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The spatial brightness profiles of Ar and Kr ions have been measured during a set of experiments in which
these gases were puffed into FTBrascati Tokamak Upgraglend Alcator C-Mod tokamak plasmas. These
profiles were measured by spatially scanning photometrically calibrated vuv and x-ray spectrometers covering
3 to 1700 A on a shot to shot basis. Several simulations of these profiles were performed using the multiple
ionization state transpoftisT) code to validate the atomic physics rates used to determine the charge state
distribution in the plasmas. A comparison of two sets of atomic physics rates was made. The chosen rates were
the original rates inMisT and the more accurate ionization/recombination rate coefficients fromuthec
atomic code and the current compilations by Mazzotta. The simulations with the more accurate rates could
correctly predict the brightness profiles. The simulations with the older rates adequately predicted the Ar
brightness profiles but did not accurately predict those of Kr. The inclusion of the excitation autoionization
rates which were absent from thest code had the most profound effect on the simulated charge state
distributions.

PACS numbgs): 52.55.Fa, 52.25.Jm, 52.25.Fi, 52.6%.

[. INTRODUCTION plasma edge or the divertor. The plasma particles will collide
with the puffed gas particles in this cooler region and lose a
Future magnetically confined fusiciMCF) devices will  significant fraction of their kinetic energy. Therefore, the tile
have severe heat loads and particle fluxes on both the arméputtering by the particles is reduced since the sputtering
tiles surrounding the core of the tokamak plasma and on th¥i€ld significantly decreases with decreasing particle energy
strike plates in the divertor region. Particles escape thé4l- The energy is radiated intomsteradians instead of be-
plasma since they are trapped only for the plasma particlé!9 directed to the plates. The coolant gases He, Ne, Ar, and
confinement time, or they are channeled along the last closdd: have been puffed into DIII-D tokamak plasmas in San
flux surface onto the divertor strike plates. Also, the heafi€go for radiative divertor studig]. Ar, Kr, Ne, and N
from the fusion plasma is conducted and convected througHaVe been puffed into the Alcator C-Mod tokamak plasmas

the entire scrape-off layer to the strike plates. To Withstand\’ith L and H-mode confinemeii6] to produce “detached"

this harsh environment, the plasma facing tiles will need todwertors. Neon puffs were introduced into TEXTOR plas-

. : mas to determine the compatibility of higharmor tiles and
be composed of higi-refractory materla_lls such as M‘z( a plasma having radiativepimproi//ed-m%%%l-mode con-
=42) and/or_W Z:.M).' In the M.CF device the higitiles finement[7] with high ICRF power. JET has also experi-
have a predicted lifetime 300 times longl] than those

) i mented with detached divertor operatig].
made of carbon or beryllium. Unfortunately, even tiles com-  thg gpatial locations of the radiation for each coolant gas

posed of either Mo or W can be sputtered to an unacceptabigyst be determined in order for them to be used effectively
degree, and their lifetime could be too short for their effec-35 3 coolant. To determine the regions of cooling, the charge
tive use in a reactor. Also, significant levels,(0)/ng(0)  state distribution(CSD) and the cooling rate curve must be
~10"*] of these sputtered highimpurities could presenta known. The CSD can be predicted using a plasma transport
radiation problem since these elements are not fully strippedode with correct atomic physics rates and known anomalous
even at 10 ke\[2,3]. This radiation could have deleterious plasma transport coefficients. The cooling rate curve can be
effects on the fusion plasma by lowering the core temperaealculated using an atomic physics package such as the He
ture and degrading the energy confinement. brew University Lawrence Livermore Atomic CodeuL-

To reduce the localized heat flux onto the divertor plates ac) [9,10,11. To test the ionization/recombination atomic
and to distribute it evenly, a radiating mantle can be createghysics rates used in the CSD calculations for a coronal
near the last closed flux surface and/or in the divertor regionplasma(no transpoit the spatial brightness profiles of two
The edge plasma in this “radiative divertor’scenario will be coolant gases, Ar and Kr, have been measured in FTU and
cooled by puffing a controlled amount of gas into either theAlcator C-Mod tokamak plasmas and simulated with the
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FIG. 1. Side profile of FTU tokamak.

