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Observations of the vacuum ultraviolet and x-ray brightness profiles of Fe, Ni, and Ge
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The spatial brightness profiles of emission lines for the K-like through He-like ionization states of Fe, Ge,
and Ni have been measured during a set of experiments in which Fe and Ge were introduced into FTU tokamak
plasmas by using the laser blowoff technique. Nickel was an intrinsic impurity observed during these experi-
ments that was sputtered from the inconel limiter. The brightness profiles were measured by spatially scanable,
photometrically calibrated vaccum ultraviolet and x-ray spectrometers that covered the 1 to 1700 A region.
Simulations of these profiles and the time evolution of the laser blowoffs were performed withshe
transport code using several sets of atomic physics compilafimak (originally in misT), Arnaud and
Raymond(AR92), Arnaud and RothenflugAR85), Mazzottaet al, and Mattioli(an extension to Mazzotth
The goal was to determine which set of available rates could best simulate the measured spatial brightness
profiles and the charge state balance in the plasma. The Maezattafor Fe and Nj, the Mattioli (for Ge),
and the AR9Zfor Fe only) rates adequately simulated the He-, Li-, Be-, Na-, Mg-like ionization states. The F-
to B-like charge states could not be simulated by these compilations unless the relevant dielectronic rates were
multiplied by a factor of 2. ThebpPak rates could not adequately predict any of the charge states of Fe, Ge, or
Ni.

DOI: 10.1103/PhysReVE.64.036406 PACS nuniers52.55.Fa, 52.25.Fi, 52.65y

I. INTRODUCTION (both ionization/recombination and excitation/photodecay
Compilations of ionization and recombination rates have

The correct prediction of the charge state distributionbeen published by Mazzotet al. [1], Arnaud and Rothen-
(CSD) of an element in a high-temperature plasma is imporflug [2], and Arnaud and Raymoni8]. The experimental
tant for many scientific investigations including magnetically check of the resulting ionization equilibrium CSD’s is nec-
confined fusion(MCF) experiments and x-ray astrophysical €ssary for proper predictions to be made.
observations. Improvements in both the experiméhigher Areexamination has also been done in recent years by our
spectral resolution for astrophysical observatjcamsd mod- ~ 9roup[4-9] of the atomic physics rates used to predict the
eling capabilities(faster and bigger computersave neces- CSD of mid- to highZ elements in magnetically confined
sitated a reinvestigation of the relevant atomic physics usef#!sion plasmas. We have applied the Hebrew University
in the determination of the CSD. Lawrence Livermore Atomic CodéHuLLAC) [10-17 to

A new age of astronomy began with the launch of thegenerate the ionization/recombination _and _excitation/
Hubble space telescope in 1990 which changed visible aghotodecay rates. In these works, the inclusion of the
tronomy forever. This has been extended to the x-ray ex€Xcitation-autoionizatio(EA) rates in the total ionization
treme ultraviolet(XUV) and x-ray with the launch of the raté was necessary to simulate properly the experimentally
Chanrdra x-ray observatory, the X-ray Multi-Mirror Mission Measured spatial brightness profiles of the impurities in the
(XMM), and the Far Ultraviolet Spectroscopic Explorer MCF plasmas. The older physics rates which were based on
(FUSB. Now, astrophysics can measure the x-ray emissiofhe average ion model ofbPak [13] and which neglected
from celestial objects with unprecedented clarity and resoluEA were found to be inadequate.
tion. These satellites deduce the characteristics of astrophysi- [N recent years improvements in MCF plasmas have made
cal plasmas from precise spectroscopy and the ratios of diftigher electron temperatures greater than 8 keV possible
ferent emission features of highly ionized charge states. T614]. These higher temperatures are excellent for studying
properly interpret the emission, sophisticated models aréhe atomic physics of elements withgreater than 28i.e.,

necessary that are based upon correct atomic physics rate§, Mo, W, and Al A need exists for both a spectroscopic
temperature measurement and a diagnostic tool for the dif-

ferent plasma conditions present in these higher temperature
*Present address: P.O. Box 808 L260, Lawrence Livermore Naplasmas. In the reverse shear electron cyclotron resonant fre-
tional Laboratories, Livermore, CA 94551, guency heatedECRH) plasmas of FTU, significant differ-

1063-651X/2001/648)/03640613)/$20.00 64 036406-1 ©2001 The American Physical Society



M. J. MAY et al. PHYSICAL REVIEW E 64 036406

Cryogenic Dewar

Limiter Mushrooms

FTU Plasma Plasma Current

O+ AD

=3
N /9
/&
0/ &
=3
SE Q.
NE e
N @
YA
] [¢]
w2
b=
[}
(2]
1 g
£
b=l
=
(MA)
AOOOO

m

Confining Toroidal Field

o

:\
_J
UL

Q

0

0

0

8

6

4

2

0

. . 6

Line of Sight of Pivot Point g

Spectrographs  Rotating Crystal Spectrograph 5 Gentral Electron Density

FIG. 1. Side profile of FTU Tokamak showing the spectrometers __ g:g 3 E
and their views of the plasma. 3 18 - E
§:§ -/ T(r=0cm) E
ences have been found in the particle transport from tha S3E E
observed in ohmically heated plasnfa§]. Germaniumisa 3 15E E
possible candidate for studying these effects. Therefore, ir = 1.0 W E
support of this work an investigation of the atomic physics §§ ! T(r="11cm) E
and the CSD of Ge in ohmically and ECRH heated plasmas < 20F (= 185cm) -
has been undertaken in FTU. ERY{3 E
The present work concentrates on the evaluation of rate:  §-g EaArmisrhariostnd potisrtnrpatetoitprmhdiyo :

