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NEUTRONIC PERFORMANCE OF TWO EUROPEAN 

BREEDER-INSID-TUBE (BIT) BLANKETS FOR DEMO: 

THE HELIUM-COOLED CERAMIC LJAIO2 WITH Be 

MULTIPUER AND THE WATER-COOLED LIQUID Lil7Pb 

L. Petrizzi, V. Rado 

Associazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati, 
C.P. 65 - 00044 Frascati, Rome, Italy 

In support of ENEA activity in the European Community Test Programme, a 

neutronic analysis has been performed on the two latest blanket design relative to 

helium-cooled ceramic BIT (with LLAIO2 and Be multiplier) and the water-cooled liquid 

Lil7Pb in cylindrical modules. At this scope the powerful MCNP Montecarlo code hae 

been used (version 4.). A detailed and accurate description of the geometrical model has 

been performed inserting the main reactor details and avoiding breeder material dilution 

inside the modules. TBR performance is low for the solid breeder BIT (with 10 ports 1.011) 

due mainly to low blanket coverage near the exhaust duct and this solution should be 

revised. CM Lil7Pb blanket reaches sufficient TBR (1.059, with ports) to rely on tritium 

self-sufficiency. Shielding properties, with respect to the toroidal field coils, have been 

estimated in a simplified model by means of the ANISN code, supplied with nuclear data 

library coherent with the one used by MCNP. The analysis suggests a careful shield 

thickness/composition design to be confident on the shielding capability of the whole 

blanket + shield system. 
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1. INTRODUCTION 

DEMOnstration of the technological feasibility of a D-T fusion reactor is the 

objective of the DEMO machine to be built in the future after ITER. In this machine the 

blanket plays the role of: converting in an efficient and reliable way the neutron energy 

into heat power to be extracted by a proper cooling system; breeding enough tritium to 

replace the burnt tritium in the plasma; contributing to the shielding of the toroidal field 

(TF) magnet coils. 

The European Community (EC) has started a Test-Blanket Development 

Programme in 1989 whose objective is the selection by 1995 of two blanket design lines, 

among the four under study at ENEA, KFK and CE A at this moment. Two of them rely on 

a solid breeder (helium cooled) and two on liquid Lil7Pb, one water and the other 

self-cooled. The selection should come out from a design and experimental activity and it 

foresees the definition of some DEMO relevant tests to be performed in ITER. 

For a significant comparison, all the blanket concepts have been designed to meet 

the same reference constraints (called DEMO specifications, Table 1), even if the selection 

Table 1: Main DEMO specification 

Major radius/minor radius 

Fusion power 

Mean neutron wall loading 

Operating mode 

Operating time 

Impurity control 

Number of TF coils 

Number of segments 

Blanket+shield thickness 
Inboard 
Outboard 

Possibility to locate blankets behind the divertor 

Ports number and geometry (to be considered only 
in the neutronic calculations) 

6.3/1.82 meter 

2200 MW 

2.2 MW/m2 

continuous 

20,000 hours 

divertor, double null 

16 

48 outboard 
32 inboard 

117.6 cm 
185.6 cm 

10; at outboard midplane, 3.4 m height, 
full segment width 
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refers more to the line than to the peculiar design which can have some features 

dependent on DEMO specifications themselves which in the future can be revised (e.g. 

double null divertor). 

A major requirement for DEMO blanket is to assure a tritium breeding ratio (TBR) 

exceeding unity, taking into account also 10 ports. 

The present paper concerns the most recent neutronic analysis on two blanket 

designs belonging to two different lines, in which ENEA is involved (in collaboration with 

CEA): 

• the line of helium cooled ceramic breeder with beryllium as multiplier, with the 

proposal of LiA102 breeder (75% Li6 enriched) and LÌ2ZK>3 as alternative; 

• the line of water cooled Lil7Pb (90% Li* enriched). 

Both the here presented designs are based on a similar containment system for the 

breeder: breeder-inside-tubes (BIT) with coolant passing through. The modules, generally 

have cylindrical shape (for the solid breeder where feasible square shape) and run 

poloidally following the first wall curvature. 

The MCNP Monte Carlo code (version 4.2, [1]) has been used in the neutronic 

analysis, supplied with a neutron data library derived from the European Fusion File 

(EFF-1, [2]). The code is able to transport neutron and photons in complex geometries. A 

general 3-D model assuming the DEMO specifications has been defined and used as a 

common basis for the two considered designs. One sector of the torus (2n/16) has been 

described with proper reflective planes; it has 3 outboard blanket and 2 inboard and 

behind divertor segments. Gaps in between have been defined too. A 3-D neutron source 

has been sampled with distribution parameters taken from [3] and [4]. Top and bottom 

half of the torus have been considered in two separate runs assuming vertical symmetry 

in each. The overall TBR is derived as the mean value between the two. The divertor 

system has been represented by a set of plates attached to the blanket divertor box; from 

the plasma: W, Cu and martensitic steel with thickness 5,30 and 40 mm, respectively, 

according to the DEMO specifications. 
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2. THE SOLID BREEDER BIT CONCEPT 

2.1 General presentation 

As explained in more detail in [5,6,7], the main design feature is: poloidal module 

configuration with coaxial cooling. Each module consists of a martensitic steel (MANET) 

pressure tube closed at the bottom end and containing 7 hairpins of yLiAl(>2 surrounded 

by a baffle. The coolant (helium at 5 MPa, 250/500 °C inlet/outlet temperature) first flows 

downwards in the annular space between pressure tube and baffle, reverses direction at 

the bottom end of the module and then flows upwards through the bundle. This coolant 

flowing scheme permits to mantain beryllium and the pressure-loaded structure at 

moderate temperature, while taking advantage for the breeder temperature control. In 

fact the yLiAlC>2 pellets are cooled by a 425-500 °C helium flow, so assuring a good tritium 

release. At the same time the breeder modules external diameter and internal 

composition, set by thermal hydraulics dimensioning, satisfy the requirements from 1-D 

and 2-D neutronical optimization studies which state a berryllium to yLiAlC>2 volume 

fraction ratio between 6 and 10 to maximize the TBR performance. Nevertheless, a 

compromise should be met between large module diameter to minimize the steel volume 

fraction and the total number of tubes, and a small diameter to minimize heterogeneities. 

There are three types of modules. In the inboard and outboard blanket front rows 

the inlet helium channel is outside the beryllium ring to withstand the swelling and the 

modules are round shaped. In the rear rows of the outboard and inboard and in the whole 

blanket behind divertors, the helium inlet channel is inside the beryllium ring. These 

modules have a round shape, too, except in the 3 rear rows of the inboard blanket, which 

have a square shape for a better filling of the box. 

The modifications of the design in comparison with the last version [5] are: an 

increase of the outboard blanket poloidal length (now 12.25 meters from 11.4); change of 

the inboard rear rows from round to square shape to enhance the TBR performance (1.129 

in [6]) without loosing simplicity of assembly; a better layout of the behind divertor 

blanket modules; a definition of the four manifold systems: one for the outboard, one for 
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the inboard and two for each behind divertor blanket The first modification means an 

increase of the coolant volume fraction in the blanket to keep the same pumping power, 

versus Be and the breeder content. 

2.2 Tritium breeding ratio 

In the general 3-D MCNP geometrical model (fig. 1) of the DEMO reactor, the 

breeder modules layout has been represented by means of concentric rings, wuh no 

material dilution, otherwise the TBR value could be overestimated. First-wall thickness 

assumed is 2.5 cm (75% manet, 25% helium). The module section in fig. l,a refers to the 

rear outboard blanket (and to the whole divertor). In the front rows of the outboard 
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Fig. 1 • BIT 3-D model as in MCNP a) top half vertical section; b) outboard 
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blanket there is an additional helium cooling ring. The real outboard poloidal curvature 

of the modules has been approximated by poloidal segmentation in straight cylinders. 

Manifold regions have been described in a simplified way with a proper steel dilution. 

In the bottom half model (fig. l.c) the divertor bottom exhaust chamber and pipe 

exit have been described. The reduced poloidal length in the outboard bottom half 

(1 meter less), in all the three blanket segments has been considered. 

In Table 2 TOR results are given. A 3-D TBR value of 1.083 has been evaluated 

which is quite lower than the previous 1.129. This due to the lower Be and breeder content 

in the outboard blanket, and to the leakage through the exhaust duct which was not 

considered in the previous analysis. 

If the presence of 10 ports is considered the TBR value decreases to 1.011 applying a 

reducing factor as in [8]. 

2.3 Heat deposition distribution 

Radial-poloidal distribution map of the power densities (neutron and y) on the three 

material composing the breeder module has been performed. The data on yLiA102 are 

shown as example in fig. 2. Maximum power density in the first wall is about 25 W/cm3 at 

Capture 
first wall and side wall capture 
divertor platea 
total 

TBR 
outboard 
divertor zone 
inboard 
divertor zone 
total 
taking in account 10 ports 

Table 2: TBR results and neutron balance for the solid BIT 

Overall neutron multiplication 

Be neutron multiplication 

1.636 

1.425 

0.012 
0.054 

0.174 

0.738 

0.054 

0.220 

0.125 
1.083 
1.011 
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Radial row # 

Fig. 2 - Nuclear power densities on yLiA102, radial poloidal distribution 
(see Fig. 1 for poloidal sector number) 

the outboard midplane while in the divertor W plate facing the plasma the power density 

reach* 44 W/cm3. 

3. THE CYLINDRICAL MODULE (CM) LI17-PB DESIGN 

3.1 General presentation 

Water-cooled Lil7Pb blanket is one of the four lines studied in the Test Programme. 

