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Abstract 

Concepts for adapting conventional tokamak x-ray diagnostics to the 
harsh radiation environment of ITER include use of grazing-incidence (GI) 
x-ray mirrors or man-made Bragg multilayer (ML) elements to remove the x-
ray beam from the neutron beam, or use of bundles of glass-capillary x-ray 
"light pipes" embedded in radiation shields to reduce the neutron/gamma-
ray fluxes onto the detectors while maintaining usable x-ray throughput. 
The x-ray optical element with the broadest bandwidth and highest 
throughput, the GI mirror, can provide adequate lateral deflection (10 cm 
for a deflected-path length of 8 m) at x-ray energies up to 12, 22, or 30 keV 
for one, two, or three deflections, respectively. This element can be used 
with the broad band, high intensity x-ray imaging system (XIS), the pulse-
height analysis (PHA) survey spectrometer, or the high resolution Johann x-
ray crystal spectrometer (XCS), which is used for ion- temperature 
measurement. The ML mirrors can isolate the detector from the neutron 
beam with a single deflection for energies up to 50 keV, but have much 
narrower bandwidth and lower x-ray power throughput than do the GI 
mirrors; they are unsuitable for use with the XIS or PHA (except for narrow
band impurity monitoring), bu t they could be used with the XCS; in 
particular, these deflectors could be used between ITER and the biological 
shield to avoid direct plasma neutron streaming through the biological 
shield. Graded-d ML mirrors have good reflectivity from 20 to 70 keV, but 
still at grazing angles (<3 mrad). The efficiency at 70 keV for double 
reflection (10 percent), as required for adequate separation of the x-ray and 
neutron beams, is high enough for PHA requirements, bu t not for the XIS. 
Further optimization may be possible. The glass-capillary bundles have 
measured gains (x-ray / geometrical throughput) of 100 - 150 in the range 
4-10 keV, but are probably not useful above 15 keV. They are compact and 
compatible with the XIS for low and medium frequency fluctuation 
measurements (tens of kHz), but may not be adequate for high frequency 
(>100 kHz) fluctuations. They are also compatible with Bragg survey 
spectrometers for impurity measurements, b u t not compatible with the 
Johann XCS used for ion-temperature measurement or with the PHA. The 
aperture sizes near ITER and near the x-ray optic, for instruments based on 
x-ray mirrors, are 10-20 c m 2 for an XIS channel, of order 10 c m 2 for the 
XCS, and 1 c m 2 for a PHA channel. The maximum radiation fluxes onto the 
x-ray optical element outside the biological shield are a few times 1 0 9 to a 
few times 1 0 1 0 c m - 2 s _ 1 for 3000 MW operation, permitting lifetimes of 
several times 10 3 to several times 10 4 hours before radiation damage causes 
deterioriation (assumed fluence 5 x 1 0 1 7 to 1 0 1 8 neutrons cm - 2 ) . An x-ray 
optic for the XCS located outside a 2-m thick shield/collimator plug 
between ITER and the biological shield would experience radiation flux 
densities of 1 0 1 1 c m - 2 s _ 1 , limiting its life to a few thousand hours at full 
power. The XCS can also function without an additional x-ray deflector, 
since its detector is already well isolated from the neutron beam. The 
resolving power limitations for the Johann focusing error and for deviation 
of the detector from the Rowland circle are estimated to be greater than 2.5 
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x 10 4 , for Krypton Ka in first order reflection, implying that ion-
temperature measurements are feasible. 
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L Introduction 

X-ray diagnostics provide a variety of types of information about 
tokamak p lasmas . 1 - 2 Arrays of broad energy bandwidth x-ray flux monitors 
(the X-ray Imaging System, or XIS) 3 provide radial-profile information on 
MHD instabilities and other plasma fluctuations. The soft x-ray ( 1 - 1 0 0 
keV) Pulse-Height-Analysis diagnostic (PHA) 4 is a moderate energy 
resolution, moderate time resolution, broad band spectrometer which 
records an overview of the soft x-ray spectrum and can measure electron 
temperature, and measure low and medium-Z impurity concentrations. 
Higher energy (0.05 - 1.0 MeV) PHA systems provide information on non
thermal electron d i s t r ibu t ions . 5 The X-ray Crystal Spectrometer (XCS) 
measures the ion temperature from Doppler broadening of impurity lines, 
usually Ka lines of intrinsic metals, but also trace amounts of gases such as 
argon or krypton can be used. 6 The XCS must have very good energy 
resolution, usual ly E/AE > 7000. 7 All of these conventional x-ray 
diagnostics are highly susceptible to background noise from interactions of 
neut rons a n d / o r secondary gamma rays in the detectors; they require 
extensive radiat ion sh ie ld ing , 8 even under high power DD operation 
(deuterium neutral-beam heated deuterium plasmas). The PHA and XIS are 
virtually unusable at near-breakeven DT (deuterium + tritium plasmas and/or 
neutral beams) fusion conditions. Not only are the radiation noise levels 
much too high, but the silicon or germanium detectors would be quickly 
damaged by the neutron fluxes anticipated from ITER. The XCS, if properly 
positioned and s h i e l d e d , 9 - 1 0 , 1 1 can tolerate much higher neutron emission 
levels than can the other two diagnostics, since the detector is not in the 
line of sight; it measures x rays diffracted from a Bragg crystal. 

Since standard tokamak x-ray diagnostic techniques are generally non-
workable on ITER because of the high nuclear radiation background, * l the 
present studies have focused on adapting these diagnostics to ITER by using 
additional x-ray optical elements to deflect the x-ray beam out of the 
neutron beam from ITER, or to reduce the neutron flux onto the diagnostic 
while maintaining high x-ray throughput. Preliminary studies of this type 
were presented in Ref. 11 Also, a companion report discusses in more 
detail radiation hardening of the XIS type of diagnost ic . 1 2 An alternative 
approach to using reflective x-ray optics for the PHA is the use of an 
alternative type of line-of-sight x-ray detector, the x-ray microbolometer. 1 3 

These detectors should have a much higher ratio of x-ray to neutron/gamma 
ray response than conventional detectors and a radiation-damage threshold 
a few orders of magnitude higher than tha t of the Si(Li) or high purity 
germanium detectors used in present PHA systems. This detector could 
potentially be used in the PHA without reflective optics and, perhaps, could 
replace the XCS because of its potential for high energy r e s o l u t i o n . 1 3 , 1 4 

Improvements in count rate need to be achieved, probably by developing 
a r r a y s , 1 5 and theoretically achievable improvements in energy reso lu t ion 1 3 

would be necessary for these elements to replace the XCS. 
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The motivation for developing x-ray diagnostic capabilities on ITER is 
that significant problems exist with other types of inst ruments which also 

. measure some of the parameters provided by the x-ray systems. For 
example, the CHERS (Charge-Exchange Recombination Spectroscopy) 
diagnostic for ion- tempera ture measuremen t requires neu t ra l -beam 
injection (NBI), which is a large, expensive ancillary system. Furthermore, 
the CHERS system on TFTR has problems with low signal levels under some 
conditions; the problems due to beam a t tenuat ion will be greatly 
exacerbated on ITER due to the longer neutral-beam path lengths in the 
plasma and higher plasma densities. The XCS can measure ion temperature 
without NBI, as long as trace levels of a suitable impurity exist in the plasma. 
The impurity concentrations necessary (for krypton) have been shown to be 
both (1) non perturbing in the plasma center and (2) the proper levels to 
provide the desired edge cooling to help control the energy release from 
the plasma. An additional benefit of the XCS is tha t it can also measure 
electron temperature and impurity charge-state distributions. 

The x-ray PHA is the most convenient way to identify and measure the 
absolute concentrations of medium- and high-Z impurities in the center of 
the high-temperature plasma. The Ka x-ray lines of all charge s tates 
through He-like of an element are combined in a single peak at a well-
defined energy and are generally emitted from the plasma core; UV and 
visible lines, however, generally come from the edge, and the spectra are 
more complicated and lines more difficult to identify. Furthermore, the 
PHA can accurately measure electron temperature. The laser-scattering 
electron-temperature diagnostics will suffer from radiation-damage of the 
optical vacuum windows, and electron-cyclotron-emission (ECE) diagnostics 
may have some technical problems with measurement in the high magnetic 
fields in ITER. The x-ray diagnostic channels described in this report are 
assumed to have a vacuum path to the vicinity of the first optical element, 
where the radiation fluxes are reduced relative to those near the first wall. 
A vacuum window of beryllium located at this point should have a lifetime of 
thousands of hours of operation at full power (assuming a damage threshold 
of 5 x 1 0 1 7 n c n r 2 ) . 

