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SCOPE OF THIS STUDY 

Any fusion reactor in the near future will be based on the deute

rium-tritium fusion reaction. Since tritium cannot be found in 

sufficient quantities in nature, it will be bred from neutron 

induced reactions on lithium. A blanket containing lithium material 

will surround the plasma volume for this purpose. For an enhance

ment of the breeding this blanket may also contain graphite or 

beryllium layers. During the last ten years several designs for a 

fusion reactor blanket have been proposed; some model experiments 

have also been conducted. 

To investigate the nuclear properties of blanket materials and to 

test existing computer programs on proper functioning in the 

fusion neutron energy range, a cylindrical blanket model, consis

ting of pure lithium metal was constructed at the KFA Julich in 

1973. This blanket model can be surrounded with a graphite layer; 

further a cylindrical beryllium layer can be introduced. For a 

simulation of the fusion neutron source a neutron generator based 

on the deuterium-tritium reaction is used. 

The model studies described in this thesis may be presented as 

follows: 

CROSS 

SECTION 

DATA 

MJNTE 

CARLO 

ALCULATIOr~ 

BREEDING 

CROSS 

SECTIONS 

NEUTRON 
FLUX 

DENSITY 
SPECTRA 

TRITIUM 

f----.-- PRODUCTION 

SATURATION 

ACTIVITIES 

SAAD II 

EXPE- I'-'ODEL 

RIMENTS BLANKET 
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With an existing Monte Carlo program -using the available cross 

section data for the blanket materials- the space dependent neu

tron flux density spectra are determined. From the neutron energy 

dependent cross sections the tritium production is determined. 

Using neutron energy dependent activation cross section data 

saturation activities for these reactions are calculated, star

ting from the calculated neutron spectrum. 

The tritium production in the blanket model is measured with the 

use of the gas counting and the liquid scintillation technique. 

The neutron flux density spectra are determined by activation 

techniques: saturation activities are measured from which the 

neutron spectrum can be calculated with an unfolding program 

(called SAND II). 

All numerical results are compared with experimentally found re

sults. In fusion reactor experiments the entire neutron energy 

range is of importance. In this experimental set up, however, 

serious difficulties arise in the unfolding of neutron spectra 

below the energy of about 2 MeV. They are caused by the lack of 

reliable information on the input spectrum, due to insufficient 

data on nuclear reactions, as for beryllium, and to backscattering 

processes. 

In chapter 1 some general remarks are given on the present-day 

fusion reactor design studies. The experimental set up is described 

in chapter 2. The measurement procedures for. the tritium produc

tion and the neutron spectra are dealt with in the chapters 3 and 

4. Comparisons between experiments and calculations of the tritium 

production and the saturation activities are presented and discus

sed in chapter 5; in the same chapter unfolded neutron spectra 

are compared with spectra, calculated with the Monte Carlo method. 

Concluding remarks are made in chapter 6. 



1 INTRODUCTION 

Scope 

Some remarks on nuclear fusion processes are given. The resources for thermo
nuclear fuel a!:l.d reactor materials are considered. A short survey of the 
blanket design studies during tl::e last fifteen years is presented. 

materials which may be used in fusion reactor blankets 

1.1 General 

The controlled thermonuclear reactor ( Ccl'R) has aspects, which may 

pro:r:ise ion of the energy proble:n. However, even 

optimistic estimations indicate that a period of at least 30 years 

is still needed this reactor can compete economically with 

the existing methods of power generation /Bra75,Kno73/. 

Thermonuclear reactors are based on the fusion of light nuclei 

(D, T, He) during which energy is released in the form of kinetic 

energy of charged particles or neutrons. The fusion reactions of 

primary interest are: 

react, ion 

1. ::J + 

2. D + 

3. D + 

4. D + 

In 

reaction 

17.58 

3.27 
4.03 

18.30 

14.10 

2.45 

densities of these fusion reactions are 

a function of the reaction cross 

the energy release per fusion event 

of the particles per unit area of 

which will be used in the ~1ture is the 

owest ignition temperature and the 

should be noted that for the D-~ reac 
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Fig.1.1 Relative rusion power densities 
as a function of the mean particle 
kinetic energy for: 

1. reaction '1' 
2. reaction '2'+'3' followed 

by '1'+'4' 
3. reaction '2'+'3'+'4'. In this case 

only the 3He from the D-D reactions 
is recycled T is used after 
decaying to 

tion about 80% of the fusion energy appears as kinetic energy of 

the neutron. Large quantities of tritium cannot be found in 

nature and it has therefore to be regenerated via neutron induced 

reactions, the neutrons for which are produced by D-T reactions. 