0.

used to predict the CSD for Fe, Ge, and Ni. Iron and nickel 0.5 . 1.0
are astrophysically relevant as well as being important for Time (s)

MCF plasmas. Germanium as stated above is relevant for ) . .
MCF plasmas. To test the ionization/recombination atomic FIG. 3. Time history of an FTU plasma showing the plasma

. . . . current, toroidal magnetic field, central electron density, and the
physics rates used to determine the CSD, the spatial brighf; g y

. o . . lectron temperature at three different radii. This plasma has an
ness profiles of selected emission lines from the K-like t0, g5 of iron at 0.6 s.

He-like ionization states of Fe, Ge, and Ni have been mea-

sured in the FTU Tokamak. Fe and Ge have been introduced

into FTU plasmas using the laser blow ¢EBO) technique

[16]. Ni is an intrinsic impurity that is sputtered from the

inconel limiter. The Multiple lonization State Transport

(MIST) code[17] simulated the spatial brightness profiles of

the emission lines with the different compilations of

o
-
o

ionization/recombination rates. The available compilations _lep ' '
were those ofabpAk [13], Arnaud and Rothenflu@2], Ar- £ Ge™ 92.70A
naud and Raymond3], Mazzottaet al. [1], and Mattioli 2
[18]. Since the work of Mazzottet al. included only H s
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FIG. 4. Selected germanium time histories experimentally mea-
FIG. 2. Temperature and density profiles in FTU Tokamak plassured by the spectrometers with a central line of sigh) and
mas for the LBO of Fe and the intrinsic Ni spectroscopic measuresimulated by thewisT transport code using the rates from Mattioli
ments. et al. (—).
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FIG. 5. Fe spectrum from GRITS between 85
to 200 A during an LBO measured along a cen-
tral line of sight att=0.61 s.
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through Ni, the computations were extended to include Cu tancludes the time evolution of the electron temperature at
Ge[18]. The extension of the Mazzotta work will be referred several different radii.
to as the rates of Mattioli in this paper since he has per- Three photometrically calibrated spectrometers measured
formed the extrapolations. the injected and intrinsic impurity emission and the spatial
Simulations with theaDPAK rates were inadequate to re- brightness profiles in the 1 to 1700 A region. The XUV
produce the profiles for Fe, Ge, and Ni. For Fe, agreemergpectrograpiGRITS) was a 1 mRowland circle, grazing
between the measured and simulated profiles for the Li-, Beincidence (at 2°) system with a 1200 grooves/mm gold
Na-, and Mg-like ionization states was only possible withcoated gratind20,21]. The detector consisted of a micro-
ionization/recombination rates from Arnaud and Raymondchannel plate-phosphor reticd@2]. The wavelength cover-
(AR92) or Mazzottaet al. The best simulations were pos- age was 10-350 A with~60 A covered by the detector
sible with the compilations of Mazzottat al. for Ni or  during each discharge. This instrument was photometrically
Mattioli for Ge. The profiles of the F- to B-like charge states calibrated using the SURF Il synchrotron facility at the Na-
could not be reproduced by any of these atomic physics contional Bureau of Standards and TechnolglyST) in August
pilations. These charge states were found to exist at higher997. The error on the absolute photometric calibration was
temperatures than predicted by the atomic physics rates. T® 20%.
get agreement between experiment and simulation, the di- The VUV spectrometer was a Survey, Poor Resolution,
electronic recombination rates of-FNe-like to B—C-like = Extended Domain Spectrometé@PRED [23]. The longer
needed to multiplied by a factor of2. wavelength grating had 290 grooves/mm and covered the
200-1700 A range in each plasma. The shorter wavelength

IIl. EXPERIMENT 040 — . - I —
During these experiments the FTU Tokam@&kg. 1) op- E <
erated with a plasma currert,, of 0.5 MA, a toroidal mag- C el T 8 < < = <
netic fieldB; of 5.9 T, and an Ohmic input powétg,, of __030F gﬁg & 2 § 8 8 § e
~1 MW. The plasma was circular with a major radius of 93 £ | 223 ¥ £ 3 s s 2
cm and a minor radius of 30 cm with a working gas of ; Logde 2 g @ e e 2

hydrogen. FTU has no divertor. The electron temperaturez
was measured by Thomson scattering roughly every 50 ms
and by electron cyclotron emission Wwita 5 mstemporal £
resolution. The electron density was determined with the far
infrared radiation(FIR) laser or the DCN interferometer 0.10
[19]. The density and temperature profiles are shown in Fig.