1

Rotating Crystal Spectrograph

multiple ionization state transpoiivisT) code [12]. The and Kr did not satisfactorily simulate the emissivities from
ionization/recombination physics rates that were present ithe bolometery.
themisT code were found to simulate the profiles reasonably

well for Ar; the rates for Kr were found to be inadequate for

the simulations. Agreement between the measured and simu-

lated charge state distribution for Kr and better agreement for A. FTU

Ar was only possible with ionization/recombination rates : : :
During these experiments the FTU Tokam#&lkg. 1) op-
computed fronHULLAC and the rates from Mazzotta. These , ... \vith a plasma current,, of 0.5 MA, a toroidal mag-

rates were calculated by usimgLLAC and taken from the netic field,B1, of 5.9 T, and an Ohmic input powePy,, of

compll_atlon Of Mazzotta [13]. The inclusion of the ~ 1 MW. The plasma was circular with a major radius of 96
excitation-autoionizatiofEA) processes had the most sig- cm and a minor radius of 30 cm with a working gas of
nificant effect on the CSD since this ionization channel Waﬁqydrogen FTU has no divertor configuration. The argon gas
absent in the originaMisT atomic rates. The dielectronic uffing ex.periments had a central electron témperattg@
recombination rate fronMULLAC and Mazzotta differ from gf 2.9 keV, and central electron densityo, of 68’

what was inmIST on average by-50%. The new rates sig- 3 ' .
. ) =) ) x 10" particles/cm. The krypton gas puffing experiments
nificantly shifted the CSD. A similar conclusion was reachedhad aT., of 1.7 keV and amy, of 7.7x 10" particles/crf.

by Riceetal. in their paper on molybdenum impurities ob- The density and temperature profiles are shown in Fig. 2.

served in the Alcator C-Mod tokamak plasmidst]. Two The lower electron temperature during the Kr experiments
cooling curves are also compared in this work. The first was P 9 P

generated oo by Pos{ 15| The second was cic (=012 107 i NOTe sl properies o The el
lated from theHUuLLAC atomic data package and the new b 9

. . and the electron density was determined with the far infrared
CSD. TheHuLLAC cooling curves could correctly predict the L " o
radiation from the plasma. ThedpPAK cooling curves for Ar radiation(FIR) laser or the “DCN" interferometef16].
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FIG. 2. Temperature and density profiles in FTU tokamak plas- FIG. 3. Time history of At*" line at 221.15 A during a gas
mas. puff.
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FIG. 4. Kr spectrum from GRITS between 70 and 130 A.

at the beginning of the steady state portion of the plasima (the plateau of the gas puff.

=0.5s). The gas was introduced by opening a piezoelectric Two photometrically calibrated spectrometers measured
valve for 2—3 ms. The gas entered the plasma immediatelthe Ar and Kr spectrum and the spatial brightness profiles in

PRE 61

after the puff. The concentration increased until a steadyhe 10 to 1700 A region. The XUV spectrograjhe grazing
state condition existed in the plasma. For Ar the gas concenincidence time resolving spectromet@RITS] was a 1 m
tration stabilized between 1.3 and 1.5 s. The Kr accumulaRowland circle, grazing incidendat 2° system with a 1200
tion in the plasma reached a steady state plateau slightigroove/mm gold coated gratind7,18. The detector con-
earlier between 1.2 and 1.4 s. This can be seen in time hisisted of a microchannel plate-phosphor-reti¢d®]. The

tory of the Af*" line at 221.15 A(Fig. 3. The spatial bright-
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FIG. 5. Kr spectrum from SPRED between 100 and 300 A.
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wavelength coverage was 10—350 A witt60 A covered by
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FIG. 6. Experimental and modeled spatial brightness profiles of the, Ar’", Arl®*, and A" lines (FTU). Plotted are the original
ionization balancédashed lingsand theHuLLAC/Mazzotta ionization balancesolid lineg which includes DR and EA processes.