Three conceptual designs have been proposed till now by CEA, JRC/Ispra and ENEA; 

among which there is the cylindrical module (CM) originally developed by JRC/Ispra and 

CEA [9,10,11]. In the last years JRC/Ispra retired from the design activities and ENEA 

has contributed in some fields (e.g. neutronics). 

Each blanket segment is formed by a poloidally cooled steel box which contains 

cylindrical modules. These are connected at their bottom two by two. The poloidally* 

flowing (at low speed) Lil7Pb enters at the top of one module and exits at the top of the 

connected module. Each module is coo? d by a variable number of U tubes of pressurized 

water, the number depending on the thermal hydraulics dimensioning. The coolant 

inlet/outlet temperatures are 265/325 °C with a pressure of 15.5 MPa. 

Latest design details are, for example, in [11]. The outboard segment boxes contain 

39 breeder modules, the inboard 18. In the mid plane, the outboard segments are ranked 

in 6 rows, the inboard in 4. The outboard modules have not the same curvature radius (as 
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in the BIT solid breeder): with the smaller toroidal width at the top of the segment there is 

an increase of the segment thickness. Main modifications compared to [10] are: the major 

poloidal length due to the changed segment curvature radius (650 from 500); different 

dimensioning of the front rows [11]; a detailed manifold systems design. These are three: 

one for the outboard, one for the inboard and top divertor and one for the bottom divertor. 

3.2 Tritium breeding ratio 

Inside the general 3-D model (fig. 3) a detailed representation of the breeder 

modules has been performed by means of six concentric rings, with no material dilution. 

From the outer radii there are: MANET steel, LiPb, steel, water, steel and Lipb again. 

The poloidal curvature of the breeder modules has been approximated taking three 

straight segments (three for the bottom half and three for the top) taking into account in 

each poloidal segmentation the different poloidal curvature. The manifold systems have 

been considered as a diluted mixture of LiPb, water and steel; composition and dilution 

have been derived from the available drawings. The first wall has been described with a 

set of layers: from the plasma, 5 mm manet, 3.5 mm water, 7.5 mm manet. In the bottom 

half of the 3-D model of the torus the exhaust opening has been described. 

A 3-D value of 1.162 has been obtained (no ports, 2% of tritium generation in the 

-400 -200 0 200 400 -80 -40 0 40 80 

Fig. 3 - a) cm 3-D model as in MCNP top half vertical section; b) cm 3-D model as in 
MCNP cross section outboard blanket. 3rd poloidal segment at z=400 cm 
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Table 3: TBR results by zone for the CM 
Lil7Pb blanketpoloidal breeder zone 

half top 
outboard 1 
outboard 2 
outboard 3 
manifold 

total 
inboard 
divertor 
manifold 

total (no porta) 
total (10 ports) 

0.164 
0.131 
0.108 
0.007 
0.410 
0.123 
0.050 
0.007 
1.162 
1.079 

manifold systems see Table 3). The presence of 10 ports should not reduce this value lower 

than 1.05 [8]. An overall neutron multiplication of 1.527 has been determined (1.370 

from Pb). 

3.3 Heat deposition distribution 

For each row of the blanket, nuclear heating and power density in each of the 

material of which the module is made of have been calculated. In figure 4 radial poloidal 

distribution of nuclear power density on LiPb is shown. In the segment box, a maximum 

2 4 6 
Radial row # 

Fig. 4 - Nuclear power densities on Li 17Pb, radial poloidal distribution 
(see Fig. 3a for poloidal sector number) 
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power density of 23 W/cm3 has been calculated in the rirst wall at the equatorial plane. 

Maximum power density in the first wall is about 25 W/cm3 at the outboard midplane 

while in the divertor W plate facing the plasma the power density reaches 44 WA*m3. 

Collected data relative to MANET, compared with analogous in the solid BIT blanket, 

confirm that, in the presence of LiPB, nuclear power density on structural materials is 

lower. This is obviously due to the presence of great quantities of Pb (very high atomic 

number), which is a strong photon absorber, reducing the nuclear heating on structural 

material (essentially coming from photons). 

4. I D SHIELDING CAPABIUTY COMPARISON BETWEEN SOLID BIT AND 

LIQUID CM 

A Ccomparison has been carried out, between the two kind of blankets on the basis 

of the shielding capability of the superconducting magnets system. 

At the purpose, the 1-D multigroup Sn code ANISN has been used in a simplified 

geometry, supplied with a 213 groups neutron data derived from EFF-1 (175 n + 38y, P8) 

[12]. The comparison has been carried out analyzing the inboard magnet heating, the 

more critical for the shielding. In the geometrical model these data are assumed as fixed, 

according to DEMO boundary conditions : 

• thickness of blanket+shield (inboard) 117.6 cm 

• equivalent thickness full density steel of removable shield 15 cm 

• fixed shield composition 70% steel + 30% water. 

Compared figures are: the maximum heating on superconducting coils and maximum dpa 

on copper (after 20.000 h of irradiation). Results are in Table 4, together with allowable 

limits (as defined in NET). 
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Table 4: shielding capabilities for different blankets. Winding pack 
max heating Max Cu dpa (10-3) (mW/cm3) 

limit 
CM 
BIT 

5 
5 
4 

6 
5 
3 

5. CONCLUSIONS 

From the performed detailed 3-D neutronical analysis, the helium cooled BIT solid 

breeder has not a TBR margin beyond unity when 10 ports are considered (TBR 1.011). A 

design revision should be made in the near future for a better outboard blanket coverage 

expecially near the divertor bottom exhaust duct and a new thermal hydraulics Bizing to 

full exploit the solid breeder BIT line potential. 

On the other end the Lil7Pb water cooled CM design has a sufficient margin (TBR 

1.079 with ports). Neverthless this design has a technological drawback represented by 

the high number of collectors and welds, which raise some concerns in terms of leakage 

probability. Inside the water-cooled liquid breeder line, in fact a new design ^"double-

tube, single box") is under study [11], as alternative. 

Shielding capability of the two designs in the assumed conditions, look similar and 

both are near or have reached the allowed limits. Even if performed in 1-D simplified 

geometry, the shielding analysis suggests a careful shield thickness/composition design to 

be confident on the shielding capability of the whole blanket+shield system towards the 

TF coils. 
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THE TUBULAR SEPARATE FIRST WALL FOR ITER-EDA 

A. Pizzuto, B. Riccardi 
Associazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati, 

C.P. 65 - 00044 Frascati, Rome, Italy 

E. Salpietro,G. Malavasi 
NET Team, Max-Planck-Institut fur Plasmaphysik, Boltzmannstr. 2 

85748 Garching, Germany 

The first wall is one of the most loaded plasma-facing components, the heat flux is 
such that the thermal stresses are the most important design concern. In addition, the 
First Wall shall resist the eddy current induced during plasma disruption, the high 
pressure of the coolant without leaking (< 10~6 torr.lit/sec.) and it should maintain its 
properties under fast neutron flux (dose up to 3 MW/DJ2). 

The tubular solution is the most suitable one to cope with the thermal stresses, the 
use of double wall reduces the risk of leaks inside the vacuum vessel by avoiding the 
growth of a crack through both walls: the soft brazing in between wall stops the growth of 
a crack from one tube to the other. The eddy currents induced in the tubes are low and the 
Halo current flowing poloidally in the tubes exert a radial pressure which is supported by 
the blanket box via ad hoc supporting points provided in between first wall and blanket. 

The tubes are protected with a coating of beryllium or boron carbide against the 
radiation heat load during disruption, and with a coating of copper against run-away 
electrons. Fins attached to the tubes are provided to cope with the change in toroidal 
width of the FW along the poloidal direction. Also the fins are protected by coatings. 

The tubes can be made of steel to resist a heat flux of up to 1 MW/m2. For higher 
heat loads copper or vanadium can be used. The tubular I*W can be replaced 
independently from the blanket. 

The thermo-hydraulic electro-magnetic and dynamic analysis confirm the viablility 
of the solution proposed. 
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1. INTRODUCTION 

The basic idea of this new concept is to separate the FW from the blanket. In this 

way, the surface heat load coming from plasma via radiation, convection, conduction and 

particle-wall interaction, are separated from those originated by neutron slowing down 

[1,2]. The tubular first wall, based on water cooled steel structure, is conceived for: 

1) enhancing of the operating margin against heat loads and therefore reliability; 

2) achieving a simple (feasible using well known technology), effective and low cost 

structure; 

3) allowing high heat flux on the first wall (FW) even using water cooled stainless steel 

structures. 

The tubular structure evisaged for the first wall results .u a slender configuration 

that is very effective to resist thermal loads. 

A thicker wall is allowed in the blanket plasma side because the heat load is only 

due to the slowing down of the neutrons. That gives much more margin in achieving 

operating flexibility and in getting more attractive blanket configurations and related 

manufacturing processes. 

The FW separated from blanket gives much more flexibility in case of damage: only 

a FW sector (2.5°) could be removed and substituted avoiding the whole blanket 

substitution. Furthermore, the baking temperature can be up to 300 °C during dwell 

because the cooling water pressure can be risen up to 100 bars. 

The protective layer consists of 2 mm thick Be, which is applied on FW by vacuum 

plasma spray in order to make possible the in situ repair. 

2. TUBULAR FIRST WALL FEATURES 

The structure of the tubular first wall (TFW) consists of groups of re-entrant 

(coaxially arranged) tube clusters oriented poloidally (Fig.l). This outer tube is double 

welded to improve the reliability. They are split poloidally in two segments (Fig.2). 

Toroidally they are divided in 3 x 48 inboard and 3 x 72 outboard sectors (one sector each 
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Fig. 1 - Tube configuration 

2.5°); the diameter and the thickness of tubes were fixed on the basis of a preliminary 

optimisation analysis (Fig.3) The results of this analysis showed the optimum diameter 

and thickness to be about 30 mm and 2-3 mm respectively. In fact corresponding to these 

values the best compromise between normal operating (moderate pressure + heat flux) 

and baking (high pressure only) was reached. 

