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I. INTRODUCTION

Operation of the divertor will provide one of the greatest challenges for ITER.I Upto -
400 MW of power is expected to be produced in the core plasma which must then be handled by
plasma facing components. Power flowing across the separatrix and into the scrape-off-layer
(SOL) can lead to a heat flux in the divertor of =30 MW/m2 if nothing is done to dissipate the
power. This peak heat flux must be reduced to ~5 MW/m?2 for an acceptable engineering design.
The current plan is to use impurity radiation and other atomic processes from intrinsic or injected
impurities to spread out the power onto the first wall and divertor chamber walls. It is estimated
that 300 MW of radiation in the divertor and SOL will be necessary to achieve this solution.

Measurement of the magnitude and distribution of this radiated power with bolometry will be
important for understanding and controlling the ITER divertor. Shown in Fig. 1 is a sketch of the
ITER divertor with possible regions of strong radiation. Present experiments have shown intense
regions of radiation both in the divertor near the separatrix and in the X—point region. The task of a
divertor bolometer system will be to measure the distribution and magnitude of this radiation.

The bolometric measurements will have a number of uses. First, radiation measurements can
be used for machine protection. Intense divertor radiation will heat plasma facing surfaces that are
not in direct view of temperature monitors. Measurement of the radiation distribution will provide
information about the power flux to'these components. Secondly, a bolometer diagnostic is a basic
tool for divertor characterization and understanding. Radiation measurements are important for
power accounting, as a cross check for other power diagnostics, and gross characterisation of the
plasma behavior. A divertor bolometer system can provide a 2-D measurement of the radiation
profile for comparison with theory and modeling. Finally a bolometer $ystem can provide real-
time signals for control of the divertor operation. Important characteristics for control might
include the magnitude of X—point radiation, the balance of radiation in the inboard and outboard
divertors, or the location above the divertor floor of the most intense radiation.

Specifications for measurement of divertor radiation to meet the above goals has been put
together by the ITER diagnostic group.2 They are listed in Table 1.

Table 1. Specifications for measurement of divertor radiation.

Total Radiated Power Max. Amplitude Time Response Accuracy
X-point region <0.6 GW 10 ms +10%
Divertor ' <0.6 GW 10 ms +10%
Radiation Profile Max. Amplitude Spatial Resolution  Time Response Accuracy
X-point <300 MWm™> 20 cm 10 ms +20 %
Divertor <00 MWm3 5cm 10 ms +30 %
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Fig. 1. A sketch of the ITER divertor. Shown are the vertical target plates, the private flux structure and
possible regions of intense radiation.

The desired resolution of emission intensity has not been specified, but given experience with
current divertor experiments a line-averaged emissivity of 0.1 MWm— should be resolved. The
specification for 5 cm resolution in the divertor is driven by the desire for radial profiles in the
divertor leg. For gradients parallel to the poloidal field, the 20 cm specification may be adequate.

For this discussion of divertor bolometry for ITER, a description of bolometer systems cur-
rently in use on the world's major tokamaks will first be presented in Section II. This description
will serve to highlight techniques and limitations of extracting 2-D information from a limited
number of views. A discussion of applying these techniques to ITER will be presented in
Section ITII with a summary and conclusions in Section V.

IIl. BOLOMETER SYSTEMS CURRENTLY IN USE

Bolometer systems for measuring divertor radiation are currently in use on the tokamaks
ASDEX-U and JET in Europe, ALCATOR-CMOD and DIII-D in the U.S. and JT-60U in Japan.
All these systems are based on detectors consisting of small-sized platinum or gold resistors that
change resistance as they are heated by plasma radiation.3 The detector power is then calculated
using the temperature measurement and the detector thermal characteristics. A 2-D emissivity
profile can then be calculated by careful analysis of all the detector signal levels.

The common difficulty with inverting the measured signals into a 2-D poloidal profile is the
limited number of views of these systems. Consider a divertor region that is partitioned into the
desired resolution of mxn cells. Typically only two or three cameras, each with n chords covering
the region, have been installed for this measurement. However, m cameras with distinct views are
needed to unambiguously specify the emissivity in each cell. The inversion of the measurements
into a radiation profile is given by the following equation:

e

§;=T1I,., 1

where S is a vector of i signals, I is the vector of mxn cells and T is a transformation matrix
containing the i th sensor's response to a unit of radiation in the m,n th cell. The elements of S and
T are known and the matrix T must be inverted to solve for I, the radiation distribution. When the
number of radiating cells, mxn, greatly outnumbers the number of measurements, i, the matrix T is
very singular and cannot, in general, be inverted without additional constraint equations. Each
divertor program has developed individual methods to handle this inversion problem. Three

‘divertor bolometer systems and their associated analysis will be briefly described below to

illustrate what information can be extracted from a given set of chords.