The XlS-rype diagnostic is widely used to study fluctuations and obtain 
information on magnetic-field structure via tomography. It is sensitive to 
both electron density and temperature fluctuations; the two type of 
fluctuations can be readily separated by use of two detectors with different 
absorber foils. In addition a multichordal XIS can provide fast radial profiles 
of electron temperature without the technical problems encountered by the 
ECE systems or the window darkening difficulties associated with the laser-
scattering diagnostic. The XIS system can also measure radial profiles of 
Zeff, 1 6 and in this capacity does not suffer from problems associated with 
reflections or emission from the walls as does the visible-bremsstrahlung 
diagnostic. 

To orient the reader, the radial locations of the ITER plasma and 
various shield walls are illustrated schematically in Fig. 1. Also shown is one 
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concept for a curved x-ray crystal spectrometer for ion-temperature 
measurement. The edge of the plasma is located about 1 1 m from the 
machine centerline. Immediately outside the vacuum vessel is the blanket, 
which absorbs much of the power from the fusion neutrons and protects the 
toroidal-field coils from neutron damage; in the midplane the blanket is 
about 0.8 m thick. The first defining aperture for the x-ray diagnostics and 
for the escaping fusion neutron beam would be a small penetration through 
this blanket and through a shield plug located jus t outside the vacuum 
vessel. The second defining aperture for the x-ray and neutron beams is the 
2-m thick biological shield, beginning at 18 m from the centerline. 

The radiation levels in 
t h e i n s t r u m e n t a t i o n 
room b e t w e e n t h e 
biological shield and the 
outer shield wall, which 
s e p a r a t e s t h e 
i n s t r u m e n t a t i o n room 
f r o m p e r i p h e r a l 
equipment rooms are low 
enough to allow survival 
of instrumentation during 
operation and personnel 
access between sho ts . 
The x-ray diagnost ics 
might be located either 
in the ins t rumenta t ion 
room or beyond the 
instrumentation room in 
the outer rooms, where 
the radiation fluxes are 
still lower. 

Detector 
Shield 

Biological 
Shield 

Blanket 

Plasma 

I 

Fig. 1 Vertical-view schematic of ITER, 
sur rounding shielding, and inst rumentat ion 
room. 

The present s tudy 
demons t ra tes t ha t the 
th ree types of x-ray 
d i a g n o s t i c s , i o n -
temperature and plasma-
motion measurement by 
x - r a y c r y s t a l 
spectroscopy, fluctuation 
s t u d i e s b y h i g h 
t h r o u g h p u t x - r a y 

imaging, and p lasma impuri ty monitoring and electron-temperature 
measurement by broad-band x-ray spectroscopy are, in principle, workable 
on ITER. Penetration requirements in the shielding near ITER are modest; 
the aperture needs to be of order 1 c m 2 for broad-band x-ray spectroscopy 
and of order 1 x 10 c m 2 for an XIS or XCS chord. The XIS requires 
additional x-ray optics. The PHA with present Si(Li) and Ge detectors could 
be adapted with additional optics; or with further development for higher 
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count rates, the PHA function could be achieved by systems using x-ray 
microbolometer arrays either with or without additional optics. The XCS can 
be used directly on ITER with proper design and shielding; alternatively, 
one could also use additional optical elements to reduce the neutron flux 
onto the crystal and into the instrumentation room, or one could potentially 
replace the XCS by x-ray microbolometer arrays if improvements in energy 
resolution are achieved. This report discusses the design concepts and 
resul ts of intensity calculations. In section II the types of x-ray optical 
elements considered are discussed. In section III possibilities for the XIS 
are summarized; a more detailed discussion is presented in Ref. 12. 
Section IV treats the XCS diagnostic. In section V broad band x-ray 
spectroscopy, in particular using the PHA type of diagnostic, is discussed. 
Finally, the results are summarized in section VI. 

L X-Ray Optical Elements 

The key requirements for x-ray optical elements are that they (1) have 
sufficient reflectivity in the x-ray energy range of interest, (2) have adequate 
bandwidth, (3) provide the required reduction in background radiation 
signals, and (4) are able to survive the incident neutron fluxes for long 
periods of operation. Three basic types of x-ray optical preselecting 
elements have been considered. These are (1) flat, grazing-incidence (GI) 
x-ray mirrors; (2) flat, high-throughput Bragg reflectors; and (3) glass 

capillary bundles which 
serve a s x- ray "light 
p ipes" . The Bragg 
reflectors may be natural 
crysta ls or m a n - m a d e 
m u l t i l a y e r (ML) 
elements, also sometimes 
called layered synthetic 
mic ros t ruc tu re s (LSM). 
We f i r s t b r i e f l y 
summar ize the sal ient 
features of these optical 
systems. 

The basic concept 
for the first two schemes 
is i l lustrated in Fig. 2. 
Two a p e r t u r e s of 
th ickness sufficient to 
coll imate t h e 14-MeV 
neut rons from ITER are 
placed one nea r ITER, 
and the o ther j u s t in 

front of the GI or ML elements. The highly collimated x-ray beam is 
deflected out of the intense, direct neutron beam by one or more reflections 

Mirrors 
2 Deflections Neutrons 

\ y o 0 Gamma 
Rays 

ITER 

Deflected 
XRays 

H D 2 H Detector 

FIG. 2 Schematic of the grazing-incidence x-
ray mirror concept for deflecting the x-ray 
beam from the neutron/gamma-ray beam from 
ITER. In this illustration two reflections are 
indicated. 
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from x-ray optical elements and sent to an exit collimator system which 
channels it to the detectors or spectrometer. The first aperture near ITER 
is an integral part of the first shield surrounding the ITER vacuum vessel, 
which reduces the radiation fluxes incident onto the toroidal field coils. 
The second aperture would probably be a part of the biological shield, 
which is located about six meters from the blanket and is two meters thick. 
The exit aperture system and detector or spectrometer can be located 
entirely in the instrumentation room, between the biological shield and the 
outer shielded rooms (See Fig. 1). Alternatively, the detector or 
spectrometer may be located in the outer shielded areas and a penetration 
through the outer shield wall may define part of the exit aperture system. 
Another alternative would be to locate the mirror between ITER and the 
biological shield, and use a narrow channel in a shield/collimator block, 
probably about 2 m thick, jus t outside the ITER port cover. This option, 
however, is likely to be feasible only for use of either multilayer mirrors or 
natural crystals to deflect the beam onto an XCS, since the broad bandpass 
GI mirrors would provide inadequate deflection at the high energies 
required by the XIS and PHA due to the short beam path available ( 4 m 
since 2 m of the available 6 m would be required for the shield/collimator 
block). The displacement Ax of the exit aperture from the path of the 
neutron beam must be sufficient to remove the aperture from the strongly 
forward-peaked cone of fast neutrons scattered from the mirrors entrance 
aperture, the mirror, and the supporting structure of the mirror. 

The aperture near ITER is designed with an opening as small as 
possible and a length sufficient to minimize the neutron flux onto the x-ray 
optic and to minimize n e u t r o n / g a m m a - r a y s t r eaming into the 
instrumentation room. The neutron flux density at the optic is given by 

( j ) = B n _ ^ a i ( 1 ) 

D 2 

where B n is the neutron surface brightness across the viewing chord, Aa is 
the area of the aperture, and D is the distance from aperture to mirror. The 
central 14-MeV neutron surface brightness for ITER is estimated to be about 
8 x 1 0 1 3 (cm 2 s sr)" 1 for 3000 MW of DT neutrons, and we use a multiplier 
of 5 to estimate the total neutron emission including those which are 
downscattered one or more times inside the first shield. This type of 
enhancement has been predicted by Monte Carlo neutron transport codes 
for TFTR. These values are summarized in Table I, which list, among other 
things, the neutron brightness and neutron flux density at the crystal of the 
XCS. As an example, the neutron flux density at a mirror located 7 m from 
an aperture of dimensions 0.8 cm x 10 cm is 3 x 1 0 9 n c m - 2 s _ 1 . If the 
neutron-damage threshold of the optic is 5 x 1 0 1 7 cm" 2 , which is a 
reasonable estimate for mirrors and glass-capillary bundles, the lifetime of 
the optic would be 4 x 1 0 4 hours at full power. The exit aperture pair 
should also be designed with openings as small as possible consistent with 
functionality of the diagnostic, and the distance between the first exit 
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aperture and the second exit aperture, or the detector, should be as large as 
possible. The neutron or gamma-ray flux density streaming from the second 
exit aperture can also be estimated from Eq. 1 with B n being replaced by the 
flux density of neutrons or gamma-rays scattered from the material in view 
of the detector; in the latter case, an angular dependence may be needed to 
account for the non-isotropic nature of the scattered radiation. 

glass 

Reflection 
Pt and Ir on glass 

= 5keV 

• 1 1 1 ! 