The re-entrant tube concept allows only one manifold which have to make both inlet 

and outlet functions. Furthermore the possibility to have in all the tubes the same water 

temperature distribution helps in defining the support system. 

The most difficult geometric problems is ihe need to cover a surface which is not 

constant in width along the poloidal direction. The design solution for the TFW provides 

laterally finned tubes. Using finned tubes, one tube row is sufficient to cover the blanket 

wall. In fact the gap which would arise between tubes going from the most narrow to the 

widest section are filled by fins. 

Tube thickness are limited to 2 - 3 mm if austenitic steel is considered for heat flux 

close to 1 MW/m2. The thickness can be increased assuming Cu as tube material. The 

material choice will be made on the basis of relevant analyses oriented to assess the TFW 

reliability against all the loading types, being those originated by eddy currents strongly 
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Inboard 
blanket 

Inboard 
first wall 

Outboard 
blanket 

Outboard 
first wall 

Fig. 2-FW lay-out 

dependent from the material electrical resistivity and electrical connections between 

tubes. 

To resist the halo current loads, the FW will be provided by an almost continuos 

contact versus the blanket. Due to the tube flexibility which allows several mm of 

deflection before dangerous stress limit are reached, this support configuration is fairly 

easy to be realised. 
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736.481 -N- Allowable SI : baking phas 
o Allowable SI :bgrn phase 

— p=10MPa (baking) 

-»-q = Q.7MW/m2 
-»-q = 0.SMW/m2 

34.8718 

0.000375 O004875 

Fig. 3 - StressFs [MPa] vs 34 mm dia. Tube 
thicknesses [m] 

MANIFOLD SECTION 

#150$:8mm 

iS Double vailed 

BE Coating 

Fig. 4 - TFWmanifold 

The manifolds (Fig. 4) allow the independent remote handling of the TFW. For this 

reason, the joining of the back ducts is such to allow remote welding and cutting in five 

section. The double containement provided in this region makes possible the check of 

welding in situ. 

The TFW In situ removal could increase considerably the flexibility and 

availability of the device, therefore in spite of the difficulties, is being studied extensively. 
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3. TFW-BLANKET INTEGRATION 

The integration between blanket and TFW allows different degrees of flexibility. 

Two different solution are analysed: 

1) TFW with welded attachments: 

2) TFW with removable mechanical attachments. 

The TFW attachments, in both the aforesaid configurations, guarantee adequate 

safety margin against predictable heat flux and eddy currents) and conceivable (halo 

currents, assumed to value 20% of the total plasma current loads. Attachments may be 

realised in order to allow either the disassembly in hot cell (TFW handling by means of 

the relevant blanket segment) or insitu. In fact, in both cases the mechanical behaviour of 

the TFW allows to take full advantage from the decoupling of the surface heat load 

induced stresses from those originated by neutrons slowing down. The attachment type 

has to be chosen stricking a compromise between the maximisation of the operating 

margins and the possibility of enhancing the operating flexibility. It is evident that in 

case of fixed attachments the operating margins against off normal conditions are 

improved; on the contrary, the in situ removable attachment» gives much more 

maintenance flexibility. More maintenance flexibility would be worthy to be pursued 

having the first wall system to experience not well known operating conditions. Another 

important advantage of this solution, that derives directly from its simplicity, is the low 

cost. In fact, as far as the TFW is concerned, the basic components are steel tubes. Tubes 

technology is well assessed even from the non destructive examination point of view. 

Reliability data earning from fast reactor operation are available. Cost uncertainties arise 

from the Be coating. 

3.1 TFW with removable attachments in the hot cell 

Providing a toroidal segmentation, the independent disassembly of the blanket 

segments become feasible in a reasonable lapse of time. That makes possible the handling 

of the TFW in hot cell. The halo currents effects can be limited to pushing loads simply 
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providing a good electric contact between blanket and TFW. Consideriag SMA flowing on 

TFW tubes, the relevant maximum stress, acting on the tube back fin, would be 13.MPa. 

A possible solution for this attachment is illustrated in Fig. 5a. The TFW is 

equipped with suitably shaped pins which have to be inserted in slots machined on the 

blanket wall. The TFW insertion is provided by a toroidal rotation. After TFW reaches 

the final position, keys, located beside the pins, will be inserted on the slots. Keys will be 

constrained against the slot surface in order to recover the gap between the pins and the 

slots. 

Fig. 5 - a) Hot cell attachment; b) in situ removable attachment 
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3.2 TFW with in Situ Removable Attachments 

A very attractive possibility is to handle the TFW independently from the blanket. 

In this case easier and faster maintenance is achieved and the strength against halo 

current loads (the number of attachment points will be affected by the assembly 

requirements) appears adequate. The proposed solution for the in situ removable 

attachments has to be verified on a relevant mock up. In this case the attachment system 

has to allow the TFW handling without having the possibility to operate in between the 

blanket wall and the TFW back. The solution (Fig. 5b), consists of a series of pins which 

are inserted in slots machined on blanket wall. In this case the TFW pins insertion into 

the slots is provided by poloidal movements. Furthermore, due to the non constant TFW 

poloidal curvature, an elastic preloding has to be applied to TFW to allow the pin 

insertion. This elastic preloading will not be completely released in order keep the pins in 

contact with one wall side of the slot. With respect to the fixed concept, the major 

difference of the envisaged removable attachments consists in the very limited residual 

gap (less than 1 mm) due to the clearance inside the slot were they are allocated. This 

clearance is necessary for assembly. This attachment type ca . be sliding, therefore it 

allows a higher tube baking temperature than the blanket one. 

4. FIRST WALL PROTECTION 

An important feature of the FW concept is the protection which is realised by a 2 

mm thick layer of low Z material by plasma spray. Be coating is, at present, the reference 

solution, in the past an important effort was put in investigating B4C and it resulted in a 

production of relevant samples consisting of 30 mm diameter tube carrying 0.5 to 2 mm 

coating. The characterisation of these samples will start very soon. To resist the particle 

(run away electrons) loads extra thickness in excess of the 2 mm foreseen are needed. Two 

alternatives seem possible. The first alternative provides the joining of Be massive piece 

on the coated layer using "cold" welding (diffusion bonding); the second provides an extra 
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layer of high Z material (Cu) to be put in between the tube and Be coating, copper coating 

has also the role to improve the steel conductivity in the fin region. 

5. ANALYSES 

The analysis aims at assessing the thermohydraulic, electromagnetic and 

thermomechanical features of the FW. 

The results of the thermohydraulic analysis show that, aasuming a water velocity of 3 m/s 

the total pressure drop (which values - 0.17 MPa), the total water flow rate (which values 

—1.6 m3/s) and the total pumping power (which values ~ 0.3 MW), remain within very 

low limits. 

The electromagnetic analysis is based on a plasma disruption scenario 

characterised vertical displacement of 3 m with a growth time of 200 me, a current spike, 

during the thermal quench, of 10 % and a 27.5 MA current quench assuming a decay rate 

of 5 M A/ma. 

In the analysis all the relevant structure are taken into account: W , blanket (in 

both canister and massive configuration) and TFW tubes. 

The results obtained so far show low sensitivity to the plasma displacement. The 

electromagnetic pressure generated the current quench on blanket are - 2.5 MPa on both 

the thin (plasma side) and strong back walls, and on the W the pressure values - 0.4 

MPa. The maximum current flowing in the tubes (taking into account the Be contribution 

to the electrical resistivity) is of the order of 3.5 kA, corresponding to a maximum load of 

35 kN/m. These values are located in limited region of the most external tubes. 

The halo current taker, into account are assumed to be 20% of the total current. 

The thermomechanical analysis is based on a finite element plane model of the 

tubes under two values of impinging heat flux (0.4 and 0.7 MW/m?, and a constant mean 

neutron heat generation of 20 MW/m3. For the simple tubes the temperature analysis 

show for the Be the maximum values of 250 °C (0.4 MW/m2 + neutron heat) and 300 °C 

(0.7 MW/m + neutron heat). With a generalised plane strain model, which can take into 
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account the bending behaviour, were calculated the Tresca stresses in the stainless steel 

whose maximum values are respectively 150 and 262 MPa: also taking in to account the 

pressure load stress (13 MPa) the configuration analysed has margin with respect the 

correspondent ASME stress intensity limit (280 MPa). 

For the finned tubes two versions are analysed: the first one consider a 2 mm 

constant Be coating and shows a maximum temperature on the fin of 340 °C; the second 

one has a tapered 7 mm Be coating and leads to 310 °C . On fin region a 1-mm-thick copper 

layer is provided to flatten the thermal gradient. The stresses on the tube wall are similar 

to those of the simple tube. On the fin region, in presence of the copper layer, the 

maximum stresses on the fin remain within the ASME allovable limit considering at 

least a cold worked AISI316 L structure, i.e. 286 MPa corresponding to 0.4 MW/m2 and 

450 MPa corresponding to 0.7 MW/m2. 

Furthermore, the overall three dimensional behaviour of the tube is studied using a 

pipe formulated beam model which can handle thermal and pressure loads and 

electromagnetic forces to simulate normal, off-normal and baking conditions of the FW 

and it is suitable both for static and dynamic analysis. The results of the analysis, 

considering fixed support along the tubes each 400 mm, show stress values well within 

the ASME III limit ev .. considering 1E6 cycles fatigue life. This model will be set up 

taking into account the sliding removable support. 
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IMPACT OF THE PASSIVE STABIUZATION SYSTEM ON THE DYNAMIC 

LOADS OF THE ITER FIRST WALL/BLANKET DURING A PLASMA 

DISRUPTION EVENT 

M. Ferrari, L. Anzidei, V. Cristini* and G. Simbolotti 

Associazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati, C.P. 
65,00044 Frascati, Rome, Italy. 