2 for the Fe and Ni experiments. Since Ni and Fe were mea:-
sured during the same plasma, the temperature used fc o.00f . ! . . A
nickel is very similar to that during the LBO. For the Ger- 200 250 300Wavelegg?h & 400 450 500
manium experiments the central electron temperature was

2.7 keV with a similar profile to that shown in Fig. 2. The  FIG. 6. Fe spectrum from SPRED between 200 to 500 A dur-
time history of a sample plasma is presented in Fig. 3 whicling an LBO measured along a central line of sight-aD.61 s.
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TABLE |. Fe lines of interest in FTU Tokamak LBO experiments.

lonization state Isoelectronic sequence Wavelength (A) Transition

Fe'8t O-like 91.02 K22522p*-152252p° (1D,-1Py)
Fetot N-like 93.78 1522522p3-152252p* (?Dsg-2Pyyp)
Fet™ F-like 93.92 6225%2p5-152252p°® (2S;-2P1)0)
Feor C-like 98.36 K?25%2p?1s?2s2p? (1D ,-1P,)
Feor C-like 98.68 8225%2p?-15?2522p® (1D ,-1P,)
Fe'8t O-like 101.55 5%2522p*-1522s52p°® (3P,-3P,)
Fe?ot C-like 102.22 5225%2p2-15225%2p° (3P,-3S))
Fet™ F-like 103.937 $22522p°-152252p° (?S,/-2P3p)
Fe'8t O-like 106.32 5225%2p*-152252p° (3P;-3Py)
Fe'8t O-like 108.35 522522p*-152252p° (3P,-3P,)
Fe'8* O-like 109.97 522522p*-152252p° (3Py-2P;)
Fet®* N-like 110.64 K225%2p3-152252p* (?D 32Dy
Fe'®* O-like 111.70 522522p*-1s22s52p° (3P;-°P))
Feor C-like 113.30 822522p2-15225?2p° (1D,-1D,)
Fe'ot N-like 113.34 K22522p3-152252p* (?D-?Dy)n)
Felt B-like 114.41 B22522p-152252p? (2P3-2Pg))
Fettt B-like 116.26 B22522p-152252p? (2P3-2P1)0)
Felt B-like 117.17 6225%2p-152252p? (?P1/5-2Sy0)
Fefot C-like 117.51 K22s%2p2-1s22s22p° (3P;-%P))
Fetot N-like 118.66 B225%2p3-152252p* (“S3-*P1)0)
Feor C-like 118.69 522522p?-1522522p2 (°P;-3Py)
Fe'®* O-like 119.98 522522p*-152252p° (3P;-°P,)
Feor C-like 121.21 522522p?-1522522p3 (3P,-°P,)
Felot N-like 121.83 B225°2p3-152252p* (*Sy3-*P3p)
Fefot C-like 128.73 5225%22p?-1522522p° (°Py-°D;)
Fe?2t Be-like 132.85 $225%-15%252p (1Sp-1Py)
Felot N-like 132.85 B22522p3-152252p* (*Sy2-*Ps)
Feftt B-like 135.78 822522p-152252p? (2P1,°D3yyp)
Feot C-like 142.16 822522p?-15225?2p° (°P;-°D,)
Feor C-like 144.79 522522p?-15225?2p° (1D,-1D,)
Felt B-like 155.92 K225%2p-152252p? (?Pg/-2Ds))
Fe3* Li-like 192.017 18225-15%2p (2S,-?P3)0)
Fe3t Li-like 255.090 15%25-1522p (°Sy2P3p)
Fet4t Mg-like 284.147 D53s2-2p®3s3p (1S,-1Py)
FetSt Na-like 335.407 P%3s-2p®3p (?Sy-2P3p)
FetSt Na-like 360.798 P53s-2p%3p (?Sy-2P1p)

grating had 2100 grooves/mm, and the wavelength coverager =6.5 m. The operational angl®g is 48.8° since #
was nominally 100-300 A. The SPRED calibration was di-=0.24565 nm. The crystal length is 90 mm, and the height
rectly transferred from the GRITS in the shorter wavelengthss 47 mm. The integrated reflectivitR(i) is 6.58<10 .
and extended to the longer wavelengths by the line ratidthe spectrometer observed the, iron spectrum in the
technique[24]. The error on the calibration was35% at  wavelength region between the?1'S,—1s2p 1P, resonance
300 A and was roughly a factor of 2 at 1000 A. Both thetransition A (w)=1.8500 A of the He-like ion and the
VUV spectrometers could be positioned on a shot to shots?2s? 15,—1s2s?2p 1P, transition\ (b)=1.8702 A of the
basis to view the plasma from a minor radius of O toBe-like ion. Line identification follows Gabriel'$26] and
~25 cm. This spatial range covered the majority of the in-Bely-Dubau’q27] notation. This instrument measured the Fe
teresting emission in the plasma. profiles in a single shot. For Fe, the VUV measurements
The high resolution X/AN>10000) bent crystal x-ray were normalized to the bent crystal measurements to remove
spectrometef25] used the typical Johann configuration. A any shot to shot uncertainties.
two-dimensional multiwire proportional chamber detector Fe and Ge were introduced into the plasma by LBO. Time
and a variable slit located between the crystal and the detetistories of the Na-, Mg-, Be-like charge states as viewed
tor allowed a space resolved view of the plasma poloidalvith a central line of sight are plotted in Fig. 4 for a Ge LBO
cross section. The crystal is a quartz Qz 220 that is bent sat 0.6 s in discharge 16805. For germanium, the Li-like line
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TABLE Il. Ni lines of interest in FTU Tokamak.

