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Multilayer mirror and foil filter AXUV diode arrays on CDX-U
spherical torus
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Recent upgrades to CDX-U spherical torus diagnostics include two 10-channel AXUV diode arrays.
The multilayer mirror~MLM ! array measures thel150 O VI brightness profile in the poloidal plane
using the Mo/B4C 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
Te<100 eV plasmas, photon energy dependent corrections must be used in order to account for
nonlinear AXUV sensitivity in the rangeEphot<20 eV. The arrays are also used for characterization
of resistive MHD phenomena, such as the lowm 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 Å emissivity distribution of C VI will
be built and installed on the National Spherical Torus Experiment. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1323254#
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I. INTRODUCTION

Multi-channel x-ray or vacuum ultraviolet~VUV ! diag-
nostics are commonly used on most high temperature fu
plasma devices~in particular, tokamaks! for plasma imaging,
impurity transport and magneto-hydrodynamic~MHD! insta-
bility studies. Recent progress in silicon semiconductor
tector technology stimulated the development of absolute
photodiodes.1 These detectors, hereforth referred to
AXUV diodes, have linear response in a wide dynam
range, an average 0.25 A/W sensitivity for photons in
energy range 1<Ephot<7000 eV and the time response o
the order of 1ms. They are also insensitive to neutral pa
ticles. These properties make them very attractive for ob
vations of MHD oscillations, radiated power measureme
and imaging of fast radiative phenomena.2,3 In this paper, we
demonstrate how low-cost AXUV diode arrays can be eff
tively used in a small scale plasma experiment for radia
power and impurity density profile measurements, fro
which Zeff and impurity transport are derived. Design a
operation of two AXUV diode arrays on the CDX-U sphe
cal torus at Princeton Plasma Physics Laboratory are
scribed. The principle of operation and some relevant det
of the design are also discussed in Refs. 4 and 5. The ar
were built as prototypes of the multichannel ultrasoft x-r
imaging system6 for the NSTX spherical torus. On CDX-U
one array is used for O VIl150 emissivity measurement
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and another is used for radiated power measurements
soft x-ray and extreme ultraviolet~XUV ! plasma imaging.
We point out that utilization of AXUV diodes as radiomete
for plasmas with electron temperatureTe<100 eV, typical of
the edge or divertor plasmas in large tokamaks, may lea
underestimating the radiated power. A significant fraction
radiated power in such plasmas is due to line emission
lower charge states of lowZ impurities, in the spectral rang
5<Ephot<15 eV. The AXUV diodes sensitivity is variable in
this range~Fig. 1!. Thus, photon energy dependent corre
tions must be applied to recover the true radiated power

CDX-U is a small spherical torus (R50.35 m,a50.22
m, Btor50.23 T! with the following typical plasma param
eters: Te<100 eV, ne<231013 cm23, and the discharge
flat-top of about 5 ms. The research has recently focused
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FIG. 1. Typical sensitivity of the AXUV diode.
© 2001 American Institute of Physics
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738 Rev. Sci. Instrum., Vol. 72, No. 1, January 2001 Soukhanovskii et al.
spherical tori ~ST! physics, high harmonic fast wav
~HHFW! plasma heating, electron Bernstein wave~EBW!
detection and impurity transport.7–11 Electron temperature in
CDX-U is measured by a multipoint Thomson scatteri
system.12 Electron density is measured by a microwa
interferometer.13 A triple Langmuir probe is used for th
edgeTe and ne measurements. Other diagnostics include
Rogowski coil, Mirnov pickup coils14 and an EBW radiom-
eter forTe measurements.15 Spectroscopic diagnostics com
prises an extensive set of various soft x-ray~SXR!, vacuum
ultraviolet ~VUV ! and visible instruments.11 Major intrinsic
impurities in CDX-U are carbon and oxygen. The spectr
copy monitors C V and O VI brightness profiles, charact
istic of the plasma core (r /a<0.3), and C III, C IV, and O II
lines from the plasma periphery. Of interest to further d
cussion, a 30-channel foil filter Si surface barrier dio
~SBD! array,4,14 equipped with interchangeable 3 kÅ foil T
or a 5 kÅ foil Be filters, is used for imaging of predomi
nantly C V and O VI emission in the poloidal plan
Throughout the paper, the units of Å are used for wa
lengths, and emissivities are expressed in photon units un
noted otherwise.