The GI mirrors rely on the high efficiency of metal or metal-coated 
surfaces for reflecting x rays by total external reflection when the x 

rays are incident at 
small angles, of the 
o rde r of severa l 
mil l i radians. 1 7 - 1 8 

T h e m i r r o r s , 
typically flat float 
g l a s s w i t h a n 
evaporated coating 
of a high-Z material, 
s u c h a s gold, 
platinum, or indium, 
have reflectivities of 
90 percent or better 
for x rays striking at 
angles less than a 
cr i t ical angle 0 c 
measured relative to 
the surface . 6 c 
decreases with x-ray 
e n e r g y . T h e 
reflection efficiency 
as measured in Refs. 
17 a n d 18 is 
summar i zed as a 
function of grazing 
angle of incidence 
for severa l x-ray 
energies in Fig. 3 . 
The vertical dashed 
lines point out the 
g r a z i n g a n g l e s 

required to achieve a lateral deflection of 10 cm at a distance of 8 m from 
the mirrors for one, two, or three successive reflections; the corresponding 
maximum energies for good reflection efficiency are 12, 22, and 30 keV, 
respectively. Thus , the main advantage of the GI mirror is very broad 
bandwidth and, hence, 
relatively high x-ray power throughput; we can realize acceptable isolation 

from the neutron beam over the entire x-ray band from the cutoff of any 
vacuum windows in the system up to 30 keV. This fact means that, for a 
reasonably sized mirror, intense signals can be measured, such as required 

5 10 15 
Grazing angle (mrad) 

20 

FIG. 3 Approximate reflectivity of x rays of 
various energies from platinum- and iridium-plated 
float glass surfaces as a function of the grazing angle 
of incidence relative to the surface. These curves 
were derived from an average parametric fit to data 
from Refs. 17 and 18. 
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for - 1 0 0 kHz fast fluctuations; secondly, good throughput up to 30 keV 
implies that relatively thick, high-pass x-ray filters can be used to ensure 
that the intensity of the bremsstrahlung signal fluctuates significantly with 
small f luctuat ions in electron tempera ture , even for high electron 
temperatures ( ~ 20-30 keV ). The main disadvantages of GI mirrors result 
from the fact that the incidence angle for high reflectivity is small. Two 
consequences of this small angle are that (1) the total area of the mirror or 
mirrors mus t be large for usable signal, and (2) the amount of lateral 
deflection for a single reflection is small unless there is a very large distance 
between the mirror and the detector. This distance is expected to be about 
8 m for ITER; thus , to achieve a lateral deflection of 10 cm with 1, 2, or 3 
successive reflections, the grazing angle mus t be about 6, 3, or 2 mrad, 
respectively. From Fig. 3 we see that good reflectivity can be achieved for x-

ray energies up to 12, 22, 
and 30 keV, respectively, 
for t he se three grazing 
a n g l e s . T h e l a t e r a l 
deflection of 10 cm was 
chosen to allow adequate 
removal of the x-ray beam 
from t h e s t r e a m i n g 
neutron beam since about 
7 cm of deflection 1 1 from 
the n e u t r o n beam has 
been e s t ima ted to be 
sufficient to adequately 
reduce the fraction of 
neu t rons scat tered from 
t h e m i r r o r in to the 
diagnostic collimator. 

The second type of 
mir ror e lement , Bragg 
reflectors, have a major 
advan tage in t h a t the 
deflection angle for soft x 
rays over mos t of the 

energy band of interest is large enough that a single reflection is adequate to 
remove the x-ray beam from the neutron beam, for the pa th lengths 
anticipated for ITER. Both natural crystals and man-made Layered Synthetic 
Microstructures (LSM) or MultiLayers (ML) can be used. The deflection is 
illustrated in Fig. 4 for multilayers having d spacings of 20 and 60 A and a 
separat ion between ML and detector collimator of 10 m. The Bragg 
deflectors rely on Bragg diffraction of x rays from relatively high throughput 
natural or man-made metal multilayer "crystals". The high throughput is 
achieved by using elements with a broad rocking curve and reasonably high 
peak re f l ec t iv i ty . 1 9 » 2 0 In general, Bragg elements may have good 
throughput over a limited energy band, whereas GI mirrors have good 
reflectivity over an extended energy range. 

40 
? o 
^a 30 
_o 
'•t—i o <u 
% 20 
Q 

S io 

0 

i i i n i i \ i \ n 1 1 1 1 1 1 i | i u 1 1 1 1 i i | i I I i | I I 1 1 

* \ L= 1000 cm 
" i 

i 
i 

r \ \ d = 20A 

V60A 

. . . . I . . . . I . . . . I . . . . I . . . . I . . . . I . . . . I . . . . ' 

0 10 20 30 40 50 60 70 80 
X-Ray Energy (keV) 

FIG. 4 Lateral deflection of an x-ray 
beam, relative to an undeflected ray, at a 
dis tance of 10 m from Bragg multilayer 
elements having 2d spacings of 40 and 120 
A, as a function of x-ray energy. 
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The main disadvantages of most high throughput Bragg elements are 
that (1) only a narrow band of x rays (E/AE ~ 50 - 100 for ML and graphite 
crystals) is reflected at a given angle of incidence and (2) the peak x-ray 
reflectivity is typically only about 30-50 percent, somewhat lower than 
available with GI mirrors a t angles less than the critical angle. (Exceptions 
are the recently-developed x-ray s u p e r m i r r o r 2 1 - 2 2 , or graded-d mirror, in 
which the layer spacing varies with depth and the bandwidth can be much 
broader than tha t of single-d multilayers, and some recently-developed 
multilayers which have reflectivities up to 70 percent.) These factors result 
in a throughput of x-ray power much lower than that of the GI mirror, so 
that single-d ML elements are less attractive for use with fast fluctuation 
d iagnos t i c s . 2 3 A more detailed comparison of the signals expected from the 
ML relative to those from the GI reflector in a XIS instrument is presented 
in Ref. 12. Roughly, the signal from a single ML mirror with uniform layer 
spacing is predicted to be about one percent of that for a GI mirror for a 
plasma with electron temperature of 10 keV. Also the narrow bandwidth 
makes uniform-layer-spacing ML preselectors unattractive for use with the 
broad band PHA spectrometer. However the narrow bandwidth is not a 
serious fault if the ML is used as a preselector for the XCS; either (1) the 
bandwidth can be broadened enough to pass the range of x-ray energies 
required for Doppler broadening measurements by using fewer layers (at the 
expense of a nominal decrease in reflectivity) or by varying the thickness of 
the layers with depth, or (2) the plane of the ML can be tilted slightly 
relative to the plane of the aperture at the tokamak.. This tilt can be chosen 
such that the angle of incidence of the x rays varies slightly along the ML, 
and , hence, the central wavelength diffracted varies with position along the 
mirror, as required by the Johann configuration of the XCS. 6 

Broadening of the bandwidth of multilayers has been studied both 
theoretically and experimentally for astrophysical applications, in particular 
for improving the intermediate- and high energy performance of nested-
mirror x-ray telescopes. For example, s tudies indicated t ha t the 
throughput of a telescope in the region around the iron K emission lines 
could be increased by a factor of 3 - 5 in a narrow band, or 1.3 - 2 in a 
broader band by replacing the outer reflectors of a GI telescope with 
appropriately tailored ML ref lec tors . 2 4 Also, measurements have shown 
that the bandwidth of graded-d multilayers can be a factor of about 2 - 2 . 5 
times greater at 8 keV than the bandwidth of single-d multilayers at the 
expense of about a 10 percent reduction in peak reflect ivi ty. 2 5 Very 
recently, even broader bandwidth graded-d "supermirrors" 2 i - 2 2 have been 
developed. A bent W/Si supermirror with x rays incident at 2.94 mrad 
exhibited an average reflectivity which decreased monotonically from about 
60 percent near 15 keV to 30 percent at 70 keV; oscillations in both the 
theoretical and measured reflectivity with energy from about 35 percent to 
70 percent were observed. Operationally these supermirrors would be more 
like GI mirrors than like multilayers because of the very small angles of 
incidence; however, these elements for the first time make it possible to 
consider performing x-ray measurements on ITER in the region above 50 
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keV, which is important 
for plasmas with electron 
temperatures of 20 to 30 
keV. 

x rays 
neutrons 
gammas 

Plasma 

(b) 

Radiation 
Shield 

XIS Detector or 
Spectrometer 

The third element, 
glass capillary x-ray "light-
p i p e " b u n d l e s , w a s 
deve loped m a i n l y to 
address the issue of high 
t h r o u g h p u t x - r a y 
fluctuation measurements. 
2 6 The concept of this 
element is i l lustrated in 
Fig. 5. The capillary 
bundle is embedded inside 
a penetration in a thick 
neutron shield, and the x 
r a y s (and n e u t r o n s ) 
p a s s i n g t h r o u g h the 
element are channeled to 
a shielded area where the 
x - ray s igna l c a n be 
measured by a detector or 
a n a l y z e d b y a 
spectrometer. Because of 
grazing-incidence 
reflections from the walls 
of the glass tubes , the 
acceptance cone angle, or 
the numerical aperture 

for x rays is larger than 
t h e g e o m e t r i c a l 
throughput of the capillary 
channels . The neut ron 

and gamma-ray transmission is assumed to be governed by the geometrical 
throughput. The measured relative gain of the best capillary bundle ( x rays 
/ neutrons ) ranges from 110 to 150 in the x-ray energy range 4.5 to 10 
keV. A second bundle has gains of 80 to 100 over the same range. One of 
these instruments has been installed on TFTR and is awaiting t e s t i n g . 2 6 

This is a relatively simple, direct concept with broad bandwidth and high 
throughput; but the technique may have limited usefulness at energies above 
1 2 - 1 5 keV, and has lower radiation-noise rejection than that capable with 
GI mirrors or multilayers. It could be used as a preselector for impurity 
spectrometers, e. g., low or moderate-resolution Bragg monochromators or 
convex-crystal spectrometers, but is not compatible with conventional high-
resolution curved-crystal spectrometers as used for ion- temperature 
measurement. This incompatibility is illustrated schematically in Fig. 6. 