, An example of a divertor bolometer system is that of ALCATOR-CMOD# shown in Fig. 2.
This system consists of three cameras with four viewing chords each. The cameras are well
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Fig. 2. The geometry of the ALCATOR-CMOD divertor bolometry system. Three bolometer cameras are .
each installed with four detectors.

separated poloidally to acquire unique information. Before inverting the divertor radiation, the
core plasma radiation is measured by a midplane system and subtracted from those divertor chords
which also view the main plasma. The divertor region is divided into a 9x12 grid, 2 cm a side for
each cell and additional smoothing equations are added to the transformation equation, Eq. (1), to
make the matrix T less singular. The smoothing equations effectively limit the second derivative of
the radiation profile. Finally the matrix is inverted using singular value decomposition (SVD)
techniques.” Matrix inversion with SVD is useful for inverting near singular matrixes and
extracting the principle values. :

An example of a radiation profile produced by the ALCATOR-CMOD bolometer system and
subsequent analysis is shown in Fig. 3. The inversion sets the emissivity level in the center of the
cell, but for this figure the contour levels are interpolated between cell centers. This example of a
highly radiating divertor illustrates the detail that can be extracted from the data set. The greatest
emissivity is seen in both divertors near the strike point locations. In the outboard divertor strike-
point emissivity can be distinguished from emission near the X-point, but not details of the radial
profile from the separatrix.

Another example of a bolometer system is that of DITI-D,5 shown in Fig. 4. Here there are
two cameras each of which spans the main plasma and the divertor region. A total of 10-12 of the
48 channels view the divertor plasma, similar to that for ALCATOR-CMOD. To obtain the
divertor radiation profile the contributions from the main plasma radiation must first be subtracted
from the divertor chords of the upper camera. The main plasma radiation is assumed constant on a
flux surface and is fit to a spline function with bolometer channels that do not view the divertor.
Additional constraint equations are then added to the divertor radiation signals in vector S of
Eq. (1). For DIII-D the divertor radiation is described by a 2-D spline function of the magnetic
flux surface and the height z above the divertor plate. With this constraint, plasma radiation can be
limited to the SOL region where significant power is flowing, excluding radiation from the private
flux region and far SOL. Such constraints are necessary for the DIII-D geometry with only two
poloidal views. The spline function adds a series of nonlinear equations that have not yet been put
into the form of matrix Eq. (1). To obtain the radiation profile, the spline parameters are adjusted
through iteration to minimize the error given by:
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Fig. 3. A radiation profile obtained from inversion of ALCATOR-CMOD bolometry data.



where S; is the measured signal and M;j is signal that would be obtained with the fitted profile and
1) is the uncertainty in the measurement. The number of spline parameters is given by the variable
h.

An example of a radiation profile obtained by this procedure is shown in Fig. 5. The scale of
the resolved features are similar to that for the ALCATOR-CMOD example. In this case, the
strong radiation can be seen extending from the X—point region to the strike-point in the outboard
divertor. Once again radiation from the X—point can be distinguished from the strike-point, but the
radial resolution from the separatrix is limited. This would be expected from the chord geometry
of Fig. 4. From the side camera there are three chords which intersect the outboard divertor, but
the SOL is only as wide as one of the upper camera chords.