Lithium is most suited for this tritium production due to its high 

cross section for (n,t) reactions, its low cross section for para

sitic neutron absorption and the possibilities of breeding more 

than one tritium atom per fusion neutron and of enlarging the 
total energy production: 

6Li + n ~ T + 4He Q 4.78 MeV 

7Li + n ~ T + 4He + n' Q -2.47 MeV 

For the tritium regeneration the pl·asma volume has to be surroun

ded with a blanket consisting of lithium. Model studies on this 

blanket are the main subject of this thesis. 

Knowledge of the extent of the world resources of deuterium and 

lithium is important for a long term planning of CTR systems. 

These will be based on the D-T cycle in the near future, there

after possibly on the D-D cycle. 
The world seas contain about 2.3 1 tons of deuterium, taking 
into account a 1:6700 ratio for DHO to H2o molecules and a total 

volume of 1.37 1018 m3 /Hub71/. In a D-'r reactor (assuming the 

presence of tritium) this produces an energy equal to 1.8 1031
J 

(expressed in the (sometimes used) symbol Q = 1.055 1021
J this 

equals 1.8 1o10Q). In aD-D reactor the corresponding figure would 

12 



prese~t day need of about 3 

(0.3 Q) per year, this amount of deuterium available is sufficient, 

even if 1% could be extracted. However, for the D-T reaction 

the amount of lithium in the earth's crust and in the world seas 

is more important. imations show that the world's mineable 

resources lie between 1.4 and 1. 5 tons /Usa73/, not taking 

into account the lithium in the sea water. With se lithium 

resources total amount of which be produced by the 

D-T reaction lies 1. and 1.4 1 lithium 

resources thus impose restraints en the possible energy production 

in a fusion reactor economy. The lithium content in the 

is estimated at .6 1011 tons, taking into account concentration 

0.1 ppm /Wen69/. !f the lithium could be extracted for about 

80%, an extra energy production of 102 can be reached. 

In the estimations given above, the energy demand for the extrac-

tion o: deuterium or lithium is neglected. extraction of 

~ithium from the seawater appears plausible /Bra75/; however, up 

till now no detailed studies for this extraction have been made. 

some CTR blanket designs no equilibrium between the tritium 

production and its burn up can be achieved. For the enhancement 

of the trit production a multiplier, such as beryllium, 

is then applied. Beryllium is especially suited due to its large 

cross ion and low threshold for ( ,2n) reaction and its 

small cross sections for unwar.ted competing reactions. The 

resources beryllium, however, even more limited than those 

of lithium; Cameron /Cam75/ and /Bas75/ values from 

to 5 tons. Davey /Dav74/ and Lazareth /Laz75/ therefore pro-

posed lead or lead compounds as substitutes for beryllium. 

A block scheme the fusion reactor is given in fig.1.2. The 

blanket is assumed to cooled with helium. 

It would interest at this moment to look at the possible 

production of energy by fission. For the resources, needed for 

the fission process, the following values can be given /Blin74/. 

The earth's crust by present-day estimations contains about 

3.3 107 tons of uranium, which car. economically mined. From 

these reserves 2.5 can be produced with a fast breeder 



confinement 

He-coolon! 

D 

Li 

blanket [~ 
>) 

I 

Fig. 1.2 Block scheme of a fusion reactor, based on the D-T fusion cycle and 
cooled with helium 

fission reactor, The resources of thorium and lithium, which can 

be economically mined, are less well known. If it is assumed that 

with a careful search for these elements, the mineable resources 

are in the proportion of their average mass concentration in the 

earth's crust (Li 65 10-6 , Th 12 10- 6 , U 4 10- 6 /Hcp68/) these 

resources would yield for the fast breeder fission reactor, the 

thorium high temperature reactor and the D-T fusion reactor 

2.5 10 24 , 7.4 10 24 and 4.8 10 25 J respectively. Thus the resources 

for the D-T fusion economy have at least the same order of magni

tude as the resources for an economy, based on the fission process. 

1.2. Blanket design 

The CTR lithium blanket has three purposes: 

breeding of tritium fuel produced by neutron induced reactions on 

lithium, conversion of the neutron kinetic energy of 14 MeV and 

protection of superconducting magnets against neutron and gamma 

radiation. In this model study the blanket will be mainly conside

red from the point of view of tritium regeneration. In t~is section 

some important parameters and properties of fusion reactor blankets 

will be discussed. 

