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We develop an integrated instrumental and computational package for the diagnosis of impurity
content,Z.4 profile, particle transport, and magnetohydrodynamics activity in magnetic fusion
experiment plasmas. The package includes broadband filtered arrays of ab@oKu/ )
photodiodes, a transmission grating imaging spectrometer measuring up to 20 chords across the
discharge and having a few angstrom spectral resolution, together with an atomic physics database
coupled with an impurity transport code. The atomic physics database is basel witio
computations with the Hebrew University Lawrence Livermore atomic code. The package is
designed for the diagnostic of sub-keV plasmas having predominantly lompurities (C, B, and

0) together with trace metals. A preliminary version is being tested on the National Spherical Torus
Experiment spherical torus at the Princeton Plasma Physics Laboratory, using the ultrasoft x-ray
imaging system and a grazing incidence spectrometer. Representative results from non-H-mode
discharges are presented. ZD03 American Institute of Physic§DOI: 10.1063/1.1538327

I. INTRODUCTION (NSTX) plasma (T¢)~0.6 keV) is illustrated in Fig. 1,

. . howing that strong loviZ impurity lines and continua can
r ic m rements in thd—2 A ran showir . : )
Spectroscopic measurements in thd—-2000 ange mix with faint but numerous lines emitted by trateshell

led with mic physics and particle transport computa- o
coupled with atomic physics and particle transport co putametaIIIC ions.

ti I i tant role i ing the i it - . .
lons played an important role in assessing the impurity be The Johns Hopkins Plasma Spectroscopy Group is de-

havior in the early magnetic fusion energyMFE) lobi int ted inst tal and tational K
experiments. With the advent of beam heated large toka- /€'OPING an Integrated instrumental and computational pack=
age for impurity diagnostic in this type of plasmas. The

maks using lowZ wall materials, Charge exchange recombi- . .
package is based on simultaneous measurements of the

nation spectroscopyCHERS has largely replaced “pas- . e .
sive” spectroscopy in this task. A simple measurement of theUSXR emission with filtered photodiode arrays and a trans-

effective impurity charge4y) using the visible or infrared mission grat!ng 'maging spectrometerj coupled with atOT“'C
continuum is also possible in these devikes. physics and impurity transport calculations. At the same time

The recent emergence of smaller scale experiments e%yith the impurity measurements, the fast photodiode re-

ploring fusion concepts alternate to the conventional toka>PONse enables imaging of magnetohydrodynarttitiiD)

mak (e.g., the spherical tordsor the “electric Tokamak™) perturbations. Similar techniques have been applied in large

has, however, renewed the need to characterize impurities ﬁ?k‘f"m.a"ﬁ using the less complex soft x-(8XR, ~1-10 A
sub-keV temperature plasmas without relying on neutraFm'SSS'o?' Il of th ticl . the inst tati
beams. Even in experiments where CHERS is available, the ection 11 of the article summarizes the instrumentation

potential for large poloidal asymmetries in the impurity dis- ![?cr:u?id Iin tr\:vehi?a(t:rl:a%;er{ ISectlsinnlll rdescr;rtlbesx 't; clorrr1putz|at—
tribution makes desirable a complementary impurity onai basis, € the final Section presents example results

diagnostice Finally, the visible continuunZ s measurement °Ptained using the USXR system developed by our group for

is also difficult in these experiments, due to the possibléthe National Spherical Torus Experimént.
contamination of the spectral window of interest with lines

from incompletely stripped impurities. Il. INSTRUMENTATION PACKAGE
The spectrum emitted by these colder plasmas extends
from the ultrasoft x ray$USXR, ~10—300 A to the vacuum The main tool in the diagnostic package is a set of ab-

ultraviolet and is often more complex than that of large hotsolute (AXUV) photodiode arrays filtered wittK- and
tokamaks. A synthetic USXR spectrum computed for a typi-L-shell bandpass filters and viewing a poloidal cross section
cal beam heated National Spherical Torus Experimenef the plasma, as shown in Fig.'ZThe arrays can measure
with good spatial and temporal resolutiga few cm and
“Electronic mail: stutman@pppl.gov severalus), but low-energy resolutiothundreds of ey, the

