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Recent upgrades to CDX-U spherical torus diagnostics include two 10-channel AXUV diode arrays.
The multilayer mirrofMLM ) array measures thel50 O VI brightness profile in the poloidal plane
using the Mo/BC synthetic multilayer structures as dispersive elements. The foil filter array has a
tangential view and is equipped with interchangeable clear aperture, beryllium and titanium filters.
This allows measurements of radiated power, O VI or C V radial distributions, respectively. The O
VI and C V emissivity and the radiated power profiles are highly peaked. A Neoclassical impurity
accumulation mechanism is considered as an explanation. For radiated power measurements in the
T.<100 eV plasmas, photon energy dependent corrections must be used in order to account for
nonlinear AXUV sensitivity in the ranggp,,~20 eV. The arrays are also used for characterization

of resistive MHD phenomena, such as the low modes, saw-tooth oscillations and internal
reconnection events. Based on the successful operation of the diagnostics, a new ultra soft x-ray
multilayer mirror diode AXUV diode array monitoring the 34 A emissivity distribution of C VI will

be built and installed on the National Spherical Torus Experiment200©1 American Institute of
Physics. [DOI: 10.1063/1.1323254

I. INTRODUCTION and another is used for radiated power measurements and
soft x-ray and extreme ultravioléXUV) plasma imaging.
Multi-channel x-ray or vacuum ultravioléyUV) diag-  We point out that utilization of AXUV diodes as radiometers
nostics are commonly used on most high temperature fusiofor plasmas with electron temperatuiirg< 100 eV, typical of
plasma deviceén particular, tokamaKksfor plasma imaging, the edge or divertor plasmas in large tokamaks, may lead to
impurity transport and magneto-hydrodynarti¢HD) insta-  underestimating the radiated power. A significant fraction of
bility studies. Recent progress in silicon semiconductor deradiated power in such plasmas is due to line emission of
tector technology stimulated the development of absolute Sbwer charge states of lo® impurities, in the spectral range
photodiodes. These detectors, hereforth referred to asb<Eyp,=15 eV. The AXUV diodes sensitivity is variable in
AXUV diodes, have linear response in a wide dynamicthis range(Fig. 1). Thus, photon energy dependent correc-
range, an average 0.25 A/W sensitivity for photons in thetions must be applied to recover the true radiated power.
energy range % Eyo=7000 eV and the time response on ~ CDX-U is a small spherical torusR=0.35 m,a=0.22
the order of 1us. They are also insensitive to neutral par-m, By=0.23 T) with the following typical plasma param-
ticles. These properties make them very attractive for obseters: Te=<100 eV, n=2x10" cm 3, and the discharge
vations of MHD oscillations, radiated power measurementdlat-top of about 5 ms. The research has recently focused on
and imaging of fast radiative phenométtan this paper, we
demonstrate how low-cost AXUV diode arrays can be effec-
tively used in a small scale plasma experiment for radiated 10000
power and impurity density profile measurements, from 0.35F" ' ' '
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a) CDX-U vacuum © ! stainless steel chamber. Each channel represents a miniature
vessel (side view) MLM monochromator, which consists of a dispersive ele-

I /éi ment — the MLM — in a rotatable holder and an AXUV

5 - diode (Sec. 110Q. A 5 kA Be foil filter, mounted on the

central aperture of 1.375 cril.0 cm, is used to block the

visible, UV and VUV radiation. Constructive interference of

a synthetic multilayer structure is described by the Bragg

equationn\ = 2d sin 4, whered is the layer thicknessf is

the angle of incidence, amiis the spectral order used. The

A150 O VI resonant line (22S—3p 2P) is chosen because it

Muttilayer mirror LU S ! g A i )
AXUV array is bright and isolated. The Mo/8& mirrors from Ovonics,
L ' L_| ! Inc. with 2d=187.4 A and the number of layeN= 75 are

