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SUMMARY 

In the framework of the European Technology Program for NET/ITER, ENEA 
(Ente Nazionale per le Nuove Tecnologie, l'Energia e l'Ambiente) - Frascati and 
CEA (Commissariat a l'Energie Atomique) - Cadarache collaborated on a Bulk 
Shield Benchmark Experiment using the 14-MeV Frascati Neutron Generator 
(FNGX The aim of the experiment was to obtain accurate experimental data for 
improving the nuclear database and methods used in shielding designs, 
through a rigorous analysis of the results. 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 were 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 Ss and Monte Carlo transport codes and as transport cross section 
library the European Fusion File (EFFX In particular, the present report 
describes the experimental and numerical activity, including neutron 
measurements and Monte Carlo calculations, carried out by the ENEA team. 

RIASSUNTO 

Nell'ambito del Programma Tecnologico Europeo per NET/TIER, l'ENEA 
(Ente Nazionale per le Nuove Tecnologie, l'Energia e l'Ambiente) e il CEA 
(Commissariat a l'Energie Atomique) hanno realizzato in collaborazione, un 
esperimento "Benchmark" su uno Schermo per Neutroni da 14 MeV. Scopo 
dell'esperimento era quello di realizzare delle accurate misure sperimentali 
per la validazione dei dati nucleari e dei metodi di calcolo usati nel progetto dei 
componenti schermanti del Reattore a Fusione. Nell'esperimento, un blocco di 
acciaio (SS AISI316) dello spessore di 70 cm, è stato irraggiato con neutroni da 
14 MeV, usando il Generatore di neutroni FNG (Frascati Neutron Generator). 
I tassi di numerose reazioni di attivazione e di fissione, indotte dai neutroni, 
sono stati misurati a diverse profondità all'interno dello schermo, usando 
camere a fissione e foglie di attivazione. I tassi di reazione misurati sono stati 
quindi confrontati con quelli calcolati con codici di trasporto, sia SN sia Monte 
Carlo, e usando la libreria di sezioni d'urto di trasporto neutroniche e gamma 
EFF (European Fusion File). Il presente rapporto descrive, in particolare, il 
contributo ENEA all'esperimento riportando i risultati ottenuti e la relativa 
analisi. 
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I - INTRODUCTION 

At the ITER Expert Meeting on Shielding Experiments and Analysis (Garching, 

February IE-14, 1990, / l / ) the partecipants concluded that shielding is one of the key 

elements in the design of NiiT/ITER. The inboard shield for protecting the toroidal 

superconducting coils, the port/duct arrangement for the divertor, the NBI and the 

vacuum systems are crucial items in the shield design. The extent of uncertainties in 

the calculations, hence the safety factors assigned in the current design work, is such 

that the numerical method and data base 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, the ITER experts considered it insufficient for supporting the 

subsequent design phase of ITER: "New experimental programmes have to be launched 

which take specific care of the materials, material composition and geometrical 

features of the ITER design." 

In this context, the collaboration between CEA-Cadarache and ENEA-Frascati 

was initiated to perform a European Benchmark Experiment on Bulk Shield using the 

Frascati Neutron Generator (FNG) /2 ,3 / . The purpose of the benchmark experiment 

was to reduce the present uncertainty in 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 the neutron flux in a 

bulk shield, using fission chambers and activation foils. 

The Sn code system BISTRO / 4 / and the Monte Carlo code MCNP /5 / were 

chosen for neutron flux calculations, with the European Fusion File (EFF) / 6 / 

database for the transport cross sections. Preliminary results have already been 

published in /7 / . 

The present report describes the experimental and numerical activity, in 

particular the neutron measurements and Monte Carlo calculations carried out by the 

ENEA team during the period November 1992 - December 1993. 

II - THE FNG FACILITY 

The Frascati Neutron Generator (FNG) is a Crockroft-Walton-type accelerator 

designed to produce up to 3 mA D+ beams, which, impinging on a solid tritiated 

target, produce a nearly isotropic source of 14-MeV neutrons, through the T(d,n)a 

fusion reaction /2 ,3 / . The 10 Ci tritium is adsorbed in a titanium layer deposited in a 

1-mm-thick copper alloy disk of 24 mm in diameter. The disk is cooled by a water 

flow in the 1 mm-gap between the disk and the 1-mm stainless steel cap. Although 

the reaction cross section has a maximum for deuteron energy Ed3108 keV, the 
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deuteron beam is accelerated up to higher energies to compensate for the deuteron 

energy loss in the solid target. The design value of the beam energy is Ej=330 keV, 

producing a neutron source intensity Yn=5xl011 n/s. FNG started operation in 

november 1992 and, at present, operations with a beam current of 1 mA at an energy 

Ed=260 KeV, corresponding to a source intensity Yn=> 1.2X101 * n/s, is very reliable. 

The energy and angular distribution of generated neutrons is calculated by 

reaction kinematics and taking into account the energy loss of deuterons in the 

tritium-titanium layer. Examples of energy spectra of neutrons emitted at angles of 

0°, 90° and 180°, with respect to the the deuteron beam direction, are given in Fig.I. 

The normalized differential yeild f, defined as f=(2/Yn)(dYn/dcos8), is given in Fig. 2 

as a function of the angle of emission 6. 

The FNG was especially designed to perform benchmark experiments to improve 

the neutronics database. Its main characteristics are a light target, to produce a 

clean spectrum, and a large bunker to reduce the neutron background due to room 

return. In fact, the total amount of material crossed by neutrons in the forward 

direction is given by 1 mm of Cu target support, 1 mm of cooling water, and 1 mm of 

stainless steel cap. The target is positioned almost in the centre of the bunker, which 

is 12 m x 11.5 m wide and 9 m high, at a height of 4 m from the floor. The bunker is 

surrounded by ordinary concretel.5-m-thick walls. 

m - DESCRIPTION OF THE EXPERIMENT 

The experiment consists of the irradiation of a stainless steel (AISI316) block 

built with 100x100 cm2 plates, each one 5 cm thick, for a total thickness of 70 cm. 