A final example is the bolometer system of ASDEX-U7 shown in Fig. 6. A total of 72
channels are now operational in five cameras. The 40 channels of horizontal cameras span the
main chamber and divertor region as do the 24 channels of the upper vertical camera. An
additional eight channels viewing the lower divertor with a finer spatial resolution have been
installed but are not yet operational. For the inversion of the ASDEX~U data additional constraint
equations are also added to the transformation Eq. (1). In this case the second derivative of the
radiative solution is limited, but by different amounts in the direction perpendicular and parallel to
the poloidal field lines. This smoothing constraint is modelled as a diffusion equation. By
adjusting the “diffusion” constants one can obtain a solution free of numerical artifacts yet with an
acceptable fit to the data. The solution is then obtained by minimizing the following function:

J 1(S.—M.)2
SSmin-=I(VO(DVI))-f-Az‘,u (3)
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Fig. 4. The bolometer system on DIII-D contains two cameras each with 24 channels. The view of each
camera spans the entire plasma with finer resolution of the divertor regions.
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Fig. 5. An inversion of DIII-D bolometry data shows radiation extending from the X~point to the divertor
floor during radiative divertor experiments.

where D is the anisotropic “diffusion” tensor, and again Sj is the actual detector signals and M; is
the fitted signal due to radiation profile /. The variable A determines the trade-off between the
smoothness of the solutions and the agreement of the fit to the data. By using finite differences for
the gradient in the radiation profile a linear system of equations is obtained that can be solved
numerically. For ASDEX-U the entire radiation profile, the main plasma and divertor is solved in
this manner simultaneously.

An example of a radiation profile obtained for ASDEX-U is shown in Fig. 7. This example is
a highly radiating plasma produced by neon injection. Finer scale resolution in the divertor is more

difficult because the views of the midplane and upper cameras are becoming more parallel in the
divertor region. The lower horizontal camera will be of significant help when it becomes
operational.

The ASDEX-U program has also done additional work on using the bolometer signals for
real-time control of impurity gas puffing for divertor experiments.® For these experiments a real-
time signal of the main plasma radiation was desired. Because hardware was available for only 10
channels of real-time processing an SVD analysis was performed on the bolometer data from a
range of relevant plasmas to determine the most appropriate channels. Finally the main plasma
radiation was reconstructed with all the available channels from which a linear regression analysis
was performed to determine the best linear combination of the chosen channels to represent the
total main chamber radiation. This method has produced a sufficiently accurate real-time signal of
main chamber radiation for control of impurity gas injection for enhanced radiation experiments. It
is easy to conceive of using a similar method for real-time signals of the divertor radiation profile.

lll. DIVERTOR BOLOMETRY FOR ITER

Using the systems described above as a guide one can produce a conceptual design for an
ITER bolometer system. The basic goal will be to cover all plasma of the divertor and X-point
region with at least three views from well separated cameras. The chord spacing within each
camera should be such as to achieve the desired resolution. A sketch of such a system is shown in
Fig. 8. This concept includes six cameras for each divertor, three viewing from the private flux
region and three from the outside the vertical divertor plate. To achieve the desired spatial
resolution each camera would need approximately 20 detecting channels.

From the simple sketch of Fig. 8 several design issues become apparent. The bolometer
cameras are mounted into the divertor cassette structure itself. The divertor design should include
apertures for the bolometer camera views as well as mounting structure and signal cable routing.
This is likely the case for other divertor diagnostics as well. The divertor cameras are mounted
close to the divertor plasma for two reasons. The first, and most important, is to obtain complete
divertor plasma coverage. By bringing the defining aperture of the camera closer to the plasma a
much greater field of view of the plasma can be obtained with a smaller opening in the divertor
structure. The second reason is that close to the plasma a greater solid angle, and larger signal, is
possible for a given spatial resolution. For these reasons it is important to integrate the bolometer
diagnostic into the divertor design.
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Fig. 6. The operational bolometer cameras on ASDEX-U contain a total of 72 channels in three cameras.

Design of the bolometer cameras into the vertical target plate appears difficult. The vertical
plate is a high heat flux component taking direct heat flux from the divertor plasma. The edges of
any holes in the surface of this plate would be preferentially heated to intolerable levels. A small
gap between divertor cassettes may be sufficient for the bolometer view. The views through the
vertical plate are most important for measuring the radial radiation profile. Probably only the
profile parallel to the poloidal field can be measured if cameras are installed in the private flux
region only. Another possible difficulty is providing apertures in the divertor dome. This structure
is designed to take significant heat flux and provide neutron shielding. A camera in this region is
important for measuring radiation in the upper divertor and X—point region. A study of the
feasibility of such placement should be incorporated into the divertor design.

From the bolometer concept outlined above, one can estimate the signal levels that would be
detected. The power onto a detector is given approximately by:

P ~p
4 4nI?