Due to the character of the tritium production from neutron induced 

reactions on lithium, it is possible to regenerate more than one 
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tritium atom per fusion neutron. the amo:.1nt of tritium in a 

CTR system -in a stat of equil~brium- two important parameters 

are the "breeding ratio " and the ''tritium time" 

The breeding ratio is defi:\ed the number of tritium atoms 

produced per fusion neutron 

which is 

the CTR systerr: 

be derived from 

by Vogelsang 

dN 
+ ilK + 

in which: 

decay iu:r: 

time equals the time 

tritium lable in 

time T can 

after considerations 

( 1.1) 

no 

(1. 2) 

CTR system 

the system (equals ~ ) 
No 

As an example for , it is assumed that the installed 

would double every ten years, and that 

also be ten years. Assuming 

breeding ratio is in 

1. (equal value for S) yields 

In table selection of the work en blanket 

design during the last fifteen 

tive studies of blanket 

Abd75/. 

In the latest blanket designs 

emphasized; 

is listed. Compara

made /see e.g. 

items are being 

- the inven~ory in the region; 

- the lithium 

form of compounds or alloys 

lithium in 

s of 
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breeding construct. moderation theor.value 
study material material coolant neutr.mult. for br 

Ros61 2LiF.BeF2 Mo,W -!Be 1.4 

Imp65 
LiF. KF. ZrHx 

1.2-1.4 2LiF.BeF2 Mo C/Be 
Ste70 Li Nb C!- 1.1-1.4 
Pri73 2LiF.BeF2 FE 16 -!Be 1.07 
Ste73 Li v Cl- 1.5 
Pow73 •Li-Al SAP C/Be 1.1-1.5 
Con74 c 
Laz75 •Li-Al Al.MgSi He C/Be,Pb 1.0 

.LiA102 
Sze75 .Li20 
Rov76 C/N/S 

Table 1.1 Representative selection of the work on blanket design studies 
during the last fifteen years. the material consists of 
90 at.% enriched 6Li or 6Li- compounds with • . In a study by Rovner 
/Rov76/ the use of various sorts of carbides, nitrides and sulfides is 
considered. 
PE16 is a IH-Cr alloy (43% Ni, 18% Cr, Fe), SAP stands for a sintered 
aluminium product (5 to 10% Al2o3 in 

7.l!2 at.% 6Li); 

- the use of beryllium as a neutron multiplier; 

- a cooling of the blanket by helium instead of a circulation of 

liquid lithium breeding material as coolant; 
- the application of construction materials with low afterheat 

characteristics. The afterheat is the energy released by the 

activate6 materials after shutdown; 

- the application of construction materials with low atomic num
bers, resulting in less serious impurities in the plasma, caused 

by plasma-wall interactions; 
- a critical consideration of the rates of displacement and gas 

produotion in the construction materials. 

In the inner wall the high neutron flux density (1018-10 19 m - 1 ) 

causes a considerable gas production. Atomic displacement and gas 

production rates for various construction materials are given in 
table 1.2 /Ste75/. To suppress the gas production and the displace

ment rates in the inner wall Conn proposed a graphite-beryllium 
compound (so called spectral shifter, ISSEC) as a first layer, 
placed before the inner wall /Con74/. It can be concluded that at 

present no satisfactory solutions for the inner wall materials 

have yet been found. 
A model for a fusion reactor blanket is given in fig.1.3 /For74/. 

The interchangeability of the blanket elements in the case of 

replacement is emphasized in this study. 

16 



material 

berylliwncarbide/Rov76/ 

siliconcarbide /Hop71,; 

atomic displace
ment rate (a-1) 

8 
7 
15 
:4 

stainless steel 10 
vaYJadi:xn 12 

atomic heliUI:J 
prod.rate (1o6a-1) 

4C55 
49 
24 
156 
410 
1800 
200 
56 105 

Table 1. displacement and gas production rates for various construction 

Rovner 
table 1.1), derived from Steiner /Ste75/ and for from 

power density of 1 MW/m2 is assumed in both 

radioactivity a~d afterheat after two years 

de~sity of 1 MW/m2 for various designs 

are, publications, given in a report by Conn /Conn74/. 

represented in fig. 1.4. In the same figure these 

are also given for the waste of a Light Water 

Pission Reactor with burn up of 30,000 MW day/ton /Gru7 ,Rtic76/. 

