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2.1. Introduction
The JET tangential gamma-ray spectrometer (KM6T) has already provided valuable spectral information on the plasma gamma-ray emission from the JET plasmas (e.g., TTE campaign). It is an essential diagnostics for fast particle studies in JET high performance discharges [1-4].

The KM6T tangential GRS has been strongly affected following the 2004 JET shutdown (removal of the KJ5 pre-collimator). In order to regain its diagnostics capability and, especially, to extend its operation for high power deuterium and deuterium-tritium discharges a major upgrade is necessary.

The main objective of the diagnostics upgrade project “Upgrade of the JET Gamma-Ray Tangential Spectrometer (KM6T)” is the design, construction and testing of a gamma-ray diagnostics configuration consisting of: two neutron and gamma-ray collimators, one neutron shield, two gamma-ray shields, and three neutron attenuators.

These components are going to be installed at JET in a system that will extend over a distance of 30 m, from the vacuum chamber to the external wall of the JET Torus Hall.


Design solutions (at the level of conceptual design) have been developed and evaluated for all the above components. The KM6T Conceptual Design Report [5] was presented and evaluated at a Design Review Meeting held at JET on November 12th, 2008.

2.2. Conceptual design of the upgraded JET Gamma-Ray Tangential Spectrometer (KM6T). The upgraded KM6T diagnostics. Overall system.
The field-of-view of the upgraded KM6T diagnostics is defined by a system of collimators and shields (for both the neutron and the gamma rays).


The neutron flux at the gamma-ray detector position is to be reduced by a set of three attenuators: two fixed and one movable. Lithium hydride with natural isotopic composition is used as the attenuating material.
2.2.1. The new KM6T configuration. KM6T Field-of-View

The old (prior to the 2004 JET shutdown) KM6T spectrometer configuration using the KJ5 diagnostics shield as a pre-collimator is presented schematically in Figure 1a, while Figure 1.b shows the present (December 2008) configuration.


The KJ5 pre-collimator provided a good shield for the KM6T Line-of-Sight (LoS) in the vertical plane. This was not the case for the horizontal plane: large regions of the tokamak plasma were not shielded from the spectrometer LoS.

In the present configuration the BGO detector is exposed to any radiation (neutron and gamma-rays) which is not shielded by the south wall penetration. Figure 1b shows this schematically. It is shown in detail in the CATIA model in Figures 2.2a and 2.2.b of the Conceptual Design Report [5].
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Figure 1b
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Figure 1c

Figure 1. KM6T tangential gamma-ray spectrometer configuration 

1a: old (prior to the 2004 JET shutdown) configuration; 1b: present configuration; 1c: new (upgraded) configuration.

The upgraded KM6T configuration developed during the conceptual design phase is shown schematically in Figure 1c. It contains the following main components: front collimator, rear collimator, neutron shield, gamma-ray shield and neutron attenuators.

2.2.2. KM6T upgrade main components


The main components of the new KM6T diagnostics configuration have been developed to provide the functions defined in what follows.


Front collimator. The front collimator defines the spectrometer field of view at the plasma side of the line-of-sight. Its dimensions (outer diameter and length) have been determined in terms of the available space in front of the Octant 8 vacuum port. The front collimator acts as a shield for both the neutron and gamma radiation. It uses polyethylene plates for the neutron collimation and lead plates for the gamma-ray collimation.


Rear collimator. The rear collimator defines (by its external diameter) the radial extension of the shielded field seen by the BGO detector. The thickness of the rear collimator is determined by the necessary amount of material needed to shield the BGO detector from parasitic neutron (Emax ~14.1 MeV) and gamma radiation (Emax ~5 MeV). The rear collimator is made up of polyethylene plates for the neutron collimation and lead plates for the gamma-ray collimation. The two collimators are designed to work in a tandem configuration.


Neutron shield.
A neutron shield to be installed on the Torus Hall south wall has the function of defining an aperture at the entrance of the wall penetration. In this way the neutron interaction with the penetration material is avoided and the structure and composition of the filling material (silica grout) in the wall penetration is no longer involved in the MCNP calculations. The dimensions of the neutron shield are determined as follows: 

-Inner diameter: minimum value allowed by the wall penetration pipe (extension of the KX1 flight tube).

-Length: attenuation (~102 attenuation factor) of the 14.1 MeV neutrons

-Outer diameter: the radial extension of the neutron field seen by the BGO detector beyond the rear collimator. The neutron shield is to be constructed from polyethylene plates.


Gamma-ray shield. The gamma-ray shield has the purpose of reducing to a minimum the flux of the parasitic gamma radiation reaching the BGO detector. This background radiation will be generated by the interaction of the fast neutron flux with the components inside the KX2 bunker (especially those of the KX1 x-ray spectrometer). The dimensions of the gamma-ray shield have been determined by the geometry of the field-of-view in front of the BGO concrete collimator as well as the dimensions of the external neutron attenuator which the shield is going to accommodate. The gamma-ray shield is designed to be constructed from cast lead.