Glass 
Capillary 

Bundle 

FIG. 5 (a) Illustration of the enhancement of 
x-ray solid angle of a glass capillary relative to 
the geometrical solid angle due to total 
external reflection of the x rays from the 
inner walls of the tube, (b) Use of bundles of 
capillaries to reduce neu t ron flux from 
plasma. 
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Furthermore the instrument designed for TFTR is not fully compatible with 
the standard soft x-ray PHA as used on TFTR because the PHA has some 
detector and aperture configurations which have smaller solid angles than 
that of the capillary channels. This idea is also illustrated in Fig. 6. Thus 

the basic concept of reducing the 
solid angle of the neut rons , as 
de te rmined by t h e capi l lary 
length and diameter, to values 
smaller than that of the x rays is 
no t fully achievable for the 
capillary-PHA combination. The 
PHA would be compatible with 
capi l lar ies having a smal ler 
diameter, for the same length, 
t h a n t h a t of t h e TFTR 
instrument, bu t the transmission 
efficiency would be lower because 
of a h i g h e r n u m b e r s of 
reflections. A second fault with 
the capillary-PHA combination is 
that the PHA is often used to 
measure the continuum spectrum 
up to 50 or 100 keV, and the 
capi l lar ies are i ncapab l e of 
providing x-ray/neutron gain for 
energies above about 12-15 keV 
as ind ica ted ear l ie r . One 
po ten t i a l a d v a n t a g e of t h e 
capillary bundles, relative to the 
x-ray mirrors is the small lateral 
size. The capillary bundles are 
about two cm in diameter; the 
aper tures a t ITER and at the 
detector would need to be about 
6-7 cm in diameter, if the bundle 
were a b o u t 8 m from each 
aperture, due to the diverging 
entrance and 

exit cones of the radiat ion. 
Thus , each channel requires a 
small cylindrical channel of real 
estate from the tokamak to the 
shielded detector room. The x-
ray mirrors will likely need to be 

Glass Capillary Bundles 

FIG. 6 I l l u s t r a t i o n of t h e 
incompatibility of the glass capillary 
bundles with the x-ray PHA, because of 
the relatively smaller solid angle of the 
PHA, and with the XCS, because of the 
relatively large range of angles for 
incident x rays required by the XCS. 

10 cm wide for XIS applications 
and will require 15-20 cm of space in the plane of the deflection. Thus, the 
capillary bundles are more convenient for closely-packed multichord x-ray 
imaging. Another favorable aspect of the capillary bundle is the fact that, 
once a bundle is fabricated and characterized, the throughput a s a function 
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of x-ray energy is known, whereas the transfer function of the GI and ML 
mirrors will be a more sensitive function of the alignment, which must be 
performed and characterized in the field. 

300 

250 

_ I I I 1 | I I 1 I ] I I I 1 | I I I 1 | I I I I | i I I r 

200 -
t-i o •«—» 
c_> 
ea 

P U 

-S 150 f-
o 

Theory 
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The x-ray imaging arrays can be used to measure a variety of plasma 
parameters . These include high frequency (>50 kHz) fluctuations or 
instabilities, MHD phenomena, sawtooth behavior, electron-temperature 
profiles, impurity transport, and Zeff profiles. One of the most important 
applications is the study of fast fluctuations, because these phenomena are 
thought to be related to particle and energy transport. Studies on adapting 
the conventional XIS array for use on ITER were done first for two reasons: 
(1) it is an important basic diagnostic for studying MHD activity and 
fluctuations, which is crucial for understanding stability and transport; and 
(2) the XIS has a high sensitivity to radiation noise because it requires high 
x-ray fluxes and, hence, experiences high neutron fluxes if the detectors 
view the plasma directly. We will begin with a discussion of the use of glass 
capillary bundles to radiation harden the XIS. Neutron and x-ray throughput 

calculations were done 
for a glass capil lary 
bundle embedded in a 
c h a n n e l i n a 
neu t ron /gamma shield. 
The resu l t s suggested 
that for 30 MW of DT 
fusion n e u t r o n s from 
TFTR, a 70-cm long, 2-
cm diameter bundle of 
straight glass capillaries 
w i t h 5 0 p e r c e n t 
packing fraction would 
suffice to reduce the 
rad ia t ion backg round 
signal in a typical XIS 
detector to the desired 
value of 1 nA while still 
passing the same x-ray 
i n t e n s i t y a s e a c h 
channel of the TFTR 
horizontal XIS array. 
The ideal theore t ica l 
gain was predicted to be 
about 270 a t 6 keV. 
Such g lass capi l lary 
bundles were developed 
a n d c a r e f u l l y 

characterized for x rays at energies ranging from 4 to 10 keV. 2 6 Arrays of 

100 

50 

0 

i r-
Sample 1 -*-" + • 
Sample 2 

• 1 1 i i i • • • i i 1 1 1 1 • • • i 1 1 i 1 1 i 1 1 1 1 

5 6 7 8 
X-Ray Energy (keV) 

10 

FIG. 7 Theoretical and measured x-ray 
transmission and gain ratio (ratio of x-ray solid 
angle times reflection efficiency to geometrical 
solid angle) for two glass capillary bundles of 
length 70 cm, as a function of x-ray energy. 
From A. S. Krieger. 
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different lengths from 20 cm to 80 cm were tested to verify the scaling of a 
theoretical model. The measured throughput of the best 70-cm array was 
about 60 percent of the ideal theoretical throughput. The theoretical gain ( 
ratio of measured x-ray transmission to the geometrical throughput) is 
shown in Fig. 7 as a function 
of x-ray energy for two 70-cm-long capillary-bundle samples. Thus the glass 
capillary bundle concept offers the possibility of enabling fast fluctuation 
measurements on ITER by improving the signal to noise ratio by a factor of 
100 or better. One such capillary bundle has been installed on TFTR and is 
awaiting evaluation under DT conditions. 

Neutron-
Beam 

Halfwidth Deflection 

Mirrors 

ITER 

The second XIS concept for fast 
fluctuations considered involved using 
flat, grazing-incidence x-ray mirrors. For 
a single GI mirror located 6 m from the 
first ITER aperture to provide the same 
throughput as a TFTR XIS channel, the 
mirror would need to be, e. g. about 1 m 
long and 20 cm wide and be illuminated 
by x rays from a 1 cm x 20 cm aperture 
(in a neutron shield) at ITER. To reduce 
the size of the first aper ture and the 
length and width of the mirror, stacked 
arrays of 5 mirrors, e. g. spaced a few 
mm apart, with dimensions of 40 cm in 
length and 10 cm in width could be used 
with a 0.8 x 10 c m 2 first aperture (See 
Tab le I). T h e s t a c k e d - m i r r o r 
configuration h a s been used for x-ray 
t e l e s c o p e s ; 2 1 the concept is depicted in 
Fig. 8, where only two mirrors are shown 
for illustrative purposes. These smaller 
arrays of mirrors could then be enclosed 
in small vacuum housings and the x rays 
could be conducted to and from the 
reflective elements via s tandard 4 inch 
diameter vacuum plumbing. Again, at 
least two reflections would be required 
for energies above about 15 keV because 
of the grazing angles. The intensity of x 
rays reflected from the mirror or mirror 
array was calculated from the equation 

FIG. 8 Concept for us ing 
stacked multiple x-ray mirrors 
to deflect the x-ray beam away 
from the direct neutron beam. 

I = B 

(2) 

A a A m sin 9 
D 2 

n 
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where B is the surface brightness of x rays emitted from the plasma in the 
line of sight viewed by the mirror, A a is the area of the aperture nearest 
ITER, 9 is the angle between the incidence rays and the plane of the mirror, 
A m is the total area of the mirror array, D is the distance from the first 
aperture to the mirror, and T| is the efficiency for reflection of the x rays 
from the mirror. This efficiency is summarized in Fig. 3 . 

Details of a calculation of throughput for a 5-mirror ITER XIS channel 
based on Eq. 2 are given in Ref. 12. The dimensions and parameters of this 
design are summarized in Table I, taken from Ref. 12. 