the detector during each discharge. This instrument was phdse seen on the spectrograph sigriiig. 3). The background
tometrically calibrated using the SURF Il synchrotron facil- emission from each line was obtainedt&t0.45 s, just prior
ity at the National Bureau of Standards and Technologyto the gas puff, and was subtracted from that measured dur-
(NIST) in August 1997. The error on the photometric cali- ing the puff in order to obtain the line brightness for the
bration was*=20%. profiles. The residual gas did not affect the spatial brightness
The vuv spectrometer was a survey, poor resolution, exProfile measurements. The measured profilssown as
tended domain spectrometéBPRED [20]. The longer pO'lQES) are presented in Figs. 6-8 for Rr .(Mg'“ke)zg,t?
wavelength grating had 290 groove/mm and covered thér" " (H-like) and Figs. 9 and 10 for Rf" (K-like) to Kr*>"
200-1700 A range in each plasma. The shorter wavelengttNa-like) with the simulations from the atomic physics
grating had 2100 groove/mm, and the wavelength coverag@©del (lines. The brightness profile of the KF (Ni-like)
was nominally 100—-300 A. The SPRED calibration was di-Ine was significantly blended W't.h the Mo (Na-like) Il_ne
rectly transferred from the GRITS in the shorter Wavelengthénd could not be used to obtain an accurate profile. The

and extended 10 the longer wavelengths by the line ratigy S, @SRRI A S8 IS SEEEE R ST
technique[21]. The error on the calibration was35% at : L .
300 A and was roughly a factor of 2 at 1000 A. absolute photometric calibration of each line and not the shot

" to shot uncertainties.
Both spectrometers could be positioned on a shot to shot The anomalous impurity particle transport was deter-

basis to view the plasma from a minor radius of 04@5  mined from trace laser blowoffLBO) injections into the
cm. Tr_us s_pat|al range covered the majority of the mte_restm lasma[22] and from visible bremsstrahlung emissi28].
emission in the plasma. The Kr and Ar spectra at differentrhjs method was an independent estimation of the particle
lines of sight were obtained during a series of similar plastransport since it did not dependent upon the measurements
mas. Sample Kr spectra are shown in Figs. 4 and 5 from thgom the spectrometers. Therefore, the only unknown in the
GRITS and the SPRED measured along a central line ofimulations was the ionization/recombination rates. The im-
sight. From these spectra the spatial brightness profiles of thsurity confinement time;r,, can be determined from the
major radiating charge states were obtained. The Ar and Kexponential time decay of an impurity emission line that was
emission lines of interest are summarized in Table I. introduced during the LBO injection. This confinement time
The measurement of each spatial brightness profile reis related to the particle diffusiorD,, in the core of the
quired gas to be puffed inte-10 consecutive plasmas. The plasma:
walls of FTU were cooled te-150 K by liquid nitrogen for
impurity control and became loaded with the puffed gas after

several plasmas. The residual amount of the puffed gas could for Ve(r)=0 at r=0.
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TABLE I. Kr and Ar lines of interest in FTU tokamak gas puff experiments.