In both the results have the same order of magnitude. 

afterheat and radioactivity produced per unit s material 

is considerably larger in a fission reactor. Secondly, if not only 

Fig. 1. 3 Model for a fusion reactor 
blanket, designed by Forster 
after investigations by Darvas 
see also Bro75/ 
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I 
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time after shutdown 

Fig.1.4 Radioactivity and afterheat characteristics for various blanket 
designs from table 1.1 /Conn74/ (assuming a power density of 1 MW/m2, two 
years of operation), as well as for -LWR- fission reactor waste /Gru76, 
RUc76/ (assuming a burn up of 30,000 MWday/ton) 

the radioactivity of the produced nuclides but also their biolo

gical hazard is considered, the characteristics for the fission 

reactor waste are at least one order of magnitude larger in 

comparison to the fusion reactor materials. 

In making a compromise between afterheat characteristics and gas 

production rates, in the latest blanket design studies the empha

sis is laid on a reduced afterheat and radioactivity. 

One of the main problems in future CTR designs will be the tri

tium extraction and handling, as it is necessary to keep the 

radiation level below acceptable limits. At present it is assumed 

that a leakage rate of tritium at a level of 35-350 GBq per day 

(about 1-10 Ci),. being about 10- 6% of the total CTR tritium in

ventory (for CTR systems of 1000-10.000 MWth), is technically 

feasible /Ste74,You76/. This quantity has the same order of mag

nitude as the amount one has to deal with at present in the 

fis~ion reactors and their fuel cycle /Blin74/. 

18 



For the calcul of breeding ratios and energy depositions in 

a fusion reactor blanket via the calculation of neutron spectra, 

cross ions for reactions are needed. The cross sec-

tions in this blanket experiment have been taken from tte ENDF/ 

B-III data file. A description of formats and procedures for this 

data file is given by Drake /Dra70/. 

A fusion reactor blanket contains lithium as tl:e main producer 

for tritium. For multiplication beryllium will be used, 

while a graphite layer will moderate the neutrons (see section 

.2). The nuclear properties of these three materials are briefly 

considered in this section. 

-Lithium 

A cf the sections for and is given by Tobias 

/Tob72/; most of the data used were gathered by Pendlebury /Pen64/ 

Tte important cross sections for both isotopes are given in fig. 

1. 5 and . 6. 

(n,a) cross section 

energies (about barn at 0. 

extremely high at thermal neutron 

eV), and has a 1//E character 

with resonance 250 keV. is shown in fig. 1.5; 
note that the energy scale is not extended down 

energies. 

thermal 

1. Cross sections for 
/'I'ob72/ 

19 



IT's 
[born] 

Fig.1.6 Cross sections for 7Li /Tob72/ 
1.0 

The uncertainties for the 6Li(n,a)t and the (n,an')t cross 
section are 6% and 15-20% respectively. The uncertainties for the 
(n,2n) cross sections and the energy distributions of the secon
dary neutrons are much larger (>25%) according to Pendlebury 
(/Pen64/,see also /Ste76/). 
Steiner /Stein74/ and Alsmiller /Als74/ investigated the impor
tance of errors in the cross sections for various blanket designs 
(see section 1.2): 

- the accuracy of the (n,a)t cross section .. appears adequate 
for breeding calculations and yields calculated breeding ratios 
with maximum errors of 0.2%; 

Q-value 
reaction (MeV) 

20 

0.9+1.6] 10.52 
8.83 
8.08+1.0 
9.83 

a max 
(mbarn) 

320 

1300 

300 
150 

Table 1.3 Charged particle 
reactions on 6Li and 7Li /Cro74/; 
crmax is the largest cross 
section value, which is known 
from measurements 



-the (n,an')t cross section uncertainty and the assumptions 

for secondary neutron energy distribution cause uncertainties 

~P 7% in the calculated breeding ratio, which is teo high . 

. 1 t" 6L· d h" h There are many charged partle e reae 1ons on 1 an w 1c 

might influence the tritium production. They were surr.marized by 

Crocker and Blow /Cro74/; a list of some important reactions is 

given in table 1.3. Most of the reactions cause a loss of tri

tium atoms; some tritium is produced by deuteron reactions. 

- Beryllium 

Beryllium is used for neutron multiplication, due to the large 

section and the low threshold for the (n,2n) reaction and 

the small cross sections for competing reactions. The cross sec

tion of the (n,2n) reaction is shown in fig. 1.7. 
Steiner /Ste75/ concluded that uncertainties in the (n,2n) cross 

section and in the secondary neutron energy distribution may in

troduce uncertainties of several percent in calculated tritium 

breeding ratios. The cross section in the 14 MeV energy range is 

assumed to have an uncertainty of 10% whilst the data over the 

rest of the range are probably accurate.within 15% /Cro74/. 