In next generation tokamak devices (i.e., ITER) passive stabilization of the plasma 
is required to mitigate the consequences of the plasma vertical displacements and to 
reduce the occurrence of plasma disruptions. To this aim two main design approaches 
have been considered. The first one (adopted in the ITER CDA design) consists of copper 
stabilization loops (i.e., twin loops) attached to box-shaped blanket segments which are 
electrically and mechanically separated along the toroidal direction. In the second design 
approach (under consideration for the ITER EDA design), relying on a lower plasma 
elongation, no specific stabilization loops are required and the passive stabilization is 
achieved by toroidally continuous components, in particular by the plasma facing wall of 
the blanket segments, electrically connected along the toroidal direction, thus allowing a 
toroidal current to flow during the electromagnetic transients. In both cases 
electrodynamic loads arise in the blanket structures during plasma disruptions and/or 
vertical displacement events. A comparison between the two design approaches has been 
carried out from the eddy current and related load distribution viewpoint. 

(*) ENEA Guest 
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1. INTRODUCTION 

In the tokamak devices eddy currents are induced in the structures surrounding the 

plasma during electromagnetic transients. Coupling these currents with the magnetic 

field (i.e., static and/or time varying external fields plus the field due to eddy currents 

themselves) produces forces in the structures which may reach significant values when 

very fast transients, e.g., plasma disruptions, occur. 

To reduce the number of plasma disruptions a system is required to damp and 

reduce the amplitude of the plasma instabilities (e.g., plasma displacements towards a 

magnetic null point). Such a system must be able to operate in a very short period 

(typically some tens of ms or less), thus it is necessarily a passive and highly conducting 

system, inductively coupled with the time varying field source. For this reason the 

passive stabilization system (PSS) should be located near the plasma, as well as possible, 

so that it is strictly integrated with the first wall system. 

Two design solutions have been considered for the ITER device. 

The first one, adopted in the ITER CDA design [1], consists of copper stabilization 

loops (i.e., twin loops) attached to box-shaped blanket segments which are electrically and 

mechanically separated along the toroidal direction. In the second design approach, under 

consideration for the ITER EDA design [2], relying on a lower plasma elongation, no 

specific stabilization loops are required and the passive stabilization is achieved by 

toroidally continuous components (e.g., blanket front plate, blanket back plate, vacuum 

vessel). 

In the first phase of work both the ITER CDA and EDA approaches have been 

separately analyzed by performing 3-D electromagnetic analyses by means of the 

CARIDDI code [3] adopting for each one the respective reference plasir? disruption 

scenario. 

A comparison between the two approaches has been carried out in the second phase, 

assuming a common disruption scenario. 
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2. ITER CDA APPROACH 

2.1 First wall and passive stabilization system 

In the ITER CDA design (Ro=6 m, 16 toroidal coils, double null field configuration, 

plasma elongation k=2) the first wall/blanket system is divided into 48 outboard (OB) 

segments (3 segments per coil) and 32 inboard (IB) segments (2 segments per coil). Each 

segment consista of a 316-SS box-shaped structure containing the blanket modules (first 

wall box). The plasma-facing wall of the boxes constitutes the reactor first wall. 

The plasma equilibrium is maintained by the poloidal field system which is 

composed by active and passive components. The plasma vertical motion is firstly 

restrained by the magnetic field associated to the eddy currents flowing in the passive 

structures of PSS. Later, a proper stabilizing field is provided by active coils. 

Each OB segment is equipped with a PSS consisting of two separated, 5 mm thick, 

copper tracks, i.e., twin loop, attached to the top and bottom parts of the first wall boxes 

and of a pair of 5 mm thick copper plates attached to the inner wall of the vacuum vessel, 

facing the twin loops. 

Each OB segment is separated from the adjacent ones by a 20 mm gap, thus 

providing an electrical clearance of 25 mm in toroidal direction. 

The toroidal eddy currents in the vacuum vessel ( W ) play different roles depending 

on the specific operation condition: during the start-up phase, large toroidal eddy currents 

flowing in the VV oppose the penetration of the outer coils field, thus, in principle, a non

conducting W would be desirable, while, during plasma instabilities, large toroidal eddy 

currents in the VV provide a useful plasma stabilization and, then, a conductive W 

would be desirable. 

As a compromise solution between these different needs, in the ITER CDA, a W 

one-turn toroidal resistance of 20 u(2 has been assumed. 
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2.2 Plasma disruption scenario 

A plasma disruption event occurs when the magnetic confinement control is lost. It 

is divided in two phases: thermal quench and current quench, possibly accompanied or 

followed by radial and/or vertical motions of the plasma. 

During the thermal quench most of the plasma thermal energy is very rapidly lost 

( - 0.5 ms) towards the first wall. It is followed by the plasma current quench with a 

duration of 5-100 ms. A reference value of about 20 ms has been assumed for the ITER 

CDA device even though faster decay rates cannot be excluded. 

During the plasma current quench the toroidal component of the eddy currents in 

the vacuum vessel flows along the same direction as the plasma current. Similarly, the 

eddy current in the twin loops (plasma side) flows in the same direction as in the vacuum 

vessel. Once the plasma current quench phase is completed, the twin loop current tends to 

reverse its direction opposing the decreasing current in the vacuum vessel. Same current 

behaviour occurs for both the upper and lower loops. 

In the ITER CDA reference plasma disruption scenario (Fig. 1) the plasma current 

25 T r 5 

0 5 10 15 20 

Tim» (m») 

Fig. 1 - ITER CDA reference plasma disruption scenario 
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is assumed to rise from Ip=22 MA (flat-up value} to 24.2 MA in 0.5 ms (thermal quench 

end). Afterwards, it decreases - in a nearly linear mode - to zero in 21.5 me, being coupled 

with plasma motion, in both radial and vertical directions. 

Vertical motions, which are initiated by the loss of the vertical position control, are, 

usually very fast (~ 1 ms) in a high elongated plasmas producing eddy currents in the 

twin loops. The eddy current direction is such that it generates a magnetic field opposing 

the initial flux variation. Thus, assuming the plasma moving towards the positive Z, the 

eddy currents in the upper twin loop (plasma side) will flow in opposite direction with 

respect to the plasma current Ip. On the contrary, in the lower twin loop the eddy currents 

will flow (plasma side) in the same direction as Ip. 

At the beginning of the transient the two opposite currents have the Bame 

magnitude. Afterwards, the current in the upper twin loop becomes larger because the 

vertical motion brings the plasma closer to it. 

During the displacements it is assumed that the plasma current will never touch 

and penetrate the first wall (the halo current effects are not taken into account). 

2.3 FEM model 

The study has been focused on the ITER CDA outboard (OB) lateral first 

wall/blanket segment, taking into account the real geometry of the components as well as 

possible. 

Accordingly, the FEM model (Fig. 2) for the CAR1DDI code includes: 

• the first wall box equipped with 3 radial stiffening ribs dividing the blanket volume 

into 4 regions 

* the plasma stabilization loops (i.e., Cu twin loops) attached to the steel structure 

. a discretization (coarse) of the PF coils and the vacuum vessel (including bellows) to 

take into account their effects on the electromagnetic response of the structure. 
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Fig. 2 - FEM model of ITER CDA for electromagnetic analysis: detail (1/4 of /48 
torus) of an OB first wall segment 

The model used for the FW box consists of 1337 nodal points and 722 elements with 

1102 degrees of freedom, i.e., active edges, and represents a toroidal half the OB Begment 

(1/2 of 1/48 torus). 

3. ITER EDA APPROACH 

3.1 First wall/blanket system configuration 

In the ITER EDA design (Ro=8.1 m, 24 toroidal field coils, single null 

configuration) the segmentation of first wall/blanket consists of 72 OB segments and 48 

IB segments. This segmentation, however, is virtual because a full mechanical (and 

electrical) connection along the toroidal direction between adjacent segments is foreseen 

for both the inboard and outboard. 

The plasma facing wall of the blanket is locally vaulted and protected by the 

poloidal bumper limiterà. The first wall is made of copper coated by a renewable layer of 

beryllium. 
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No specific PSS is foreseen and the stabilization function is mainly provided by the 

toroidal connection of the components. To this aim, the system composed by the IB/OB 

first wall, IB/OB blanket back plate and the vacuum vessel must be characterised by an 

overall one-turn toroidal resistance of about 6 ufi (the partial values being 19.6,14.1 and 

25 ufi, respectively). 

3.2 Plasma disruption scenario 

The ITER EDA plasma configuration as reported in TAC-4 [4] is characterised by a 

small elongation and a single null point. For this reason the vertical displacement event 

(VDE) period is expected to be of the order of 102-103 ms. As a consequence the VDE 

effects are not taken into account in the reference plasma disruption which has a 

characteristic time of the order of one ten of ms. Therefore, a centred plasma disruption 

consisting of a total current quench (24 MA in 10 ms, linear decay) has been assumed as a 

reference. Furthermore, even missing plasma motions, there is no up-down symmetry 

because of the asymmetry of the geometry and the plasma centre, the latter located at 

Z= 1.3 m with respect to the equatorial plane. 

3.3 FEM model 

The model for the CARIDDI code (Fig. 3) (1550 nodal points, 709 brick elements 

with 1019 active edges), consists of a detailed representation of OB and IB blankets 

(waved front plate, internal ribs, back plate) and a coarse representation of vacuum vessel 

and poloidal field coils. 

