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A study of spatial structures of bremsstrahlung

continuum and Z,; based on visible spectroscopy in LHD
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R DES

The effective ion charge, Zes, has been measured from visible bremsstrahlung continuum.
The Z.s diagnostic system using a visible spectrometer has been newly designed and constructed
instead of an old interference filter system to eliminate line emissions from the signal and to
measure the Zes value in low-density plasmas.. An astigmatism-corrected Czerny-Turner-type
visible spectrometer coupled with a charge-coupled device (CCD) has been installed in LHD to
measure the visible bremsstrahlung continuum at 5300A. The system utilizes 44 optical fibers
vertical array for radial profile measurement. The spectrometer is equipped with an additional
toroidal mirror for further reduction of the astigmatism in addition to a flat and two spherical
mirrors and three gratings (120, 300, and 1200 grooves/mm) with 30cm focal length. The cir-
cular images from all the 44 optical fibers with the core diameter of 100pm can be detected
without astigmatism in the wavelength range of 2000A-9000A. Combination of the optical fi-
ber with a lens (focal length: 30mm) provides spatial resolution of 30mm at the plasma center.
A performance test clearly indicates an excellent focus image of the fiber suggesting the absence
of the cross-talk between adjacent fiber irhages. The diagnostic system has been absolutely ca-
librated using a standard tungsten lamp and an integrated sphere to analyze the visible
bremsstrahlung continuum quantitatively. ,

A full vertical profile has been observed from the elliptical plasmas of LHD at horizontally
elongated plasma cross section through the 44-fiber parallel array with vertical observation
length of ~Im. The line emissions can be entirely eliminated by use of the visible spectrometer
instead of the interference filter. However, a nonuniform bremsstrahlung emission profile,
which is originated in the thick ergodic layer surrounding the main plasma, has been
unfortunately observed for normal discharges (ne<10"em™) using H, gas puffing in all the
magnetic configurations of LHD. After analyzing the detailed structure of the nonuniform
bremsstrahlung, the lower half of the vertical bremsstrahlung emission profile is found to be free
of the Strong edge nonuniform bremsstrahlung emission in inwardly shifted maghetic -axis
configurations (Rx<3.60m). Then, the visible bremsstrahlung intensity is checked at the lower
half profile against the density. It is found that the Z¢s measurement is possible at low densities
of 2x10cm™, whereas the density threshold was 3-4x10"%cm™ when the interference filter was
used for the measurement. On the other hand, the nonuniform bremsstrahlung emission is
vanished in extremely high-density discharges (ne.>_1014cm'3)v maintained with solid Hj
multi-pellet injection because the plasma edge boundary at the outside of the ergodic layer is
shrunk and the lagfge poloidal nonuniformity in the edge density and/or temperature is removed
from the ergodic layer. As aresult, the profile analysis of the visible bremsstrahlung continuum
becomes possible for all the configurations in such high;density discharges with H pellets.

When the chord-integrated signal is converted into the local emissivity using Abel
inversion technique, the solution is very sensitive to the distortion of the magnetib surface
structure. The influence of the magnetic surface distortion based on the finite B effect is
examined as the error estimation in addition to the unclear edge plasma boundary due to the
presence of the ergodic layer. The analytical result indicates that the determination of the
normalized minor radius for each observation chord gives a larger influence on the Abel



inversion rather than the determination of the chord length. @ When the observed
chord-integrated bremsstrahlung intensity profile is flat, the resultant uncertainty seen in the
bremsstrahlung emissivity profile becomes large, in particular, at the plasma center. Therefore,
the Zes profile has to be checked by analyzing with density and temperature profiles, which are
measured from Thomson scattering diagnostics, in order to verify the diagnostic reliability.
The performance test of the present diagnostic system is quantitatively done using
neutral-beam-heated discharges with H, and C pellet ihjections, where the Zes values should be
principally close to 1 and 6, respectively. The result is Zeg=1.2 for the Hj pellet injection and
Zeg=7 for the carbon pellet injecﬁon. Taking into account helium and intrinsic impurity ions
existing in the plasmas, which are originated in the pressurized gas used for the pellet
acceleration and the plasma facing components, respectively, the values evidently proves the
validity of the present Z.s diagnostics.