lonization Isoelectronic

state sequence Wavelength Transition
Aré* Mg-like 585.75 A 283s%-2p®3s3p(tS,— 1Py)
Ar’* Na-like 700.24 A 2°3s-2p83p (1S~ 2P3p)
Ar’* Na-like 713.812 A D%3s-2p®3p(1S,,—2Py))
Artor O-like 188.82 A x%2p4-2s2p°(3P,—3P,)
Aritt N-like 215.49 A x°2p*-2s2p3(*S—“P)
Arttt N-like 218.29 A x22p*-2s2p3(*S—“P)
Artzt C-like 210.46 A 222p2-2s2p3(3P—3P)
Artst B-like 187.95 A 222p-2s2p%(°P—2P)
Artst B-like 194.39 A X22p-2s2p?(’°P—29)
Art4t Be-like 221.15 A 52252-152252p(*Sy—1P,)
Artst Li-like 353.92 A 15225-152p(1S;,— 2P3p)
Arist Li-like 389.15 A 15225-152p(1S;,— 2Py
Arte* He-like 3.94928 A ¥2-1s2p(*S;—P,)
Art7t H-like 3.737 A 15-2p(2Sy—2P3p)
Kr8* Ni-like 117.7 A 3d'%-3d%p(ts-3P)
Kri7* K-like 92.211 A 3°3d-3p°3d2(?D4,—2Dyyy)
Kri?t K-like 93.349 A 3°%3d-3p®3d2(?Ds;,— 2Dsyp)
Kri?t K-like 99.330 A 3°%3d-3p®3d2(?Dgjp— 2F71)
Kri?t K-like 102.001 3°%3d-3p®3d2(?D4;— 2Fs))
Krist Ar-like 96.26 A 3p%-3p°3d(ts,—1Py)
Krié* Ar-like 118.672 A P°-3p®3d(ts,—°D,)
Krio* Cl-like 99.156 A P°3p*3d(°P3— D))
Kr20* S-like 103.26 A $*-3p%3d(3P,—'F3)
Kr20* S-like 107.17 A P4-3p33d(3P,—2%P,)
Kr2t* P-like 108.36 A $3-3p23d(2Dg— 2F )
Kr22* Si-like 124.32 A 3?3p2-3s523p3d(°P;—3P,)
Kr22* Si-like 130.70 A 323p?-3s?3p3d(*D,—3Dy)
Kr2st Al-like 131.795 A F?3p-3s23d(2Py,—2Dg)p)
Kr24+ Mg-like 158.183 A D%352-2p®3s3p (1S, —1P,)
Kr2s* Na-like 178.990 A D%3s-2p®3p(1S,,— 2Py
Kr25* Na-like 220.057 A D®3s-2p®3p(*Sy— 2Py

The variablesa andk are the minor radius and the first zero simulations. This method has greater inherent error and as-
of the zeroth-order Bessel functidn-2.405, respectively. sumptions than the LBO injections and, thus, the transport is
V(r) is the convective velocity in the plasma. The resonantess well known in the intermediate zone={(15—25cm).
2s°-2s2p Be-like transitions of Ni117.9 A and Fe(132.7
A) were used to determine fairly accurately the particle
transport in the core plasma. Thg from these injections
was ~35 ms in ohmically heated FTU tokamak plasmas. Alcator C-Mod tokamak operated with very similar pa-
Therefore particle diffusion was5000 cnf/s atr =0. rameters to FTU tokamak but had a divertor and-ahaped

The impurity density profile(Fig. 11) was determined plasma cross section. The walls of the tokamak were oper-
from inversions of the free-free bremsstrahlung spatial proated at room temperature and did not saturate with the puffed
files. The bremsstrahlung is related to thg. This analysis gas as they did in FTU tokamak plasmas. Ar was puffed into
assumed that the change in bremsstrahlung emission durifghmically heated plasmas withmode confinement having
the gas puffs was only produced by the gas. The contributiod central electron temperature of2.7 keV and an central
to the emission from the intrinsic impuritiémostly molyb-  electron density of 1.2 10 particles/cmi. The anomalous
denun) was subtracted during the analysis. A detailed distransport on Alcator C-Mod was investigated in detail and
cussion of this analysis can be found in R&#]. The analy- found to be mainly diffusive ~5000 cnt/s) in Ohmically
sis predicts a reasonably flat impurity densitwithin  heated plasmas with-mode confinemerii25].
experimental errorfor radii less than 20 cm. There is no  The spatial brightness profiles of Ar were measured using
significant spatial distortion of the global impurity gas den-a set of five spatially scanning von Hamos type x-ray spec-
sity due to the anomalous impurity particle transport. Thistrometers(HIREX) [26]. They used a quartz crystal ¢2
implies little convection and a mostly diffusive plasma. =6.687 A) and covered the 2.8-4.0 A spectral range. Kr
Therefore, a flat diffusion profile of 5000 éfa (for r<25  spectra could not be observed since these emission lines
cm) was used in thenst code and for the brightness profile (6—7 A) were outside of the spectral range of HIREX. Spec-

B. Alcator C-Mod Tokamak



PRE 61 OBSERVATIONS OF THE ULTRAVIOLET AND X-RAY ... 3047

— 210.46A Ar'?* —

Py

O NHANOION A OO O= N W A

187.958 Ar'3*

40

10" Brightness [ph/(s sr cm?)]

