller (=3.6 for D = 1.4 x 10 4 c m / s ) in a sawtoothing 

discharge* While such a re la t ion between impurity behavior and MHD ac t iv i ty 

has been discussed in other s tudies ( e . g . , Ref. 1, 5, and 6) , the analysis of 

r e l a t ive ly global quan t i t i es such as the z

e f f p ro f i l e allows a more 

quant i ta t ive evaluation of t h i s phenomenon than h i ther to shown in previous 

repor t s . 

Final ly, we note that the peaked a e f ; p prof i les in PBX, even in the 

presence of sawteeth, contrasts with the r e l a t ive ly f l a t Z = j j prof i les seen in 

chmic vox and Alrator-C discharges. Although impurity accumulation has been 

inferred from l ine in tens i ty ra t ios in ISX-B, 2 the present data set exp l i c i t l y 

shows a peaked impurity p ro f i l e . The most curious difference l i e s between 
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these resul t s on PBX and the f l a t z

e f f p ro f i l e s and f l a t impurity 

concentration measurements ' in the predecessor PDX devioe. Perhaps a 

relevant difference in operation between the two configurations i s the biasing 

condition of ttv. l i ; i t i ng surfaces . Unlike PBX, wherein a l l l imit ing surfaces 

are grounded, the carbon r a i l l imiter and d iver tor neut ra l izer p la tes on PDX 

were floated above ground by 10 to 50 3, with the r e su l t that the plasma edge 

had a posi t ive po ten t ia l with respect to the vessel wal l . As shown in the 

Kucrotor dev i ce , 2 r e la t ive ly small changes in the edge po ten t i a l can cause 

d r a s t i c changes in impurity and p a r t i c l e confinement behavior. indeed, very 

preliminary observations in FBX with a liraiter grounded through 1 or 10 SI 

indicate the impurity accumulation may be more severe for the 1 n case. 

Detailed t e s t s of the liraiter conditions on impurity confinement in EEK are 

olannea for the near future and wi l l be reported l a t e r . 

Thus, while other affects such as edge condit ions, ro ta t ion e f fec t s , 

background plasma species, e t c . must a l l be taken into account in a complete 

treatment of impurity behavior, the present r e su l t s serve to emphasize the 

very strong role of MHD a c t i v i t y , in pa r t i cu la r sawtooth o s c i l l a t i o n s , in 

modifying both the d i s t r ibu t ion of impurity pa r t i c l e s and, apparently, the 

t ransport processes themselves in the plasma core. 
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FIGURE CAPTIONS 

F i g . 1 . Schematic diagram of the t a n g e n t i a l l y viewing v i s i b l e b remss t r ah lung 

spec t roscopy a r r a y on PBX along w i t h t he t o r o i d a l l o c a t i o n a t the 

s o £ t X-ray (SXR), Thomson s c a t t e r i n g (TVTS), and VOV s p e c t r o m e t e r 

(SPRED) d i a g n o s t i c s . The remote d e t e c t o r assembly, denoted by PMT, 

i n c l u d e s both the s p e c t r a l E i l t e r s and p h o t o m u l t i p l i e r d e t e c t o r s . 

The i n s e t shows a c r o s s - s e c t i o n a l f lux contour oE a bean-shaped 

plasma l i m i t e d on the i nne r g r a p h i t e l i n t i t e r . 

F i g . 2 . Time e v o l u t i o n o£ the pla3ma and i n d e n t a t i o n c u r r e n t s U p , l i p ) , l i n e 

i n t e g r a t e d loft X-ray emission<SXR), v i s i b l e b r e m s s t r a h l u n g , 

continuum (VC) and UV e m i s s i o n s . The sudden dec rease {"crash") o£ 

impur i ty l e v e l s occurs a t t = 48S ms. 

F i g . 3 . (a) i n t e r n a l d i s r u p t i o n s and (b) n=1 m=1 l a r g e o s c i l l a t i o n s observed 

by the s o f t X-ray l i n e - i n t e g r a t e d emiss ion p r o f i l e . An i n t e r n a l 

d i s r u p t i o n occurs a t t - 490 msec, followed by a l a r g e ampl i tude n=1 

m=1 o s c i l l a t i o n (f = 1.8 kHz) which s t a b i l i z e a t t = 515 msec. 

F i g . 4 . (a) E l e c t r o n tempera ture and d e n s i t y p r o f i l e from TVTS p r i o r t o the 

sawtooth phase and 40 ms before t he f i r s t i n t e r n a l d i s r u p t i o n 

appeared in F i g . 3 . (b) E l ec t ron t empera tu re and d e n s i t y p r o f i l e 

dur ing the sawtooth phase 40 ras a f t e r the E i r s t i n t e r n a l d i s r u p t i o n . 

F i g . 5 . Time e v o l u t i o n of v i s i b l e b remss t rah lung l i n e - i n t e g r a t e d i n t e n s i t y 

{a) and the A b e l - i n v e r t e d e m i s s i v i t y (b) p r o f i l e . 
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Fig. 6. <a) The %ef£ profile measured by visible bremsstrahlung at the times 

of the plasma profiles in Fig. 4. The smooth curves indicate Z e f f 

profiles calculated with the impurity transport model for different 

values of C„» Solid lines are best fits, and dashed lines are 

estimated upper and lower limits. The sawtooth model is used in the 

transport model in case (b), with D = 10 4 cra2/s» mixing radius r m i x = 

20 cm, and sawtooth period t g a w = 10 ms. 

Fig. 7. Impurity density profiles for each charge state just before (a) and 

after (b) internal disruptions used in the flattening model in the 

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

within the mixing radius {rmj_ = 20 era) is conserved. The example 

shown is for nickel, assuming typical n and T profiles for PBX and 

c v = 4. 

Fig. a. Sensitivity of the average 3 e j £ profile to the redistributed ion 

profile at internal disruption in the sawtooth model for c v = 4.0, D 

= 10* cm2/s, t g a w = 10 ms, and r m i x = 20 cm. Case I is flat 

redistributed profile used in this analysis. Case II and Case III 

are Gaussian redistributed profiles with their centers at r• and 

half widths of r ̂ x and r-̂ jj/2, respectively. 
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Pig. 9. Decay of Ni XVII (249.2 A) and Ni XVIII (292.0 A) line-integrated 

emission during impurity decay phase. Transport coefficients used in 

the model calculations: c v = 11.0, D = 104 cro2/s before MHD onset 

(t < 485 ms); c v = 6.5, 4.0, 2.5, D = 104 cm2/s. t 3 a w = 10 ma and 

cmix = 2 0 c m ' ^ n t h e f * r s t sawteeth r m ^ x = 10, 15 era, respectively) 

at t > 485 ms. Open circles are 20-ms averaged intensities measured 

by VUV spectroscopy. 

Fig. 10. "file allowed range of combinations of peaking parameter c and 

diffusion coefficient D in sawtooth discharges as determined by the 

zeff profile and the decay of Ni XVII and Ni XVII": emissions. The 

shaded area indicates the allowed overlap region for c t f, D pairs to 

be consistent with the data within a reasonable error estimate. 
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