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Zerr-PROFILES IN DIFrERENT CONFINEMENT- AND HEATING REGIMES OF ASDEX 
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Introduction 
Zeff i s an impor tant quan t i ty i n f usion r esearch . It s hould i deall y be 

as sma~ l as possible to mi nimize both fuel di l uti on and radiation losses . 
Further , radial prof i l es of Zeff• together wi th Te( r ) , ar e needed to derive 
j(r) used in stabil ity analys i s . We report measurement s of Zeff prof iles 
for a variety of ASDEX plasmas : ohmi c (Hand D; gas and pellet fuelli ng) , 
and co and counter neutral beam heated pl asmas . 

Zeff measurements 
-~ Zef f profiles are measured from the intensity of plasma radiation in 
the near infrared . In this wavelength region recombination and li ne 
radiation are gener all y unimportant and the r adiation is ma inly br ems­
strahl ung . The intensity profiles are 
measured wi th the ASDEX 16 channel YAG 
laser Thomson s8attering sys t em (Fig . 1 ) 
/ Ref . 1/ . Each of the 16 detecti on boxes 
conta i ns 3 broa3band int erference filters 
set a t wavelengths of 850 , 950 and 1000 nm. 
This provi des a means of checking the A-2 
scaling of br emsstr ahlung int ensity and 
gi ves an approximate measure of the absence 
of line r adiat i on. Up to the sil icon a va­
lanche diodes used as detectors , the system 
i s identical to t hat used f or Thomson scat­
t er ing . For the Zerr measurement s , however , 
a DC- coupled circui t with a band•1idth of 5-0 
kH z i s used . The sample rate is typically 
200 Hz . Compar i son of the Abel - inverted 
radiation with hydrogen bremsstr ahl ung 
determined from s i multaneously measured ne 
and Te profiles r esults in Zeff prof il es 
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Fi g. 1: Bremsstrahlung Zeff 
set up 

from +20 cm to -33 . 5 cm with a spati al r esolution of about 3 cm . Under some 
conditions comparisons have been made with rad i al l y averaged Zeff values 
from plasma res is t i vity a nd f r om sawtoo th analysis. The lat t er method is 
based on the electron power balance in ohmi c d i schar ges , in t he plasma 
centre , during t he peri od o f r ecovery after Lhe sawtooth crash /ref . 2/ . In 
addition, Zef f has been est ima t ed f r om impuri t y dens ities deri ved by two 
methods . Firstly, absolutel y measur ed VUV li ne int ens i t i es of the fo ur 
dominant impuriti es (Fe , Cu , 0, C) are compared with t hose calcul ated by a 
time dependent : mpurity transpor t code using measur ed ne and Te profiles . 
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From ttis comparison an independent density prof ile i s obtained for 
each impuri t y species , allowing its Zeff contribution to je calculated . 
Secondly , the densities of the two light impurity species (0, C) can be 
also derived from charge exchange recombination spectroscopy (CXRS) 
resulting in an independent measurement of their Zeff contribution . These 
spectroscopic Zeff are generally less accurate than bremsstrahlung Zeff but 
the resulting impurity densities yield considerable insight into the Zeff 
behaviour reported in this paper . 

Results and Discussion 

Axial v3lues of Zeff as a function of ne for steady state ohmic and 
co- NI heated discharges are shown i n Fi gs . 2 and 3 , Normal ly , Zeff is found 
to decrease with increasing ne, to be higher in D+ than in H+ plasmas , and 
higher in NI than in ohmic plasmas . The VUV Zeff are in good agreement with 
the bremsstrahlung Zeff• as are the sawtooth Zeff for OH discharges in H+· 
The CXRS Zeff must be normalized to one point f r om the bremsstrahlung 
measurements because optical components of the CXRS diagncstic , inside the 
vacuum chamber, have been inaccessible to direct calibration . The CXRS Zef f 
then Shuw the same trends with ne · 

The above behaviour can be understood from the spectroscopic resul ts . 
In ohmically and NI heated discharges O and C ar e the dominant light impur­
ities with O giving the largest contribution to Zeff · The VUV results for a 
transition from OH ~ co-NI heated plasma a r e shown in Fig . 4 for H+ and 
Fig . 5 for D+ . The dominant heavy impur ity in the H+ discharge is Cu . It 
originates from the divertor plates and is more impor tant at lower den­
sities and in NI than in OH discharges . The densities of C and O (measured 
by VUV and CXRS) do not change strongly with ne so i t is this fact , 
together witt the decrease of Cu , that explains the decreaae in Zeff with 
increasing ne · Fe is unimportant in H+ discharges due to carbonization , but 
gives a significant contribut i on to Zeff in D+ discharges where the walls 
were not carbonized (Figs . 3 and 5) : 

Particularly int eresting are the Zeff r esults obtained in three rather 
different scenarios in which i mproved energy confinement is found in ASDEX . 
These are OH discharges in D+ with reduced gaspuff (Fig . 2) /Ref. 3/ , 
pellet fuelled OH discharges (Fig . 6) /Ref . 4/, and counter-NI heated 
discharges (Fig . 7) /Ref . 5/ . 