30

Radius (cm)

FIG. 7. Experimental and modeled spatial brightness profiles of the AAr3*, Arl4*, and A" lines (FTU). Plotted are the original
ionization balancddashed lingsand theHuLLAC/Mazzotta ionization balancesolid lineg which includes DR and EA processes.

tra were collected every 50 ms with 120 mA covered during [ll. ATOMIC PHYSICS MODEL AND RATES

each shot. For this analysis tha?1s2p (*S,—P;) He-

like line at 3.94928 A was measured. The HIREX can be The multiple ionization state transpamisT) [12] code
spatially scanned to view the entire Alcator C-Mod tokamakand a collisional radiative model were used to simulate the
plasma on a shot to shot basis. The experimentsnaad  CSD and the Kr and Ar brightness profiles in the FTU and
simulations on Alcator C-Mod were very similar to those Alcator C-Mod tokamak plasmasusT is a one dimensional
performed at FTU and are not presented here in detail. Thefgradial in cylindrical coordinatgstime dependent impurity
are documented elsewhdi27]. transport code which treats the ionization/recombination
physics and the trace impurity particle transport simulta-
. neously. Inputs into1IST were the experimentally measured
3.94928A Ar'® radial electron temperature profile, electron density profile
(Fig. 2 and the puffed gas concentrationsT was run in the
time independent mode and determined the impurity CSD of
the ionized gas in the plasma with a given set of ionization/
recombination rates.

The rates were either the original rates or the rates spe-
cifically chosen/calculated for these experiments. The origi-
nal electron ionization rates imiST included direct impact
3.737A Ar'7* E (DI) ionization computed using the formula of Lof28].
ThewmisT code did not include excitation-autoionizati®A)
rates for either krypton or argon. The original recombination
processes included both radiative recombinatiBfR) and
dielectronic recombinatioiDR), the latter being approxi-

0 5 10 15 20 25 30 mated by the formulas of Burgess and Md28,30,3]
Radius (em) . . .
From the previous experiments by Rieeal. for molyb-

FIG. 8. Experimental and modeled spatial brightness profiles ofl€num[14] in Alcator C-Mod tokamak plasmas the DI and
the Ar'®" line (Alcator C-Mod and A" (FTU). These figures are  RR rates invisT were found to be accurate for predicting the
from two different plasmas. Plotted are theLLac/Mazzotta ion- CSD for Mo, but EA rates had to be added and the DR rates
ization balancedsolid lines which includes DR and EA processes. heeded to be changed. Therefore, the DI and RR rates for Kr
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FIG. 9. Experimental and modeled spatial brightness profiles of the KKri®*, Kri®", Kr?**, and K5" emission linegFTU). Plotted
are the original ionization balanddashed linesand new ionization balandsolid lineg which includes DR and EA processes.

and Ar inmisT were used for all the present simulations. To CSD computed with the rates froruLLAC and Mazzotta as
obtain accurate excitation-autoionization and dielectronic redetailed above.

combination rates for krypton and argf®2], ab initio cal- The total radative losses from each impurity were calcu-
culations were performed by using the atomic physics packlated from the CR model at each temperature. The radiation
ageHULLAC or were taken from the compilation of Mazzotta. l0ss channels are dominated by spectral line emission. The
The excitation-autoionization rates for ®f-Kr25* and transitions of several thousand lines including transitions be-
Art*-Ari®* were provided byHULLAC. The DR rates for tween excited states were included. Also included were the
radiation channels of bremsstrahlung, radiative recombina-
tion and dielectronic recombination. Summing all the radia-
tion channels produced a radiative cooling rate curve. One
ions mpstdufnderstﬁnd that the CR n:jogel utiIizerhth%élgD deter-

