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ABSTRACT 

JET made a transition from Carbon wall to ITER-Like Wall 
(Beryllium/Tungsten/Carbon) during 2010-11. Measurement of the resulting neutron yield 
calibration is being ensured by direct measurements using a calibrated 252Cf neutron source 
(NS) deployed by the in-vessel remote handling (RH) boom and mascot manipulator inside 
the JET vacuum vessel [1].  

This activity will allow direct measurement of the calibration of the 3 sets of external 
fission chambers (FC) system which was the original JET standard [2] and provide the first 
direct calibration of the JET activation system inside the torus. A key objective of the 
calibration is to achieve at least 10 % accuracy in absolute calibration of the JET external 
neutron monitors. 

The paper investigates the effect of the JET Remote Handling System (RHS) on the 
external neutron monitor response. It is found the most affected external neutron detector is 
the one which is closest to the RHS  entrance port, as the port is blocked by the massive RHS 
boom. The two external neutron detectors further from the RHS entrance port are affected to a 
much lesser extent. The effect of the JET RHS on the response of the external monitors at 
individual positions of the NS can be substantial, i.e. up to 30 %, but this occurs in locations 
which have low importance in the global response, integrated for all NS positions round the 
torus. Hence the total effect due to the RHS is less than 5 % in the most affected detector.  

1 INTRODUCTION 

Neutron yield measurements are the basis for the determination of the absolute fusion 
reaction rate and the operational monitoring with respect to the neutron budget during any 
campaign for the Joint European Torus (JET).  

                                                 
* See the Appendix of F. Romanelli et al., Proceedings of the 23rd IAEA Fusion Energy Conference 

2010, Daejeon, Korea 
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After the Carbon wall to ITER-Like Wall (Beryllium/Tungsten/Carbon) transition in 
2010-11, update of the neutron yield calibration will be ensured by direct measurements using 
a calibrated ‘point’ 252Cf neutron source (NS) deployed by the in-vessel remote handling (RH) 
boom and mascot manipulator inside the JET vacuum vessel [1].  

This calibration will provide direct calibration of the external fission chambers (FC) 
system which was the original JET standard [2] and provide the first direct calibration of the 
JET activation system inside the torus. The objective of the calibration is to achieve at least 
10 % accuracy in absolute calibration of the JET external neutron monitors. 

As in all such calibrations, neutronic calculations are required to support the physics, 
safety and engineering efforts [3][4]. Many are based on Monte Carlo modelling using the 
advanced Monte Carlo transport codes, such as MCNP [5]. 

In total more than 200 locations of the NS inside the tokamak will be used for neutron 
monitor calibrations. The locations of all NS calibration points inside the torus are 
schematically presented in Figure 1. There are 40 locations in the toroidal direction round the 
torus, each location having 5 positions: one is centrally located (C) in the plasma centre 30 cm 
above the tokamak midplane and 4 positions are offset from this central one by 0.5 m in the 
upper (U), lower (L), inner (I) and outer (O) directions. These point source measurements 
simulate 5 rings round the torus; a central ring plus up, down, in and out rings. 

 

 
Figure 1: Draft of in-vessel scan pattern. There are 5 points at each toroidal location round the 

vessel, i.e. 5 rings of points, plus some subsidiary points at other particular locations. Only 
part of the JET structure is shown 

 
The JET RH system contains some massive components (the mascot manipulator and 

the boom), which will be inside the vacuum vessel during the calibration, hence it is expected 
that these objects will significantly affect the neutron transport from the NS to the neutron 
monitors. Hence neutronic calculations are required to calculate the effects of the JET remote 
handling system (RHS) on the neutron monitors. We developed a simplified but quick 
running 3D geometrical computational model of JET [3] in MCNP [5] (Figure 2), which has 
been validated against the only experimental values available, i.e. the measurements from the 
last calibration performed in 1989 by Laundy and Jarvis [2]. Modelling of the JET RHS has 
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already been described in detail [6]. It is important to note that this simplified model will be 
used only for the purpose of investigating the nature of various effects but not for the final 
numerical calculations of the final correction factors, which will later be performed with a 
more detailed model of the JET tokamak [7].   

The activity presented in this paper is, in fact, the continuation of the work presented in 
a previous paper, in which we investigated the modelling of the JET RHS in MCNP [6]. The 
objective of this paper is to find out the geometric and material dependencies of the 
corrections due to the JET RHS and to estimate the size of these effects. This will help us 
minimize the effect of the JET RHS system on the final measurements.  