In these cases there is a reversal of the trend of Zerr decreasing 
with increas i ng ne which shows that the improved energy conf i nement is 
accompanied by improved particl e confinement . The strong accumulation of 
light impur i ties in counter NI discharges can be seen from the 08+ (Fig . 7) 
and c6+ densities . The rel ati vely slow init ial increase of n08+ and nc6+ 
leads to a decrease of Zeff as in the normal co- NI case . However , the 
impurity density increase is much steeper later on , so that Zeff incr eases 
during the phase when the global energy confinement is also increasing . For 
counter- NI the neoclassical Zeff is in good agreement wi th the bremsstrah­
lung Zeff ~nd this is also true for the OH pellet case (Fig. 6). In the 
improved confinement OH regime Zefr(r) shows slight peaking at the plasma 
cent re at later times (Fig .8) but this is not seen in the pel l et (Fig . 9) 
or counter- NI discharges . 

From ttis comparison an independent dens
each impurity cies, allowing its Zeff contribution to De calculated.
Secondly, the me lities of the two light impurity species (D, C) can be
also derived From ch:‘:c exchange recombination spectrus copy (C XRS)
resulting in an independent measur ant of their Leff contribution.
spectroscopic Zeff are generally less accurate than brcms Mirahlnng ‘
the resulting impurity densities yield considerabi: llSlaJi into the Zefr
behaviour reported in this paper.

ity profile is obtained for

Results and Discussion

4 v11ues of ’eff as a Function of De for steady state ohmic and
co—HJ heated discharges are shown in Figs. 2 and 3. Normally, Zeff is found
to decrease with increasing n; to be higher in D, than in H+ plasmas. and
higher in N1 than in ohmic plasmas. The VUV Zeff are in good agreement with
the bremsstrahlung Zeff, as are the sawtooth Zeff For OH discharges in Hi-
The CXRS gaff must be normalized to one point from the bremsstrahlung
measurements because optical components of the CXHS diagnzstic, inside the
vacuum chamber, have been inaccessible to direct calibration. The CXHS Zeff
then show the same trends with He.

The above behaviour can be understood from the Spectroscopic results.
In Ohmically and Ni heated discharges O and C are the dominant light impur-
ities with 0 giving the largest contribution to Zeff- The VUV results for a
transition from OH + co-NI heated plasma are shown in Fig. U for Hi and
Fig. 5 for Di. The dominant heavy impurity in the H1. discharge is Cu. It
originates from the divertor plates and is more important at lower den-
sities and in Ni than in OH discharges. The densities of C and 3 (measured
by VUV and Xls) do not change strongly with he so it is this fact,
together witr the decrease of Cu, that explains the decrease in Zeff with
increasin He. Fe is unimportant in Hi discharges due to carbonization, but
gives a significant contribution to Zeff in Di discharges where the walls
were not carbonized (Figs. 3 and 5):

Particularly interesting are the Zeff results obtained in three rather
different scenarios in which improved energy confinement is found in ASDEX.
TheSe are OH discharges in D+ with reduced gaspuff (Fig. 2) /Ref. 3/,
pellet fuelle J OH discharges (Fig. 6) /Ref. u/, and counter-HI heated
discharges (Fig. 7) /Ref. 5/.

in these cases there is a reversal of the trend of Zeff de2reasing
with increasing nQ which shows that the improved energy confineme t is
accompanied by improved particle confinement. The strong ace umula ion of
lighl impurities in counter NI discharges can be seen from the 08 (Fig. 7)
and (1° densities. The relatively slow initial increase of n08+ and nC6+
leads to a de:rease of Zeff as in the normal co-Nl case. However, the
impurity density increase is much steeper later on, so that Zeff increases
during the phase when the global energy confinement is also increasing. For
counter-Ni the neoclassical Zeff is in good agreement with the bremsstrah-
lung Zeff and this is also true For the OH pellet case (Fig. 6). In the
improved confinement OH regime Zeff(r) shows slight peaking at the plasma
centre at later times (Fig.8) but this is not seen in the pellet (Fig. 9)
or counter—NI discharges.
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Summary 
The prese~t measurements have shown a wide variety of behaviour of 

z ff in ASDEX plasmas and Zeff values ranging from 1.2 to -5 have been 
r~und. In particular, for three different improved energy confinement 
regimes, the Zeff results indicate correspondingly improved particle con­
finement. 
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Fig . 2 : Zeff as a function of ne for OH­
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Fig. 3: Zeff as a function of ne 
for co-NI heated plasmas 
i n H and D. 
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Fig . 4: bremsstrahlung Zeff and the 
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summary
The present measurements have shown a wide variety of behaviour of

Zeff in ASDEX plasmas and Zeff values ranging from 1.2 to -5 have been
found. In particular, for three different improved energy confinement
regimes, the Zeff results indicate correspondingly improved particle con-
finement.
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OH discharges in deuterium. 
(a) "normal" regi me, (b) improved 
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