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Neutron Cameras for ITER 

L. C. Johnson, Cris W. Barne~,~ P.  Batistoni,b C. Fiore,' 

G .  Janeschitz,d V. IChripunov,d A. Krasilnikov,' F. B. Marcus, f 

T. Nishitani,' G. Sadler,f M. Sasaolh V. Zaveriaev,i and the 

ITER Joint Central Team and Home Teams 

ITER San Diego Joint work S i t e ,  La Solla, California 92037 

Neutron cameras with horizontal and vertical views have 

been designed for ITER,  based on systems used on JET and 

TFTR. The cameras consist of fan-shaped arrays of collimated 

flight tubes, with suitably chosen detectors situated 

outside the biological shield. The sight lines view the ITER 

plasma through slots in the shield blanket and penetrate the 

vacuum vessel, cryostat, and biological shield through 

stainless steel windows. This paper analyzes the expected 
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performance of several neutron camera arrangements for ITER, 

In addition to the reference designs, we examine proposed 

compact cameras, in which neutron fluxes are inferred from 

16 N decay gammas in dedicated flowing water loops, and 

conventional cameras with fewer sight lines and more limited 

fields of view than in the reference designs. It is shown 

that the spatial sampling provided by the reference designs 

is sufficient to satisfy target measurement requirements and 

that some reduction in f i e l d  of view may be permissible. The 

accuracy of measurements with %-based compact cameras is 

not yet established, and they fail to satisfy requirements 

fo r  parameter range and time resolution by l a r g e  margins. 

INTRODUCTION 

Neutron cameras are expected to play important roles in 

the diagnosis and control of thermonuclear plasmas in ITER. 

In particular, they provide measurements of local and global 

nuclear reaction rates, from which the alpha particle source 

profile and the total fusion power are determined. A related 

function for neutron cameras is the measurement of ion 

temperature profiles in D-T plasmas from the Doppler width 

of the 14.1 MeV neutron emission, using high resolution 

neutron spectrometers. If properly implemented and 

calibrated, neutron cameras can also serve as a transfer 

calibration standard €or other global fusion power monitors. 
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reaction rates are:' a parameter range of 10"-4~10~* a 

spatial resolution of 0.3 m, a temporal resolution of 1 ms, 

and an absolute accuracy of 10%. For global reaction rates, 

the parameter range is 1014-1021 s'l, with 1 m s  time resolution 

and 10% absolute accuracy. 

Radialzo3 and vertical''' neutron cameras have been 

designed far ITER, based on systems used on JET6 and TFTR.' 

The proposed camera systems consist  of fan-shaped arrays of 

flight tubes, viewing the ITER plasma through slots in the 

shield blanket, and penetrating the vacuum vessel, cryostat, 

and biological shield through stainless steel windows,  Each 

flight tube culminates in a set of detectors chosen to 

provide the ranges of sensitivity and temporal and spectral 

resolution needed to enable accurate, absolute neutron 

emissivity measurements to be made for a l l  experimental 

conditions, from initial in s i t u  calibration through D-D and 

f u l l  power D-T operation. Some of the viewing chords are 

equipped with high resolution neutron spectrometers, 

enabling the systems to provide emissivity-weighted, chord- 

averaged measurements of ion temperature. Radiation 

shielding surrounds the flight tubes and detectors in order 

to provide collimation of neutrons along each sight line and 

to prevent nuclear activation of neighboring components. All 

detectors are situated outside the cryostat and bioshield, 

allowing access to detectors and instrumentation without 

venting either the vacuum vessel or cryostat and permitting 

further detector development during ITER construction. 

3 
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The proposed system configurations offer a great deal 

of operational flexibility and take into account the best 

judment of fusion neutron diagnosticians as well as hard- 

won experience in D-D experiments on mhny tokamaks and 

during D-T operation on JET and TFTR, However, the cameras 

are  necessarily large, because of the sheer scale of ITER. 