This configuration was chosen as representative of the inboard bulk shield of a fusion 

reactor. The block is located on an aluminum movable tower 4 m from the floor (see 

Fig.3), and is positioned in front of the neutron source, at S.3 cm from the target. Of 

these, 5 cm are in air, the remaining 0.3 cm are due to the target material as 
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Fig. 1 - The energy tpeetra of neutron» emitted at 0*, 90" and 180° with 
retpect to the deuteron beam direction. 
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Foil 
detectors 

400 cm 

Fig.4 - Sketch of the experimental arrangement thowing the SS block located over the 
movable aluminum tower, at 5.3 cm from the target. The central channel used to 
introduce the detector» at various penetration depth* in the block ie alto uhown. 

specified in the previous section. A central 30-mm-diam channel is used to introduce 

tubes of variable inner diameter, namely 18 and 9 mm, which serve for the location of 

the various detectors at different penetration depths inside the block. The detector 

channel is aligned with the beam direction, as shown in Fig.4. The density of the 

block stainless steel is 7.89 g/cn»3 and the chemical composition, reported in Table I, 

was measured in an ENEA laboratory by the Optical Emission Spectrometry 

technique, based on the Stark effect /8/. 

IV - CALIBRATION OF THE NEUTRON SOURCE INTENSITY 

The neutron source intensity is measured by the associated o-particle method, 

using a silicon surface-barrier detector (SSD) that was installed on December 12, 1992 

and has operated right through the experimental campaign, except for the period 
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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 

B 

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 

0.0035 

Error 

0.4 

02 

0.1 

0.04 

0.03 

0.03 

0.01 

0.01 

0.01 

0.01 

0.005 

0.007 

0.003 

0.001 

0.0005 

when the first measurements with fission chambers were performed, i. e. November 
1992 (the calibration of the source for that period is discussed in the corresponding 
section). The detector is located inside the drift tube, at a distance D = 1820 mm 
from the target, at an angle 9a =179.1° with respect to the beam propagation 
direction. The absolute calibration of the detector requires knowing the solid angle ft 
subtended by the detector aperture, and the anisotropy correction factor Ra of the 
a-particle emission. This factor depends on the angle of emission 9a and on the energy 
of the beam deuterons Ed, and is calculated according to reaction kinematics, taking 
into account the deuterons slowing down in the target. However, since the tritium 
concentration profile in the target is not known, this results in an uncertainty in the 
RQ value. The absolute neutron production rate is given by: 

Y =4rc/Q C R (E.,0 ) n a a a' a 

where C0 is the count rate of a-particles. The total uncertainty on Y„ arises from 
uncertainty on R<, (±1.4%) and on R which is defined by the detector collimator. In a 
first phase, lasting from December 1992 to June 1°')3, the a-detector operated with a 
collimator in front characterized by AR/ft = ±5.4%, yielding a total uncertainty 
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AY /Y = ± 5.6%. (Dec. 1992 - June 1993) 
n n 

In June 1993 this figure was improved to 

AY /Y = ± 1.6%. (from J une 1993) 
n n 

by employing a new collimator characterized by AQ/Q = ±0.56%. 

The source intensity is also routinely monitored by the activation of aluminum 
foils located in front of the target, using the reaction 27Al(n/i)24Na. The subsequent 
y-ray emission is detected to obtain the absolute value of the reaction rate <o$>, 
where o is the reaction cross section, and <b is the neutron flux at the foil. The 
measured reaction rate is related to the neutron production rate through a calibration 
factor K = <o$>/Yn that depends on the source/foil distance, the attenuation due to 
the target cap and the presence of scattering masses. To take into account all these 
effects, the calibration factor K has been accurately calculated by MCNP. The 
contributions to the overall error arise from y-ray counting statistics (±1.5%), 
activation cross section (±3%), y-ray detector efficiency (±2%), y-ray self-absorption 
(±2%) and MCNP statistics (±1%), yielding a total error on the activation 
measurement of ±5%. The comparison between Y„ values, measured by the a-particle 
detector and by the activation of aluminum, is given in Table n for a set of reference 
measurements. The calibration resulting from the combination of the two independent 
methods was used for the period December 1992-June 1993, the associated 
uncertainty being of ±4.1%, given by the dispersion from the mean value as given in 
Table n. 

Table II - Comparison between Yn values, measured by the a-particle 
detector and by the activation of aluminum. 

Date 

15/12/92 

15/12/92 

4/2/93 

8/4/93 

8/4/93 

5/10/93 

8/10/93 

13/10/93 

Y„ (n/s) 
a-detector 

1.19x1010 (±5.6%) 

1.19x1010 (±5.6%) 

1.55xl0>0(±5.6%) 

3.48x101° (±5.6%) 

3.30x1010 (±5.6%) 

3.36x1010 (±1.6%) 

5.77x1010 (±1.6%) 

4.28x1010 (±1.6%) 

Yn (n/s) 
2?Al(n,0) 

1.13x1010 (±5.0%) 

1.16x1010(15.0%) 

1.47x1010(15.0%) 

3.63x1010(15.0%) 

3.69x1010(15.0%) 

3.39x1010(15.0%) 

5.37x1010(15.0%) 

4.24x1010(15.0%) 

mean value 

a«det/*7AI(n,o) 

! 05 

1 03 

1.05 

0 9 6 

0.98 

0.99 

1.07 

1.01 

1.02 1 0.041 
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V - MEASUREMENTS WITH FISSION CHAMBERS 

Micro fission chambers were used to measure reaction rates inside the SS block. 

These chambers (fc's) were provided by the CEA team. The measurements were 

performed during two experimental campaigns, in November 1992 and in October 

1993. These fc's are 8 cm long and have an external diameter of 8 mm; the fissile 

deposit is 2 cm long. The amount of fissile material is known within a few percent 

uncertainty by means of an absolute calibration in a well-known reference neutron 

field. Since the chambers have 100% efficiency (every fission reaction is detected and 

counted), the normalized fission rate R can be obtained dividing the count rate C by 

the total number of fissile nuclei N in the deposit and by the source intensity Y„, for 

ev*ry experimental point according to: 

n 

The first experimental campaign (November 1992) 

A first campaign of measurements with fc's was performed in November 1992. 