Table I. Dimensions and other physical parameters of a 5-mirror, single 
deflection x-ray imaging channel optimized at an x-ray energy of 13 keV. 

Parameter Units Quantity 

Distance ITER to mirror cm 700 
Distance mirror to exit collimator cm 1000 
First aperture width cm 0.8 
First aperture height cm 10 
Second aperture width cm 1.8 
Mirror height cm 10 
Mirror length cm 4 0 
Number of mirrors 5 
Neutron-beam lateral half width cm 2.8 
Grazing angles mrad 3.7 - 5.5 
Lateral x-ray deflection cm 8.8 - 9.6 
Reflection efficiency at 13 keV, TJ 0.7 
TFTR minor radius cm 9 0 
ITER minor radius cm 280 

c m 3 sr 0.028 Vi"2 for TF1K c m 3 sr 0.028 
T| x VQ for ITER c m 3 sr 0.058 
Fusion neutron power MW 3000 
Neutron surface brightness x 5 c m - 2 s - 1 s r 1 2.5 x 1 0 1 4 

Neutron flux density at mirror c m - 2 s _ 1 3 x 109 
Neutron radiation-damage threshold n cm" 2 5 x 1 0 1 7 

Mirror lifetime h r 4 x 1 0 4 
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This design provides an effective throughput twice that of the TFTR 
horizontal XIS array. The higher throughput compensates for the lower 
photon statistics of the higher energy x rays expected to be used on ITER 
(relative to the energies used on TFTR) and the observation that the signals 
from the TFTR horizontal XIS are not optimal for fast fluctuation 
measurements . We see that the aper ture and mirror dimensions are 
reasonably small, and the neutron flux density at the mirrors is low enough 
to allow an estimated 4 x 1 0 4 hours of operation at the 3000 MW DT 
neutron level before replacement of the mirrors. 

The thi rd t echn ique , us ing uniform-layer-spacing mult i layer 
diffracting elements for fast fluctuation measurements, has the disadvantage 
of much lower intensity than that available from the GI mirror for the same 
mirror and aperture sizes; recently-developed, broader-bandwidth ML 
mirrors may significantly increase the throughput of this type of s y s t e m . 2 1 - 2 2 

The lower intensity prediction is based on both throughput calculations and 
on measurement results from such a system developed and tested on 
TFTR. 2 3 In the TFTR instrument an 8-element ML array was tuned to pass a 
bandwidth of about 1 keV, from 3 to 4 keV. The maximum measured 
current from the detector, which spanned about one-sixth of the beam area, 
was 35 nA. Even with a larger detector, the expected signal for a good 
TFTR supershot of about 200 nA is marginal. For 500 kHz fluctuations one 
needs closer to a 1 [iA signal for 1 percent statistics. Furthermore, the AQ 
product of the TFTR instrument, which would define the minimum neutron 
flux streaming through the openings in the ITER blanket, was much larger 
than that desirable for a system on ITER. This product is defined by the 
equation 

AQ = ^ A k ) (3) 
D 2 

where Aa is the area of the aperture at ITER, Ax is the area of the mirror 
projected onto a plane perpendicular to the direction of incident x rays, and 
D is the distance between the first aperture and the mirror. For the TFTR 
ML prototype system the AQ product was about 25 times tha t of the GI 
mirror design of Table I. 

Further optimization of ML mirror systems might lead to designs 
which are more competitive with those using GI mirrors. A detailed 
comparison of the calculated throughput of a ML system with tha t of a GI 
mirror system is given in Ref. 12. Briefly, the throughput limitation of ML 
mirrors is based on the requirement to satisfy the Bragg equation. If the 
aper ture at ITER is small (~ 1 x 10 c m 2 ) , and the distance from the 
aperture is large (~ 6 m) to provide a narrow neutron beam and to minimize 
the neutron flux onto the mirror, then the range of angles of incidence of 
the x rays onto the ML mirror is small. In fact, this angular range is about 
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the same as the typical "rocking-curve" angular width of a single-d ML, about 
0.1 - 0.15 degrees. Thus, the bandwidth X/6X is of order 50 to 100, and the 
spectral intensity reflected , e. g. at an x-ray energy of 10 keV, is only of 
order one percent of the total bremsstrahlung intensity from 4 to 20 keV for 
an electron temperature of 10 keV. Thus, the graded-d multilayers, or 
supermirrors, which show good reflectivity over an extended band, e. g., 
from 15 to 70 keV, may offer significant improvement over the single-d 
mirrors. We have not attempted to model the performance of an XIS based 
on graded-d reflectors in this report, bu t such an analysis should be done in 
future work. 

IV. X-Ray Crystal Spectrometer 

Adaptation of the high-resolution x-ray crystal spectrometer (XCS) to 
ITER was studied because of the importance and difficulty of measuring the 
ion temperature on ITER. The studies involved MIST simulations to 
determine which impurity element will not b u r n out at high ITER 
t e m p e r a t u r e s , 1 1 measurement of lines from the selected element (krypton) 
on T F T R , 2 7 , 2 8 calculations of signal and radiation noise for an XCS which 
views ITER directly, and calculation of throughput of a flat GI mirror as a 
preselector combined with an XCS located in a radiation-free area. The 
measurements on TFTR showed that heliumlike Kr lines can be used for Ti 
measurements. These measurements along with measurements of radiated 
power, combined with MIST simulations of Kr x-ray emission and radiated 
power showed that small, unperturbing concentrations ( ~10~ 4 x n e ) of Kr 
could be used for Ti measurements on ITER while also providing the 
desired feature of controlling the release of energy in the form of radiation 
from the plasma edge. The present study shows also that defocusing errors 
associated with the Johann geometry at small Bragg angles (28 degrees for 
the ITER design) are not large enough to prevent ion-temperature 
measurement; these errors remain manageable because of the small ratio of 
crystal length to focal length and the small detector length. 

The intensities of the x-ray line and the background nuclear radiation 
noise for the direct-viewing XCS were based on the concept illustrated in 
Fig. 1. The x-ray and neutron/gamma-ray count-rate calculations are 
summarized in Table II. The x-ray intensity calculations were based on the 
equation 

T _ B £ Re h a A sin(6) ( 2 ) 

where I is the number of counts in the detector per second; B is the 
surface brightness of x-ray photons emitted from the plasma; e is the 
detector efficiency; Re is the integrated reflectivity of the crystal; ha is the 
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height of the aperture near the plasma in the direction perpendicular to the 
Table II Dimensions, intensities, and other parameters for an ITER curved 
x-ray crystal spectrometer. 

Parameter Units Option 1 Option 2 

Distance aperture to crystal cm 800 2000 
Aperture height cm 1 1 
Aperture width cm 7 10 
Crystal width cm 1 1 
Crystal length cm 12 20 
Bragg angle deg 28 28 
Crystal 2d spacing 

o 

A 2.028 2.028 
Integrated reflectivity rad 5 • 10- 6 5 • 10" 6 

X/&K (Johann) 3.5 • 10 4 6 * 1 0 4 

X/AMOff Rowland Circle,.001) 2.4 • 10 4 3.2 • 1 0 4 

Central electron temperature keV 20 20 
Central electron density 1 020 m - 3 1.1 1.1 
Krypton concentration 1 • 10- 4 2 • 10- 4 

Kr contribution to Zeff 0.13 0.26 
He-like Kr brightness (cm 2 sr s)" 1 1 • 1013 2 • IOI 3 

Krypton count rate s-i 3.5 • 105 5 » 105 
Kr radiated power MW 40 80 
Fusion neutron power MW 3000 3000 
Neutron brightness x 5 (cm 2 sr s)-! 4 • 10 l 4 4 • IOI 4 

Neutron flux at crystal c m - 2 s*i 5 x 1010 2 x 101° 
Crystal damage threshold cm" 2 5 x IOI 7 5 x 1 0 1 7 

Life of crystal hours 2600 7000 
Neutron scattering prob. 0.3 0.3 
Detector eff. for radiation 0.15 0.15 
Scattering enhancement x 2 x 2 
Radiation count rate s-i 1100 640 
Bremsstrahlung count rate s-i 2 x 10 5 8 x 10 4 
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plane of dispersion; A is the crystal area; 0 is the Bragg angle (angle 
between incident ray and surface of crystal); and D is the distance from the 
plasma aperture to the crystal. The brightness of Kr photons at the plasma 
surface was calculated by the MIST code . 1 1 The brightness of neutron and 
gamma-ray emissiviry from the aperture was based on a 14-MeV neutron 
source strength of 3000 MW increased by a factor of 5 to account for 
enhancement due to multiply scattered neut rons and production of 
secondary gamma rays inside the ITER first shield. This enhancement 
factor is typical for that calculated by neutron/gamma-ray transport codes 
for TFTR with a two-foot-thick "igloo" shield surrounding the tokamak. A 
factor of 2 enhancement , relative to isotropic scattering, of neut rons 
scattering from the crystal s tructure was assumed. The average detector 
efficiency for radiation of 15 percent is based on TFTR measurements and 
predictions of radiation flux by a neutron/gamma-ray transport code ( 10 
percent efficiency with a safety factor ). Two effects which have not yet 
been calculated for this design are (1) the effectiveness of the radiation 
dump for absorbing nuclear radiation escaping from the biological shield, 
and (2) the dimensions of the detector shield and collimator required to 
reduce the radiation noise to acceptable levels. These quantities will be 
calculated once the radiation fluxes due to transport through the biological 
shield are known. 