The behaviour of beryllium with its high helium generation rates 

(see table 1.2) in fusion reactor blanket cannot be predicted 

with sufficient accuracy at present. 

cr n,2n 
mbarn 

400, 

200 

12 E [MeV] 

Fig.1.7 Cross section 
for the 9Be(n,2n)2a 
reaction 
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- Carbon 

In order to obtain moderated neutrons in a fusion reactor 
blanket, the use of graphite is considered in various designs. 
Large errors (about 30%) are assumed in the 12c(n,n') 3a 

cross section in the energy range above 9 MeV. The values of the 
scattering probabilities to the backward direction (above 125 

degrees) appear to be too high in the data files /Cra75/. 

The high helium generation (by the 12c(n,n') 3a reaction) and 
the atomic displacement rates require a large number of further 
investigations to predict the behaviour of graphite in fusion 
reactor blankets. 

The influences of all uncertainties mentioned give rise to cal

culations which are not sufficiently accurate. For this reason 
experimental model studies remain of great importance, so that 

the available data can be checked. 
In this thesis investigations are described on a lithium blanket 
(see section 2.2). The results are given in chapter five. 
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2 EXPERIMENTAL UP 

A of current research on models is given. The desi~~ of 
blanket model at the KF'A JUlich is discussed. l{ith a SA.t-:J;JS neutron 

source the performance of this model is tested. Some important 
ties of the source are determined experimentally. Some factors which are 
tant for the comparison of experimental results with values from numerical 
calculations on the lithium blanket model are discussed. A measurement to 
determine the absolute neutron source strength is proposed. 

Histo~ical introduction 

Much numerical work has already bee::~ done for the investigation 

reactor blankets. A of computer codes has been 

using the known section data /Ste75/. Due to the 

inaccuracy in these data however, all calculations regarding 

neutron transport have to be by appropriate measurements. 

Therefore the need for experiments has been strongly emphasized 

/Dar73/. 

In the past a small number of model blanket experiments been 

Alamos laboratories Wyman carried out experiments 

period 1954-1958 /. In his experiment a sphere 

lithiumdeuteride, with a diameter of 0.60 m, was irra-

a 14 MeV neutron , placed in the center. Analysis 

li thi.undeuteride samples, positioned in the blanket, ::..ed to 

a determination of tritium, from 7Li and natural lithium. 

Information on neutron spectra, derived from threshold detector 

measurements, was also given. At synposium in Austin, Texas 

-1972- Muir and Wyman /fvlui72/ presented a nunerical analysis 

experiment. 

Spangler /Spa65/, at the Massachusetts Institute Tech-

observed tt-e flux densities and spectra of fast neutrons 

in a cylindrical graphite/2LiF. assembly -0.116 m in diameter 

23 



Fig.2.1 Photograph of the experimental set up; the lithium blanket can be moved over a pair of rails 
so that the neutron source can be introduced into the central channel of the blanket model 



and 0.38 m in thickness- with the use of threshold detectors. 

In 1965 Petrie /Pet65/ determined gamma ray spectra in the same 

configurations. 

Neutron flux density spectrum information were obtained in a 

pile of graphite, with a dimension of 0.95x0.95x1.15m, by Newman 

and Williams /Wil71/ and by Jenquin /Jen71/ at the Battelle labo

ratories. Further experiments with a graphite pile were made by 

Freim at the Austin University of Texas. He used a 3m cube of 

graphite bars /Fre72/; Hall /Hal72/ reported on the same geometry. 

From the JAERI-Institute in Japan investigations on a lithium 

and a mixed lithium-graphite spherical assembly -outer diameter 

0.68m and 1.10m respentively- consisting of lithium , were 

reported by Hiraoka and others /Hir74,Mae75/. In this experiment 

the results of fission detector measurements were compared with 

numerical calculations. 

Some experimental research at the Karlsruhe laboratories -which 

is sti- in progress- on a metal sphere, 1 m in diameter, 

was reported by and recently by Fritscher /Kap74,Fri76/. 