During that campaign, measurements with 235U and 237Np cylindrical fc's were 

performed in many positions up to 67 cm inside the block. Other fc's were used to 

monitor or calibrate the neutron source. The characteristics of the chambers used in 

the first campaign are given in Table m. 

Since the a-particle detector was not yet installed in November 1992, the 

neutron source intensity was monitored by a 235U fission chamber, referred to as 

"monitor", located on a bar at about one meter from the target, at an angle of 85° 

with respect to the beam direction. The monitor was not able to provide the absolute 

source intensity, because of the undistinguishable contribution of background 

neutrons, and was used only for relative measurements. In order to obtain the 

absolute reaction rates for the fc's, the monitor was calibrated with two indipendent 

methods, described in the following. 

Table lit - Fiteion chamber» used in the flr$t experimental campaign 

Chamber 

236U 

237Np 

235U 

235U 

Type/Vie 

Cylindrical/in the block 

Cylindrical/in the block 

Plane/monitor 

Plane/Calibration 

Depo$it (g) 

0.826x10-3 

2.79x10-3 

-

3.24x10-5 

Error 

±2% 

±5% 

-

±2% 

FUtile nuclei (10**) 

2.12x10-6 

7.09x10-6 

-

8.303x10-8 



12 

a) The first method related the monitor efficiency to that of the a-particle detector 

(in use later) and to the activation of aluminum foils (routinely repeated) through 

the BF3 counter (always working). 

The ratio of the BF3 :ount rate (CBF3) and the monitor count rate (CMON) was 

recorded for most of the measurements with the fc's and was very stable. The 

mean value of this ratio was <CBF3/CMON>=0.154, with a dispersion with respect 

to the mean of ±1.6% (lo). Later, a calibration factor for the BF3 counter was 

obtained with respect to the source intensity Yn as measured by the a-particle 

detector, yielding <Y„/CBF3
> =3.59X108 n/c ±5.6%, where the error is due to the 

uncertainty on Yn. 

Finally, the efficiency of the monitor is obtained as follows: 

Y Y CBF 
< —— > = <jTL> =<- > =5.53xl07n/c±5.8%(lo) 

CMON CBF, CMON 

b) A second method of calibration of the monitor was employed by using a 235U 

micro fission chamber, with a known amount of fissile material and with plane 

electrodes, so that the deposit-source distance is determined with acceptable 

accu c^y. This calibrated chamber was used at small distances from the source, 

i.e. 5..> cm, to reduce to very small level the contribute of background neutrons. In 

this case the calibration factor for the monitor is obtained according to: 

Yn = % j _ _4nd2 C-Cb 

CMON CMON CMON < 0 > N f 

where 0235^ is the fc's count rate, <o> = 2.07 barn is the fission cross section 
averaged over the FNG neutron spectrum in the forward direction, N=0.8303xl0~7 
is the number of 235{j nuclei in the deposit, d is the deposit-source distance, f is a 
numerical factor accounting for the anisotropy of the source (f=1.05 in the 
forward direction, as shown in Fig.2) and, finally, C\, is the count-rate due to the 
neutrons scattered from the bunker wall, (Cb/C * 0.02 for d = 5.3 cm). The mean 
value over a set of four measurements is <YI)/CMON> = 6.04xl07 n/c. Sources of 
errors are due to the deposit-source distance (±4%), the fission cross sec .ion 
(±0.7%) and the amount of fissile material (±2%) yielding a total error of ±4.6%. 
Hence with the second method the monitor efficiency is 
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Y 
< —— > = 6.04xl07n/c ±4.6%(lo) 

CMON 

The two methods turned out to be consistent; the mean of the results was taken 

as monitor efficiency, ">nd the difference from the mean as error, i.e. 

Y 
< r - 2 - > =5.82xl07n/c ±4.4%(lo) 

CMON 

This calibration of the source intensity was used limited to November 1992 

operations, to calculate the normalized reaction rates R for the measurements 

performed with the fission chambers in the SS block during the first campaign. 

The second experimental campaign (October 1993) 

A second campaign of measurements with fc's was performed in October 1993, 

with 235U, 238u and 237Np detectors. 

The standard calibration of the source intensity with the a-detector was 

available. Moreover, for a cross check, the absolute source intensity was measured 

also with fission chambers, the same used inside the block. Another monitor was used, 

as in the first campaign, but in a different position, so the count rates in the two 

situations are not comparable. The characteristics of the fission chambers used during 

the second campaign are given in Table IV. 

The measurements dedicated to the source intensity calibration were taken for 

several source-detector distances d along the beam propagation direction, with the 
only exception of the 237Np measurement taken at 90° with respect to the bean* 

Table IV- Fission chamber» u$ed in the second experimental campaign (Oct.93) 

Chamber 

236U 

238U 

237Np 

235U 

236U 

Type/V$e 

Cylindrical/in the block and 
for calibration 

Cylindrical/in the block and 
for calibration 

Cylindrical/in the block and 
for calibration 

Plane/monitor 

Plane/Tests 

Deposit (g) 

0.811x10-3 

4.09x10-3 
(+0.2%235U) 

2.79x10-3 

-

3.24x10-6 

Error 

±2% 

±2% 

±5% 

-

±2% 

Fistile nuclei (10*) 

2.08x10-» 

1.035x10-5 

7.09x10-6 

-

8.303x10-8 
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direction. During these calibration measurements the stainless steel block was 

removed in order to reduce the scattered neutrons on the detectors. The relation 

between the count rate C and the neutron source intensity is given by 

C-C. 
Y =4«d2 b 

<o>Nf 

where C\, is the count rate due to the neutrons scattered from the bunker wall, N is 

the number of fissile nuclei, f is the normalized differential yeild accounting for the 

anisotropy of the source (f=1.05 in the forward direction, f=1.00 in the direction 

perpendicular to the beam). Finally, <o> is the fission cross section averaged over the 

neutron spectrum. The following values taken from IRDF-90 have been adopted 

/9,10/: 