The radiation background levels were rigorously calculated for a 
design presented by Bryzunov . 2 9 In this design the spectrometer was 
located inside the ITER instrumentation room. The x rays and neutrons 
were conducted through a 8 x 12 c m 2 penetrat ion in the ITER 
blanket/shield. This penetration is much larger than that considered for 
the XCS designs in this work. A 4 x 60 cm 2 cylindrical graphite crystal was 
used to deflect the x-ray beam to an 8-cm diameter quartz crystal with a 
spherical surface curvature, located outside of the neutron beam. Focusing 
by the spherical crystal allowed use of a small detector cross section and a 
reduced penetration cross section at the biological shield. The background 
levels allowed ion-temperature measurement as long as the x-ray count rate 
was kept greater than 1 0 5 s _ 1 when the neutron source strength from ITER 
was about one third that considered in Table II ( 1 MW n r 2 vs. 3000 MW or 
about 3.5 MW n r 2 ) . Although the choice of aperture and crystal sizes 
depends on the assumptions of plasma size, krypton concentration, and 
other plasma parameters, which may have been different in this earlier 
design than in the present ITER configuration, the main point is that the 
background radiation noise was not deemed to be intolerable. Thus, it 
appears that our design may have acceptable signal to noise levels since our 
count rates are greater than 10 5 s _ 1 . It is expected that the radiation noise 
could be kept to much lower levels if the spectrometer were located outside 
the instrumentation room, beyond the third shield in Fig. 1, or if an x-ray 
deflector were used between ITER and the biological shield to avoid 
streaming of direct plasma neutrons through the biological shield. 

Spectrometer designs using a spherically-bent crystal have also been 
considered by Bi t te r . 3 0 This approach may allow use of smaller apertures a t 
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ITER and smaller detectors, which would reduce the requirements on the 
crystal and detector shield and beam dump. It is not clear, however, how 
much advantage spherical crystals would have over the present cylindrical 
crystals for the long distances considered in the present design. 

The signal-to-noise ratio in the calculation of Table II is quite good. 
However, inherent in the calculation is an assumption of ideal shielding and 
collimation, i. e., t ha t the only nuclear radiation which can reach the 
detector is t ha t which is scattered directly from the crystal . From 
experience with TFTR it is known tha t radiation t ranspor ted through 
radiation shields and streaming through penetrations in the shields for 
other diagnostics and subsystems always increases the background level well 
above ideal levels. If, in fact, the ambient radiation levels in the detector 
room should be significantly higher than that due to the radiation scattered 
from the crystal, it would be necessary to enclose the detector in an 
effective radiation shield with a penetration for the x rays, and, perhaps, to 
use an additional neutron/gamma-ray detector behind the x-ray detector and 
coincidence electronics to reject a portion of the radiation noise. The 
detector should be well shielded and collimated so tha t the background 
radiation is predominately parallel to the x-ray beam. The back wall of the 
detector should be thin and of a low-Z material, such as aluminum, and 
minimal electronics components should be located behind the detector; 
these features are to minimize the probability of the neutrons or gamma rays 
interact ing in material behind the detector and producing secondary 
radiation which produces counts in the detector. If lead gamma-ray 
shielding is used, a graded-Z layer consisting of, e. g., copper and aluminum 
foils should be used between the lead and the detector to reduce noise due 
to fluorescence of lead and copper x rays. The probability of the neutrons 
and gamma rays of energy above about 200 keV interacting in the detector 
gas volume is small (about 5 percent). 

Even for the small Bragg angles expected for krypton x rays oof 
wavelength 0.93 A (28 degrees for quartz 203 planes with 2d = 2.028 A), 
the focusing errors due to (1) the Johann crystal geomet ry 2 9 and (2) the 
deviation of a linear detector from the Rowland circle when the detector 
plane is perpendicular to the incident x rays are not a problem. Both errors 
increase with decreasing Bragg angle, increase with detector length, and 
decrease with crystal radius of curvature. For a crystal of length 12 cm and 
16 m curvature radius the Johann error at a Bragg angle of 28 degrees limits 
the resolving power ( X/6X) to about 35000. Similarly, the beam defocusing 
due to error (2) above at a point on the detector located about 4.3-cm from 
the Rowland circle limits the resolving power to about 24000. The net 
resolving-power limit due to the two focusing defects is well above the 
7000 - 10000 required for accura te ion- temperature measurement . 
Moreover, the region of detector ± 4 . 3 cm from the Rowland circle is long 
enough to allow a bandwidth [dk/X) of about one percent. This bandwidth is 
sufficient to cover the full width, from 0.1 percent of peak height to 0.1 
percent of peak height, of a Doppler-broadened Gaussian peak emitted by 
50-keV krypton ions, which is about 0.6 percent, and also provide a region 
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of the spectrum for background subtraction. It was important to evaluate 
these focusing errors because of the small Bragg angle, 28 degrees; the 
Bragg angles for all Ti-measurement spectrometers at Princeton have been 
in the range 43 - 65 degrees, where the focusing errors are smaller. 

Another ion-temperature measurement concept which might be 
suitable for ITER is tha t of the double-crystal scanning monochromator 
which is used on the JET (Joint European Torus) tokamak. The double x-
ray reflection permits a labyrinth-geometry to shield the detector from the 
incoming radiation beam; the geometry also requires two reflections for the 
neutrons or gamma rays to reach the detector. In practice, however, the 
detector is physically much closer to the first crystal and to the neutron 
dump behind this crystal than is the case with the long focal-length, curved-
crystal spectrometer; this situation implies a relatively higher susceptibility 
to radiation noise in the nearby detector due to the buildup of multiply 
scattered nuclear radiation inside this compact labyrinth. The situation is 
exacerbated by the smaller throughput of the flat-crystal instrument, which 
calls for larger areas for the crystal and the aperture near ITER in order to 
achieve the same time resolution as for the curved XCS; these larger areas 
result in higher neutron fluxes. A more thorough comparison of the relative 
susceptibility of the two instruments to radiation noise should be performed. 
An advantage of the flat-crystal scheme is that broader bandwidth can be 
achieved than for the curved XCS because of the relatively large range of 
Bragg angles which can be scanned. Also, selection of a different crystal to 
change the bandpass region is not as problematic as it is for the curved XCS; 
for the curved XCS, one may need to change the angle of the crystal-to-
detector arm (and move the heavy detector shield) to measure the desired 
energy range. Thus, the two-crystal monochromator is better suited for 
lower resolut ion, b roader band impurity monitoring. Two major 
disadvantages of the scanning monochromator as an ion-temperature 
diagnostic are that (1) the minimum integration time is of order 1 second, 
since the spectral line mus t be scanned, and (2) the two crystals must be 
moved linearly and rotated while keeping extremely small angular 
tolerances. Furthermore, the x-ray throughput is about 15 percent of that of 
a Johann system with the same aperture and crystal sizes due to the peak 
reflectivity of the second crystal and the transmission factor of the Soller 
coll imator. 1 0 

As a possible alternative to the direct viewing XCS, the concept of 
using an x-ray optical preselector to avoid irradiating the crystal by the 
direct neutron beam was also studied. This concept is illustrated by Fig. 9. 
If the preselector were located in the region between ITER and the 
biological shield, it could prevent direct plasma-neutron streaming into the 
instrumentation room. However, in this region grazing-incidence mirrors 
are less suitable because a single reflection might not provide adequate 
lateral deflection for x-ray energies above about 5 keV. The reason is that 
the deflection arm can be only about 4 m long, since the distance between 
the ITER port and the biological shield is about 6 m, and a collimator of 2-m 
length j u s t outside the ITER port would be required to restrict the lateral 
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spread of the neutron beam. If the grazing-incidence mirror considered 
earlier were located jus t outside the biological shield and coupled with the 
XCS system, it would be equivalent to an XCS having an entrance slit of 
width 0.5 cm in the direction perpendicular to the plane of dispersion. 
This is one half the width of that in the directly viewing XCS design of Table 
II. Thus, accounting for the reflectivity of the GI mirror or ML, the time 
resolution of this type of design would be two to four times poorer than that 
of the direct design, or of order 100 - 200 ms. This time resolution might 
be acceptable for ITER, since ITER operates in steady state. 