lonization state Isoelectronic sequence Wavelength (A) Transition

Ni20* O-like 81.96 B?25%2p*-15?2s2p°® (1D,-1P,)
Nit* F-like 83.18 6225%2p5-152252p® (2Sy/5-2-Pyyp)
NiZt* N-like 84.06 1522522p3-152252p* (?Dsg-2P3p)
Ni22* C-like 88.11 K?25%2p?1s?2s2p? (1D ,-1P,)
Ni20* O-like 88.81 B225%2p*-1522s2p°® (3P,-3P,)
Ni22* C-like 91.83 8225%2p?-1522522p° (°P,-%S,)
N;i20* O-like 93.91 K22522p*-152252p° (3P;-°Py)
Nito* F-like 94.50 6225%2p°-152252p°® (?S;-*Pa)n)
N;i20* O-like 95.85 B225%2p*-1522s2p°® (°P,-°P,)
Ni20* O-like 96.79 B225%2p*-1522s2p° (°P,-°P,)
Ni2t* N-like 98.16 1522522p3-152252p* (?D4/-2D3yp)
Nit8* O-like 100.23 522522p*-1s22s52p° (3P;-°P))
NiZt* N-like 100.61 K225%2p3-152252p* (?D5/p-°Dsyp)
Ni22* C-like 102.08 822522p2-15225?2p° (1D,-1D,)
Ni23* B-like 102.11 B225°2p-152252p? (2P3-2P3))
Ni22* C-like 103.23 522522p2-1s22s%2p® (3P;-3Py)
Ni2t* N-like 103.31 6225%2p3-152252p* (*S3-*P1)0)
Ni23* B-like 103.53 6225%2p-15%252p? (PPg/-2P10)
Ni23* B-like 104.64 8225%2p-152252p? (?P1/,-2Sy0)
Ni22* C-like 106.02 B22522p?-1522522p° (3P,-2P,)
Ni2t* N-like 106.04 K225%2p3-152252p* (#Sy-*Payn)
Ni20* O-like 109.29 522522p*-152252p° (3P;-°P,)
Ni22* C-like 111.23 522522p?-1522522p° (3P, 3Py)
Ni22* C-like 111.86 B225%22p?-1522522p° (°Py-°Dy)
Ni24 Be-like 117.91 $225%-15%2s2p (1Sp-1Py)
Ni?t* N-like 117.91 B22522p3-152252p* (*Sy2-*Psy)
Ni23* B-like 118.52 6225%2p-152252p? (?Py/-°D3y)
Ni22* C-like 126.54 822522p?-15225?2p° (°P;-°D,)
Ni22* C-like 128.87 522522p?-15225?2p° (1D,-1D,)
Ni23* B-like 138.80 6225%2p-152252p? (?Pg-2Ds)p)
Ni25* Li-like 165.42 15225-1522p (?Sy-2P3p)
Ni25* Li-like 234.20 15225-1522p (2S1-2P3p)
Nit6* Mg-like 249.180 D83s2-2p®3s3p (1S,-1Py)
Nit7* Na-like 291.977 P%3s-2p®3p (?Sy-2P3p)
Nit"* Na-like 320.537 P%3s-2p®3p (?Sy-2P1p)

at 122.6 A is blended with aM-shell emission line. The Fe spectra are shown in Figs. 5 and 6 from the GRITS and
temperature of the plasma was too low to produce sufficientle SPRED at the peak of the LBO with a central line of
quantities of the Li-like charge state to overcome this blendsight. The iron, germanium, and nickel emission lines are
ing problem. This Li-like ion was observed in auxiliary summarized in Tables I, I, and Illl. The wavelengths are
heated plasmas witfi,~6.5 keV. For iron and nickel the those published in R¢P8]. From the spectra obtained dur-
plasma was hot enough to easily produce the Li-like chargéng the spatial scans of the spectrometers, the spatial bright-
state. Nickel was observed as an intrinsic impurity whichness profiles of the major radiating charge states were ob-
was sputtered from the inconel limiter. Its concentration wagained as a function of time. The measured profi#®wn as
constant during the plasma current steady state and on a shaeints at 40 ms after the LBO or at 0.64 s from the start of
to shot basis during these experiments. Thg(Fe) the plasma are presented in Fig. 7 for'¥e (Mg-like),
was ~4x10" particles/cd,  ng(Ni) was ~1  Fe®', Fe?', and Fé*; in Fig. 8 for Fé’" (F-like), Fe'®*,
x 10" particles/cr, and no(Ge)~4x 10 particles/ci.  Fe!®", FE%", and F&'"; and in Fig. 9 for F&" (He-like).
The other major higlZ impurity was molybdenum which has The germanium profiles are shown in Fig. 10 for?®e
been previous studied on FT8]. Ge&", and Gé®"; and in Fig. 11 for G&* (O-like), G&°",

The measurement of each spatial brightness profile reGe?®*, and G&’". The nickel profiles are shown in Fig. 12
quired 10—15 similar plasmas during which the spectromfor Ni'®* (Mg-like), Ni*"*, Ni?*", and N?°*; and in Fig. 13
eters were scanned spatially on a shot to shot basis. Samgter Ni'®* (F-like), Ni?®*, Ni?'", Ni??*, and Nf3*. The error
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TABLE Ill. Ge lines of interest in FTU Tokamak LBO experiments.