<o>235u ( 1 4 < E n < 15-5 MeV, 6 = 0°) = 2.07b (±0.7%) 

<o>23»u (14 < En < 15.5 MeV, 6 = 0°) = 1.16 b (±0.9%) 

o237Np (En=14.1 MeV, 6 = 90°) = 2.11 b ( > ± 10%) 

Since the 235U fission chamber is sensitive to thermal neutrons, the contribution 

of neutrons backscattered by the bunker walls is expected to be non-negligible. To 

determine this contribution, a measurement was performed with the 235U cylindrical 

chamber located behind the block, i. e. with the source hidden by the block. In that 

position, the count rate was Cb = 8 cps with Yn = 4 . lx l0 1 0 n/s . Since, during the 

calibration measurements with the 235U fc, the source level was YD = 5.13-5.4 xl0*0 

n/s (see table V), the value of Cb was rescaled to Cb = lOil cps. Moreover, the 

assumption has been made that the background flux is independent of position. 

Table V • Neutron Bouree intensity measurements by fission chambers 
anda-deteetor. 

f.c/type 

235U 

236U 

238U 

238U 

237Np 

d(em) 

18.3 

24.8 

18.3 

24.8 

31.3(90°) 

fc/count rate» (cp$) 

68.05 

39.17 

162.62 

89.77 

46.2 

YJxWn/s) 

fUtion chambers 

5.40 (±3.1%) 

4.99 (±4.2%) 

5.42 (±2.6%) 

5.50 (±2.5%) 

3.80(> ±11%) 

a-detector 

5.32 

5.13 

5.30 

5 38 

3.31 
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No correction due to background neutrons was used for the 238U and 237Np 

measuremeuts (Q, = 0) due to the high threshold energy of the reactions for these 

detectors. 

The source intensities measured by the fission chambers are given in Table V, 

together with those obtained by the a-detector for comparison. The error associated 

to fr's measurements include errors on the deposit mass, fission cross section, 

distance (±2 mm) and count rate statistics (alway less than ±0.8%, except for the 

background measurement with the 235U f c behind the block), summed quadratically. 

The agreement with the a-particle method is very good for the 235U and 238U 

detectors; the 237Np measurement is also consistent with the others, but is not as 

interesting because of the large uncertainty on the fission cross section, ±10% at 

least /10/. 

Disregarding the 237Np measurement, the comparison of the fission chamber 

with the a-particle methods gives: 

Yn(fc) 
= 1.006 

Y (a-detector) 
n 

The average source intensity, given by the combination of the two independent 

methods, was used to normalize the measurements with fission chambers inside the 

block. The associated uncertainty was ±1%. 

Measurements with fission chambers inside the block. 

The reaction rates R for the 235u and 237Np fc's obtained in the two 

experimental campaigns are given in Table VI and VTi for comparison. Typically, the 

measurements were made for irradiation intervals ranging from 30 to 1000 s, with a 

source level of about 5x1010 n / s . In the tables, the reaction rates R are given in units 

of reactions per 1024 reacting nuclei and per one source neutron; moreover, z 

represents the position (penetration depth) of the fissile deposit centre inside the 

block. 

The results showed that the fission-chamber measurements are highly 

reproducible. The weighted means were then determined, for comparison with 

calculated reaction rates. 

Measurements with the 238U fission chamber were performed only in the second 

campaign. As reported in Table IV, the deposit contained 0.2% of 235u. Due to the 

large difference in fission cross sections between the two isotopes at low energies, 

the count rate of this chamber is increasingly dominated by the small amount of 236U 
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Table VI - ^sU(n,f) meaaured reaction rate» 

z (cm) 

0.0 

5.0 

10.0 

15.0 

20.0 

25.0 

30.0 

35.0 

40.0 

45.0 

50.0 

550 

60.0 

65.0 

67.5 

* * l 

6.56x103 

3.38x103 

2.15xlfr3 

1.66x10 3 

1.39x10 3 

1.10x103 

9.75xl<M 

7.60x10* 

5.76x10-* 

4.60x10* 

3.28x10* 

2.29x10* 

1 41x10* 

6.52x105 

3.71x10-8 

error(%) 

5.1 

4.9 

4 9 

4.9 

4.9 

5.0 

5.0 

5.1 

5.1 

5.2 

5.3 

5.3 

5.3 

5.3 

5.4 

Rg2 

6.51x10^3 

3.23x103 

2.13x10 3 

1.34x103 

9.17x10* 

7.49xl(M 

5.90x10* 

456x10< 

3.31x10* 

1.41x10* 

error (%) 

3.1 

2.6 

2.6 

2.6 

2.7 

2.7 

2.7 

2.7 

2.7 

3.3 

<RE> 

6.51x103 

3.31x103 

2.14x10 3 

1.66x10 3 

1.36x103 

1.10x10 3 

9.40x10* 

7.52x10* 

5.85x10* 

4.57x10* 

3.30ExlO* 

2.29x10* 

1.41x10* 

6.52x10 5 

3.71x10-5 

error (%) 

2.6 

4.9 

2.3 

2.3 

2.3 

5.0 

2.4 

2.-. 

2.4 

2.4 

2.4 

5.3 

2 9 

5.3 

5.4 

Table VII - H7Np(n,f) measured reaction rate» 

0.0 

5.0 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

65.0 

REI 

6.55x103 

2.36x103 

8.97x10* 

2.14x10* 

5.92x10» 

1.80x10 5 

7.03x106 

2.41x106 

9.73x107 

error(%) 

6.6 

6.7 

6.7 

6.7 

6.7 

6.8 

fi.9 

7.0 

7.8 

Rg2 

6.27x10 3 

2.29x103 

8.79x10* 

2.12x10* 

5.97x10 5 

1.99x10 5 

7.15x10 6 

2.28x106 

error Ck) 

5.2 

5.2 

5.3 

5.3 

5.3 

5.4 

5.4 

5.7 

<Hs> 

6.41x10 3 

2.32x10 3 

8.87x10* 

2.13x10* 

5.95x105 

1.90x10-5 

7.10x106 

2.33x106 

973x107 

error (%) 

4.1 

4.1 

4.2 

4.2 

4.2 

4.2 

4.3 

4.4 

7.8 
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with increasing penetration inside the block. Since the amount of 235U is known, it is 

possible to subtract the corresponding contribution to the count rate, making use of 

the previous measurements with the 235U fc in the same positions inside the block. 