XCS Detector 

Neutron, 
Gamma-ray 
Collimators 

Spectrometer 
Behind 
Shielding Wall 

The concept of using a flat ML as a preselector for a high resolution 
XCS appea r s to be 
feasible; the intensity 
of the x-ray beam 
diffracted from the ML 
shou ld be i n t e n s e 
e n o u g h for Ti 
measurements . Since 
t h e r o c k i n g - c u r v e 
width of multilayers is 
m u c h broader t h a n 
t h a t of the quar tz 
crystals typically used 
as diffraction elements 
for the XCS, the x rays 
coming from a ML 
t u n e d t o t h e 
wavelength of interest 
should look like those 
from the p lasma or 
reflected from a GI 
m i r r o r , w i t h t h e 
e x c e p t i o n of a 
reduction in intensity 
by t h e ML p e a k 
re f lec t iv i ty . The 
measured reflectivity 
of multilayers at 8 keV 
ranges from 30 to 50 

percent with some values as high as 75 percent. Thus the intensity of x rays 
reflected from a ML mirror would be lower than tha t reflected from a GI 
mirror of equivalent projected area. However the projected area is 
proportional to the angle of incidence, which is larger by a factor of about 5 
for a ML of d spacing 22 A than for the GI mirror (at 13 keV), so the same 
length of ML mirror has a five times larger effective area than for a GI 
mirror. Thus, a single 40-cm long ML could replace the 5-mirror GI 
array. As discussed earlier, the bandpass of a standard ML ( E/AE ~ 50-100 
at 8 keV) is about the same as or somewhat less than the bandpass required 
to t ransmit uniformly the entire Doppler-broadened helium-like Kcc x-ray 

Stack of ML's 
or Mirrors 

XCS 
Crystal 

Neutron 
Beam 
Dump 

FIG. 9 Concept illustrating use of a s tack of 
grazing-incidence x-ray mirrors or multilayers to 
deflect the x-ray beam to a curved-crystal 
spectrometer located behind the shielding wall of 
the ITER instrumentation room. 
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line plus a small region of continuum for background subtraction. Since the 
J o h a n n curved-crystal spectrometer selects different wavelengths from 
different points on the Rowland circle, which means different parts of the 
ML, it would be simple to tune the ML to the wavelength desired at different 
points by slightly tilting the aperture relative to the multilayer. This tilting 
would have the effect of varying the incidence angle across the ML to satisfy 
the Bragg relation at all points. Otherwise, the bandwidth of the ML could 
be broadened slightly if required by slightly varying the layer spacing either 
laterally or with depth. Thus, the ML mirror appears to be a good candidate 
to remove the XCS from the direct neutron beam. The major advantage is 
that the angle of incidence and the deflection would be about five times 
larger than that of a GI mirror at 13 keV, so a single deflection is quite 
adequate to enable the neutron beam to clear the spectrometer. 

Recent estimates of the radiation fluxes in the region inside the 
biological shield suggest that x-ray optics could survive for tens of thousands 
of hours of ITER operation in this region. The radiation flux onto the ITER 
blanket should be of order a few times 1 0 1 4 particles c m - 2 s _ 1 . The 
reduction due to the blanket is estimated to be of order 1 0 - 3 , and that 
resulting from a 2-m thick shield /collimator outside the vacuum vessel is 
estimated to be at least another factor of 1 0 3 . Thus, if such shields are 
placed outside the port covers in each bay, the ambient flux density inside 
the biological shield should be of order 1 0 9 c m - 2 s - 1 . The flux density 
streaming through a 1 x 10 c m 2 penetration in the 2-m thick plug would be 
of order 1 0 1 1 c m - 2 s - 1 . Thus, with a damage threshold of 1 0 1 8 cm* 2, the 
optic could last for of order 10 4 hours of operation at maximum power. 

The capillary bundle x-ray light pipes appear not to be compatible with 
the XCS concept, because the curved crystal subtends a much larger angle at 
the focal point than the divergence of x rays from the capillary bundles, as 
illustrated in Fig. 6. 

Recent developments in cryogenic x-ray bolometers suggest the 
possibil i ty of eventually us ing these devices for ion t empera tu re 
measurement without preselector optics. Arrays of order 100 elements ( in 
a 1 c m 2 area) would be required to achieve the necessary count rates; the 
achievable rates are currently about 100 counts per second per detector. 
These rates might be increased to 1000 counts per second per detector. A 
program to evaluate semiconductor thermistors which might eventually be 
developed into such microbolometer arrays has been i n i t i a t e d . 1 5 The 
present energy resolution ( 20 eV FWHM at 6 keV) is more than adequate 
for the PHA, but a factor of 1/20 reduction in the linewidth is necessary for 
replacing the XCS. Achievement of this improvement in energy resolution is 
theoretically possible. An x-ray/neutron aperture of about 0.5 cm diameter 
at ITER would reduce the Kr Ka x-ray flux onto the detector 20 m away to 
the desired - 1 0 ^ s" * ( for a Kr concentration of about 10~ 4 ) . The 
accompanying neutron flux density would be of the same magnitude to 10 
times higher. However, since both the neutron and gamma-ray (>100 keV) 
interaction probabilities in the 7-mm thick Sn sensor are two to three 
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orders of magnitude smaller than that of the 13-keV x rays, the radiation 
background should be tolerable (See Fig. 10). To achieve these theoretical 
interaction ratios, one must be careful to minimize the contributions to the 
detector count rate from secondary radiation or electrons in the more 
massive material surrounding the sensor. Since the sensor is made of Sn, it 
should have a neutron damage threshold well above 10*6 n cm"2, although 
this number should be checked.. The Ge thermistor on the back of the Sn 
sensor has been neutron-transmutation doped to a neutron fluence of 10*8 
n cm"2, followed by annealing at high temperature to remove neutron 
damage effects. It is expected that the thermistor might tolerate a fluence 
about 10! 3 neu t rons /cm^ before their performance deter ior ia tes . 1 5 This 
number is about three or four orders of magnitude higher than the damage 
thresholds of silicon and germanium x-ray d e t e c t o r s , 8 - 3 1 ' 3 2 and would 
correspond to about 100 - 1000 hours of operation of ITER at the expected 
neutron flux densities onto the detector of 10§ - 10? cm~2 s~l. After 
damage occurs the detectors could be annealed or replaced. If this lifetime 
is too short, the microbolometer array could be used in conjunction with a 
small GI or ML mirror and could, thus , operate for an indefinite time 
without neutron damage. This sort of detector, whether used in the neutron 
beam or with reflective optics, would have the effect of greatly simplifying 
the ion temperature measurements for more than one reason. The XCS is 
(1) very large and cumbersome, resulting in a requirement for a lot of space; 
it (2) must have the entrance and exit arms at a specific angle for a given 
crystal and x-ray energy, leading to the need to make difficult adjustments 
to the angles and selection of crystal (of which there is a limited selection 

available) to tune 
to the wavelengths 
of x rays from 
different ions; (3) 
the throughput is 
low, so t h a t a 
re la t ive ly la rge 
aper ture , crystal, 
and detector must 
be used, resulting 
in higher neutron 
streaming into the 
d iagnos t ic a rea ; 
and (4) it requires 
a l a r g e a r e a 
position-sensitive 
d e t e c t o r w h i c h 
mus t be carefully 
s h i e l d e d from 
s t r a y n u c l e a r 
rad ia t ion . In 
c o n t r a s t , t h e 
microbolometer 
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FIG. 10 Efficiencies for stopping x/y rays and neutrons 
by Sn microbolometers of thickness 7 and 200 ^.m. 
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is, in principle small (although it does have the encumbrance of the sub-
Kelvin refrigerator); has high efficiency and thus requires a small solid 
angle; is very insensitive to nuclear radiation; and has a broad bandwidth 
allowing it to measure x rays from any ions that may be in the plasma. One 
would simply insert an appropriate x-ray filter to remove the intense 
continuum radiation below the energy of the x-ray line of interest. 

V. Broad-Band X-Ray Spectroscopy 

The broad band spectroscopy for impurity measurement, electron-
tempera ture measurement , and measurement of nonthermal electron 
distributions has historically been done by the soft x-ray PHA. 3 3 Also higher 
energy pulse-height or energy-dispersive spec t rometers with good 
efficiency in the 50 keV to 1 MeV region have been used to obtain 
information on nonthermal electron distributions generated by RF-induced 
current drive in tokamaks . 5 With present-day detectors neither of these 
systems could function usefully with the detectors viewing the plasma 
directly, even if the apertures were made very long to provide a similar solid 
angle for the neutrons as that for x rays. Thus, either additional x-ray optics 
mus t be used, or alternative detectors with low neut ron/gamma response 
and high radiation-damage thresholds must be adopted. 