Because of the different toroidal segmentation of IB and OB zone, a toroidal angle of 

3.75° has been selected, thus a finite element model of one toroidal half of 1/96 torus is 

considered to represent both IB and OB local vaulted geometry. 
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Fig. 3 - First wall FEM model of ITER EDA (TAC-4 version) for electromagnetic analysis 

4. EDDY CURRENT ANALYSIS 

Electromagnetic analyses have been performed for each configuration assuming the 

respective disruption scenarios. 

Moreover for the comparative analysis a common plasma disruption scenario 

(current quench in 5 ms, linear decay without plasma motions) has been assumed. 

The results can be summarized in terms of net current flowing in the components. 

For this purpose, the currents in the vacuum vessel and in the OB first wall have been 

selected. In Fig. 4 reported are the current profiles for the two cases, each one adopting its 

own plasma disruption scenario. It is seen that in the CDA design the passive 

stabilization function is provided by the vacuum vessel, while in the EDA design by the 

first wall. In addition, the CDA solution results to be more sensitive to the current quench 

(CQ) rate: changing the CQ time from 21 ms to 5 ms the peak current values increase of 

about 12% in the vacuum vessel and about 30% in the 0 8 first wall, while in the EDA 

solution the variation is lower than 1% for both vacuum vessel and first wall. 



35 

I 

0 5 10 15 2 0 2 5 3 0 3 5 4 0 

TNTW(ms) 

Fig. 4 - ITER CDA (21 ms CQ & VDE) and 
EDA (10 ms CQ) configurations: net cur
rents flowing in the vacuum vessel VV 
and outboard first walla (FW) 
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Time(ms) 
Fig. 5 - 5 ms current quench comparison 
case between ITER CDA and EDA confi
gurations: net currents flowing in the 
vacuum vessel (W) and outboard first 
wall(FW) 

Assuming that both approaches have the required effectiveness in terms of plasma 

stabilization, the EDA solution exhibits smaller eddy currents flowing in the structures 

with respect to the CDA solution. 

Figure 5 shows the behaviour of both the plasma stabilization approaches when 

subjected to the same plasma disruption scenario (i.e., CQ in 5 ms). The EDA design 

exhibits a net current in the vacuum vessel reduced by a factor of 4 less than the CDA, 

while the current in the first wall is increased by a factor of 1.3. This means that the EDA 

configuration could allow CQ faster than 5 ms to be withstood; no-sensitivity of the 

currents in VV and FW has been found even in the case of CQ of 2 ms (Fig. 6). 

5. ELECTRODYNAMIC LOAD ANALYSIS 

The body force distributions due to the interaction between the eddy currents and 

the magnetic field system (which is mainly due to the toroidal field, i.e., 4.85 T at 6 m for 
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Fig. 6 - ITER EDA configuration: net currents flowing in the vacuum vessel (VV) and 
outboard first wall (FW) varying the period of the current quench (24 MA in 10,5 
and 2 ms) 

CDA and 6 T at 7.7 m for EDA) have also computed and analyzed in terms of global 

resultant forces and torques acting on the outboard first wall. The resulting torques are 

computed with reference to the centre of mass of the component (i.e., 1/48 OB first wall in 

toroidal direction). 

Figures 7-8 show the force and torque profiles for both CDA and EDA reference 

cases (21 ms CQ with plasma motions and 10 ros CQ without plasma motions, 

respectively), while in Figs. 9-10 reported are force and torque profiles in the case of 

common plasma disruption (5 ms CQ). 

The VDE occuring in the CDA reference disruption has a large impact on the 

loading system of the structure: the up-down asymmetry of the toroidal currents, due to 

the VDE, produces a very large torque around the Y (toroidal) axiB. Moreover, in the CDA 

configuration a torque around the X (radial) axis is present, also in the case of centred 

plasma disruptions. It is due to the interaction between the currents flowing radially in 

the segment side walls and the toroidal field. 
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The main resulting torque in the EDA configuration is the Y (toroidal) one, but ita 

value is smaller by a factor of 100 with respect to the same torque component in the CDA 

configuration. 

As far as the resulting force is concerned, the VDE in the CDA reference disruption 

generates a large vertical force, while in the centred plasma disruptions the main force 

component is the radial one. 

In the fast CQ comparison case the major radial force has been found in the EDA 

configuration. 

6. CONCLUSIONS 

The plasma stabilization approach under investigation in the ITER EDA seems to 

have better performances of the ITER CDA one from the FW dynamic loads point of view. 

In particular the general plasma configuration in ITER EDA allows fast VDE to be 

disregarded. These, in fact, cause the most critic mechanical effects. Moreover, the 

presence of large radial current paths has been avoided to reduce their interaction with 

the toroidal field. 

Another important issue is the evaluation of the electromagnetic effects on the 

internals of the first wall segment (i.e., blanket modules). A computation taking into 

account also the presence of a poloidal BIT (breeder-in-tube) type blanket [5] is in 

progress (Fig. 11 shows the detail of the FEM model, in the real 3-D lay-out, of blanket 

tube bundles). Preliminary results [6] indicate that the electrodynamic loads on the 

blanket tube bundles are significantly lower than those on the first wall, thus showing 

that an effective electromagnetic shielding function is provided by the first wall on the 

inner blanket components. 
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Fig. 11 • Blanket FEM model of ITER CDA for electromagnetic analysis: detail 
of tube bundles, grids and Cu twin loop 
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In the design of next fusion devices, such as NET/ITER, the nuclear performance of 

shielding blankets is of key importance in terms of nuclear heating of super-conducting 

magnets and radiation damage. In the framework of the European Fusion Technology 

Program, ENEA (Ente Nazionale per le Nuove Tecnologie, l'Energia e l'Ambiente) -

Frascati and CEA (Commissariat à l'Energie Atomique) - Cadarache, in collaboration 

performed a bulk shielding benchmark experiment, using the 14-MeV Frascati Neutron 

Generator (FNG), aimed at obtaining accurate experimental data for improving the 

. uclear data base and methods used in shielding designs. The experiment consisted of the 

irradiation of a stainless steel block by 14-MeV neutrons. The neutron reaction rates at 

different depths inside the block have been measured by fission chambers and activation 

foils characterized by different energy response ranges. The experimental results have 

been compared with numerical results calculated using both Sn and Monte Carlo 

transport codes and the cross section library EFF.l (European Fusion File). 
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1. Introduction 

Experiments and analyses are necessary to validate the 

codes and data libraries used in the design of next step devices 

(NET/ITER); in particular, the reliability of numerical methods in 

predicting the deep penetration of neutrons in large bulk shields, 

must be verified, and the extent of uncertainties in the calculations, 

hence the safety factors assigned in the current design work, need 

to be examined by experimental means, to render them as reliable 

as possible. 

Although an appreciable amount of experimental work and 

analysis has been done in the past, there is still need of 

experimental data of neutron penetration in large assemblies, with 

a thickness comparable with that of the shielding blanket of a 

fusion device. For this reason, the collaboration between ENEA-

Frascati and CEA-Cadarache was initiated to perform an European 

Benchmark Experiment on Bulk Shield using the Frascati Neutron 

Generator (FNG) [1,2]. The purpose of the benchmark experiment 

was to reduce the present uncertainty in the calculations producing 

accurate experimental data and performing a rigorous analysis of 

the results. For the first experiment, a Stainless Steel (AISI316) 

block was chosen in a configuration allowing for deep penetration 

measurements of neutron flux, using fission chambers and 

activation foils. The Sn code system BISTRO [3] and the Monte Carlo 

code MCNP [4] have been chosen for neutron and gamma flux 

calculations, with the European Fusion File (EFF) [5] data base for 

the transport cross sections. 
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2. The experimental arrangement 

2.1 The FNG Facility 

The experiment was performed at the Frascati Neutron 

Generator (FNG). This is a Crockroft-Walton type accelerator which 

is designed to produce up to 3 mA D+ beam that, impinging on a 

solid tritiated target, produces a nearly isotropic source of 14 MeV 

neutrons, through the T(d,n)a fusion reaction [1,2]. The 10 Ci 

tritium is absorbed in a titanium layer deposited in 1 mm thick 

copper alloy disk of 24 mm in diameter. The disk is cooled by a 

wa er flow in the 1 mm-gap between the disk and the 1 mm 

stainless steel cap. The design value of the beam energy is Ed=300 

keV, producing a neutron source intensity Yn = 5 x l 0 n n/s and, at 

present, operation with deuteron current of 1 mA and energy of 

260 keV, corresponding to a neutron yield Yn * 1.2 x 101 1 n/s, is 

very reliable. 

The FNG facility is particularly suitable for performing 

benchmark experiments, since it is characterized by a light target, 

to produce a clean spectrum, and a large bunker to reduce the 

neutron background due to room return. In fact, the tritiated target 

is positioned almost in the centre of the bunker, which is 12 m x 

11.5 m wide and 9 m high, at the heigth of 4 n from the floor. The 

bunker is surrounded by ordinary concrete wails of 1.5 m in 

thickness. 

The energy and angular distribution of generated neutrons is 

known by calculation with a Monte Carlo method, taking into 

account the reaction kinematics and the energy loss of deuterons in 

the tritium-titanium layer. This calculational model has been 
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validated by means of ad hoc measurements with a Unat fission 

chamber and activation of Niobium foils [6]. The calculated neutron 

energy spectra for Ed=230 keV are given in Fig.l for neutron angles 

of emission of 0°, 90° and 180° with respect to the the deuteron 

beam direction. 

2.2 Source calibration 

The neutron source intensity Yn is measured by the 

associated a-particle method, by means of a silicon surface-barrier 

detector (SSD). The detector is located inside the drift tube, at a 

distance D = 1820 mm from the target, at an angle 6 a =179.1° with 

respect to the beam propagation direction. The absolute calibration 

of the detector requires the knowledge of the solid angle CI 

subtended by the detector aperture, and of the anisotropy 

correction factor Ra of the a-particle emission. The total uncertainty 

on Y0 arises from uncertainty on Ra (±1.4%) and on il (AQ/ft = 

±0.56%), yielding a total uncertainty on Yn equal to AY„/Yn = ±1.6%. 