Neutron attenuators. The neutron attenuators have the aim of reducing the neutron flux at the gamma-ray detector position. Three attenuators are to be used for this purpose: two fixed and one movable. Lithium hydride with natural isotopic composition is to be used as the attenuating material. The dimensions of the attenuators have been determined by the diameter of the BGO detector and by the necessary total thickness of material (LiH) to obtain the following attenuation factors: 

- For 2.45 MeV neutrons: 104
- For 14.1 MeV neutrons: 102 
2.2.3. KM6T design procedure


The development of the conceptual design solutions for the KM6T upgrade was done by the following procedure: 

- Estimation of necessary materials and thicknesses to provide the required attenuation factors for neutrons and gamma-rays

- Evaluation of available space and determination of the positions of the collimators and shields

- Estimation of outer diameter and thickness for the collimators and shields

- CAD model (CATIA) for the new KM6T upgrade

- Simplified model for the MCNP calculations

- Update of the CATIA model based on the results of the MCNP calculations 


This procedure provided the conceptual design solutions for the new KM6T configuration. Further improvement of the design can only be possible after a detailed evaluation of the neutronics performance of the proposed configuration. This can be done during the scheme design phase using both the updated CATIA model and a new MCNP calculation package.

2.3. Conceptual design solutions developed for the main components of the KM6T diagnostics upgrade
A number of conceptual design solutions have been developed for each of the main components of the KM6T diagnostics upgrade. The solutions have been evaluated at various stages of the concept development and a set of recommended designs were agreed upon by the representatives of the participating EURATOM Associations (MEdC, ENEA, CEA, CIEMAT) and those of JET/JOC. This chapter presents the conceptual design solutions which have been selected to be further developed at the level of scheme design. The objects to be described are ordered from the tokamak machine outwards (See also chapter 2.2 above): front collimator, rear collimator, neutron shield, gamma-ray shield and neutron attenuators.

Regarding the materials selected for the casings and supports for the above components, the selection was done based on properties, behaviour during manufacture and service life. These materials are: INCONEL 600, SS316L and aluminium alloy.

2.3.1 Conceptual design for the front collimator   

The final design solution for the front collimator is that of the so-called “revolving modules”. The main components of the revolving front collimator (Figure 2) are: front module (first module), rear module (second module), positioning (rotating or revolving) support, active collimating materials.
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Figure 2. Complete front collimator; dimensions and weights of the casing (empty) and support frames

2.3.2 Conceptual design for the rear collimator 

The main components of the rear collimator are shown in Figure 3: rear collimator assembly (cylindrical shape), support assembly (semi-cylindrical halves) and pole support. The rear collimator assembly is divided into halves to permit installation, its axis coinciding with that of KX1 flight tube. 
2.3.3 Conceptual design for the neutron shield

The main components of the neutron shield are shown in Figure 4: casing (two halves), support (two halves) and a support platform.

The casing comprises two identical semi-cylindrical parts joint together around the KX1 flight tube, each part being filled with semi-circular polyethylene slabs.
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Figure 4. Main components of the neutron shield

2.3.4 Conceptual design for the gamma-ray shield

The two gamma-ray shields (one fixed and the other one movable), Figure 5, are located inside the KX1 bunker, close to the entrance of BGO concrete collimator. The shielding material is lead, cylindrical in shape. The shield is composed of two cylindrical parts one of them cut an angle of 22.5 degrees to be fixed on the wall. This part is fixed in a collar like support bolted onto the bunker south wall. It has a central hole to accommodate the protruding part of the first section of the neutron attenuator. The other shield part is placed on mobile support that executes a vertical translation (between the parking and working locations) of minimum 400mm driven by an electrical motor. The axis of the shield coincides with that of KX1 flight tube. The main components are (Figure 5): gamma-ray shield (two parts), support platform and actuator.
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Figure 5. Overall view of the gamma-ray shield assembly. Vertical translation between working (up) / parking position (down) is shown.

2.3.5 Conceptual design for the neutron attenuators 

The KM6T neutron attenuators will be constructed by encapsulation of LiH discs inside a metal casing. The technology for the production of the LiH discs is presented in [5]. The metal [image: image17.png]Fie Edt
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casings are designed as vacuum tight enclosures using ultra-high vacuum (UHV) technology based on metal sealing. 
Figure 6 shows a design solution for the attenuator casing based on an all-metal casing.
Figure 6. Neutron attenuator casing (all-metal sealing).

2.4. Conceptual design solutions developed for the command and control of the KM6T components. Command and control for the gamma–ray shield. CODAS interface. 

The movable component of the gamma – ray shield (see chapter 3.4) has to be moved in and out of the detector line of sight from working position as required by experiments. An actuator type machine screw (type Joyce Machine Screw Comdrive) with two guides mounted in compression mode is used.

Taking into account gamma-ray shield characteristics and the manufacturer recommendations regarding the behaviour of the actuators under compression loads, when the screw is not able to support full capacity (only half of full capacity has to be taken into account) a 3 ton machine screw ComDRIVE was selected. Details on the criteria for the choice of the actuator as well as a flow chart for the operation of the gamma-ray shield assembly can be found in [5].