The only presently known viable x-ray optical elements for broad-band 
PHA type diagnostics for electron temperature measurement or studies of 
non-thermal electron distribution functions are the GI mirror and the 
graded-d multilayers or s u p e r m i r r o r s . 2 1 ' 2 2 The high energy cutoff of the 
capillary bundle (about 15 keV) is too low to be useful for nonthermal 
electron studies at ITER electron temperatures; furthermore, the PHA 
system is not fully compatible with the capillary bundle type preselector 
because the soft x-ray PHA usually has for some channels a smaller solid 
angle than the geometric angle of the capillary pores. In addition, to extend 
the energy to the range near 50 keV, two or three reflections would have to 
be used for the GI mirrors; it is not known whether GI mirrors would be 
useful at energies above 50 keV. It is known that supermirrors can have 
usable reflectivity (30 - 60 percent) for x rays from 15 to 70 keV at an angle 
near 3 mrad. For such a small angle, the deflection at 10 m may not be large 
enough to enable the exit collimator to clear the neutron beam. Additional 
optimization studies need to be done to investigate the bandpass at slightly 
larger angles, or alternatively to improve the high-energy efficiency (30 
percent at 3 mrad) at somewhat smaller angles so that the high-energy 
efficiency for a double reflection is not too small to be acceptable. A 0.8 cm 
x 20 cm long mirror located 7 m from a 0.8 x 0.7 c m 2 aperture at ITER 
would provide the same YQ. product as the soft x-ray PHA on TFTR. A 
supermirror would need to be twice as long or both the aperture and mirror 
would need to be 50 percent wider to compensate for the low reflection 
efficiency at 70 keV. Since the PHA concept needs three detectors to avoid 
pileup distortions of the continuum spectrum, if the mirror width were 
chosen to be somewhat larger than the width of the aperture, then a small-
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angle fan-shaped beam could be imaged onto three, in-line detectors at the 
exit end of the exit collimator. 

For general x-ray spectroscopy on ITER for impurity monitoring, 
either a grazing-incidence mirror or capillary bundle optic would result in 
enough x-ray intensity in a reduced-radiation area to permit narrow-band 
crystal spectroscopy. The bandwidth would be limited, for a flat crystal, by 
the small angular range of x rays emanating from the optic. A convex 
curved-crystal with a position-sensitive detector could be used to provide a 
broader spectral bandwidth, with some loss in signal relative to that from a 
flat crystal because of the smaller crystal area used for each wavelength bin. 
We will not consider designs of such instruments in the present paper. 

The x-ray microbolometers offer a potential alternative to current 
techniques for both broad-band and high resolution x-ray spectroscopy on 
tokamaks, and may not require x-ray optical elements to remove the 
detector from the neutron beam. At present, the energy resolution is about 
20 eV (measured at 6 keV, but should be independent of energy), and the 
count rates per detector are about 100 per second. If arrays of about 100 
such detectors can be developed and the individual rates can be increased to 
1000 s ' 1 , this detector could be used in broad-band x-ray spectrometers for 
impur i ty m e a s u r e m e n t or m e a s u r e m e n t of impur i ty charge-s ta te 
distributions. 

VI. Discussion and Conclusions 

Virtually all the conventional tokamak x-ray diagnostics can be adapted 
to the harsh radiation environment of ITER. For the XCS this adaptation 
means careful collimation and restriction of the neutron/gamma-ray beam 
falling onto the crystal and careful collimation and shielding of the detector 
from ambient and streaming radiation; for the XIS and PHA systems, it 
means addition of suitably designed x-ray optical elements or deflectors and 
careful collimation of the neutron beam and the viewing region of the 
detector or spectrometer, as well as shielding of the detector. The 
penetrations required in the radiation shield near ITER to view the x-ray 
emission are relatively small, ranging from about 1 c m 2 for the broad-band 
photon-counting spectroscopy and 1 x 1 0 c m 2 for a chord of the XIS and 
XCS systems. The radiation levels at the x-ray optical elements for the 
aperture sizes required for useful signals are quite acceptable. Several 
thousands of hours of life are expected at full power. All of the designs 
considered in this report were based on a calculation of neutron scattering 
from an x-ray mirror which predicted a necessary lateral displacement of 
the x-ray beam from the neutron beam of 7 cm at a distance of 10 m in 
order to provide adequate reduction of the neutron background. This 
deflection requirement, however, was calculated for a fast-fluctuation-XIS 
type application, where the S/N needs to be large to enable measurement of 
small fluctuations (~ 1 percent) with good time resolution (1 - 10 [is). For 
both the XCS and the PHA, a smaller degree of reduction of the radiation 
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background may be acceptable, and, hence, a smaller angle of deflection may 
be acceptable. For the XCS this possibility is certainly acceptable, since the 
detector is already well removed from the neutron/gamma-ray beam which 
impinges onto the crystal. For the PHA, from a S/N standpoint, the lower 
level of isolation from the radiation beam is almost certainly acceptable; 
since (1) the typical few mm thick Si(Li) or Ge detectors have a smaller 
efficiency ( - 1 0 percent) for neutrons and MeV gamma rays than for soft x 
rays (-100 percent); (2) the surface brightness of the continuum x rays from 
ITER in the energy range above 30 keV (for T e = 30 keV) is about the same 
as that of the neutron + gamma-ray brightness; and (3) only a fraction ( - 25 
percent for Si ) of the response to the nuclear radiation falls in the region of 
interest. Thus, for the PHA, a tenfold reduction in the nuclear component 
of the radiation makes measurements realistic. The more serious issue for 
the presently used PHA detectors is radiation damage due to the fast 
neutrons scattered from the deflector, since the thresholds for damage are 
of order 1 0 9 and 1 0 1 0 for Ge and Si(Li) d e t e c t o r s , 3 1 - 3 2 respectively. To 
enable PHA Te measurements , lower-resolution, more radiation hard 
detectors might be used, such as proportional counters or Nal crystals. 

At this time no attempt has been made to study techniques to deflect 
harder x-ray beams (E>100 keV) for studies of RF-driven, non thermal 
electron distributions. The necessary additional x-ray optics will complicate 
the instrument designs, make them more bulky and expensive, and in some 
cases limit the range of applicability. For example, conventional soft x-ray 
PHA systems can measure x rays from 1 to 100 keV with almost 100 
percent efficiency, whereas, with present technology it might be difficult to 
maintain high efficiency and broad bandwidth with grazing-incidence 
reflective optics for energies above about 70 keV. One approach for x-ray 
telescopes at lower energies ( 6 - 8 keV) has been to combine ML reflectors 
with GI reflectors to enhance the high-energy throughput. 

The x-ray crystal spectrometer studies of ins t rument designs for 
measuring the ion temperature in the ITER core by Doppler broadening of 
krypton Ka x rays have been augmented by several experimental and 
theoretical studies.n.27,28,34,35 AS a catalyst, it had been suggested that 
edge radiative cooling of ITER by injection of high-Z elements might aid in 
limiting the power flow to the divertor and more uniformly distributing the 
power loading onto the plasma-facing components . 3 5 The MIST impurity 
t ranspor t c o d e 3 6 was used to calculate the expected radial charge-state 
distributions and Ka emissivity for iron and krypton; krypton had the 
advantage in that the helium-like and hydrogen-like charge states of the 
lower-Z iron began to burn out at the high electron temperatures of about 30 
keV eventually expected in ITER. Also, it was shown that reasonably small, 
non perturbing concentrat ions of krypton ( n K r / n e = 10" 4) could both 
produce the required radiative cooling and emit an adequate x-ray intensity 
that would not be drowned out by neutron and gamma-ray noise, if the XCS 
instrument were properly shielded. Experiments on TFTR with krypton gas 
puffing showed that XCS measurements of Kr Ka spectra could be used to 
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measure the ion t e m p e r a t u r e . 2 7 - 2 8 In addition, it was shown that the MIST 
code correctly predicted the measured radiated power from TFTR when the 
krypton concentrat ions, as measured by the absolutely-calibrated PHA 
diagnostic, were entered into the input data . Fur thermore , earlier 
comparisons of the iron concentration in TFTR plasmas, as determined 
from the helium-like resonance line measured by the XCS, showed 
reasonable agreement with that measured by the PHA. Differences were 
typically in the range 20 - 30 percent. For the XCS measurements Eq. 2 
was used along with published values of the quartz crystal integrated 
ref lec t iv i t ies 3 7 and MIST-code simulations. These comparisons give u s 
confidence that the published values of the integrated reflectivities can be 
used with confidence in Eq. 2. The TFTR krypton measurements , along 
with theoretical line-wavelength calculations, also showed that the normally-
used helium-like resonance line is significantly broadened by nearby satellite 
lines at low electron temperatures (5-6 keV), but that the forbidden line is 
unblended and can be used for ion-temperature measurements . Other 
precision m e a s u r e m e n t s 3 5 of the wavelengths and excitation rates of the 
multitude of lines in the neighborhood of the diagnostic lines have begun to 
provide further guidance and confidence in use of these lines as a reliable 
ion-temperature diagnostic. 
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