The source intensity is also routinely monitored by the activation of 

Aluminum foils located in front of the target, using the reaction 

27Al(n,cc)24Na. 

During the Bulk Shield Experiment, the absolute intensity of 

the source was determined also by calibrated 2 3 5U and 2 3 8U fission 

chambers, whose fissile deposit mass is known within ±2.0% and 

±3% accuracy respectively. The source intensity Yn is assessed from 

fission chamber measurement by the following formula 

2 < C - C RR> 
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where C is the fission chamber counting rate, CRR is the room 

background contribution to the counting rate, R is the source-

detector distance, Rn(6) is the neutron emission anisotropy factor 

that depends on the neutron emission angle 8, N is the number of 

fissile nuclei in the chamber deposit, <Of> is the fission cross section 

weighted by the fusion neutron spectrum. CRR was determined 

experimentally locating the fission chambers behind the block with 

respect to the neutron source, while Rn was calculated, its 

maximum value being Rn(0) =1.05. The cross calibration between 

by a-particle method and the fission chamber method showed an 

agreement of 1% [7]. 

2.3 Experimental set up 

The bulk shielding experiment was performed on a Stainless 

Steel (SS) AISI316 block built with 100x100 cm2 plates, each 5 cm 

thick, for a total thickness of 70 cm. The block was positioned in 

front of the neutron source, at 5.3 cm from the tritiated target, and 

was located on a movable aluminum tower at 4 m from the floor 

(see Fig.2). A central channel of 30 mm diameter is used to 

introduce SS pipes of variable inner diameter, namely 18 mm, 12 

mm and 9 mm, that served for the location of the various detectors 

at different penetration depths inside the block. The detector 

channel was aligned with the beam propagation direction. When the 

detectors were in position, the channel was filled with the SS 316 

rods. The chemical composition of the stainless steel (density=7.89 

g/cm3) has been measured in an ENEA laboratory by the Optical 

Emission Spectrometry technique, based on Stark effect, and is 

reported in Table I. 

b 
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3. Measurements and techniques 

3.1 Measurements with fission chambers 

The fission chamber rates inside the SS shield were 

measured by moving cylindrical 2 3 5 U, 2 3 8 U , and 2 3 7 Np fission 

chambers (diameter 0 = 8 mm) inside the block central channel. 

Measurements were canied out every 5 cm, from 0 up to 65 cm of 

penetration depth. A highly enriched 2 3 5 U fission chamber (98% 
2 3 5U, 2% 2 3 8U with 0.82 mg of 2 3 5 U deposit) was used, that gives a 

very clear pulse spectrum, shown in Fig.3 . The random uncertainty 

associated with the experimental values is the combination of the 

count rate uncertainty, the uncertainty due to the chamber location 

(±1 mm), and the uncertainty due to the source calibration: this 

global uncertainty is always less than 2.3%. 

The measurements with 2 3 7Np fission chamber with a mass 

deposit of 2.79 mg. The averaged results over two measurements 

campaigns are reported in Table IV. The random uncertainty is 

quite constant from the front face of the block to z = 50 cm and 

amounts to ±1.5% (lo). This uncertainty increases up to ±2.5% for 

the z = 60 cm. 

The 238TJ fission chamber had a mass deposit is 4.09 mg. The 
2 3 8U fissile deposit was contaminated by 0.1755% of 2 3 5 U. Due to 

the large difference in fission cross section between the two 

isotopes at low energies, the countrate of this f.c. is increasingly due 

to the small amount of 2 3 5 U with increasing penetration depth 

inside the block. Since the amount of 2 3 5U is known, it is possible to 

subtract the corresponding contribute to the countrate making use 

of the previous measurements with the 2 3 5 U f. c. in the same 
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positions inside the block. However, for z > 40 cm most of the 

chamber countrate is due to 2 3 5 U fission reactions, hence the 

measurements are not considered. The random uncertainty is quite 

constant from the front face of the block to z = 20 cm and amounts 

to ±2% (lo) but it increases up to ±3.4%, ±4.6% and to ±7.3% for the z 

= 30 cm, 35 cm and 40 cm respectively. 

In addition to random uncertainties, the systematic uncertainty due 

to the fissile deposit mass are ±2% for 2 3 5 U, ±3% for 238TJ, and ±5 % 

for 237Np. 

The measured fission rates, relative to one neutron source are 

shown in Fig.4. versus the penetration depth that in the case of 

fission chamber measurements, represents the localization of the 

deposit centre during the irradiation. 

3.2 Measurements with activation foils 

The foil activation technique has been employed, as in 

previous experiments, to determine the neutron reaction rates at 

different penetration depths inside the block. This passive 

dosimetry method has the advantage that the small size of detector 

foils make good spatial resolution and little perturbation of the local 

field. Furthermore, the neutron spectra can be deduced by using 

multifoil detectors with different responses, even though the 

energy resolution is poor. The selected activation reactions are 

listed in Table II. The foils (disks of 18 mm of diameter) were 

located in seven positions inside the block, from 4.95 to 60.9 cm of 

penetration depth (with exception of Al, for which the deepest 

position was 55.9 cm). Very thin foils were used for Au (0.05 mm), 

and for Mn (0.2 mm) to reduce the self shielding effect, while the 
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other foil thickness was 1 mm for z < 30 cm and 2 mm for z > 30 

cm. The irradiation histories were recorded by the neutron flux 

monitors (a-detector and BF3) for the decay correction during 

irradiation. After irradiation, the induced Y-ray activities were 

measured by two calibrated HPGe detectors. Intercalibration of the 

two detectors were performed both using calibrated sources as well 

as activation foils. The measured activities agreed within the 

experimental uncertainty (±2%). 

The major sources of errors for the measured reaction rates 

were the Y~ray counting statistics that ranged from 1% to 5% (with 

the only exceptions of high threshold reactions at z > 50 cm), the 

uncertainties on the detector efficiency and on the neutron source 

intensity. Other sources of errors on the nuclear data and on the foil 

mass, are negligible. The measured reaction rates, together with the 

fission reaction rates, are shown in Fig.4, normalized to 102 4 

reacting nuclei and per one source neutron. 

4 • Calculational tools 

The analytical interpretation of the experimental 

measurements has been carried out by means of MCNP.4 and 

BISTRO codes. 

The Monte Carlo simulation with MCNP allows for an 

adequate representation of the experimental features and an 

accurate treatment of the neutron transport with continuous cross 

sections, so that the C/E comparison can be referably essentially to 

the basic nuclear data. The Monte Carlo simulation can also give an 

useful assessment of the 2-D multi-group Sn treatment, which has 
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to be used in sensitivity and uncertainty analysis. The transport 

cross sections have been originated from EFF.l file. New EFF.2 data 

are not yet available in the MCNP format for all structural materials 

and have been used only for Mn. The detector responses inside the 

block have been calculated in a reduced model which represents 

only the block, the close materials around the block and the 

detector devices. The room background contribution at the detector 

positions close to the block walls have been estimated starting from 

a surface source at the external boundaries. The surface source has 

been recorded in a separate calculation representing the whole 

experimental environment, including the bunker walls. The energy 

and angular distribution of neutron source assumed in MCNP have 

been calculated by reaction kinematics, taking into account also the 

energy loss in tritium-titanium layer. Examples of neutron energy 

spectra, at different angles of emission, are given in Fig.l. A very 

stressed variance reduction was required to improve the statistical 

accuracy for the deep penetration and the slowing down effects. 

The weight-window technique has been adopted by using an 

importance distribution which depends on space, energy and 

detector response. The importance functions are obtained by a set 

of I D Sn calculations. The self generating capability of the code has 

been considered not suitable in this case. As far as the dosimetric 

cross sections are concerned, they are taken from the IRDF-90 

library [8], with the only exception of 55Mn(n,y) taken from EFF.2 

and 237Np(nff) from JEF.2. 

Deterministic neutron flux calculations have also been 

carried out using the french Sn code system, the modular BISTRO 

package, which solves the Boltzmann equation through various 

discretization schemes (Diamond, Step, Teta weighted). Iterations 
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are accelerated by an efficient Diffusion Synthetic Acceleration 

(DSA) method. The multigroup cross section library is derived 

from MATXS-87 Library by TRANSX-CTR processing. The MATXS 

formatted library is a 217-group VITAMIN-J structure (175 

neutron groups and 42 gamma groups) based on the european data 

files EFF.l and JEF.l. The TRANSX code has been used to extract a 

problem dependent data library. 175-group self shielded neutron 

cross section were derived corresponding to the actual background 

cross sections and temperature in the SS block. Transport tables 

created by ANISN output options are automatically handled by the 

BISTRO code. Therefore 2D calculations of the FNG experiment have 

been performed in a S16/P3 scheme. 

5 • Results and discussion 

The comparison of experimental results with the results 

computed by BISTRO is shown in Figs. 5-12, while the C/E ratios 

obtained by MCNP are shown in Figs. 13-22. 

The errors on the reaction rates calculated by MCNP include 

the calculation statistics and the error due to the uncertainty on the 

activation cross section, when available, obtained with a variance 

analysis. For the all calculated responses the fractional standard 

deviation due to calculation statistics ranges from 1 to 4%. The 

representation of the exact activation foil geometry was required 

for the low energy detectors (Au and Mn) for which the resonant 

self absorption effects are quite significant. For the high energy 

detectors the scoring region can be extended to get a more suitable 

statistics. Also the configuration of the micro fission chambers, as 
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well as the extention and the location of the fissile deposit, have 

been described in a dedicated MCNP model. 