The count rates of the 238U fc (total and corrected), all referred to Yn = 5x1010 n / s , 

are given in Table VHI. 

The global errors on fc's measurements include the random errors (counting 

statistics, position uncertainty, which is important for small z) and systematic errors 

(on source calibration and on the fissile deposit mass) summed quadratically. A 

summary is given in Table IX. 

Table VIII - 338U(n,f) countrates 

z(cm) 

0.0 

5.0 

10.0 

20.0 

30.0 

35.0 

40.0 

238U+233U eountrate (eps) 

1348.73 
1327.22 

427.82 

124.72 

17.43 

3.74 

2.88 

1.09 

338U eountrate (epa) 

1342.36 
1320.75 

424.49 

122.53 

16.07 

2.79 

1.15 

0.49 

IrrodioLtime (t) 

50 
50 

50 

100 

1000 

1000 

1500 

1500 

Table IX • Summary of errors in the measurement» with fusion chambers 

Source of error 

Statistics 

position 

source 
intensity 

deposit mass 

235V 

±0.4- ±2.6% 

s±1.5% 

±4.4% 1st camp. 
±1.0% 2nd camp. 

±2% 

Errors 

237Np 

±0.4-±3.3% 

S±2.5% 

±4.4% 1st camp. 
±1.0% 2nd camp. 

±5% 

338V 

±0.7-±6.5?: 

S ±2.5% 

±1.0% 2nd camp. 

±2% 
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VI - MEASUREMENTS WITH ACTIVATION FOILS 

The foil activation technique was 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 

makes 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 reaction 

are listed in Table X, and the corresponding cross sections are shown in Fig.5. 

Table X • Selected dommetry reaction» 

Reaction 

27Al(n,a)24Na 

5«Fe<n,p)56Mn 

5»Ni(n,2n)57Ni 

WNi(n,p)MCo 

U5In(n,n')n5min 

55Mn(n,y)B6Mn 

iS'i*'i(n,y)i9&Au 

Half-life 

14.96h 

2.577h 

1.503d 

70.92d 

4.486h 

2.577h 

2.696d 

hotopic 
abund\(%) 

100.0 

91.72 

68.27 

68.27 

95.7 

100.0 

100.0 

1~ray energy 
(keV) 

1368.6 

846.8 

1377.6 

810.8 

336.24 

846.8 

411.8 

y-ray 
branching (%) 

100.0 

98.87 

80.0 

99.44 

45.9 

98.87 

95.56 

90% retponee 
range (MeV) 

10-14 

10-14 

14 
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All the reactions listed in Table X were used. In all cases, foils (disks of 18 mm 

of diameter) were located in seven positions inside the block, namely at 4.95, 10.05, 

20.15, 30.30, 40.50, 50.70 and 60.90 cm of penetration depth. The foil thickness and 

the irradiation times are reported in Table XI for each reaction. The irradiation 

histories were recorded by the neutron flux monitoi-s (a-detector and BF3) for the 

decay correction during irradiation. After irradiation, the induced y-ray activities 

were measured by two HPGe detectors whose absolute efficiency was previously 

determined by means of a set of well calibrated sources in the energy range from 120 

to 1836 keV. Intercalibration of the two detectors was performed using calibrated 

sources as well as activation foils. The measured activities agreed within the 

experimental uncertainty (±2%). 

The absolute reaction rates (reactions per atom per second) were derived from 

the y-counts according to the following equations 

Ao 
<0<J>> = 

v EopMOyAJ/j 

exp(At ) j 
A = A (At) 

0 [l-exp(-AT)l [l-exp(-AAT)] 

where Ao is the decay rate reffered to zero cooling time tc, A(At) is the measured 

activity integrated in the counting time At, T is the irradiation time, X Id the decay 

cost ant, a is the y-ray branching ratio, £ is the y-detector efficiency, /? is the y-self 

Table XI - Activation measurement condition» 

FUSION PEAK RANGE 

Reaction 

58Ni(n,2n)57Ni 

27Al(n,a)24Al 

5«Fe(n,p)«5Mn 

Irradiation time 

4.2h 

3.7h 

2.3h 

Source intensity 

6.2x1010 n/s 

4.0x1010 n/s 

4.1x1010 n/s 

Foil thickneu 

1 -2 mm 

1 -2 mm 

l - 2 m m 

MeVRANGE 

58Ni(n,p)58Co 

ii5In(n,n')H6mIn 

4.2h 

2.3h 

6.2x1010 n/s 

2.8x1010 n/s 

1 -2 mm 

1-2 mm 

SLOWING DOWN RANGE 

56Mn(n,y)56Mn 1 7h 2 1x1010 n/s 200 urn 

i»7Au(n(y)i98Au 0.8h 1.2x1010 n/s 50 pm 
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shielding in the sample, M is the sample mass, A is the atomic mass, q is the isotopie 

abundance and finally No is the Avogadro number. The decay constant and the 

branching ratio data were taken from Ref.l 1. 

The measured reaction rates are shown in Fig.6 and given in Tables XIQ-XXII in 

units of reactions per 1024 nuclei and per one sou.ee neutron.The major sources of 

errors for the measured reaction rates were the y-ray counting statistics, which 

ranged from 0.5% to 5% for almost all the measurements (with the only exceptions of 

Al at 55 cm and Fe at 60 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. A summary of the errors is given in Table XII. The measurement 

of the 58Ni(n,2n) reaction rate was possible only up to 30 cm of penetration depth 

because of the presence of an interfering y line (from 214Bi with Ey= 1377.67 keV) due 

to the natural background. For long time measurements, the integral of this 

background line was comparable or higher than the signal. 