Some predictions can be made ab initio: The presence of the boom entering the torus in 
Octant 5 will mostly affect the nearest detector (No D3); our purpose is to minimise this 
effect. Also, when the boom is on one side of the torus, it will not significantly affect the 
response of detectors at the far side. This can be seen from our earlier calculations and from 
the only existing previous data [2] , which show that the response of the detector to the NS, 
versus the NS position is peaked at the nearest port to the detector and that 80% of the total 
response comes from the nearest port and the two adjacent ports. Therefore the orientation of 
the mascot and the boom was chosen in such way to ensure a clear line of sight between the 
NS and the 3 ports centred on the nearest port to the detector. 

Of course, the scattering from the isolated neutron source casing and the baton, in which 
the source is present during the calibration, is a minimum distortion which is always present. 
The latter effect was thoroughly studied earlier [4] and it ss found that its effect is negligible 
compared to the effect of the JET RHS. 

 

Figure 2: Top view of the MCNP JET geometrical model with the JET RHS deploying the 
source at location 1 C. The section is made at the tokamak midplane (z=0). As the mascot 
manipulator is tilted relative to the XY plane only the boom is visible. The positions of the 

JET external neutron monitors are denoted by D1, D2 and D3 
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2 EFFECT OF THE JET RHS  

2.1 Correction Factor 

Investigation of the effect of the major components of the JET RHS on the response of 
the external fission chambers on the transformer limbs and on the activation detectors located 
inside the vacuum vessel was performed in the following way. First we calculated the 
undistorted neutron monitor response versus the NS position for every calibration point, i.e. a 
response without the RHS in the vessel. Second we did the same calculation with the RHS 
included, i.e. the boom and the mascot manipulator holding the NS holder were modelled 
inside the tokamak in a specified configuration. Then we calculated the RH correction factor 
(CF) for the i-th detector and the j-th toroidal NS position, at poloidal position k, , ,i j k

RHC , as the 
ratio between the distorted neutron monitor response, , ,Φi j k

RH  and the undistorted 
response, , ,

0Φi j k
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The calculations of the correction factors were performed for all 16 notional fission chambers 
in the model, and for all 200 NS positions, meaning that we calculated 3200 correction factor 
values. In order to present RH correction factors for all detectors and calibration points we 
used several modes of presentation: correction factor versus NS position, correction factor 
versus detector position, correction factor matrix, and correction factor distribution. The 
advantages and deficiencies of the above mentioned modes are presented in Table 1. 
Examples follow in the paper. 

Calculation of final RH correction factors for all calibration points is out of scope of this 
paper. Hence the RH correction factors are presented only for some particular cases and for 
the central NS positions, which are the most representative as they correspond to the plasma 
centre. Special attention was paid to the three fission chambers, denoted by D1, D2 and D3 in 
Figure 2, which are located at the positions of the real fission chambers at the JET tokamak.  

First we calculated the undistorted detector response for the central NS position (Figure 
3 above). The FC response curve versus NS position represents the contribution to individual 
detector response from a certain NS position.  It is found that the results are in agreement with 
[3], i.e. the neutron monitor response is the highest when the NS is closest to the detector, 
except for the position, which is approx. 30 ° from the detector. The peak at the latter position 
is due to a direct line of sight effect through the port, exaggerated because the size of the 
notional detectors is larger than their real size. Hence the location, shape and height of the 
peak strongly depend on the shape of the port and of the neutron detector in the computational 
model. 
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Table 1: Comparison of modes for presenting effect of the JET RHS on the external neutron 

monitor response 
presentation mode advantage deficiency 

CF vs. NS position o presents the results of interest, 
which is directly applicable to the 
correction of the experiment 

o only some of the detectors can be 
presented 

CF vs. detector position o study azimuthal dependence of CF 
for a certain NS position  good 
for understanding the effect 

o only some of the NS positions can 
be presented at once 

CF matrix o presenting CF values for all NS 
points and all detectors 

o good for observing the trends and 
understanding the effects 

o difficult to read exact values of CF 
accurately 

CF distribution o observe changes in neutron flux 
distribution all over the torus hall 
and not just the detectors 

o good for understanding the effects 

o difficult to read exact values of CF 
accurately 

o one picture valid for single NS 
position only  need a movie or 
several pictures for all NS 
positions 