Furthermore, the massive radiation shielding required around 

flight tubes and detectors imposes load constraints on the 

design of supporting structures, although optimization of 

the shielding design is  expected to substantially reduce 

those constraints. Finally, the adequacy of plasma coverage 

provided by the reference camera designs has not yet been 

quantitatively investigated. 

Sight lines for the reference designs of the radial and 

vertical neutron cameras for ITER are illustrated in Fig. 1. 

The figure also shows the blanket, backplate, and divertor, 

as well as magnetic flux surfaces for a nominal 21 MA. 1.5 

GW, end-of-burn plasma. Quite obviously, the sight lines 

shown in Fig. 1 do not provide complete coverage of the 

plasma. W i t h  detectors situated outside the biological 

shield, the angular field of view for each camera is limited 

to approximately 40’ by the sizes of openings in the blanket 

and in the vacuum vessel ports. In  the case of the vertical 

camera, even this limited field of view requires a cryostat 

interface w i t h  a radial extent significantly larger than 

that of the standard ports in the cryostat l i d .  

4 
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In this  paper, we address several questions regarding 

the reference designs of the neutron cameras for ITER: (1) 

Do the cameras provide sufficient spatial coverage of the 

plasma to satisfy measurement requirements? (2) Can 

measurement requirements be satisfied by proposed compact 

cameras' in which neutron fluxes axe inferred from decay 

gammas in dedicated flowing water loops? (3) To what extent 

can conventional cameras with more limited plasma spatial 

coverage satisfy measurement requirements? We first consider 

the compact cameras with flowing water activation loops. 

FLOWXNG WATER ACTIVATION LOOPS 

The use of flowing water activation systems for D-T 

neutron flux measurements in tokamaks has been considered 

many times, 9,10,11.12 and laboratory tests of prototype 

arrangements have been reported. 13n14 The principal reasons 

€or considering the use of pure water for irradiated samples 

are that water i s  t h e  most convenient fluid available and 

the cross section for the relevant activation reaction, 

'60(n,p)16N, has a threshold above 10 MeV, so that the 

consequent gamma decay should be a relatively good measure 

of the incident uncollided 14.1 MeV t ( d , n ) a  neutrons. The 

main reasons liquid activation systems have not been used on 

tokamaks up to now are that they are far less flexible and 

less accurate than solid sample activation systems. 

It was recently proposed to use imaging arrays of water 

activation loops as an alternative to conventional neutron 

5 
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cameras," The essential idea is t o  install compact cameras 

in the shielding blocks of vacuum vessel nozzles, inside the 

primary vacuum, and t o  equip each collimated sight line with 

a dedicated flowing water loop having an irradiation cell at 

the collimator exit and a gamma detector adjacent to a 

portion of the loop piping outside the biological shield. 

Since such cameras would be less constrained by the sizes of 

vacuum vessel and cryostat ports, it should be possible t o  

provide more complete spatial coverage of the plasma than 

that indicated in Fig, 1 for conventional cameras. 

The expected performance of "N-based compact neutkon 

cameras has been investigated, using simple assumptions for 

activation, decay, and f h i d  flow. 'J' Consider a flow loop 

consisting of an irradiation cell with volume V;, a counting 

cell with volume V , ,  and interconnecting piping with volume. 

V p ,  length L,, and fluid flow velocity Y,,. Then the total 

activity in the counting cell can be written a$ 

where & is the neutron f l u x  a t  the irradiation cell, Zm i s  

the relevant macroscopic activation cross section of the 

fluid, and 1 is the radioactive decay constant. The activity 

will be greatest when  the transit time between the 

irradiation cell and the counting cell is approximately xi. 
In the case of '%, with ;1=0.0972 s-', and using dimensions 

typical for an installation on ITER, the optimum flow 

6 
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velocity is in the range 1-2 m/s, the t h e  delay between 

irradiation and detection is about 10 s, and the minimum 

time resolution is about 0.1 s. Thus the time response of 

16N-based compact cameras falls far short of requirements. 