II. AXUV DIODE ARRAYS ON CDX-U

A. Multilayer mirror array

The 10-channel multilayer mirror~MLM ! array is
mounted on the CDX-U mid-plane 89 port @Fig. 2~a!#. The
array is enclosed in a custom welded ultra high vacu

FIG. 2. Layout and placement of the multilayer mirror~a! and the foil filter
and radiometer~b! AXUV diode arrays. Also shown are the simulated lin
of sight and magnetic flux surfaces.
a

-
-

-

-
ss

stainless steel chamber. Each channel represents a mini
MLM monochromator, which consists of a dispersive e
ment — the MLM — in a rotatable holder and an AXUV
diode ~Sec. II C!. A 5 kÅ Be foil filter, mounted on the
central aperture of 1.375 cm31.0 cm, is used to block the
visible, UV and VUV radiation. Constructive interference
a synthetic multilayer structure is described by the Bra
equationnl52d sinu, whered is the layer thickness,u is
the angle of incidence, andn is the spectral order used. Th
l150 O VI resonant line (2s 2S– 3p 2P) is chosen because
is bright and isolated. The Mo/B4C mirrors from Ovonics,
Inc. with 2d5187.4 Å and the number of layersN575 are
used. The MLM properties determine the monochroma
spectral resolution:l/Dl.nN. For the Mo/B4C mirrors, the
theoretical spectral bandpass isDl.2 Å, whereas the mea
sured spectral bandpass is about 7 Å.16 The mirrors were cut
from one wafer. The measured wafer reflectivity isR.0.27
at l5150 Å, andR>0.20 in the range 90–180 Å.16 Due to
surface quality and layer thickness variations across the
fer, the reflectivity variation from mirror to mirror is conse
vatively estimated to be up to 5%. Optical alignment of t
u – 2u mirror-detector geometry was performed with a HeN
laser for each monochromator. The angleu corresponding to
the wavelengthl150 was calculated using the measuredd
value: 2d5180.864.9 Å.16 The u value is 56.1°62.6°,
which corresponds toDl.4 Å. The angles were set using
removable mechanical rotation stage, with the estimated
curacy of 61°. The etendue of each monochromator is
31024 cm2 sr. The wavelength range accepted by the co
mator isl5150.161.2 Å.

Invoking the assumption that impurity ions are distri
uted uniformly over the magnetic flux surfaces, the D-shap
poloidal cross-section flux contours are approximated by
liptic contours, which are not necessarily concentric in t
vertical or horizontal direction.5 By means of the linear
transformations described in Refs. 17 and 18, the ellipses
transformed into the circular coordinate system, and the
integrated brightnesses~irradiances! measured by each MLM
array channel are corrected accordingly. Thel150 O VI line
emissivity profile is obtained by the Abel inversion.

A 1 m grazing incidence extreme ultraviolet~XUV !
space and time resolving spectrometer~STRS! with a radial
mid-plane line of sight is used to ascertain the spectral pu
of the emission within the MLM bandpassDl, and within
the filter transmission bandpass of the foil filter array.
present, the spectrometer is equipped with a gold coa
2400 lines/mm grating and a photometrically uncalibra
detector, consisting of a chevron micro-channel plate~MCP!,
P20 phosphor and a Princeton Instruments MicroMax C
camera, mechanically shuttered for 10 ms of the discha
Shown in Fig. 3 are the impurity XUV spectra from a sta
dard discharge~a! and a titanium contaminated discharge~b!.
Titanium gettering is used between discharges on CDX
for intrinsic impurity content reduction. Also shown is th
MLM reflectivity bandpass.