lonization state  Isoelectronic sequence  Wavelength (A) Transition
Gest F-like 65.90 1622522p°-152252p°8 (?P3-2Sy))
Ge+t O-like 68.61 B225%2p*-15?252p® (3P,-2P;)
Ges* C-like 70.67 K?25%2p2-1s22s2p® (°P;-3S))
G+t O-like 75.21 B225%2p*-15?252p® (3Py-2P;)
Gt O-like 75.51 B225%2p*-152252p® (3P,-°P,)
Ges* N-like 78.56 15%25%2p3-152252p* (*Sy/-*P1j)
Gest N-like 78.70 15%25%2p3-152252p* (2D 4/-°Dp)
Gest N-like 79.64 15%25%2p3-152252p* (?Dg)-?Dyp)
Gest N-like 80.08 15%2522p3-152252p* (S5, P2y
Gest C-like 81.4 15%25%2p2-152152252p2 (3P1-3Py)
Ges* C-like 83.21 B?25%2p?-15?2s2p® (*D,-'D,)
Ge™ B-like 83.5 15225%2p-15%252p? (?P1,-2Sy0)
Ges* C-like 85.12 B225%2p2-1522s2p® (°P,-°D,)
Ge™ B-like 90.64 1822522p-152252p? (2P1-2Dy)0)
Ges* N-like 92.18 15%25%2p3-152252p* (*Sy-*Ps)o)
Ge8t Be-like 92.7 K225-152252p (1Sy-1Py)
Get O-like 92.53 B225%2p*-152252p® (°P;-2P,)
Geot Li-like 122.6 15?25-1522p (%Sy,-2P3p)
Ge'3* K-like 122.82 253s?3p®3d-2p83s23p°3d? (?Dg/r-2F 7))
Ge®* Li-like 200.1 15%25-15%2p (2Sy-2P1)0)
Geor Mg-like 196.57 28352-2p®3s3p (1S,-1P;)
Gett Na-like 226.505 2°3s-2p®3p (2S,,,-2P3p)
Gett Na-like 261.52 D63s-2p83p (2S,-2P1)0)
G0t Mg-like 293.4 25352-2p%3s3p (1S,-°Py)

bars on the experimental points are the uncertainties on thiermed by atomic physicists and new detailed results which
absolute photometric calibration. The simulatiofimes) are mainly (but not only theoretical are quite frequently
with the different sets of atomic physics rates are discussepublished. It is then necessary to periodically review the lit-
in the following sections. erature and to assess the proposed rates for evaluating new
The anomalous impurity particle transport for ohmically charge state distributions. Both the assessed rates and the
heated plasmas was determined from the LBO’s and fronassessed fractional abundances are available to astrophysi-
visible bremsstrahlung emissid@9,30. The transport was cists. In the 1970s these “reference” evaluations were those
characterized by a diffusio and a convective velocity by Jordan31,32. In the 1980’s the published works are by
V(r)=—2SDr/a? The valueS, the peaking factor, is a di- Shull and Van Steenbef@3] and by AR85. AR92 is a criti-
mensionless multiplier of the convective velocity. A detailedcal review of the ionization and recombination rates for only
discussion of the transport analysis can be found for noifre. The new CSD’s were evaluated and compared with the
intrinsic Kr and Ar which were introduced into FTU plasmas corresponding older AR85 CSD’'s. Non-negligible differ-
for atomic physics studiels’]. The 7, from these injections ences were reported, as apparent in their Figs. 11 and 12.
was ~35 ms in ohmically heated plasmas. The particleRecently Mazzottaet al. did the same assessment as AR92
transport was determined to fe=5000 cnt/s with S=1.  for all the elements up to Ni. In their figures they compare
This method was an independent estimation of the particléheir CSDs with those proposed by AR85, AR92, and also
transport since it did not depend upon the measuremenfsr elements not considered by AR85, with those proposed
from the spectrometers. Therefore, the only unknown in théy Landini and Monsignori Fos$B4].
simulations was the set of atomic physics rates. Impurity behavior in MCF devices are simulated by nu-
merical modeling codes using some subset of the ionization
and recombination rates mentioned above. For our analysis
of reported FTU experimental data the multiple ionization
The calculation of the charge state distribution of variousstate transportmisT) [17] code was used. The original rates
ion stages of astrophysically abundant elements up to anith misT were those from AdPak from the late 1970’s. The
including Ni is often the first step in understanding the emis-electron impact ionization rates ADPAK included direct im-
sion from hot astrophysical plasmas. Moreover, the rate copact (DI) ionization computed using the formula of Lotz
efficients for collisional ionization and recombination re- [35], but not excitation-autoionizatioitA) rates. TheaxDPAK
quired for equilibrium calculations are crucial for the recombination processes included both radiative recombina-
nonequilibrium modeling. Calculations of these rates are pertion (RR) and dielectronic recombinatididR), the latter be-

Ill. ATOMIC PHYSICS MODEL AND RATES
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10 10 T modeled spatial brightness pro-
0 0 files of the Fé* (Mg-like),
35 35 Fet>*, F&?t, and F&" lines at

] 0.64 s during an LBO. Plotted are
192.017A Fe®* simulations using three sets of
J atomic physics rates-( -: AR92,
—: Mazzottaet al, - - -: ADPAK).

10" Brightness [ph/(s sr cm2)]

ol ) . AL BT s
10 15 20 25 30 0 5 10 15 20 25 30
Radius (cm) Radius (cm)