C))

where P is the power per unit area on the detector, Ap is the area of the viewing aperture, L is the
distance of the detector to the aperture and € is the line integral of the plasma radiation in power per
unit area. If the spacing between detectors arranged behind the aperture is ~2 cm, the detector to
aperture radius, L, will be about 25 cm if the spatial resolution of 5 cm is kept over the bulk of the
divertor plasma. The poloidal width of the aperture is set to keep the chords of neighboring
channels just overlapping. That would be an aperture of 2 cm in this-example. The toroidal extent
of the aperture is only limited by the solid angle of view available to the camera. Due to spatial
limitations this will probably also be about 2 cm. Finally the desired resolution in radiative
intensity is estimated to be 0.1 W/cm?3 through the line of sight. This example would produce a
heat flux of 0.5 mW/cm? on the detector. This is very much in the range of current detectors which

can measure fluxes as low as 1.0 yW/cm<.
The greatest concern for noise on the bolometer detectors comes from neutrons produced by

the main plasma and the associated y-rays. Estimates, made during the EDA phase of ITER, of
neutron flux to bolometer detectors indicated neutron and y-ray noise could reach the 0.5 mW/cm?2




Fig. 7. An inversion of ASDEX-U bolometry data during neon injection experiments.

level. With the placement of detectors close to the divertor plasma and the additional shielding of
the divertor from the main plasma neutrons this problem should be less in the current design.
However, this issue does deserve further study.

Another concern is the neutral particle environment of the divertor. Neutral pressures of
5 mtorr to 100 mtorr can be expected in the divertor region! where the bolometer cameras will be
mounted. Neutral pressures this high affect the thermal characteristics of the bolometer sensors. If
the gas is at wall temperature it will cool the active sensor imitating a lower incident radiation. For
neutral gas at a higher temperature the opposite effect will take place. Since the sensors are
enclosed in a camera structure with only a small viewing aperture for gas inlet, the gas should be at
the temperature of the surrounding walls. This pressure effect might be taken into account, if it is
known. It may be necessary to have a neutral pressure measurement in each of the cameras ‘in
order to keep an accurate calibration.

Higher energy neutrals, produced by charge-exchange or other ion-neutral collisions, may
also be of some concern. A high energy neutral will deposit energy on the sensor just as well as a
photon. However the neutrals represent a non-isotropic source, the hot neutrals directed toward the
plasma are reionized where their energy remains in the plasma. This non-isotropic radiation still
carries energy out of the plasma, but the inversion algorithms described above are no longer valid.
If sufficient neutral gas is present between the source and the detector these particles may become
thermalized before they strike the bolometer sensor. These processes will have to be modeled with
an accurate divertor plasma before the magnitude of the problem can be identified.

IV. CONCLUSION

A conceptual design for a divertor bolometer system for ITER has been sketched out. This
design places the bolometer cameras close to the divertor plasma in the divertor structure. The
proposed twelve cameras, six for each divertor leg, provide good coverage of the divertor and
X-point region. The specified spatial resolution of 5 cm is obtained by placing 20 channels in each
camera. The signal levels for this geometry are adequate for current detector technology.
However, the neutron and associated y-ray noise will have to be studied to determine its magnitude.
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Fig. 8. A conceptual sketch of an ITER bolometer system. A total of six cameras are installed in each
divertor leg with twenty detector channels in each camera.

If the bolometer cameras are moved back from the plasma and out of the divertor structure
then the design will become much more difficult. From outside the divertor structure the signal
levels will be much smaller if 5 cm spatial resolution is maintained. Also complete coverage of the
divertor and X—point plasma would require even greater apertures in the divertor structure. Finally,
a bolometer system moved out of the divertor structure would not likely provide the number of
views necessary for tomographic analysis of the spatial distribution of the radiation.

A successful bolometer system will be necessary not only for understanding the divertor, but
for plasma control as well. For plasma control , eal-time processing of the bolometer sensor data
will be needed. A linear combination of channels could produce any number of the divertor
radiation characteristics. One combined signal could represent X—point radiation, the distance from
the divertor target of peak radiation, or signal that some surface is receiving too much radiative
heating. These signals could then be used to control gas puffing from different regions, or change
the pumping speed, as an example. The combination of signals could be produced by the statistical
methods used on ASDEX-U, or possibly by neural network methods. However, a better
understanding of divertor operation in general, and the ITER divertor in particular, is necessary
before such control schemes can be envisioned.
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