 

 
Figure 3: External FC response versus NS position for D1, D2 and D3 FCs (above). Remote 
handling correction factor versus NS position for D1, D2 and D3 FCs (below).  NS is located 

on the central ring 

Secondly we calculated the RH correction factor (as defined in Equation (1)) for the NS 
at the central position and for the FCs at D1, D2 and D3 positions (Figure 3 below). It can be 
observed that FC response at location D3 is the most affected by the RHS as it is closest to the 
RH entrance port in Octant 5, which is blocked by the boom. Moreover the FC response for 
D1 and D2 positions is the most affected by the RHS when the NS is located in Octant 5. It is 
interesting to note that when the NS is located in the octant close to the FC position, the FC 
response is only slightly affected by the RHS, i.e. the RH correction factor is slightly larger 
than unity, mainly due to increased back-scattering from the mascot robot body. All these 
findings are in agreement with our previous studies showing that the highest contribution to a 
certain FC is via the closest port and the second highest contribution is via the port closest to 
the neutron source [3]. The effects of the RHS depend on the RH configuration and on the 
neutron monitor location. The response can be decreased by the boom blocking a port or 
increased by favourable scattering. 
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Correction factor versus detector position for four representative NS positions are 
presented in Figure 4. It can be observed that correction is the highest for the detectors close 
to the RH entrance port. When the NS is at position 180°, which is just in front of the RH 
entrance port, the correction to all detectors is the highest, as the RHS is blocking the port 
next to the NS. In other cases the correction factor is the largest for detectors shadowed by the 
RH boom.  
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Figure 4: Correction factor versus detector position for 4 representative central NS positions  

2.2 Importance Weighted Correction factor 

The RH correction factors are required for each of the 200 measurement positions. In 
order to obtain the plasma (volumetric neutron source) relevant response these should then be 
convoluted with the fission chambers position-dependent response (e.g. Figure 3 above) to 
generate the integrated ring responses for each detector. First we calculated the ring correction 
factors for each of 5 poloidal NS positions: 
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Secondly we calculated the total correction factor: 
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where wk denotes the ring importance factor, which is proportional to the neutron 
emission from that part of the plasma and strongly depends on the poloidal plasma profile. 
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In calculations presented in Table 2, we assumed a flat plasma profile, meaning that all 
rings contribute equally to the detector response. This is not necessary true for all plasma 
shapes, especially the common ones which have highly peaked poloidal profiles. For such 
peaked plasma emission profiles, the data will be biased towards the central ring values. 

All final importance-weighted correction factor results for D1, D2, and D3 detectors are 
presented in Table 2. For D3 detector the CF is by far the largest for the upper NS position, as 
its distance from the tokamak midplane is the largest (80 cm).  

During the investigation of the effect of the JET RHS on the neutron monitor response, 
we closely interacted with the remote handling team trying to find the optimal configuration, 
i.e the one with the smallest correction factor. For example we changed the RHS deployment 
geometry for some of the most affected NS points in Octant 5. One such example is presented 
in Table 2, showing the total correction factors for two RH configurations.  

The differences are relatively small meaning that already initial configurations were 
well optimised. However it can be seen that a reduction in the correction by~ 0.8 % was 
achieved for the most affected detector D3. 

 
Table 2: Importance weighted RH correction factors for all NS position for two RHs 

configurations, basic (old) and improved (new) 
  old Oct 5 positions new Oct5 positions new/old-1 [%] 

detector → D1 D2 D3 D1 D2 D3 D1 D2 D3 
NS position ↓             

C 1.018 1.013 0.954 1.019 1.016 0.964 0.13 % 0.26 % 1.04 % 
L 1.017 1.015 0.965 1.018 1.018 0.974 0.13 % 0.22 % 0.87 % 
O 1.013 1.009 0.949 1.016 1.013 0.964 0.27 % 0.37 % 1.58 % 
I 1.018 1.014 0.949 1.019 1.016 0.948 0.03 % 0.12 % -0.09 % 
U 1.014 1.009 0.918 1.015 1.011 0.923 0.09 % 0.18 % 0.49 % 

total 1.016 1.012 0.948 1.017 1.015 0.956 0.13 % 0.23 % 0.81 % 
C-centre, L-lower, O-outer, I-inner, U-upper 

For D1 and D2 positions the integral correction factor is ~1.015, which is mainly due to 
neutrons back-scattered from the mascot body. In D3 position however the integral correction 
factor is approx. 0.95, mainly due to the boom blocking the port in Octant 5, which is 
relatively close to the D3 position in Octant 6.  