10-2 

= • . 

g IO"* 

S 01 
% C 

s 
o 5 10-6 
- o I! 

\ 10-8 t -

10-10 

» 
• 

* 

* 235 U (n,f) 
* 197 Au (n, y) 
° 55Mn(n,v) 
• 237 Np (n, f) 
• 238 U (n,f) 

• 115 In (n ,n! 
° 56 Fe (n, p) 
• 58Ni(n,p) 
• 27AI(n,o) 
* 58Ni(n,2n) 

0 20 40 toO 
Penetration depth (cm) 

Fig. 6 - Experimental result» for fission chambers and activation measurement». 

Table XII • Summary of errore in the measurements 
with activation foils. 

Source of error 

Counting statistics 

y detector (HPGe) efficiency 

source intensity 

Error» 

±0.5-±15.0% 

i0.5- ±2.0% 

±4.1% before June 93. 
±1.6% after June 93. 

http://sou.ee
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VE - NUMERICAL ANALYSIS OF THE EXPERIMENTS 

The analytical interpretation of the experimental measurements was carried out 

by means of the MCNP.4 code. 

The Monte Carlo simulation 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 referred essentially to 

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

of the Z-D multi-group Sn treatment, which has to be used in sensitivity and 

uncertainty analysis. 

The transport cross sections were originated from EFF.l file. The new version 

of the EFF library (EFF.Z) is not yet available in the MCNP format for all structural 

materials and was used only for Mn. The detector responses inside the block were 

calculated in a reduced model that represents only the block, the close materials 

around the block and the detector devices. 

The energy and the angular distribution of neutron source assumed in MCNP 

were calculated by reaction kinematics, taking into account also the deuteron energy 

loss in the 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 was adopted by using an importance distribution which depends on space, 

energy and detector response. The importance functions were obtained by a set of 

1-D Sn calculations. The self-generating capability of the code was not considered 

suitable in this case. 

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 more suitable statistics. Also the configuration of the micro fission chambers, 

as well as the extention and the location of the fissile deposit, have been described in 

a dedicated MCNP model. 

For all the calculated responses the fractional standard deviation due to 

calculation statistics ranged from ±1 to ±4%. 

The room background contribution at the detector positions close to the block 

walls was estimated starting from a surface source at the external boundaries. The 

surface source was recorded in a separate calculation representing the whole 

experimental environment, including the bunker walls. The finding was that the 

background contribution is not negligible for thermal neutron detectors (235U, Mn and 

Au) located within 10 cm from the block front surface. In particular, at 5 cm of 
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penetration depth this contribution amounts to 8% for Au, to 5% for Mn and to 3% for 

235u, while at 10 cm of penetration depth it amounts to 6% for Au, to 4% for Mn and 

to 2% for 235U. As far as the dosimetric cross sections are concerned, they are taken 

from the IRDF-90 library, with the only exception of 55Mn(n,y) taken from EFF.2 and 

237Np(n,f) from JEFF.2. 

The total neutron flux attenuation inside the block calculated by MCNP is 

shown in Fig.7a, where the measured 235U reaction rate is also given for comparison, 

while the calculated neutron energy spectra are shown in Fig.7b for different 

penetration depths. 

The calculated reaction rates are given in Tables Xm-XXII, in units of reactions 

per 1024 nuclei and per one source neutron. The errors on the calculated reaction rate 

include the calculation statistics and the errors due to the uncertainty on the 

activation cross section. These have been obtained with a variance analysis, by using 

the IRDF-90 and EFF covariance data in 175 - energy group format and the neutron 

flux expressed in the same energy discretization. 

0 10 20 30 40 50 60 70 

Penetration depth (cm) 

3 

z 
10-6 10-4 10-2 100 

Energy (MeV) 

Fig. 7 • a) Calculated total neutron flux vs the depth in the block. The measured MU 
reaction rate» are also given for comparison; b) calculated neutron spectra at various 

penetration depths. 
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Table XIU-K5U(n,f) 

t(ent) 

0.0 

5.0 

10.0 

15.0 

20.0 

25.0 

30.0 

35.0 

40.0 

45.0 

50.0 

55.0 

60.0 

Measurements 

RE 

6.51x10-3 

3.31x10-3 

2.14x10-3 

1.66x10-3 

1.36x10-3 

1.10x10-3 

9.40xl<M 

7.52x10-* 

5.85x10-4 

4.57x10-4 

3.30x10-4 

2.29x10-4 

1.41x10-4 

ARE/RE(%> 

2.6 

2.3 

2.3 

4.9 

2.3 

5.0 

2.4 

2.4 

2.4 

2.4 

2.4 

5.3 

2.9 

MCNP Calculation» 

Rc 

7.08x10-3 

3.61x10-3 

2.14x10-3 

1.67x10-3 

1.38x10-3 

1.14x10-3 

9.35x10-4 

7.54x10-4 

5.99x10-4 

4.55x10-4 

3.37x10-4 

2.31x10-4 

1.36x10-4 

ARc'RcC*') 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

C/E 

1.09 ±0.03 

l.O9±O.03 

1.00 ±0.03 

1.01 ±0.05 

1.01 ±0.03 

1.04±0.05 

0.99 ±0.03 

1.00±0.03 

1.02±0.03 

1.00±0.03 

1.02 ±0.03 

1.01 ±0.06 

0.96 ±0.03 

Table XIV n7Np(n,f) 

z(em) 

0.0 

5.0 

10.0 

15.0 

20.0 

30.0 

40.0 

50.0 

60.0 

Measurement» 

RE 

6.56x10-3 

2.36x10-3 

9.10x10-4 

4.21x10-4 

2.15x10-4 

6.00x10-» 

1.94x10-» 

7.14x10-6 

2.36xl0-« 

ARB/RE<%) 