s . . : mined from the rates generated bByLLAC. The was

..A collisional rad|at|ve(CR? modgl determlneq Fhe mten—' confirmed by the experimental spatial brightness profiles.
S|t|_es from each Ar and Kr line of mtere_st. Collisional exci- Therefore, the atomic physics rates in the cooling curves
tation rates and photodecay rates prowo!edelyLAc an_d were significantly constrained by experiment. The direct
the CSD provided by thetisT codes were incorporated into ¢omparisons between the bolometric spatial profiles and the
the sophisticated collisional radiative mod€lOLRAD) in  ragjative cooling curves confirm the validity of thJLLAC
HULLAC for the lines listed in Table I. The emissivity of each ¢5|culations.
line was calculated for each radial magnetic flux surface of
the circular plasma for FTU and thg-shaped plasma of the
Alcator C-Mod tokamak. The flux surfaces used in khet
were on a grid of 50 points betweera=0 to 1.1 separated For Ar the spatial brightness profile simulations with the
equally in radius. These emissivities were summed over theriginal rates and with the more accurateLLAC and Maz-

line of sight of the spectrometers to produce a synthetizotta rates are compared with the experimentally measured
brightness of each spectral line. The synthetic brightness prggoints for AP*, Ar’*, Ar'%* and At in Fig. 6 (FTU), for
files were constructed by computing the line brightness foAr'?*, Ar'®* Ar'#* and A*®" in Fig. 7 (FTU) and for
each line of sight of the spectrometéFsgs. 6-10. Two sets  Ar'®* (C-Mod) and At™ (FTU) in Fig. 8. The simulated

of synthetic brightness profiles were generated. The firsbrightness profiles using the more accuratsolid
based on the CSD computed with the original ionization/lines: HULLAC and Mazzotta atomic rates predicted the
recombination rates imisT and the second based on the measured radial brightness profiles slightly better than the

ArtT-Arl™ were those given by Mazzotta. Excitation-
autoionization rates calculated by Mitnik withuLLAC [33]
were also included for the Kf (Cu-like) -Kr%" (Kr-like)

IV. SPATIAL PROFILES
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FIG. 10. Experimental and modeled spatial brightness profile of tA¥ KKr2'", Kr?2*, and K" emission linegFTU). Plotted are the
original ionization balancédashed linesand new ionization balandsolid line9 which includes DR and EA processes.

simulations using the older physics ratdsshed lines The
weaker emission from AP", Ar''" and Ar3' lines made

The effect of the different atomic physics rates upon the
simulations for Kr were much more significant than for those

the comparison more difficult. The x-ray line measured inof argon. This can be seen in Fig. 9 for’F, Kr'8*, Krlo*,
the Alcator C-Mod tokamak also showed good agreemenkr?** and KP>" and Fig. 10 for Kf°", Kr?**, Kr®?", and
between the experiment and the simulations. The differencegr23*, The simulations with the original atomic physics rates

between the two models of the He like lines were trivial.
Only the HuLLAC/Mazzotta model is show in Fig. 8. The
more accurateluLLAC/Mazzotta atomic physics rates for Ar
did not significantly alter the CSD or the simulated spatial
brightness profiles since Ar is a reasonably understoodZow
element and fairly straightforward to model. The derived Ar
impurity density was~ 0.003n., (1.9x 10! particles/crm)

in FTU. The Ar density in Alcator C-Mod tokamak was
~0.002n4, (2.9x 10" particles/crm).
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FIG. 11. Argon impurity density profile derived from visible
bremsstrahlung.

in MIST were inadequate to predict the experiment. The simu-
lations which included thetuLLAC rates more accurately
predicted the measured brightness profiles although some
discrepancies do exist. One must note that only a selected set
of the HULLAC rates were included. TheULLAC rates pro-
vide a significant improvement over the existing rates. This
improvement is especially true for the ®f and KF®" ion-
ization states. The old rates would predict a significant
(~2X) enhancement in the abundances of these charge
states with respect to the abundances of’Krand Kr8*.
Using the resonant lines of K¥ and KP>", the Kr density

in the plasma was predicted to be0.0006 ny (4.6

X 10'%particles/cd)  with the HuLLAC CSD and
~0.0012 nyy (9.2x10%particles/cmd) with the original
CSD. With the simultaneous measurement of the majority of
the charge states in the plasma, the CSD ofad¢d An can

be considered to be well constrained. No serious discrepan-
cies existed between thajLLAC simulation and the experi-
ment. The CSD created with the original ratesMrsT is
shown with the CSD created with theJLLAC rates in Fig.