bpermanent address Racah Institute of Physics, Hebrew University, Jerus@Psolute intensity of the line and continuum emi_ssion in a
lem 91904. few spectral ranges. The use of absolute photodiodes offers
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FIG. 1. Synthetic line-of-sight spectrum of NSTX beam heated dischargdinuum, and the core metal emission. This technique can also
((Te)~0.6 keV) computed with the model in Sec. Il and assuming 1.5% C,be used to separate peripheral and core charge states of in-
0.25% O, anq 0.02% Fe !mpurity. Overlaid is the transmission of the f”tersjected impurities in perturbative transport experimé?nts.
used for multicolor impurity measurements on NSTX. Ideally, one would use tomographic techniques to obtain
the two-dimensiona{2D) emissivity in each spectral range.
the advantage of a uniform spectral response in the USXRhe angular coverage in the “multicolor” configuration is,
range’ With an approximate knowledge of the emissionhowever, limited. To invert the USXR data we assume in-
spectrum, measurements of the total radiated power in thetead that the emissivity is a flux surface function and fit it
range~0.01—-10 keV are also possible with the arrlys. using the up/down profiles measured with the horizontal ar-
For impurity diagnostic the arrays are operated in arays and the magnetic reconstruction. This procedure was
“multicolor” configuration in which each array is differently validated through an assessment of the poloidal asymmetries,
filtered. The rationale behind this technique is illustrated alson which we operated the USXR system with identical filters
in Fig. 1, where the transmission of Oi@n Ti, 10 um Be, on each array and measured the poloidal variation in the
and 100um Be foils is overlaid with the synthetic sub-keV emissivity
spectrum. As seen, the filters allow roughly discriminating
between the peripheral C line emission, the core C con-

e(r,6)=[2 car"[[1+cgsin(f)+c.cog6)]. D

The measured asymmetry coefficienfsandc, indicate that
the up/down asymmetry is negligible in non-H-mode dis-
charges(Fig. 3), thus enabling the above inversion tech-
nique. The inversion of the USXR data in H-mode dis-
charges is less accurate, due to somewhat larger up/down
asymmetries and also to the limited spatial resolution of the
USXR system.

The second component in the instrumentation package is
a novel imaging USXR spectrometer, based on a normal in-
cidence transmission grating coupled to the 2D detector. The
principle of the instrument is illustrated in Fig. 4, while de-
tails and prototype tests are described in Ref. 10. The spec-
trometer can simultaneously measure the brightness profile
of all spectral lines in the=10—300 A range, with=a/20
spatial resolution(a, device minor radius several ms time
resolution, and up te=3 A spectral resolutiofwhen using a
10000 I/mm grating The space—time resolved electron and
beam excited spectra are then used in the package to con-
strain the modeling of the USXR array data, in particular, the
relative impurity fractions. For example, the relative inten-
FIG. 2. Layout of the USXR arrays on NSTX in the multicolor configura- sity of the H,, transitions fro.m lowzZ _|mpur|t|es (e.g., Cvi .
tion used for impurity diagnostic. A fourth array measures at a different182 A vs Oviii 102 A) provides a simple measure of their
toroidal location. fractional concentration in beam heated discharges.
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FIG. 4. Conceptual schematic of the imaging transmission grating spec- Radiative coefficient (nA/cm /Ionlelectron)

trometer. The narrow fan of rays defined by the entrance and imaging slits is P
dispersed by a high-resolution transmission grating onto a two-dimensional 6.071¢