B. Foil filter and radiometer array

The schematic of the 10-channel foil filter and radiom
eter ~FFR! array with a tangential mid-plane view of th
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plasma is shown in Fig. 2~b!. The array is enclosed in
modified four inch stainless steel tube. The problem of lig
reflection inside the chamber was not specifically addres
The tests with a 500 W tungsten lamp demonstrated
internal reflections may contribute less than 3% of the sig
The array operates in two modes: the radiated power m
surement mode, with a clear aperture of 0.65 cm32.0 cm
between the diodes and the plasma, and the filtered m
with a 3 kÅ Ti filter or a 5 kÅ Be filter. The calculated filte
transmission19 is given in Fig. 4. The Ti and Be filters ar
used to transmit predominantly the 41 Å C V emission and
the O VI XUV line emission, respectively. The etendue
each channel is 231023 cm2 rad.

Data inversion is performed using an algebraic invers
algorithm, assuming toroidal symmetry of the shells w
equal emissivity. Theith chord-integrated brightness~irradi-
ance! Bi is given byBi5( je j l i j , wheree j is the jth shell
emissivity, l i j is the length of theith chord in thejth shell
and is determined from geometrical considerations~Fig. 2!.
The inverted emissivity is given bye j5( i l i j

21Bi , and the
inverse length matrixl i j

21 is calculated only once.

FIG. 3. Impurity spectra recorded by the STRS grazing incidence spect
eter. Shown by the dashed line is the bandpass of the MLM array.
bright unlabeled lines belong to Ti VI–Ti VIII.

FIG. 4. Calculated transmission of the 5 kÅ Be filter and 3 kÅ Ti filter
t
d.
at
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C. Detectors, amplifiers, data acquisition

The photodiodes AXUV-SP2 from International Radi
tion Detectors are used. The diode area exposed to radia
is about 1 cm2. Each photodiode is enclosed in a Farad
cage holder with a 40mm diameter Ni mesh on the front fo
protection from high frequency electromagnetic picku
Semi-rigid coaxial cable with SMA connectors is used ins
the vacuum. Amplifiers are attached directly on t
feedthroughs on the air side of the vacuum chamb
Custom-built DC-coupled 120 kHz 107 gain amplifiers, bi-
ased at25 V, are used with the MLM array. The foil filte
array is equipped with 50 kHz AC-coupled amplifiers.4 Am-
plified signals are digitized by the CAMAC 8210 LeCro
digitizers at 250 kHz and recorded to disk via a GPI
interfaced computer running LabView software.

III. PERFORMANCE ON CDX-U SPHERICAL TOKAMAK

A. Impurity profile measurements

Spectrally filtered AXUV diodes are especially usef
for soft x-ray and XUV absolute brightness measureme
Figures 5 and 6 show inverted emissivity profiles of O
and C V, respectively. The emissivity profiles are mode
using the collisional-radiative code CRMLIN and the 1D im
purity transport code MIST.20 The measuredTe andne pro-
files ~Sec. I! are used as inputs. The modeling11 demonstrates
that diffusion coefficients in the range 2000–5000 cm2/s and
a large inward convection velocity is necessary to reprod
the measured profiles. Impurity concentrations and theZeff

profiles are also derived. After several months of continuo
plasma operations and titanium gettering between
charges, both carbon and oxygen central concentrations w
brought down to 1–2%. TheZeff profiles are peaked, and i
the coreZeff.1.722.

B. Plasma imaging and radiated power measurements

The plasma emissivity profile for a typical CDX-U dis
charge is shown in Fig. 7. The AXUV diode sensitivity o

-
eFIG. 5. The emissivity of thel150 O VI line. Two internal reconnection
events occur att.22 ms andt.23 ms. Side panels show time histories
two central channels and an example of a fitted profile measuredt
521.8 ms. Same discharge as in Fig. 6.
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0.25 A/W is used for absolute power calibration. Howev
the application of AXUV diodes as bolometers~radiometers!
is justified only for plasma radiation withEphot>200 eV.
This is demonstrated in Fig. 8. Major core impurity radiato
in CDX-U are O VI and C V. Whereas C V radiates pr
dominantly in the XUV range, the major fraction of O V
line radiated power is in the far ultraviolet range, due to
l1034 line. The AXUV diode sensitivity atl1034 is.0.127
A/W. Thus, the diode response~in units of current per
plasma electron per photon! h5LOVI3e is overestimated.
Here LOVI is radiative power loss coefficient in units o
W cm3 and e50.25 A/W is average diode sensitivity. Th
corrected responsehcorr5(lLl3el is about a factor of 2
smaller, and the true radiated power is about a factor o
greater. Spectrally resolved power and AXUV sensitiv
corrected cooling curve calculations are underway for l
and mediumZ elements for differentnet parameters, where
ne is electron temperature andt is ion residence time. The
net parameter is used to account for impurity transpo

FIG. 6. Soft x-ray emissivity~mostlyl41 C V! obtained from the FFR array
with a Ti filter. Side panels show time histories of two central channels
an example of a fitted profile measured att521.8 ms. Two internal recon-
nection events occur att.22 ms andt.23 ms.