ing approximated by the formulas of Burgess and Mertzeach line was calculated for each radial magnetic flux surface
[36-38. of the circular FTU plasma. The flux surfaces used in the
The misT code and a collisional radiativeCR) model  misT were on a grid of 50 points betweera=0 to 1.1
were used to simulate the time evolution and spatial brightseparated equally in radius. These emissivities were summed
ness profiles of the LBO’s of Ge and Fe and the spatiabver the line of sight of the spectrometers to produce the
profiles of intrinsic Ni. This analysis determined the bestsynthetic brightness profiles for intrinsic nickel. The proce-
choice of the atomic physics rate compilatiomssT is a  dure was performed as a function of time for the Fe and Ge
one-dimensionalradial in cylindrical coordinatestime de-  LBOSs. A synthetic brightness profile was generated for each
pendent impurity transport code which treats the ionizationtompilation of ionization/recombination physics rates used
recombination physics and the trace impurity particle transfor comparison with experiment.
port simultaneously. Inputs into MIST were the
experimentally measured radial electron temperature profile
(Figs. 2 and B the electron density profile, the particle trans- IV. TIME HISTORIES AND SPATIAL PROFILES
port parameters, and the impurity concentration. The tran-
sient nature of the LBO’s of Fe and Ge required a time de-
pendent simulation of the impurity dynamics. A time As mentioned, the measured and simulated time evolu-
dependent temperature profile was used since the LB@ons of the several germanium charge states are presented in
slightly perturbed the edge temperature, and the core plasniédg. 4 during the LBO into FTU ohmically heated shot
was affected by saw teeth oscillations. Time independent6 805. The points are the experimental measurements of the
simulations were run for Ni since its concentration during theGe®" (Mg-like), G&**, and G&®" (Be-like: cor ioniza-
plasmas was constamiisT outputs the fractional abundance tion states. In this plasma the electron temperature was in-
of each ionization state in the plasma as a function of timesufficient to produce measurable quantities ofGe The
with a given set of ionization/recombination rates. Simula-germanium penetrated to the core very quickly within 5 ms.
tions were run with the compilations ebrak, Arnaud and  After reaching a maximum the brightnesses and the impurity
Raymond(AR92), Arnaud and RothenflugAR85), Mazzotta  concentration decayed exponentially for all the ionization
et al, and Mattioli (the extension of the Mazzotta rates for states. The lowest charge states which emitted from shells
Cu through Gg Since the compliation of AR85 included H near the edge peaked first and quickly decayed after entering
to Ni, the germanium simulations were preformed with onlythe plasma. The highest charge states which existed in the
ADPAK and Mattioli rate coefficients. core peaked much later. The temporal response of each
Collisional excitation rates and photodecay rates provided¢harge state was affected by both the ionization/
by HuLLAC and the CSD provided by theisT code were recombination physics and the particle transport. The emis-
incorporated into the CR model which determined the intension lines simulated with the Mattioli rates are plotted as
sities for each emission line of interest. The emissivity ofsolid lines and were in agreement with the experiment.

A. Time histories
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FIG. 8. Experimental and
. modeled spatial brightness pro-
files of the F&"" (F-like), Fe®",
Fel®", FE%, and Fé' lines at

J 0.64 s during an LBO. Plotted are
simulations using three sets of
J atomic physics rates- ( -: AR92,
—: Mazzottaet al, - - -: Adjusted

. rates.
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For Fe, the cordLi- and Be-like states are well simu-
lated quantitatively, but the simulations of the outer statesource, the spatial brightness profiles presented for iron and
(Na- and Mg-like are only in qualitative agreement. The germanium are taken during the decay phase of the impurity
simulated final decay of these states was correct in time an@dst after the peak of the highest charge stai@BO)=
in absolute magnitude, but the simulated initial inflow was 4+ 40 ms, t(plasma) 640 m4.

15 20 25 30
Radius (cm)

eliminate any problems with the particle inflow and the LBO

more intense and steep than that observed. The discrepancy
is thought to result from the choice of boundary conditions
and the impurity source at the very edge of the plasma. The

B. Iron profiles

source is considered to be a delta function in all these simu- The spatial brightness profile sir_nulationls are compared to
lations, since no measurement was available. The corrdhe experimentally measured points for*¥e (Mg-like),

sponding Ge charge states existed farther from the edge n Fi ~e
the plasma and are much less affected than those of Fe. Te'®", F&°", and Fé** in Fig. 8; and for F&" (He-like) in

Intensity (arb. units)
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2 § Il
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&et®", F€2t and F&%" in Fig. 7; for Fé’" (F-like), Fe®",

Fig. 9. These profiles were obtained during FTU shots
16 771-16 792. All the simulations in Fig. 7 are normalized
to the Li/Be-like charge states. Each simulation in Fig. 8 is
normalized to the maximum experimental point for each
emission line. In Fig. 9 the units are in arbitrary units be-
cause an unresolvable calibration discrepancy exists between
the x-ray and the VUV spectrometers. The difference is
roughly two orders of magnitiude. Only a qualitative agree-
ment is possible for F&".

The simulated brightness profiles with the Mazz@ital.
(solid lines and AR92(dotted lineg rates agree very well
with the measured points for the five charge state¥'Fe
(Mg-like), Fe*", F&?t, F&*", and F&*". Even though the
simulations with the AR92 and Mazzotéd al. rates slightly
overestimate the absolute magnitude of the emission for the
Na- and Mg-like states, the position of the emitting peak is

FIG. 9. Experimental and modeled spatial brightness profiles oforrectly modeled. The AR92 and Mazzoégal. rates yield
the Fé*" line at 0.64 s during an LBO. Plotted are simulations very similar results, which are much better than those using

using three sets of atomic physics rates-( AR92, —: Mazzotta
et al, - - -1 ADPAK).

the ADPAK physics rategdashed lines Not only do theabp-
PAK rates fail to predict the absolute magnitude of the emis-
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- Plotted are simulations using two
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AN
50 .~ \ 226.505A Ge™" 1

10" Brightness [ph/(s sr cm2)]