The C/E values obtained by MCNP are generally close to 

unity; moreover, the corresponding errors, which are obtained 

summing quadratically the individual errors on C and on E values, 

are generally smaller than 7%, with the exception of activation foil 

measurements of fast neutron flux at 55.9 and 60.9 cm (±10% and 

±16% respectively). These uncertainties are larger or comparable 

with the C/E -1 difference, for measurements of the neutron flux in 

the fast range (Al, Fé) and at thermal energies (235U, Au, Mn). The 

measurements at intermediate energies (> 0.3 MeV range) however, 

including In and 2 3 7Np ( 2 3 8IJ measurement were performed only up 

to 40 cm), show an increasing disagreement between expected and 

measured results with increasing penetration depth inside the 

block, which is not explained by the total errors. 

The BISTRO-EFF.l calculations [9] show a systematic 

underestimation of the measured reaction rates of 20%-30%. This 

trend could be due to the DT neutron source modeling in the Sn 

calculation. On the other hand, no bias is raised with the 

penetration depth. Comparison of PI and P5 calculations pointed 

out the necessity to account accurately for anisotropic scattering. 

Moreover, due to ray effect, the angular flux discretization requires 

at least a S16 quadrature in order to predict reaction rates in the 0-

20 cm penetration range. The discrepancy found by MCNP at the 

intermediate energy range is probably due to an inadequate 

treatment of the Fe cross section in the region of the non resolved 

resonances (0.5 - 4 MeV) or to an overestimation of the Fe inelastic 

cross section. The analysis of this discrepancy is in progress by 

BISTRO sensitivity and trend search calculations. 
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6 - Conclusions 

The measurements performed in the bulk SS benchmark 

experiment at FNG have provided accurate experimental data. The 

analysis of the data performed by MCNP and by BISTRO 

demonstrates the overall validity of the European EFF.l Library. 

The BISTRO calculations however, show a systematic 

underestimation of the measured reaction rates, while MCNP show 

a closer agreement with the measurements, within the total errors, 

with the exception of calculations in the MeV neutron energy range. 

In this range, an increasing disagreement between calculated and 

measured reaction rates, which is not explained by the total errors, 

is observed with increasing penetration depth inside the block. This 

disagreement may be attributed to an inadequate treatment of the 

Fe cross section in the region of the non resolved resonances or to 

an overestimation of the Fe inelastic cross section. 
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Table I - Chemical composition of the SS 

block given by weight (%) 

Element 

Fe 

Cr 

Ni 

Mo 

Mn 

Si 

Cu 

Co 

V 

C 

s 
p 

Sn 

Pb 

Content (%) 

68.1 

18.8 

10.7 

2.12 

1.14 

0.45 

0.09 

0.14 

0.16 

0.04 

<0.006 

0.022 

0.004 

0.001 

Error 

0.4 

0.2 

0.1 

0.04 

0.03 

0.03 

0.01 

0.01 

0.01 

0.01 

0.005 

0.007 

0.003 

0.001 

B 0.0035 0.0005 
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Table II - Selected activation reactions 
Reaction 

27Al(n,a)24Na 
56Fe(n,p)56Mn 
58Ni(n,2n)57Ni 
58Ni(n,p)58Co 

115In(n,n,)115mIn 
55Mn(n 
197Au(n,Y)198Au 

Half-life 

15.02h 
2.579h 
1.503d 
70.92d 
4.486h 
2.579h 
2.694d 

Isotopie 
abund. 

(%) 

100.0 
91.72 
68.26 
68.26 
95.7 
100.0 
100.0 

Y-ray 
energy 
(keV) 

1368.6 
846.8 

1377.6 
810.8 
336.3 
846.8 
411.8 

Y-ray 
branching 

(%) 

100.0 
98.9 
77.9 
99.5 
45.8 
98.9 
87.0 

90% 
response 

range 
(MeV) 
10 - 14 
10 - 14 

14 
2.9 - 14 
0.8 - 14 

000017-0D6 
0.00015-0.3 
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Fig. 4 • Measured reaction rates inside the SS block vs the penetrations depth 
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Abstract 

Integral experiments with neutron source based on the T(d,n)a reaction require a good 

kwnoledge of the source neutron distribution The source neutrons are energy-angle 

distributed with an energy spread of a few MeV and anisotropy emission of a few 

percent 

The characterization of the 14 MeV neutron source of the Frascati Neutron Generator 

(F.N.G.) has been carried out using an absolutely calibrated IP** microfission chamber 

with plane electrodes and ^^Nb(n,2n)^2mNb activaction reaction The reaction rates 

have been measured at different angles with respect to the beam direction The 

experimental results are compared with the corresponding quantities calculated by 

using a Monte Carlo code (MCNP) with an "ad hoc" source model The calculated 

neutron emission reproduces satisfactory well the measured one Improving of the used 

source model is discussed 
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1. Introduction 

The fusion programme is now entered on the Engeenering Design Activity (EDA) of a 

prototipe International Fusion Experimental Reactor (ITER) which construction is 

planned to start at the end of this century For this reason, the new generation of 

benchmark experiments, which are performed to validate neutron transport calculation 

methods for testing fusion reactor shields, require a great accuracy of the results as 

well as of their analysis 

At ENEA Frascati (Rome, Italy) a new activity of benchmark experiments has started 

two years ago /1,2,3/ using the just completed 14 MeV Frascati Neutron Generator 

(FNG) /4/ FNG is an accelerator which produces a deuteron beam with energy up to 

300 KeV FNG uses a 90° analyzing bending magnet to separate the molecular species 

from the atomic deuterium Only atomic deuterium is thus send to the target The 

beam, impinging on a solid tritiated target, produces 14 MeV neutrons by means of the 

T(d,n)ct beam-target fusion reaction. The kinematic of the reaction shows /S/ that the 

produced neutrons are energy-angle distributed, with and energy spread of a few MeV 

and an anisotropy emission of a few percent Presently the FNG maximum neutron 

emission is 1011 n/sec The absolute neutron yield is measured by the associated alpha-

particle methods by using a silicon surface detector (SSD) The absolute neutron 

emission uncertainty results at ±16% at l o level /4/. 

The neutron source characteristics are key issues on planning and interpreting 

experiments for fundamental neutronic physics as well as for benchmark studies For 

this reason experiments to characterize the source term are carried out 16,11 

A model of the source neutron distribution has been developped and included on the 

Monte Carlo code MCNP version 4 2 l%l, used to perforine the calculations for the 

benchmark experiments This model includes the T(d,n)a reaction kinematics, taking 

also into account the energy loss of the deuterons into the tritium-titanium target, and 

an accurate description of the target holder itself This detailed description of the 

neutron source allowes the neutrons generated by the Monte Carlo simulation to be 

produced with their physical energy-angle probability distribution Thus, these 

neutrons are transported on the local structure around the target before moving into 

the configuration under consideration in the calculation 

To validate the source model and even discover wheter the geometry and/or the 

necessary physical approximations are correct, an "ad hoc" experiment was planned 

and performed It consists on measuring the 238JJ fissjon rate and the 
93Nb(n,2n)92mNb reaction rate around the neutron source, at selected positions, and 

comparing them to the corresponding quantities calculated by the Monte Carlo code 

MCNP 
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2. Neutron Source and FNG Target : Calculation Model 

The DT fusion neutrons produced by the beam-target interaction shows an angle-

energy dependence as well as anisotropy /5/, which must be taken into account when 

executing neutronic experiments A computer programme (using Monte Carlo method) 

was written to calculate the 14 MeV neutron emission at FNG This programme is 

now included, as a subroutine, in the Monte Carlo code MCNP, and it is used to 

generate the neutrons to be transported for bechmarks calculation as well as for other 

FNG applications 

For each neutron which is sampled, MCNP requires the direction cosines (u,v,w), 

which establishes the neutron emission direction, the neutron energy (Ej,) and the 

particle weight Wn These numbers represents the output of the source-model 

subroutine An effort was conducted in order to get as accurate as possible description 

of the physics of the process involved A critical point to be treated by the model is the 

ions beam slowing down into the Ti-T layer The residual ion kinetic energy affects the 

kinematic of the beam-target reaction and thus the energy and the emissioni angle 

(anisotropy) of the produced neutron The ions slowing down into the target is mainly 

due to electrons (the effect of nuclear collision is negligible 191), and can be taken into 

account using stopping power tables 191. The present source model does not include a 

physical description of the deuteron scattering in the target This scattering affects the 

direction of incidence of the projectile ions in the D-T reaction kinematics and thus the 

anisotropy of the neutron emission 

The 14 MeV neutron emission is thus calculated using standard beam-target reaction 

kinematic as well as differential beam-target cross section and proper stopping power 

data The cumulative reaction probability into the solid Ti-T target (for a unit target 

atom and projectile ion) can be written as: 

Equation (1) is the cumulative probability that a deuteron of initial kinetic energy EQ 

produces a DT reaction with the emission of one neutron in the unit solid angle 

represented by the azimuthaJ angle <fr and the polar angle 6. Here the azimuthal angle is 

that formed by the plane of the beam line and the target plane (Fig 1) do/dQ is the 

differential beam-target cross section and (-dE7dX)'l is the collisional energy loss in 

the Ti-T target The latter term is calculated by using the Bragg law /10/ accounting 

for both the contribution of Ti and Tritium It ought to be stressed that the tritium 

content and profile in the target is not well known This lack of information affects the 
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accuracy in the deuteron slowing down into the target In the FNG source model a 

tritium content of 1 4 tritium atoms per titanium atom is assumed, with a flat 

distribution profile Calculation shows that the source neutron spectrum is only a little 

affected by these values 

The ions sampling is performed by a rejection techniques / l 1,12/ The sampling for the 

deuteron ion energy and thus for the differential cross section and the collisional 

energy loss data is continuos Once known Pn(4>,6), the neutron energy En (in MeV) is 

calculated by means of the reaction kinematic, according to the residual ion energy Ej 

(in MeV) 

Em = 14 1 + 0 4^2(14.1 + 0 AZEd)Ed
ì2 COS0-O.56E, (2) 

The direction cosines are thus calculated via straightforward equations once known 

both 4>,and 6. 