5.3 

5.2 

5.2 

5.3 

5.2 

5.2 

5.3 

5.3 

5.6 

MCNP Calculations 

Rc 

6.93x10-3 

2.62x10-3 

8.98x10-4 

4.21x10-4 

2.05x10-4 

5.68x10-5 

1.71x10-6 

5.53x10-6 

1.67x10-6 

ARQ/RCW 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

C/E 

1.06 ±0.06 

1.11 ±0.06 

0.99 ±0.05 

1.00±0.05 

0.95 ±0.05 

0.95 ±0.05 

0.88 ±0.05 

0.77 ±0.04 

0.71 ±0.04 
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Table XV- *3*U(n,f) 

z(cm) 

0.0 

5.0 

10.0 

20.0 

30.0 

35.0 

40.0 

Measurement» 

RE 

2.63x10-3 
8.29xlfr« 

2.37xl(H 

3.18x10* 

5.43x10-6 

2.24x106 

9.55xlfr7 

ARE/RE(%) 

4.3 

3.7 

3.7 

3.8 

4.6 

5.6 

7.9 

MCNP Calculation» 

Rc 
3.27x10* 

7.90xl(H 

2.24x10* 

3.02x10* 

5.10x10* 

2.13x10* 
8.94x10-7 

ùRc/Rc(*>) 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

C/E 

1.24±0.04 

0.95 ±0.04 

0.95 ±0.04 

0.95 ±0.04 

0.94 ±0.05 

0.95 ±0.06 

0.94 ±0.08 

TabU XVI - *7Al(n,a)*4Na 

x(em) 

4.95 

10.05 

20.15 

30.30 

40.50 

50.70 

55.90 

Measurement» 

RB 

5.94x10-» 

1.52x10-5 

1.70x10-6 

2.29x10-7 

3.66x10-6 

6.65x10* 

2.60x10* 

ÙRB/RBW 

5.6 

5.6 

5.8 

5.8 

5.8 

6.4 

10.0 

MCNP Calculation* 

Rc 

5.71x105 

1.40x105 

1.48x106 

2.09x10' 

3.40x10» 

5.93x109 

2.53x109 

ARc/RcW 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

2.1 

C/E 

0.96 ±0.06 

0.92 ±0.06 

0.87 ±0.06 

0.91 ±0.06 

0.93 ±0.06 

0.89 ±0.06 

0.97 ±0.10 

TabU XVII - 5*Fe(n,pP*Mn 

z(cm) 

4.95 

10.05 

20.15 

30.30 

40.50 

50.70 

60.90 

Measurement» 

RK 

5.09x105 

1.28x105 

1.48x106 

1.93x107 

3.24x10» 

5.61x109 

1.21x109 

ARB/RB(%) 

5.5 

5.5 

6.3 

6.7 

6.3 

7.1 

16.0 

MCNP Calculation» 

Rc 

5.39x105 

1.29x105 

1.38x10-6 

1.94x107 

3.07x10» 

5.07x10» 

8.94x10» 

ARc/RcM 

2.4 

2.4 

2.4 

2.4 

2.4 

2.4 

2.4 

C/E 

1.06 ±0.06 

1.01 ±0.06 

0.93 ±0.07 

1.01 ±0.07 

0.95 ±0.07 

0.90 ±0.07 

0.74±0.12 
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Table XVIII iutmtn,mV***In 

z(cm) 

4.95 

10.05 

20.25 

30.30 

40.50 

50.70 

60.90 

Measurement* 

RE 

1.67x10-4 

6.81x10* 

1.35x10* 

2.86x10-6 

6.81x10-7 

1.57x10-7 

4.02x10* 

aRf/RE(%> 

3.3 

3.3 

3 4 

3.9 

4.5 

4.6 

4.8 

MCNPCalculatimn* 

Rc 

1.64xl(M 

6.31x10* 

1.20x10* 

2.53x10* 
5.36x10^7 

1.27xlfr7 

2.78x10* 

ARc/Rc(%) 

2.8 

2.8 

2.9 

2.9 

2.9 

3.0 

3.0 

C/E 

0.98 ±0.04 

0.93 ±0.04 

0.89 ±0.04 

0.88 ±0.04 

0.79 ±0.04 

0.81 ±0.04 

0.6910.04 

Table XIX - mAufnnWAu 

z(cm) 

5.0 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

Measurement* 

RE 

7.79x10^ 

8.88xlfr« 

9.29x10-* 

7.76x10-* 

5.33xl<M 

3.11x10-4 

1.17x10-4 

ARg/Rg(%> 

4.8 

5.0 

5.0 

5.0 

5.5 

5.5 

5.5 

MCNPCalculatiofiM 

Rc 

8.18xl(H 

9.26x10-4 

9.97x10-4 

8.65x10^ 
5.66x10^ 

3.51x10-4 

1.44x10^ 

ARc/Rc<*> 

3.0 

3.0 

2.0 

2.0 

2.0 

2.0 

2.0 

C/E 

10510.06 

1.06 ±0.06 

1.07±0.05 

1.11 ±0.05 

10€±0.06 

1.13 ±0.07 

1.23 ±0.07 

Table XX - **Mn(n,y)MMn 

x(em) 

5.0 

10.0 

20.0 

30.0 

40.0 

50.0 

60.0 

Measurement* 

RE 

2.66x10-3 

3.24x10-3 

3.33x10-3 

2.40x10-3 

1.58x10-3 

1.00x10-3 

3.89x10-3 

ARE/RE(%) 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

50 

MCNP Calculation* 

Rc 

2.62x10-3 

3.33x10-3 

3.02x10* 

2.52x10-3 

1.76x10-3 

9.92x10* 

4.11x10-3 

ARc/Rc(*> 

11.8 

10.8 

10.0 

9.8 

9.2 

9.1 

9.4 

C/E 

0.98 ±0.13 

1.03±0.12 

0.91 ±0.11 

1.0510.11 

1.11±0.10 

0.9910.10 

1.06±0.11 
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Table XXI - 58Ni(n,p)MCo 

z(cm) 