Regarding the interfacing of the KM6T command and control with the JET CODAS system two solutions have been considered:

1. The simplest solution uses two NC(NO) contact relays which are closed (open) when the gamma ray shield is in the working/parking position. 

2. Use of a local micro-controller and the HTTP protocol to send via an Ethernet connection the status information to CODAS. 
2.5. Radiation (neutron and photon) analysis related to the KM6T tangential gamma-ray spectrometer
2.5.1 Monte Carlo calculations of the neutron and photon transport for the KM6T Field-of-View

The goal of the calculations was to estimate: the efficiency of the two collimators that are proposed to be installed in the JET Torus Hall (between the plasma source and the south wall penetration) and the effect of the three attenuators that will be installed in front of the BGO detector, especially the neutron versus gamma-ray attenuation. The evaluation was performed on the basis of Monte Carlo calculations using the MCNP code [6].
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Figure 7. Construction of the MNCP model of KM6T starting from the CATIA model

Upper left: CATIA model; Lower left: MCNP configuration; Upper right: details for cell 33 (wall penetration); Lower right: details for cells 33, 47, 51, 55

The KM6T MCNP model was constructed starting from the 3D CATIA drawings of the KM6T system, as illustrated in Figure 7. It should be noted that it is a much simplified KM6T configuration which does not contain some important elements of the full system (e.g., it does not contain the neutron and gamma-ray shields). 

Details of the MCNP simulations such as source characteristics (e.g., neutron and photon spectra), two-step transport calculation approach, materials, and others can be found in [5]. Only some illustrative examples are shown here.

The efficiency of the KM6T new tandem collimator configuration was evaluated by calculating the particle flux at a specified Line-of-Sight location with and without the collimators (i.e., collimators replaced by air). The results are presented in Figure 8, and show that the collimators do not modify significantly the shape of the neutron spectrum while producing an attenuation factor of approximately 7.
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Figure 8. Average neutron flux in cell 33 with collimators (left) and when collimators were replaced by air (right)

A first estimate for the overall performance of the full system for the reduced model is shown in Table 1. It follows that the neutron attenuation factor is ~1.5x104 with a 0.1 MeV cut-off in the MCNP calculation, and ~3.7x104, without cut-off. The gamma-ray attenuation factor is ~20.

Table 1 – Neutron and photon fluxes in the attenuators and in the detector

	
	Cell
	Neutron flux
	Photon flux

	
	
	Cut off:

0.1 MeV
	No cut off
	

	attenuators
	47
	3.14 10-5
	1.09 10-3
	1.05 10-3

	
	51
	9.98 10-7
	2.51 10-6
	6.88 10-4

	
	53
	1.83 10-8
	1.54 10-7
	1.88 10-4

	detector
	55
	2.11 10-9
	2.91 10-8
	5.41 10-5


The photon flux in the detector is ~3 orders of magnitude higher than the neutron flux. Disregarding the low energy neutrons (energy below the cut-off) the difference is of 4 orders of magnitude. However, for a correct evaluation the effect of photons generated by neutrons interaction must be taken into account. The present evaluation was performed using a DOS version of MCNP 4C. For the complicated geometry of KM6T the (n,() calculations could not be performed. This task could be accomplished in the near future, after installing the latest version of the MCNP numerical code package.
2.5.2 Evaluation of parasitic gamma-ray sources

The spectra of the neutron induced gamma radiation from parasitic sources falling into the field of view of the KM6T spectrometer have been calculated using the MCNP code. The calculations were done for both 2.45 and 14.1 MeV neutrons. Figure 9 shows the expected parasitic sources inside the JET vacuum chamber, while Figure 10 shows the calculated gamma-ray spectra emitted from the inner guard limiter. More detailed information on the spectra of the parasitic gamma-ray sources are provided in [5].
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Figure 9. Expected parasitic gamma-ray sources inside the JET vacuum chamber.
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Figure 10. Calculated gamma-ray emitted spectra from the inner poloidal guard limiter.
2.6. Conclusions
The conceptual design of the KM6T diagnostics upgrade has been completed at the end of a period of work that extended over three years and involved people from five EURATOM Associations as well as from the JET Operator. Design solutions for all the main components (collimators, shields, attenuators) of the upgraded diagnostics have been developed and evaluated. A Conceptual Design Report describing the accepted solutions for all the main components of the KM6T tangential gamma-ray spectrometer upgrade as well as first estimations on the neutronics performance of the upgraded system was issued. The conceptual design report has been positively and favourably evaluated during a Design Review Meeting held at JET on November 12th, 2008.


The procedure for internal review at JET (TCD-I) was started immediately after the Design Review Meeting and it is progressing favourably. 
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2. Upgrade of the jet Tangential gamma-ray SPECTOMETER (KM6T) 





 Figure 3. Rear collimator - overall view
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