used. The MLM properties determine the monochromator
spectral resolutions/AN=nN. For the Mo/BC mirrors, the
b) CDX-U vacuum theoretical spectral bandpassia =2 A, whereas the mea-
Filter ) ey e (fop viow) sured spectral bandpass is about ¥Ahe mirrors were cut
v < from one wafer. The measured wafer reflectivityRis-0.27
e , = ,\ atA=150 A, andR=0.20 in the range 90-180 R.Due to
Te kR 7 surface quality and layer thickness variations across the wa-
fer, the reflectivity variation from mirror to mirror is conser-
- vatively estimated to be up to 5%. Optical alignment of the
6—26 mirror-detector geometry was performed with a HeNe
laser for each monochromator. The angleorresponding to
the wavelength\ 150 was calculated using the measured 2
value: 1=180.8+4.9 A® The ¢ value is 56.1%2.6°,
which corresponds tAA=4 A. The angles were set using a
FIG. 2. Layout and placement of the multilayer mirfar and the foil filter a3 5yaple mechanical rotation stage, with the estimated ac-
and radiometetb) AXUV diode arrays. Also shown are the simulated lines .
of sight and magnetic flux surfaces. curacy of £1°. The etendue of each monochromator is 8
X 10~ 4 cn? sr. The wavelength range accepted by the colli-
mator is\=150.1-1.2 A.
spherical tori (ST) physics, high harmonic fast wave Invoking the assumption that impurity ions are distrib-
(HHFW) plasma heating, electron Bernstein wal@BW)  uted uniformly over the magnetic flux surfaces, the D-shaped
detection and impurity transpoft!! Electron temperature in poloidal cross-section flux contours are approximated by el-
CDX-U is measured by a multipoint Thomson scatteringliptic contours, which are not necessarily concentric in the
system? Electron density is measured by a microwavevertical or horizontal direction.By means of the linear
interferometeft®> A triple Langmuir probe is used for the transformations described in Refs. 17 and 18, the ellipses are
edgeT, and n, measurements. Other diagnostics include dransformed into the circular coordinate system, and the line
Rogowski coil, Mirnov pickup coif¥ and an EBW radiom- integrated brightnesséisradianceg measured by each MLM
eter for T, measurementS. Spectroscopic diagnostics com- array channel are corrected accordingly. W50 O VI line
prises an extensive set of various soft x-f&XR), vacuum  emissivity profile is obtained by the Abel inversion.
ultraviolet (VUV) and visible instruments: Major intrinsic A 1 m grazing incidence extreme ultraviol€KUV)
impurities in CDX-U are carbon and oxygen. The spectrosspace and time resolving spectromei®8TRS with a radial
copy monitors C V and O VI brightness profiles, character-mid-plane line of sight is used to ascertain the spectral purity
istic of the plasma corer(a<0.3), and C lll, CIV,and O Il  of the emission within the MLM bandpass\, and within
lines from the plasma periphery. Of interest to further dis-the filter transmission bandpass of the foil filter array. At
cussion, a 30-channel foil filter Si surface barrier diodepresent, the spectrometer is equipped with a gold coated
(SBD) array*'* equipped with interchangeable 3 kA foil Ti 2400 lines/mm grating and a photometrically uncalibrated
or a 5 kA foil Be filters, is used for imaging of predomi- detector, consisting of a chevron micro-channel p{&t€P),
nantly C V and O VI emission in the poloidal plane. P20 phosphor and a Princeton Instruments MicroMax CCD
Throughout the paper, the units of A are used for wavecamera, mechanically shuttered for 10 ms of the discharge.
lengths, and emissivities are expressed in photon units unle§hown in Fig. 3 are the impurity XUV spectra from a stan-

Foll filter
AXUV array

noted otherwise. dard dischargéa) and a titanium contaminated dischasgg
Titanium gettering is used between discharges on CDX-U
Il. AXUV DIODE ARRAYS ON CDX-U for intrinsic impurity content reduction. Also shown is the