12.

The major correction to the ionization/recombination rates
in the MIST was the inclusion of the EA rates. The same
conclusion was reached by Riegal. for molybdenun{14].
Therefore, the EA rates for high-impurities must be in-
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FIG. 12. CSD of Kr with the original rate in theist and the up to data rates in tivesT.

cluded when calculating the CSD in a tokamak plasmawere at ionization equilibriunino transpoit and included
Without these rates the CSD will not be correct. If the EAdifferent CSD’s: one was the older CSD originally NnsT
rates were not included, agreement between the simulatioand other was created by using theLLAC rates. The third
and the experiment could only be obtained by adjusting theiuLLAC cooling curve included thauLLac CSD with a dif-
anomalous transport. This would alter the relative abundanciision of 5000 crs. To produce emissivities from these
of the charge states. The resulting impurity density would becooling curves, one needs the impurity density profile from
assumed to béncorrectly hollow with an outward flux. The the mIST transport code and the measured electron density
radiative cooling predictions would also be incorrect.

20 T T T T T ——T—

V. COOLING RATE CURVES ro

o Bolometery

I —— ADPck cooling curve

Cooling curves for both Kr and Ar were computed using
the HULLAC code and thexDPAK atomic data package. The
predicted radiation from these two curves was compareds
with the emissivity profiles measured by the bolometery. The
Ar cooling curve has been discussed thoroughly in R34]. :
Therefore, only the results for Kr are presented here. The.
emissivity profiles of a sample ohmically heated FTU toka-
mak plasma into which Kr was puffed is presented in Fig.
13. The input power was-1000 kW from the Ohmic
heating coils. The krypton density was~4.7
x 10 particles/cm as determined from the spectrometers
and themisT transport code. Th&,, was 1.1 keV, and the
Nep Was 1.84 10" particles/cm. Spectroscopy indicated
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that as the radiation from krypton increased during the gas g, 13, Comparison of the measured emissivity profile from
puff, the radiation from the intrinsic impurities significantly yrypton from bolometery with the calculated emissivity profiles
decreasedby ~ factor of 10. Therefore, most of the impu-  from the HuLLAc and theappak cooling curves. ThreeiULLAC

rity radiation that was measured by the bolometers was emitcyrves, one with the old CSD at ionization equilibrium, one with
ted from Kr ions. The emissivities were simulated with four the new CSD at ionization equilibrium, and one with the new CSD
radiative cooling curves: three fromuLLAC [34] and one  and aD=5000 cn?/s (with EA and DR rates show the shift in the
from ADPAK by Post. Two of theHULLAC cooling curves cooling to lower temperatures with the correct CSD.
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and electron temperature profiles. were included. For this plasma, the emissivity profile calcu-
The Kr emissivity from theHuLLAC cooling curve with  lated with theabPAK model cooling curve significantly over-
the HULLAC CSD was in good agreement with the bolom- estimated the radiated power from krypton. The predicted
etery profile. TheduLLAC cooling curve with the older CSD emissivity from the corer{a<0.3) was very similar to that
yielded a much poorer agreement with the bolometery. Wittpredicted by theHuLLAC cooling curve with the original
the older CSD the predicted radiation from the coréa( CSD in mIST. This implies a problem with the ionization/
<0.5) of the plasma was too large. This confirms the needecombination rates. Much more power was radiated from
for a correct CSD in the cooling curve calculations. Thethe middle section of the plasma (6:6/a>0.3) than was
HULLAC CSD had a significant effect on the cooling curve observed. In the outer third of the plasma, fm®AK model
and shifted the bulk of the radiation to lower temperaturesvas completely inadequate to describe the radiation patterns.
since the maximum abundance of the radiators now occurs dtherefore, this model could not be used to predict correctly

lower temperaturef35]. the radiated power from krypton.
The major discrepancy between the bolometery and the
HULLAC cooling curve simulations occurs atl6 cm. The VI. CONCLUSION

simulated radiation under predicts the radiation here and
leaves a small gap. There are three possible explanations f?orkamak plasmas. Both the and M-shell spectrum have

this: particle transport, significant radiation from another im-been measured by photometrically calibrated spectrometers
purity or a problem with the bolometric measurements. Par- y P y P

ticle transport can shift or spread the CSD in radius. Thi In the 3-1700 A region. The spatial brightness profiles of