The operation of 16N-based compact cameras requires 

knowledge of all the flow parameters and quantitative 

measurement of A, in the presence of an intense gamma 

background coming from the tokamak. Simple considerations 

show that very substantial shielding will be needed to 

reduce the background gammas to an acceptable level. It is 

clear that gamma detectors operated in current mode or 

simple pulse counting mode can not be relied upon to 

distinguish signal from background and that quantitative 

gamma ray spectroscopy will be required. The absolute 

detector response can, in principle, be calculated by Monte 

Carlo techniques, but detailed models for the entire system 

will be needed, and the analysis must include a proper 

description of the fluid flow. Direct i n  s i t u  calibration of 

compact cameras with portable neutron generators will not be 

feasible because of the very l o w  expected count rates. The 

achievable absolute accuracy of a compact %-based camera 

can not be assessed without detailed analysis of the 

specific system, 

The dynamic range of a detector in a liquid activation 

system will be limited at the upper end by pulse pileup in 

the counting circuit and at the lower end by counting 

statistics. For typical system parameters and a counting 

7 



May. 8. 1 9 9 8  1 2 : 0 2 P M  ITER SAN DIEGO PHYS No. 3385 P. 9/19 

t i m e  of 0.1 s, the range for an individual detection channel 

will be about two orders of magnitude. This will impose 

limits on the operational range of 16N-based cameras and, in 

the case o f  the outer spatial  channels, will require a 

further degradation i n  temporal resolution. If a camera is 

optimized fo r  full power D-T operation, it will. be of 

limited value for low power D-T plasmas and, because of the 

10 MeV activation threshold, it will be blind during D-D 

operation- 

It is clear that %-based neutron cameras fail, by 

large magins, to satisfy target measurement specifications 

for parameter range and t-oral resolution. It is not yet 

certain whether neutron flux at the irradiation cells can be 

measured w i t h  the required accuracy. The ultimate accuracy 

of compact camera measurements of local and global nuclear 

reaction rates will, of course, depend on the spatial 

sampling provided by the system. Activation-based cameras 

may be useful in future fusion reactors, but they can not 

replace conventional cameras for  ITER. 

SPATIAL SAMPLING XSSUES 

Neutron cameras provide line-integral measurements of 

emissivity along the available sight lines. Xn order t o  

obtain the global neutron source strength, the chordal data 

must be integrated over the entire plasma volume. Local 

emissivities are deduced from tomographic inversions of the 

measurements. In either case, incomplete spatial sampling of 
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the plasma makes it necessary to invoke assumptions or 

constraints in order to process the data, 

We have made use of simulations, together with the 

tomographic inversion formalism of Granetz and Smeulders,16 

to assess the adeqpacy of neutron camera spatial sampling 

far ITER. Tn this inversion formalism, local and line- 

integral power densities are constrained to be zero outside 

the plasma separatrix, and camera geometry is introduced by 

expressing chord-integral values as truncated hamonic 

series, using polynomial coefficients given in Ref, 16. The 

matrix inversion of the resulting set of linear ewations 

imposes a least-squares fit to the chordal values- 

For the magnetic flux surfaces illustrated in Fig. 1 

and assumed functional relationships between magnetic flux 

parameter and fusion power density, the line-integral power 

density is computed along each viewing chord. The resulting 

chordal values are then inverted, averaged on magnetic flux 

surfaces, and compared with the initially assumed power 

densities, Volume integrals of the inverted power densities 

are compared with the original. fusion power. To account €or 

statistical uncertainties and modest errors in channel-to- 

channel calibrations, a 5% one-sigma random Gaussian e r ro r  

is applied to each chordal value before inversion. The final 

results represent averages and standard deviations for 100 

independent trials for each initial condition. 