MLM reflectivity bandpass.
A. Multilayer mirror array

The 10-channel multilayer mirrofMLM) array is B. Foil filter and radiometer array

mounted on the CDX-U mid-plan€’ §ort [Fig. 2(a)]. The The schematic of the 10-channel foil filter and radiom-
array is enclosed in a custom welded ultra high vacuuneter (FFR) array with a tangential mid-plane view of the
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FIG. 3. Impurity spectra recorded by the STRS grazing incidence spectrom-

eter. Shown by the dashed line is the bandpass of the MLM array. The G, 5. The emissivity of the 150 O VI line. Two internal reconnection

bright unlabeled lines belong to Ti VI-Ti ViIl. events occur at=22 ms and=23 ms. Side panels show time histories of
two central channels and an example of a fitted profile measured at
=21.8 ms. Same discharge as in Fig. 6.

plasma is shown in Fig. 2b). The array is enclosed in a C. Detectors, amplifiers, data acquisition
modified four inch stainless steel tube. The problem of light The photodiodes AXUV-SP2 from International Radia-

reflection inside the chamber was not specifically addresse(ii.On Detectors are used. The diode area exposed to radiation

The tests W'th a 500 W tur_]gsten lamp demonstratec_i thaﬁs about 1 crd. Each photodiode is enclosed in a Faraday
internal reflections may contribute less than 3% of the signal. : . .

. ) . cage holder with a 4@m diameter Ni mesh on the front for
The array operates in two modes: the radiated power mea-

surement mode, with a clear aperture of 0.65 &®.0 cm prote.ct.|o-n from high frequency eIectromagnetlc p'.Ckl.Jp'
. . Semi-rigid coaxial cable with SMA connectors is used inside
between the diodes and the plasma, and the filtered mod o .
. e . : e vacuum. Amplifiers are attached directly on the
with a 3 kA Tifilter or a 5 kA Be filter. The calculated filter <
T I T : . feedthroughs on the air side of the vacuum chamber.
transmissiolt is given in Fig. 4. The Ti and Be filters are Custom-built DC-coupled 120 kHz 1Gyain amplifiers, bi
used to transmit predominantly thé 4 C V emission and P P '

the O VI XUV line emission, respectively. The etendue of Zfrig i(_e?qu\i/épaerg vl:/istﬁds\(,)w;{(thzhzcléﬂ tﬁ,;g:yér:gﬁﬁféorgﬂter
each channel is X102 cn rad. j .

Data inversion is performed using an algebraic inversiorP!ncled signals are digitized by the CAMAC 8210 LeCroy

algorithm, assuming toroidal symmetry of the shells withfjlgltlzers at 250 kHz and recorded to disk via a GPIB-

equal emissivity. Théth chord-integrated brightnessradi- interfaced computer running LabView software.
ance B; is given byB;=ZX¢l;;, whereg; is thejth shell
emissivity, l;; is the length of théth chord in thejth shell
and is determined from geometrical consideratidfig. 2). A. Impurity profile measurements
The inverted emissivity is given by,:EiIi]lBi, and the
inverse length matri>ki‘jl is calculated only once.

IlI. PERFORMANCE ON CDX-U SPHERICAL TOKAMAK

Spectrally filtered AXUV diodes are especially useful
for soft x-ray and XUV absolute brightness measurements.
Figures 5 and 6 show inverted emissivity profiles of O VI
and C V, respectively. The emissivity profiles are modeled
using the collisional-radiative code CRMLIN and the 1D im-

' ‘ ' : ] purity transport code MIST’ The measured, andn, pro-

] files (Sec. ) are used as inputs. The modefthgemonstrates
1 that diffusion coefficients in the range 2000-5000°fsvand
. a large inward convection velocity is necessary to reproduce
] the measured profiles. Impurity concentrations andZhe
] profiles are also derived. After several months of continuous
] plasma operations and titanium gettering between dis-
charges, both carbon and oxygen central concentrations were
brought down to 1-2%. Thg. profiles are peaked, and in
the coreZgyy=1.7—2.