USXR detector. B'O,‘m__m
~18
4.0%10
11l. COMPUTATIONAL PACKAGE b) 1018
3.0%
At the core of the computational package is an atomic z_ox1°’1s
database generated using the Hebrew University Lawrence 1.o,<1o’1s
Livermore atomic codéHULLAC) suite of codes! HUL- al
LAC can compute in a relativistic approximation the energy iy .
levels, radiative transition probabilities, and collisional exci- T, (keV) e e
tation coefficients for all charge states of a given impurity, up -~ Charge state

tf) high principal quar}tum numbgfs/pically, n<5). loniza- FIG. 5. (8) Cu'®" spectral emissivity af,=0.9 keV, n,=10" cm~2 for
tion and recombination coefficients between charge statego Be filters. (b) Line emission radiative coefficient computed using
can also be generated. The HULLAC predictions have beeRAULLAC for Cu*®* to Ci?®* (diode current units are used in our model for
benchmarked in a series of experiments on large tokarfaks. Simplicity).

In our package, HULLAC is used to compute in the
collisional-radiative approximation the power emitted bytransport is varied through the diffusive and convective co-
each transition of a given charge state, for a range of electroefficients D and V, in order to reproduce the measured
temperatures between 50 eV and several keV. Tens of thoWJSXR profiles and calibrated high-resolution spectra. The
sands of transitions are involved in modeling the intermedisimulations can, therefore, estimate the transport coefficients
ate charge states of iron group metals, for example. The consimultaneously with producing the impurity profiles. In
puted power spectra are then convoluted with the filter andteady-state conditions, however, only the radial dependence
diode spectral response and integrated over energy. The ref the net particle flux(i.e., a function ofD/V) can be
sult is a set of line emission radiative coefficients for eachdetermined® Time-dependent simulations can nevertheless
filter and each charge state of all the impurities of interestestimate the magnitude of the transport coefficients, as illus-
An example is illustrated in Fig. 5 for Cu ions. A similar path trated below.
is used to compute continuum radiative coefficients, using
formulas developed in Ref. 13. IV. TEST RESULTS FROM NSTX

The charge state density for each impurity is computed o ) ]
using the one-dimensional multiple ionization state transporf™ Ntrinsic impurity content and profile
(MIST) impurity transport codé and the experimental elec- measurements
tron temperature and density profiles, mapped onto the mul- A test version of the above package has been applied for
tiple ionization state transpofMIST) space using the mag- a variety of measurements on the NSTX spherical torus at
netic flux surfaces. lonization, recombination, and chargePrincetor® The line-averaged electron temperature in beam
exchange with beam and thermal neutrals are currently conheated discharges in this device is in the 0.5-0.9 keV range.
puted using the models and atomic data in MIST. HULLAC Graphite plasma facing components, boronization, and high-
computed ionization/recombination data have also been inemperature bakeout are used in NSTX to limit the oxygen
vestigated for a few elements. and metal impurity content.

The emissivity is then obtained by multiplying the radia- To determine the relative impurity fractions and con-
tive coefficient at the local electron temperature with the im-strain the modeling of the array data in the test version of the
purity charge state density and electron density and by mappackage, we used a photometrically calibrated grazing inci-
ping back on the flux surfaces. Finally, the cross-fielddence USXR spectrometer viewing along a central chord
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NBI H-mode
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included in the USXR computation. 0 e ; — ez
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across the heating beafhA prototype multichordal trans- R (m)
mission grating spectrometer is currently being tested on
NSTX (see Ref. 10 for first results FIG. 7. Estimated evolution of C profiles in 1 MA Ohmic and neutral beam

. injection heatedL- andH-mode3 NSTX plasma(Ohmic andL-mode data
An example result of modeling the whole USXR data Stheasured before the error field correction on NSTX.

is presented in Fig. 6, for a discharge having C, B, and O as
main impurities. The profiles measured by the USXR arrays
in thr_ee energy ranges and the line intensities measured by Our analysis shows there are two main sources of error
thg hlgh-resolutlon. spectrometer are well reproduced. In a%hen applying the two-color technique to the sub-keV plas-
dition, the Zey estimated from the USXR data COMPAres . as in discussion: spectral contamination by trace metals

fairly well with that deduced from near-infrared continuum and the variation in filter thickness with chord angle. Of

measurements. The USXR model does not account for th‘f?]ese our modeling indicates that the first one can be accu-
infout asymmetry. ' 9