Results for the reference camera configuration are 

shown in F i g .  2. Two initially assumed power density 
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profiles are indicated by solid curves. The open circles 

with error bars in each case represent averages and standard 

deviations of reconstructed profiles for 100 trials, as 

described above. For the cases considered, the initial power 

density profiles are reproduced within acceptable errors. 

The global fusion power of 1500 MW is reproduced to within a 

factor o f  1.00&0.01 for the flat profile and 0.99f0.01 for 

the peaked profile. 

It should be noted that while the reconstructions 

adequately reproduce power densities averaged on magnetic 

flux surfaces, they do a poorer job of reproducing the flux 

surfaces themselves. Apart from deviations arising from 

random or systematic errors in chord-integral data, the 

availability of only two camera views limits the series 

expansion used in the inversion process to four harmonic 

terms, including the term independent of poloidal angle.16 

Thus radial and vertical shifts and elongation of surfaces 

can be reproduced but triangularity can not. 

We now consider two camera configurations with fewer 

viewing chords than the reference designs. Sight lines €or 

the two configurations are shown i n  F i g .  3 .  In the first 

arrangement, shown on the left i n  the figure, the radial 

camera is unchanged from the reference design, but the 

vertical camera is replaced by a five-chord system which is 

consistent with the present standard design f o r  the 

interface between the vertical ports and the cryostat .  In 

10 
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the second configuration, shown on the right, the radial 

camera is also reduced in scope. 

Profile reconstructions for these camera configurations 

are shown in Fig. 4 for the case of a flat initial profile. 

The upper and lower graphs correspond to the sight lines 

shown on the left and right, respectively, in Fig. 3. The 

average values shown i n  Fig. 4 reproduce the initial profile 

reasonably well, but uncertainties become progressively 

larger as the number of chords is reduced. Results for a 

peaked initial profile are qualitatively the same. The 

global fusion power for  the flat profile case is reproduced 

to within factors of 0.9920.02 and 1.04f0.06, respectively, 

for the two camera configurations, In the case of the peaked 

profile, the corresponding factors axe 0.99f0.02 and 

0.98&0.06. 

These simulations show, at least for the specific 

magnetic flux surfaces and radial power density profiles 

considered, that the spatial sampling provided by the 

reference neutron camera designs is adequate fo r  satisfying 

measurement requirements fo r  absolute accuracy of local and 

global nuclear reaction rates. If the available angular 

f ie ld  of view of the radial camera is preserved, some 

reduction in scope should be permissible for the vertical 

camera. 

CONCLUSIONS 

The simulations discussed in this paper show that the 

present designs o f  neutron cameras fo r  ITm are capable of 

11 
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satisfying target measurement requirements for local and 

global nuclear reaction rates. Further relaxation of viewing 

requirements for the vertical camera may to be permissible. 

Compact ’%-based neutron cameras m y  provide more convenient 

diagnostic access than conventional cameras, but they fail 

by orders of magnitude to satisfy measurement requirements 

for temporal. resolution and parameter range, and their 

ability to satisfy requirements for absolute accuracy has 

not been established. 
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Energy community, the Government of Japan, the Government of 

the Russian Federation, and the Government of the United 
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Activities for the International Thermonuclear Experimental 

Reactor (“ITEZ3 EDA Agreement”) under the auspices of the 

International Atomic Energy Agency (IAEA). 
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FIG.  1. sight lines for the reference designs o f  the radial and vertical 

neutron cameras for ITER. 

FIG. 2. Power density radial profiles for magnetic flux surfaces and 

camera aight lines shown in Fig. 1. Sol id  curves represent initially 

assumed profiles- Open circles with error bars represent reconstructed 

values - 

FIG. 3. sight lines for alternative neutron camera configurations studied 

by simulated profile reconstruction. 

FIG. 4. Computed profile reconstructions fo r  the Camera configurations 

shown in Fig. 3. The lower graph corresponds to the configuration with 
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L. C. Johnson et al., Figure 1 
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L. C. Johns011 et al., Figure 2 
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L. C. Johnson et d., Figure 3 
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