Values of the Zeg quickly vary with densities in a range of 1=Z.4<4. In particular the Zesr
becomes large at lower density range of n.<5x10%cm? and at inwardly shifted magnetic axis
positions of Rix<3.60m. In LHD the effect of impurity screening is remarkably enhanced when
the density increases or the magnetic axis is shifted outwardly. This seems to be the reason for
the observed Zeg behavior. The Zs profiles are also analyzed for peaked, flat and hollow den-
sity profiles. A flat Zeg profile is generally obtained for all different density profiles. The
present experimental result indicates that the impurity partial pressure is radially constant to the

electron or ion pressure.

Visible bremsstrahlung emission profiles have been studied over a wide range of electron
densities in Hy gas-puff and solid Hj pellet fueled discharges. Peaked profiles are observed in
high-density discharges (n621014cm'3) with the pellet injection, whereas hollow profiles are ob-
served in the normal discharges (n.<10"cm™) with gas puffing. The total bremsstrahlung radi-
ation is analyzed from the visible bremsstrahlung profile by integrating the energy and plasma
volume. It is found that the total bremsstrahlung radiation quickly increases with the density in
the pellet discharges, of which the increment is. scaled by the square of density, while it is
roughly constant against the density in the gas-puff discharges. The total bremsstrahlung radia-
tion becomes equal to the total radiation loss in the pellet discharges. The ratio of the total
bremsstrahlung radiation to the total input power only ranges in 3-10% for the gas-puff dis-
charge. In contrast, the ratio increases with the density and reaches 30-40% for the pellet dis-
charge. Flat Zg profiles are observed not only in the gas-puff discharges as mentioned above
but also in the pellet discharges. It indicates that any impurity accumulation is not occurred in
the high-density operation using the H; pellet injection.

On the other hand, the rad1al profile measurement of Zes using v131b1e bremsstrahlung in
LHD has often encountered dlfﬁcultles, because the intensity profile is largely deformed by the
nonuniform visible bremsstrahlung emissions from the edge ergodic layer surrounding the core
plasma as mentioned above. For that purpose a space-resolved flat-field extreme ultraviolet
(EUV) spectrometer has been newly adopted to measure the Zeg profile using the EUV
bremsstrahlung continuum in the wavelength range of 70-75 A. The EUV bremsstrahlung in-
tensity profiles have been measured and checked for all the configurations in LHD. As a result,
it is found that the nonuniform bremsstrahlung emission from the thick ergodic layer is entirely



eliminated by use of the EUV emission because the EUV bremsstrahlung with such relatively
high photon energy of 170eV can not be emitted in the low-temperature region stch as the out-
side of the ergodic layer. The Zeg profile can be. successfully measured for most of discharges
regardless of magnetic field structures of the ergodic layer. The Zeg profiles measured in the
EUV range show a fairly good agreement with those measured in the visible range. . The present
result cleérly reveals that the use of the EUV bremsstrahlung continuum is an alternative way to
the Zesr measurement in toroidal plasmas with nonuniform bremsstrahlung emissions at the edge.
Typical results from the EUV bremsstrahlung measurement also shows a totally flat Zs profile
with error bars of £14%. The intensity of the EUV bremsstrahlung is four orders of magnitude
stronger than that of the visible bremsstrahlung. Therefore, it is expected that the Z.s mea-
surement based on the present alternative method becomes possible at further low-density ranges
such as 1-2x10"cm?.