Filter transmission

100 ] -1'50 200 250 300 B. Plasma imaging and radiated power measurements
Photon wavelength (A)

The plasma emissivity profile for a typical CDX-U dis-
FIG. 4. Calculated transmission of the 5 kA Be filter and 3 kA Ti filter. charge is shown in Fig. 7. The AXUV diode sensitivity of
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FIG. 8. (a) O VI spectrally resolved radiative power loss coefficiegy, ,
(b) calculated diode responsg using average sensitivitg=0.26 A/W
(curve 1 and the spectrally resolved accounting wéth(curve 2.

e

FIG. 6. Soft x-ray emissivitymostlyA41 C V) obtained from the FFR array
with a Ti filter. Side panels show time histories of two central channels and . o .
an example of a fitted profile measuredtat21.8 ms. Two internal recon-  Which shifts the coronal equilibrium cooling curves towards

nection events occur at=22 ms and=23 ms. higher temperatures. In CDX-U, measurements of several
extreme and far ultraviolet impurity lines allow us to do full

) o power accounting. The fraction of radiated power in CDX-U
0.25 A/W is used for absolute power calibration. However,g typically 10-20% of the ohmic input power. The input

the application of AXUV diodes as bolometdradiometers o er is estimated to be 60—120 kW either using the Spitzer
is justified only for plasma radiation witkpn,==200 €V.  expression for plasma resistivity for the CDX-U range of
Thls is demonstrated in Fig. 8. Major core |mpur|ty radlatorszeﬁ, I, andT, or from the measuret}, andV/q,,. The foil

in CDX-U are O VI and C V. Whereas C V radiates pre- fjjter array also proved to be very useful for plasma dynamics
dom'na_nt'y in the XUV range, the major fraction of O VI gpservations. In Fig. 7, the discharge breakdowh~at ms

line radiated power is in the far ultraviolet range, due to the;ng plasma position are clearly seen. A local emissivity peak
A1034 line. The AXUV diode sensitivity at1034 is=0.127  4tt~7 ms andR=0.34 m is due to the C IV emission. Later
AIW. Thus, the diode responsgn units of current per i, the discharge, C IV burns through and only O VI and C V
plasma electron per photbm=Lgy, X € is overestimated. 5. present in the core.

Here Loy, is radiative power loss coefficient in units of

Wem® and e=0.25 A/W is average diode sensitivity. The ¢ MHD instabilities in CDX-U

corrected response.,,=2,L, X €, is about a factor of 2 o o )

smaller, and the true radiated power is about a factor of 2 !mpurity line emission has l_:)eens previously used on
greater. Spectrally resolved power and AXUV sensitivity CDX-U for MHD mode |dent|f|_cat|orf‘.‘ The MHD modes
corrected cooling curve calculations are underway for lowoPserved presently in CDX-U include the saw-tooth oscilla-
and mediuniZ elements for differenn,r parameters, where tions, low n, m modes and internal reconnection events
ne is electron temperature andis ion residence time. The (IRES. The saw-tooth period iss=300 us, and the inver-
n.7 parameter is used to account for impurity transportSion radius is about 4 cm. These parameter_s are inferred from
both the radiated power and the C V profiles, measured by
the SBD array. Transfer of the absolute calibration from the
FFR array to the SBD array will allos T, estimates in the
saw-tooth crashes. The lomy m modes are frequently ob-
served in CDX-U discharges prior to the IRE. The spectro-
scopic signatures of the IRE are emissivity collaffSig. 6),

due to plasma pressure collapse, and rapid expulsion of
plasma from the core, which results in emissivity spreading
(e.g., Fig. 7. The observed MHD instabilities do not affect
the measured impurity profiles and the derived transport pa-
rameters.

v
0

il o)

»
Q

D. Discussion

Impurity accumulation has been previously observed in
W s CDX-U and attributed to the neoclassical impurity accumu-
oot ¥ . . a6 L "

lation instability? The two main impurities, carbon and oxy-
FIG. 7. Plasma emissivity of a typical CDX-U discharge. An internal re- 9€N, are in the Pf"'S'Ch_S'CmUter regime in CDX-'U, W'Fh
connection event occurs &t 13 ms. fairly high concentrations in the core. Enhanced impurity

NN
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