\\
1] U I . W WP

10 15 20 25 30 0 5 10 15 20 25 30
Radius (cm) Radius (cm)

sion of the Na- and Mg-like states, but cannot accuratelyperature sensitivity in this region. The magnitude of the
simulate the radial positiottemperaturgof these emission brightness is a function of the collisional excitation and the
peaks. ionization/ recombination rates. To clearly show the discrep-
The F-like to B-like charge states in Fig. 8 are not well ancies in the shape of the simulations in Fig. 8, each was
simulated by any of the atomic physics compilations. Bothnormalized to the maximum experimental value of each
the magnitude and the spatial location of each line brightnessmission line. The absolute magnitude of the measurement
are incorrectly simulated. The position of each emission feawas a factor of 30% higher than the simulation fofFeand
ture is most important since it is a direct measure of theincreased to a factor of 4 for Fé-’*. The simulated profile
ionization/ recombination rates for then=0 line bright-  for the F&'" is at a slightly larger radiudower temperatune
ness. TheAn=0 emission lines do not have significant tem- than that observed. This is a consistent trend throughout the

1217 T T T T T

5F 75.2A Ge** .
10 85.12A Ge**

) FIG. 11. Experimental and
modeled spatial brightness pro-
files of the G&** (O-like), GE>",

10" Brightness [ph/(s sr cmz)]
=

4 . Ge&®", and G&™* lines. Plotted
10l 0064A Ge?" 1 are simulations using three sets of
) © 2 ) atomic physics rate6—: Mattioli,

0 - - -1 ADPAK, - - -: adjusted rates

1 2
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et 0 . RO A
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T Nil"", Ni%*", and N lines for
intrinsic nickel. Plotted are simu-
L 165.42A Ni®+ lations using three sets of atomic
physics rates (--: AR85, —:
Mazzottaet al, - - -: ADPAK).
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entire L shell. The discrepancy increases with charge stateharge state could not be measured in these experiments due
and is most significant for E& . Therefore, the shell of the to the poor response of the spectrometers in the 10 A range.
Ne-like charge state should be much broader spatially and The level of inadequacy of the atomic physics rates was
higher in temperature than would be predicted by these rategvestigated by adjusting the DR rates f¢#-like) Fe'’*
Unfortunately, this cannot be confirmed because the Ne-like-Fe!®" to (B-like) FEé1" —Fe&°" in the simulations. Agree-

ok ] 94.50A Ni'*
- 1- R Y 111.9A N

FIG. 13. Experimental and
- modeled spatial brightness pro-
files of the N°* (F-like), Ni%°*,
Ni?%* Ni%%*, and Nf** lines for
intrinsic nickel. Plotted are simu-
lations using three sets of atomic
physics rates «(--: AR85, —:
Mazzotta et al, - - -: adjusted
rates.

88.8A Ni®*

104.64A Ni®*+
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TABLE IV. Experimental and simulated line ratios for Li and Be-like Ge during ECRH heated plasmas
with T¢(0) of 6.5 keV.

Emission line Experimeritph/(s sr crd)]  Mattioli [ph/(s sr cmd)]  ADPAK [ph/(s sr cr)]
Geo 1226 A 5.00 4.89 5.25
Ge® 92,7 A 10.73 10.42 10.59
Ratio 0.47 0.47 0.50

ment with the shape of the experimental profiles was onlycies in the transport or the temperature profile cannot ex-
possible when these DR rates were multiplied by a factor oplain.

2 as shown by the dashed lines in Fig. 8. With the altered DR

rates, the simulated brightnesses of the B- and C-like states C. Germanium profiles

were changed by less than 20%. The simulated brightnesses The spatial brightness profile simulations are compared to
of the N, O, and F-like states increased by factor of 1.5to 2, expgrimentaﬁ]y measﬂred points for 2&e (Mg-likpe)
Using the adjusted rates, it is possible to simulate the shap@eZH and G&® in Fig. 10 and G&' (O-like) Ge25+,
of the experimental profiles but not the brightesses. G ' ' ' y

. . €5 and G&’" in Fig. 11. These profiles were obtained
The problem with the rates was thought to be with the I?Rduring FTU shots 16 805-16 821. The simulations used the
rates and not the RR or ionization rates. From the Ne-like

. . S . R . ratomic physics rates frombPAk and Mattioli. The simula-
ions, in the direction of increasing ionization, the ionization

. . tions in Fig. 11 have been normalized as describe above for
rates were all calculated with a Younger-like formm] SO ' Fe. The results are very similar for those of iron. RDPAK
that significant changes were not expected for ne|ghborlngates are in general a poor choice for simulating Ge. The

lons. The DR rate calculations for each species have beet%tes from Mattioli can be used successfully to simulate the

treated with separate formulas, therefore, abrupt chang(ﬁa_, Mg-, and Be-like charge states. The simulations of the

were more likety. ThIS.|eV8.| of uncertainty in the atomic B- to O-like ionization states required an enhancement of the
physics rates for these ions is not unreasonable and has be

felevant DR rates from Mattioli by a factor ef2 in order to
Zies?:?et;)ér?é?/ergc’] but may not be the only reason for the get the agreement shown by the dotted lines in Fig. 11. As

Both the measured temperature profile and the particIW'th Fe, the shape of the emission feature is correct but not

transport could also affect the simulated profiles of the F- toﬁqe absolute magnitude. The F-like charge is not shown since
B-Iikepchar e states. Their effect on the Simulations was in!t was not within the measurement range of the spectrometers
g ) during these experiments.

vestigated to eliminate them as possible causes of the dis- The final experiment investigated the ratio of the Li-like

crepancy. The central electron temperature was reduced to a1 X
1.4 keV. With this temperature, the simulations using thehne at122.6 A to the Be-like line at 92.7 A. As previously

. stated, the temperature in the ohmic plasmas was insufficient
Mazzotta rates were able to correctly predict the shape of th{ao roduce sufficient Li-like ions. To obtain higher tempera-
F- to B-like charge states. However, a 1.4 keV central tem- P y 9 P

erature is unrealistic since the error bar on the TSC me fures the plasma was heated with auxiliary ECRH to produce
P . ; . .5 keV in the plasma core during shot 17902. Germanium
surement is less than 100 eV in the core. Also, the ratio o

the Li to Be-like emission lines were not correctly predicted.Was injected and the time histories were simulated wigr.