3 CONCLUSIONS 

Performing an absolute calibration of the JET external neutron monitors with an 
accuracy lower than 10 % is a difficult task due to the complex geometry and due to 
numerous geometrical and material uncertainties. Hence it is essential to use an advanced 
neutron transport code, such as MCNP to computationally support the experiment by 
calculation of experimental corrections, uncertainties and, determination of biases. In this 
paper the effect of the remote handling system on neutron transport was investigated. Due to 
large number of results and relatively high complexity of the problem under investigation, 
several visualisation modes were used to present the results. The final results of the extensive 
analysis are summarised in the three preliminary RH correction factors presented in Table 2. 
However a detailed analysis of all results shows the following: D2 and D1 are the least 
affected FCs as they are furthest from the RH entrance port in Octant 5. D2 and D1 detector 
response is increased in presence of the RHS, mainly due to increased back –scattering of 
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neutrons from the mascot robot body, meaning that the mascot robot body has to be modelled 
in detail to accurately simulate the effect. 

 D3 is the most affected FC as it is closest to the RH entrance port in Oct 5 that is 
blocked by the boom. The D3 response is decreased in the presence of the JET RHS due to 
shadowing effect of the boom. 

Although the RHS is a massive object its overall effect on the external neutron monitor 
response is not large, i.e. less than 5 % for the most affected detector, when taking into 
account the NS importance function. 

It must be remembered that these calculations have used the simplified or the so called 
‘Quick Model’ to allow production of results with reasonable computation times. To obtain 
more detailed and accurate estimates of the final corrections and their uncertainties, the 
calculations will be repeated with the more complete model of the JET [7].  

The correction factors due to the presence of the JET RHS can potentially be significant 
in cases when the boom is blocking a port close to the detector under investigation; however 
we have chosen boom configurations so that this is avoided or minimised in the vast majority 
of the source locations. The results are of great interest for any RH application involving 
manipulation of strong neutron sources, e.g. neutron monitor calibration in ITER or DEMO. 
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APPENDIX A: CORRECTION FACTOR MATRIX 

In order to present CFs for all FCs and NS positions we developed the concept of the 
correction factor matrix visualised in orthoimage visualisation mode. The matrix elements for 
each poloidal position k are calculated according to the formula (1), meaning that all 3200 
correction factor values can be presented by using 5 correction factor matrices. Such a 
presentation is very valuable for understanding the nature of the effects. However it should be 
noted that many of the effects seen in the matrix are then smeared-out when calculating the 
importance-weighted correction factor, which is much smaller than individual correction 
factors presented in the matrix. The correction factor matrix for the central NS position is 
presented in Figure 5. This figure clearly shows the area (black and purple) significantly 
affected by the JET RHS for all NS positions. This is the area close to the RH entrance port in 
Octant 5. In addition it can be seen that D1 and D2 detectors are the most effected when the 
NS is around position 20 in Octant 5. 

 

 
Figure 5: Correction factor matrix for the central NS position 
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APPENDIX B: CORRECTION FACTOR DISTRIBUTION 
In addition to the effect of the JET RHS on the external neutron monitor response we 

are interested in changes in the neutron flux distribution inside the torus hall due to the JET 
RH system. This was calculated by superimposing a mesh (500 × 500 × 10 ≈ length × width × 
height) over the model geometry and calculated the neutron flux in each of the mesh cells. For 
each NS position two calculations were performed with and without the JET RH system. The 
CF was then calculated by dividing the two meshes. The results for the central NS position 
are presented in Figure 6. In addition the JET RHS is visualised as well to enhance 
understanding. The NS is located at the end of the right arm of the JET RH system. Red and 
yellow areas in front of the mascot robot body indicate a 10-15 % increase in local neutron 
flux due to back-scattered neutrons. The green area covering more than half of the area 
denotes are where changes in neutron flux are lower than 5 %. The neutron flux in blue 
coloured areas is reduced mainly due to boom shadowing effects. Large depressions in 
neutron flux outside the RH entrance port in Octant 5 are also noticeable. 

The results are as expected. When a port is shielded from the direct neutron flux by the 
RH Boom, the flux incident on the port is, of course reduced.  

 
 Figure 6: Correction factor distribution for the central NS position 

 

 