Another point to stress is that the actual neutron source is not a point source but a 

disc, thus the sampling is performed over a circular surface which dimension can be 

changed up to the maximium target size (24 mm diameter). The sampling probability is 

assumed to be uniform over the whole surface (i.e the neutron emission is assumed to 

be uniform over the whole target surface) This could represent a limit to the present 

model Once a neutron is generated it is transported by MCNP code The EFFl 

transport cross sections file /13/ was used for the structural materials and the IRDF90 

cross sections file /14/ for the detectors cross sections 

As far as the FNG target holder is concerned, it is constructed with a special light 

design to reduce the neutron scattering due to the holder itself In order to get as 

accurate as possible results the target holder itself is modelled with as many details as 

possible All the most relevant features of the target holder were included in the 

MCNP model 

3. Experimental Set-up 

The benchmark experimental activity carried out at FNG started with a bulk shielding 

experiment /2,3/ A SS-316 block of square front surface 1 x 1 m2 and 70 cm thick, 

was irradiated by the neutrons produced by the source located just in the center of the 

block front surface The distance between the block and the neutron source is S3 cm 

Neutron and gamma fluxes were measured in different positions inside the block 

To validate the source model above descripted and used to perform the MCNP 

calculation, an experiment was designed which was based upon the ^Nb(n,2n)^^mNb 

reaction rates and 2 3 8 U fission rates measurement These two reactions are 
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characterized by different energy response ranges, above 9 MeY for Niobium and 

above 1 MeV for 2 3 8 U An absolutely calibrated U N a t fission chamber with plane 

electrodes (20 mm diameter) was used for 238ij fi^on rates measurement In order to 

ensure an easy and reproducible positioning of the fission chamber the flux distribution 

in front to the source was measured on a surface at the same position as the front 

surface of the SS-316 block used for the benchmark The surface is made of a thin 

plexigas layer (0 5 cm thick) On it. 16 experimental positions lying on two different 

concentric circonferences of radius Rj = 20 cm. and R2 = 40 cm respectively, were 

selected (Fig 1,2) A one more point is furnished by the center of the two 

circonierences which is at a distance R« =5.3 cm from the target The use of the 

plexigas plate ensures that the neutron scattering due to this surface is negligible This 

is important because the 238IJ fission rate threshold is around 1 MeV and also because 

in the natural Uranium a small aumont of 23 'u is present 
235u 

is very sensitive to 

low energy neutrons (which, in this new configuration, are mainly due to the neutron 

backscattering from the building walls) In order to neglect the fission rate correction 

due to 235IJ fission, the fission chamber was used with a cadmium cover 1 mm thick 

The experimental fission rates uncertainty range from 2 5% up to 5%, depending on 

the distance The fissile deposit position in the chamber was accurately determined 

with several measurements performed with the fission chamber located in front to the 

target, on the same axis, at different distances from the source The experimental 

points were fined by a least square method 

As far as the ^ N b d ^ n ^ m N b reaction rate measurement is concerned the Niobium 

foils were attached to the front surface of the SS-316 block In this case the first 

sehres of Niobium foils ( 18 mm diameter and 0 1 mm thick) were located on the circle 

of Ri=20 cm radius, while the farest foils were locate on a circle of R2=35 cm radius 

In this second case the foils were 1 mm thick The gamma ray emission at 934 53 KeV 

(T1/2= 10 15 days) was measured by using absolutely calibrated HPGe detectors The 

Niobium activation lasted 5 hours, this allowed to reach a good activation level for all 

the foils The experimental uncertainty for the absolute reaction rates range from 3% to 

3 5% at 1 o level This includes the germanium efficiency calibration (2.5%), the 

counting area uncertainty (<1.5%), the total neutron yield uncertainty (16%) and 

other minor terms 

Although the neutron emission should have an azimuthal simmetry, measurements at 

different azimuthal angles were performed in order to check this simmetry In practice 

the neutron source emission simmetry can be affected by some asimmetry in the target 

holder structure as well as in the tritium target The latter being due to non uniformity 

in the tritium deposition as well as on both the deuteron beam shape or/and the 

deuteron beam angle of incidence on the target The greatest perturbation on flux 
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distribution is expected to be due to the cooling water tube, which cut the source front 

plane with an angle of 45= (Fig 2) Being the tube filled with flowing water, it is 

responsible for both the scattering and the absorption of the neutron flux, thus creating 

a flux depression all around itself The measurement pointed out a very good symmetry 

in the neutron emission 

4. Results and Discussion 

MCNP calculates the absolute reaction rates at the requested positions This value is 

normalized to one source neutron The calculation results show a very good statistical 

uncertainty (<1%) for every point both for 23*U fission and 93Nb(n.2n)92,nNb 

reaction rates 

The experimental 2 3 8 U fission rates at R]=20 cm and R2=40cm, as well as the value 

in the central position (point 0 in Fig 1.2), are gathered in Fig 3 e 4 respectively, 

where they are also compared with the calculated values Fig 3 e 4 dearly show the 

perturbation effect due to the target holder structure and to the cooling water tube 

This effect is pointed out both by measurement and calculation These figures show 

that the calculation is able to reproduce the experimental behaviour, although not 

negligible differences are found for the points more close to the cooling water tube 

(point I and 5 in Fig 2, for which the C/E ratio is 1 18 and 1 24 respectively) A better 

agreement is found for the points located at R2=40 cm Now the C/E ratio is dose to 

one within the experimental uncertainty, with the exception of point 9 (Fig. 2,4) for 

which it drops to 0 68 At RQ =5 3 cm the C/E ratio is 0.97 

For niobium the experimental and calculated reaction rates and the corresponding C/E 

values are gathered in Table 1 both for Rj=20 cm and R2=35 cm The calculated 

results at R]=20 cm and that in the central position (Ro=5 3 cm) agree wery wdl with 

the measured ones within the uncertainties The only exception is represented again by 

point n 1 (C/E is 1.27) At R2=35 cm the C/E values is lesser than 1, thus now the 

calculation slightly underestimates the measurements and this also hold for point 9 

(which is close to the beam tube) Another result to stress is that for Nb the calculated 

reaction rates in points 3 and 11 underestimate the experimental ones This results in a 

depression of the uncollided component in positions which are not shadowed by the 

target holder structure This can be due to a non exact representation of the source 

anisotropy, due to the lack of the projectile ion scattering in the present source model 

For 2 3 8 U fission the situation is reversed The flux above 1 MeV is better calculated 

for the points lying on R2=40 cm that for points at Rj =20 cm 

The comparison of the results points out that the present source model is enough 

representative of the 'true' neutron emission at FNG, but some problems remain and 
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ask for further improving of the physical model adopted One of the effects to be 

considered is the angular dispersion of the ions into the target due to the projectile 

scattering which can affects the anisotropy emission An effort is now in progress to 

introduce this effect when sampling the ions into our source model Another possible 

source of probiems can be the exact modellizatton of the water cooling tube This is 

not an easy task because of the complex shape of this pipe Small differences with the 

real situation can affect the volume of water and of the other structural materials 

surronding the Ti-T target, as well as the line of sight of the target from the 

experimental point This can have influence in close geometry calculation and it could 

be the reson for the observed overestimation of the flux in the points close to the tube 

Perhaps these points are less 'shadowed" by the tube in the MCNP model 

Coachnioas 

The data reported in this paper clearly indicate that the present status of the source 

model at FNG is satisfactory The model can be further improved by introducing the 

projectile ion scattering which affects the source anisotropy An effort is in progress 

Further assessment of the FNG target model can be done incresmg the accuracy of the 

target holder geometric description with emphasys to the cooling water pipe geometry 
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Table 1 

Comparison between measured and calculated ^^Nb(n,2n)^2m]sjb absolute 

reaction rates [nucl/(sec *atom * neutr )] 

Position 
Rfl=5.3cm 
Rl=20 cm 

1 
2 
3 
4 
6 

R2=35 cm 
9 
10 
11 
12 
14 

Experimental 
1.29E-3 

5.31E-5 
794E-5 
8.32E-5 
772E-5 
779E-5 

1.17E-5 
2.56E-5 
284E-5 
249E-5 
248E-5 

Calculated 
133E-3 

674E-5 
8.14E-5 
802E-5 
8 10E-5 
8 12E-5 

1.09E-5 
2.33E-5 
2.51E-5 
2.39E-5 
2.36E-5 

C/E 
103 

1.27 
1 02 
096 
105 
1 04 

0.93 
091 
088 
096 
0.95 

Note The experimental uncertainty is at ±3.0% for Ro=5.3 cm and at ±3 5% for 

all the other positions 
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Fig.l - 3D view of the Experimental Set-up 

y 

15 ' 
/ 

1 7V 1 :T 14Ì 6f 

16 
— - • - . 

8 
— • -

OjA 

\ 5 C^pl 
\ 

V 
13 V 

- N _ 

4 

12 

•>» 

y\\ 

j i 

^ 3 

s 
M* 

, **-

s 9 
\ 

\ 
\ 
\ 

2 -Ì10-

/ 
/ 

/ 
0 

/ 11 

Fig.2 - Front and Lateral view of the Experimental Set-up with indication of the 
experimental/calculation positions 
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Fig. 3 - Experimental and Calculated Results for 238U fission at 
Ri=20 cm and for the Central Position at RQ=5.3 cm 
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Fig. 4 - Experimental and Calculated Results for 238U fission at 
R2=40cm 
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