ST o . The results are listed in Table IV. As seen with iron, the
The Li-like line intensity is under predicted by a factor of _. ; ) .
. simulations with the Mattioli and theDPAK rates correctly
~2. Therefore, the temperature can be eliminated as a po

sible cause %'redicted the ratio of the Li to the Be charge states, but the

The particle transport has been measured to bé/lattioli rates give a slightly better agreement.
5000 cni/s in the core. An increase of the particle transport
in the outer half of the plasma would shift the F-like to
B-like ionization states to higher temperatures in the simula- The analysis of steady state, intrinsic nickel did not have
tions. The peaking fact@was increased from 1 to 10 in one the complexity of the time dependent LBO simulations. Un-
simulation(a) and the diffusion for/a>0.5 was increased fortunately, the first attempt to simulate the experimental
from 5000 to 100 000 in anothéb). With this increase in the profiles of Nt¢" (Mg-like), Nit"*, Ni?**, and Nf°" in Fig.
particle transport, the spatial positions of the F- to B-like12 did not have as good agreement as those for Fe. This
ionization states were correctly simulated. This level ofimplied that neither the AR85 nor Mazzotta rates adequately
transport is not consistent with the estimates on FTU. Fursimulated the experiment. The discrepancy was found to be
thermore, with either of these particle transpdtts or (b)],  in the transport used for the intrinsic impurities. To deter-
the simulations cannot not reproduce the spatial profiles ofine the correct transport of intrinsic impurities, the Maz-
the Na- and Mg-like charges states. If this transport is correctotta atomic physics was assumed to be correct. The profiles
then the atomic physics for Na and Mg-like iron is incorrect.of Fe'*" (Mg-like), Fe*®*", Fe?", and F&%" for intrinsic
Therefore, the resulting conclusion is the same: A probleniron were measured after the iron LBO and modeled with the
exists with the atomic physics rates for some of the charg®lazzotta atomic physics. WitB=2.5, the simulations cor-
states of iron(most likely the F- to B-lik¢ which discrepan- rectly reproduced the Fe experimental profiles. The nickel

D. Nickel profiles
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profiles were simulated witls=2.5 and are shown in Fig. atomic physics rates used to determine the CSD. Ni was an
12. The profiles for the core charge states were correctlyntrinsic impurity. Both thel.- andM-shell spectrum of these
simulated by the rates of Mazzottd al. and ADPAK. The  elements have been measured by photometrically calibrated
simulations using the rates of AR85 under predicted Be-likespectrometers in the 1-1700 A region. The spatial bright-
ion by a factor of 2ADPAK rates did not predict the magni- ness profiles of specific emission lines have been obtained in
tude nor the spatial position for the Na- and Mg-like statesg set of similar ohmically heated plasmas. TheT impurity

Both thg AR8S5 gnd Mazzottet al. rates correctly predicted transport code simulated the spatial brightness profiles with
the spatial positions. However, only the Mazzotta rates propgiferent sets of atomic physics rates. The atomic physics
erly predicted the magnitude of the Mg-like ionization state,4ias chosen for this work included the compliations\of

and over predicted the Na-like ionization state b@. The PAK [13], Mazzottaet al. [1], ARS5 [2], AR92 [3], and
Na- and Mg-llke emission lines were weaker ﬁhan theyattioli [18], an extension of Mazzotta from Cu to Ge. The
equivalent lines during the LBO of Fe. Since the nickel Was) ;- tioli (for Ge), Mazzottaet al. (for Ni and Fe, and the

intrinsic, blending of one of the lines with another intrinsic .
X ! - ! .~ AR92 rates(for Fe) adequately simulated the Hée only),
impurity cannot be completely eliminated. Their absolute in E' Be-, Na-, and Mg-like ionization states. The F- to B-like

tensities were less certain and, thus, can partly explain thi tat Id not be simulated by th it
discrepancy. We conclude that the Mazzotta rates are the begtar9€ states could not be simulated by these compilations

choice for simulating the spatial profiles of these ionizationUniess the relevant DR rates were multiplied by a factor of 2.
states. The ADPAK rates could not be used to adequately predict any

The intermediate states Mt (F-like), Ni2°t, Nj2tt,  of charge states of Fe, Ge, or Ni.
Ni%?", and NP3* are shown in Fig. 13. The simulations have
been normalized as described above for Fe. The Mazzotta
et al.rates are a better choice, however, neither the AR85 nor ACKNOWLEDGMENTS
the Mazzottaet al. compilations properly simulated the spa- . .
tial positions. As Withpthe ironpsir%ulgtions, the Mazzgtta '!'he authors WOl.Jld like to thank the entire FTU staff for_
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