4.95 

10.05 

20.15 

30.30 

40.50 

50.70 

60.90 

Measurements 

RE 

2.17x10-3 

6.66x10-3 

9.21x10-3 

1.41x10-3 

2.45x10-3 

3.85x10-3 

7.10x10-3 

ARE/RB(*>) 

3.2 

3.2 

3.3 

3.7 

4.4 

5 5 

6.5 

MCNP Calculation* 

«C 

2.29x10-3 

6.64x103 

8.74x10-3 

1.42x10-3 

2.46x10-3 

4.20x10-3 

7.83x10-3 

ARc/Rc AW 

10.0 

8.3 

6.9 

6.2 

6.0 

5.8 

5.6 

C/E 

1.0610.10 

1.00±0.09 

0.95 ±0.07 

1.01 ±0.08 

1.00±0.08 

1.09±0.08 

1.10±0.09 

Table XXII • S»m(n,2nWNi 

z(cm) 

4.95 

10.05 

20.15 

30.30 

Measurements 

RE 

1.78x10-3 

4.32x10-3 

4.42x10-3 

5.98x10-3 

ARB/RE(%) 

3.5 

4.0 

4.2 

6.4 

MCNP Calculations 

Be 

1.77x10-3 

4.14x10-3 

4.06x10-3 

5.31x10-3 

ARc/Rc(*>) 

2.8 

2.8 

2.6 

2.6 

C/E 

0.99 ±0.05 

0.96 ±0.05 

0.92 ±0.05 

0.89 ±0.06 

Vm - RESULTS AND DISCUSSION 
The various reaction rates, both measured and calculated by MCNP, are 

reported in Tables Xm-XXII. The C/E values are also given in the tables and in Figs. 
8-17. The corresponding errors are obtained summing quadratically the individual 
errors on C and on E values. These errors are generally smaller than ±10%, with the 
exception of 56Fe(n,p) at 60 cm where the error on C/E is ±16%, and of 55Mn(n,y) 
measurements for which the largest contribution comes from the uncertainty on the 
55Mn(n,y) cross section in the EFF.2 covariance file. 

The comparison shows that the C/E ratios are close to unity, and that the 
corresponding uncertainties are generally larger than or comparable with the C/E-l 
differences. 

However, the measurements at intermediate energies, including those of 
H5in(n,n') and 237Np(n>f) reaction rates (238U measurements unfortunately were 
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Fig». 16-17- C/E ratio* of calculated over measured reaction rates as a function of the 
penetration depth inside the block. 
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limited to 40 cm of depth) show a discrepancy between expected and measured results 

which increases with the penetration depth inside the block. This discrepancy is not 

explained by the total errors. Fig. 18 shows the sensitivity profiles SR(EJ) for the 
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115In(n,n>) reaction rates R at the beginning and the end of the block. The sensitivity 

profile in defined as SR(EJ) = O\ $\ /R where Oj is the 115In(n,n') cross section in the 

i-th energy bin, <g>j is the calculated neutron flux in the i-th energy bin, and R = S; o; 

<pj. The profile obtained for z = 60 cm shows that the largest contribution to the 

reaction rate in this position comes from neutrons in the energy range 0.7<E<3 MeV. 

This suggest that the discrepancy between calculated and measured reaction 

rates could be explained by overestimation of the Fe inelastic cross section, or to 

inadequate treatment of the Fe cross section in the region of the unresolved 

resonances, which extends from 0.8 to 3 MeV in the present version of the EFF 

library. As a consequence, in this range MCNP uses only an expectation value of the 

total cross section in an infinite diluite medium, whereas an explicit treatment of 

self-shielding is not possible. This implies that the effects of self-shielding in the 

unresolved resonance range are neglected in the calculation. Self-shielding would lead 

to a decrease of the scattering cross section in the unresolved resonance range, and 

then to an increased flux in the same range. Hence, this effect, which is being, studied 

within the EFF Project for all the structural materials /1Z/, may explain the 

discrepancy found for the 115In(n,n') and 237Np(n,f) reaction rates. 

The calculated reaction rates of 5&Ni(n,2n) and 56Fe(n,p) seem to underestimate 

the measured results, especially for deep foil positions, but the uncertainties do not 

allow accurate conclusions. 

Overestimation of the measured values is found for fission chambers at z=0. In 

this position however, the exact simulation of the experiment is a hard task since the 

detector is half outside and half inside the block with the centre of the fissile deposit 

at z=0, at 5.3 cm from the source. Moreover, the detector cap, which interposes 

between the fissile deposit and the source, has a complicated and little known 

structure, which cannot be exactly represented in the calculation. The effect of the 

detector holder is important in this position but becomes less significant for the 

measurements inside the block. 

Finally, the C/E ratios for 19?Au(n,y) diverge from unity especially in the 

deepest foil locations. This can be attributed to the difficulty in treating the large 

cross-section resonances in terms of evaluation with the given energy resolution. In 

fact, the MCNP calculation is performed with a continuous transport cross section, 

with the Au sample explicitly described in the geometry; however, the dosimetric 

cross section in IRDF-90 is given by energy groups (640 energy groups in total). The 

adoption of a different evaluation for 197Au(n,g) cross section, for example from 

JEF.2, leads to about a 15% smaller reaction rate. 
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X - CONCLUSIONS 

The bulk shielding benchmark experiment on a stainless steel block, performed 

at FNG, has provided a large number of accurate experimental data of the neutron 

flux in an environment representing, for size and material, a possible blanket 

configuration under 14-MeV neutron irradiation. 

Such an experiment, together with an analogous Japanese experiment /13,14/, 

has provided the only available set of "inside" measurements, i. e. of measurements of 

local fluxes and spectra inside a large bulk shielding block. 

The numerical analysis of the experimental results confirm the overall validity 

of the European Fusion File EFF, and may contribute to improving the nuclear cross 

section of structural materials (Fé, Ni and Cr) in the E > 0.5 MeV energy range. 

The results also show the suitability of the Monte Carlo method for the analysis 

of deep penetration of neutrons in bulk shielding experiments. 
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