FIG. 7. Plasma emissivity of a typical CDX-U discharge. An internal
connection event occurs att513 ms.
,

e

2

t,

which shifts the coronal equilibrium cooling curves towar
higher temperatures. In CDX-U, measurements of sev
extreme and far ultraviolet impurity lines allow us to do fu
power accounting. The fraction of radiated power in CDX
is typically 10–20% of the ohmic input power. The inp
power is estimated to be 60–120 kW either using the Spi
expression for plasma resistivity for the CDX-U range
Zeff , I p , andTe or from the measuredI p andVloop. The foil
filter array also proved to be very useful for plasma dynam
observations. In Fig. 7, the discharge breakdown att51 ms
and plasma position are clearly seen. A local emissivity p
at t.7 ms andR50.34 m is due to the C IV emission. Late
in the discharge, C IV burns through and only O VI and C
are present in the core.

C. MHD instabilities in CDX-U

Impurity line emission has been previously used
CDX-U for MHD mode identification.4–8 The MHD modes
observed presently in CDX-U include the saw-tooth oscil
tions, low n, m modes and internal reconnection even
~IREs!. The saw-tooth period istst.300 ms, and the inver-
sion radius is about 4 cm. These parameters are inferred f
both the radiated power and the C V profiles, measured
the SBD array. Transfer of the absolute calibration from
FFR array to the SBD array will allowDTe estimates in the
saw-tooth crashes. The lown, m modes are frequently ob
served in CDX-U discharges prior to the IRE. The spect
scopic signatures of the IRE are emissivity collapse~Fig. 6!,
due to plasma pressure collapse, and rapid expulsion
plasma from the core, which results in emissivity spread
~e.g., Fig. 7!. The observed MHD instabilities do not affec
the measured impurity profiles and the derived transport
rameters.

D. Discussion

Impurity accumulation has been previously observed
CDX-U and attributed to the neoclassical impurity accum
lation instability.6 The two main impurities, carbon and oxy
gen, are in the Pfirsch–Schluter regime in CDX-U, w
fairly high concentrations in the core. Enhanced impur

d

FIG. 8. ~a! O VI spectrally resolved radiative power loss coefficientLOVI ,
~b! calculated diode responseh using average sensitivitye50.26 A/W
~curve 1! and the spectrally resolved accounting withel ~curve 2!.
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convection due to impurity radiative cooling and the asso
ated neoclassical temperature screening effect failure is
driving mechanism of the saturated instability.21 However,
the radiated power estimates obtained from the AXUV ra
ometer array measurements in the 1999–2000 run camp
demonstrated that the radiated power fraction is not su
cient to trigger the accumulation instability. An alternati
mechanism is considered in order to explain the obser
impurity peaking. It retains the neoclassical nature of
impurity transport the ion density gradients is responsible
the enhancement of the convection inward impurity flow.

IV. CONCLUSIONS

Two AXUV diode arrays are used on CDX-U spheric
torus for intrinsic O VI and C V profile measurements, ra
ated power estimates and observations of MHD instabilit
The incidence geometry of the Mo/B4C mirrors used as dis
persive elements can be easily modified to allow meas
ments of line brightness profiles in the range between 90
200 Å. In the near future, following the change in th
CDX-U research program towards the liquid lithium limit
~L3! experiments,22 the MLM array will be re-tuned for the
135 Å (1s 2S– 2p 2P) Li III emission. With the exception of
a weakl132 (2p– 4s) O VI line, the spectral region in the
vicinity of 135 Å within the MLM bandpassDl is free from
intrinsic impurity line emission~Fig. 3!.
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