N . . L S‘[his emission and bolometery emissivities have been ob-
could blur and fil in the gaps in the predicted emissivity tained in a set of similar plgsmas to validate ionization/

profile. However, including the transport in the calculations L L . .

does not account for the small gap as can be seen in Fig lgecomblnatlon/eXC|tat|on atomic physics rates used to deter-

Furthermore, the simulated profile with no transport does nop e the CSD an_d the (_:oollng rate curve in a tokamgk
plasma. The atomic physics rates chosen for this work in-

significantly differ from the profile that included a diffusion clude EA DR. collisional excitation and radiative deca
of 5000 cnd/s in the CSD. This is similar to the conclusion in ' O . Yy
ates computedb initio by the HULLAC atomic code and

a previous work in which the anomalous particle transpor#rom the compilation of Mazzotta. These rates were input
was not found to effect significantly the emissivities pre-. P : P

dicted by theHuLLAC cooling curve[36]. The major lowZ lnt'o themisT impurity transport cpde tq simulate the spatial
impurity present in FTU is oxygen. Simulations using thebrlghtness profiles. These profiles with the more accurate

ADPAK oxygen cooling curve do not account for the missingphys’ICS rates are in good agreement with the experiment.

A L The predictions using the original rates in thesT were
radiation., The oxygen radiation peaks near the d@@e-25 . : . .
cm). The most likely explanation for the discrepancy is aadequate to simulate Ar but inadequate for Kr. The inclusion

problem with the bolometric data. The bolometer has a spa(-)f the.EA in t.heM'ST. produced the most sign.ificant improve-
tial resolution of~2 cm. This is too coarse to resolve fine Ment M FPe S':FUIa“OTS'.Thgse. ator:;:c physu_:ts raftizrsl alrld C%D
details within the spatial extent of the discrepancy which isfz\re i'gn' icantly constraine S:anTeh € majority o d e rdafn
~ 3 cm. Also, the bolometric emissivities are produced from rcharge states are measured. The emissivities derived from
an inversion of line integrated measurements using ZernickIEhe cooling rate curves frombPAK andHULLAC were com-

polynomials. The process used Zernicke polynomials of lo a"’tl;e?hve\”tgr;?s;aIireoénfgi?:orr\:\/eetﬁry_'r;—:iLianAjaﬁ% rr\llsesfrstl';rr:ut_he
order (K=3) and could not yield the detailed radial fine y )

structure predicted by the simulations. ADPAK cooling curves were not satisfactory and over esti-

The cooling curve calculated byprPAK did not correctly mated the radiation.
predict the measured emissivities. This cooling rate curve did
not explicitly include any ionization balance calculations, but
instead assumed the presence of a single fictitious “average The authors would like to thank the entire FTU and Al-
ion,” although ionization/recombination ratéthe original  cator C-Mod staff for the expert operation of their respective
ones in themisT) were used to calculated the average ion.tokamaks and for the use of their facilities. We also thank the
This average ion model assumed a singlat a give tem-  Princeton Plasma Physics Laboratory for use of ther
perature which is not very physical. This method also did notransport code. This work was supported by U.S. DOE Grant
use a collisional radiative model. Instead, transitions betweeNo. DE-FG02-86ER53214 at JHU, Contract No. W-7405-
average levels were used to calculate the line radiation. EENG-48 at LLNL, and Contract No. DE-FC02-99ER54512
timates for the bremsstrahlung, and recombination processes MIT.

Kr and Ar have been puffed into FTU and Alcator C-Mod
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