In conclusion, the astigmatism-corrected Czerny-Tummer-type visible spectrometer has work
well for the bremsstrahlung continuum measurement showing good spatial resolution and high
sensitivity. The Zes profiles are analyzed in neutral-beam heated plasmas for different density
profiles and different density ranges after absolute calibration of the spectrometer.. The flat Zess
profile is observed for all different density profiles and different density ranges. It indicates
that the impurity partial pressure. is radially constant. The total bremsstrahlung radiation
becomes equal to the total radiation loss in high-density operation with Hy multi-pellets. The
Zeff measurement based on the EUV bremsstxl‘ahlung' continuum is newly demonstrated as the

alternative approach to eliminate the nonuniform bremsstrahlung emission from the ergodic

layer.
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BRMA 7S ARV TR EL EEBLT A2 L ERBREOMELM D LTHEI
EEARWEEELE-TVS. TOMELZRTRLOREREEL LTENERE (Zeff)
REZEINTVWER, Zeff IOV THMREMOTZHE L AR IAETHES LT
V. HESZEBHAERERRYZ FAMLKEANY I LEE (LHD) 0B 5 Zeff % B
BE) - ZZRMCHEMCEMT 32BN E LTHEEZEB LK.

LHD THERPOHT 74 =, FHT A VI —ROAEFHEE LRI EDEL I L
XD AMESRA B R SRR L TVER, BARY PAEBDORA, 77 A A—HO
EEREDERE, SVWHBBETE (4x1013cm3) &, £ OHB ELOREREH SN T
Wi, FrCHEERBRRARS NVOBARERTBEDTFET 4 L F —KELTRY K
BERAWAILERELL. SPABOESRERS 30cm L WOIREERIKTDHZ L THFER
PHEAL, P A NEEYRAT O I L CRESRBEREST I LICRIILE. F
o, THBICHAE CCD RHERFESERT 2L TEFBED SIN LERBIREKEL
o, LEDORSR, CCORMBEC U F X VIV RT 7 A N—BE2BECERTE, 77
AN—FDEERERENELBEVERSBELHEI VWHEERZRRFICE T 5 5HRIB O
FICHIY L. 5300AMEDHBIKN2FA L CRMARZHAMEES LI, SHUME
EREIEEEM (2x1018cm-3) ~ILE L.

FBESBECH TRHBENBRESTNL T — LV EROFHEICE S BARERE
SAERDBEDIL, —FPRICIIBASIAORIELEHEER LERESIES
WREBEMBELZRBLCEIMIERRE MR LER, FRECHE VRN R
ENfFEER. CORFTERARENT EABHUSNCEFRE - FESAEZERL K
MBI ERER Zeff EHOMEBIZ LMD THRIILE., TO/BR, —&87% LHD &
ECIRBESR, BESTRRECRBMEE (PR A7, by b)) OBWIC L BT Zeff
SERERMOC—EEERD I L 2ERL, FTHYUOSENZHMHIC—RITRFEIND Z
LEMDTRLE.

IORDEECHEZFRIER, —HOBERMCTIET T X< ERE» DO TR B R
NS IMOEEILR > TVWHIRREZRMRT 5D BIBELHRINRTD Zeff S
BT R TAS THE L, 170eV (734) 2\ ) EME W= R X — O HI B A 275 B
THZLTRECERWT I XA-AD»LORIBREOFEZHEL, £ToO LHD MER
(T Zeff HAHEZETHEIC L. BRS T A CREBEITRESIT XA — 08K E &
KRBHIEKELRDIOT, T CADNERECESESBONR L BARERAR LR
BT I T RSB NTE R D Zeff HHRIEERIFO TRIEENAREL 25.

UEOL S CHEZRHFLWRBICESS Zeff HFRECEZELITY, HAREEED
Zeff HAEBICRIIT B L #iZ, RAAMHSEREHMBII—BCRBESLB VI~ AL
PSR RO A EER O THLMC L. ThOOHRERERE YT A<ItB T
ARMPBEREOERICARESERTZLDOTHS. Lo TERIORFITHM (BE)
DEEZ+SET D LHE L.