Carbon profiles estimated through such computations fopately asses;ed. 'Ijhus,.as shown in Fig).8he presence of ,
Ohmic, L- and H-mode neutral beam heated discharges aré’ace metal impurities in a several hundred eV plasma sig-
illustrated in Fig. 7. The Ohmic profiles evidence impurity Nificantly increases the ratio between t&e-0.6 keV and
accumulation in the core, while thé-mode profiles indicate  E>1.4 keV signals(the “Be 10/Be 100" ratig, and thus
accumulation at the periphery. Themode profiles exhibit a leads to an underestimate of the true temperature. At the
“step” in the C density at midradius, first suggesting the Same time, however, bright resonance lines emittedviby
existence of a discontinuity in impurity transpdft. andL-shell metal ions from the plasma cdeeg., Mg-like Fe

at 284 A, or Na-like Fe at 335 Ashould appear in the
100-350 A spectral region. As illustrated by the calibrated
B. “Two-color” electron temperature estimates NSTX spectrum in Fig. &), it is then possible to assess the

The consistency between tfi, profiles measured by spectral purity of the two-color measurement down to very
laser scattering and the USXR profiles in different energ)JOW m_etal concentrations, by measuring the intensity of these
ranges has also been evaluated using the “multicolor” setuffansitions.
in F|g 2. The measurements were prompted by a possib|e More difficult to avoid is the error due to the Change in
discrepancy between the laser results and those obtained (fdter thickness. The computations in Fig. 9 show that for a
ing high-resolution x-ray spectroscopy. The USXR estimatdew hundred eV average temperature plasma this effect in-
obtained by simultaneously fitting the profiles in tfie duces a<8% systematic error in the Be 10/Be 100 ratio.
>0.6 keV and E>1.4keV energy ranges agrees within This, in turn, limits the overall accuracy of tfie estimate to
~15% with the laser measurements. the above-quoted value. In principle, however, this effect can
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FIG. 10. Time evolution of neon emission recorded with Be 10 and Be 100
filters during neon injection in beam heated discharges. The neon contribu-
tion is obtained by subtracting the background C emission from consecutive
reproducible discharge.

be partially accounted for through iterative calculations of
the spectrum.

C. Perturbative impurity transport measurements

As mentioned, estimating the absolute magnitude of the
transport coefficients requires time-dependgmrturbative
measurements. We performed such measurements at NSTX
by injecting brief neon puffs in beam heated discharges and
following its penetration with the USXR array system in the

FIG. 8. () Enhancement of the Be 10/Be 100 ratio and brightness of Mg-multicolor configuratior?. We chose neon because of its rela-
like Fe 284 A transition as a function of iron concentration in a typical tively low-Z and strong USXR emission. Since the dominant

NSTX Ohmic plasma (T¢)~0.25keV). (b) High-resolution spectrum

around the 284 and 335 A Mg- and Na-like Fe transitions.
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Ne charge states in the target plasma are fully stripped’Ne
in the core and He-, H-like N€* atr/a>0.5, we discrimi-
nated between their spectral sighatures>(1.4 keV recom-
bination continuum and~0.9-1.0 keV line emission, re-
spectively by using the Be 10/Be 100 filter combination.
Typical results are illustrated in Fig. 10, showing that a shell
of Né®®" jons quickly forms ar/a~0.6, but neither N&°*

nor Né* ions penetrate inside this radius over an extended
period of time. Modeling this effect with the above package
gives a diffusion coefficient in the neoclassical range, which
suggests a low level of turbulent ion transport in NSTX.

In conclusion, the tests of the impurity diagnostics pack-
age on NSTX show it can be a valuable tool for the study of
sub-keV plasma. Further developments of the package in-
clude extension of the collisional-radiative HULLAC data
for all impurities of interest and inclusion in the MIST code
of the HULLAC computed ionization/recombination data.
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