In order to check the section data of lithium, a blanket 

model should contain much lithium as possible; this in contrast 

with a number of experiment , described above. Therefore experi

mental investigations on a lithiu:n blanket model were also planned 

at the KFA Julich laboratories in 1972; tpese experiments should 

be accompanied with various sorts of calculations.'The investiga

tions should bring the knowledge of blanket physics up to leve~ 

necessary for a description and technological construction of the 

blanket part a fusion reactor. The aim is the selection of 

calculational models and data files, which can be used for an 

accurate calculation of whatever complex blanket structures'/KFA72/. 

2.2 ~he blanket at the KFA Julich 

A photograph of the lithium blanket model at the KFA JQlich i~ 

presented in fig .. 

is given in fig .. 2. 

filled with lithium 

and a schematic view of the blanket model 

consists of a stainless steel cylinder, 

. The model is provided with an axial 

channel for the necessary neutron source and a number of radial 

channels for the insertion of detectors by which tritium breeding 
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Fig.2.2 Schematic view of 
the blanket model at the KFA 
Julich. The stainless steel 
cylinder has been provided 
with measuring channels 
(12 with a diameter of 
40 mm and 2 with a diameter 
of 20 mm) 

ratios, neutron spectra etc can be measured. 

Rough estimations of the dimensions of the blanket model were 
made, taking into account the real dimensions of CTR-blanket 

concepts as well as the requirement that the radius should be 

several times the mean free path of the neutrons with an energy 
of 14 MeV (0.16 m ). Preliminary calculations with a one dimen
sional transport code /Her74/, in which the tritium production 

was calculated for a homogeneous lithium cylinder as a function 

of its diameter, yielded the results given in fig.2.3. From 
these calculations it could be concluded that for a cylinder with 

a radius of 0.5 m or more the tritium production from 6Li is 

clearly measurable; the tritium production from does not show 

substantial differences in the range of 0.5 to 1.0 m. 
A consideration of the facts mentioned above resulted in the con

struction of a cylinder with the following dimensions: 1.2 m 

outer diameter, 1.2 m axial length, 0.2 m inner diameter. The 
diameter of the radial channels is either 40 or 20 mm. The stain
less steel vessel has a wall thickness of 2 mm; its volume is 
1\31 m3, so that it can contain a mass of 682.2 kg of natural 

lithium. The wall thickness is so thin that a neglectable pertur

bation of the neutron flux density can be expected. 
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0.5 1.0 1. 5 2.0 
radius (m) 

Fig.2.3 Total tritium 
production in a 
cylinder of natural 
as a function of its radius. 
T6 and 
of from 
6Li and 7Li natural 
lithium respectively 

The composition of the lithium metal, with which the container 

was filled, was checked with a mass spectrograph. No significant 

deviations from the isotopic composition of natural lithium could 

be estab:ished (92.58 at. Li, 7.42 at. P 520 ). 

In order to examine the influence of moderated neutrons on the 

breeding ratio the cylinder can be surrounded with a graphite 

layer. This layer consists of four ;ings with a radial thickness 

of 150 mm. Each of these rings, consisting of ten sector elements, 

has an axial length of 200 r.un. A::_though the axial length of the 

graphite blanket (0.8 m) is different from the length of the 

lithium blanket -having a length of 1.2 m- _twas assumed that, 

fer a comparison with calculations, the central channels 

show the same flux density gradients as in the case the graphite 

layer should have the length of the lithium blanket. The mean 

path of the moderated neutrons (less than 0 mm for energies 

• MeV) is very small in comparison to the axial 

graphite has a carbon density of 1,602 kgm- 3 and a total 

0.516 m3 . The construction of the graphite blanket is 

in fig.2.4. 

assess the influence of a neutron multiplication (see 

1.2) a beryllium layer can be introduced within the axial 

The geometry of the inner beryllium blanket is shown in 

This layer consists of 44 beryllium rods without cladding 

-cross section 20x20 mm, length 0.65 m, density ,860 . The 
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Fig.2.4 Photograph of the lithium blanket surrounded with a graphite layer 
28 of 0.15 min radial thickness. The graphite layer consists of four concentric 

rings, each consisting of ten sector elements 



The inner 
layer in 

the lithium blanket 

rods were supported by an aluminiurrc tube of 110 mm in diameter 

with a wall thickness of .0 mm. In this way the neutron source 

-diameter 70 to 90 mm- can still be brought into the central 

position in the lithium blanket. This kind of construction yields 

a filling factor for the beryllium of about 80%. Though the length 

of 0. 65 m of the beryllium inner blanket is short in corEparison 

to the axial length of the lithium blanket, it was again assumed 

that experimental results can be corr:par<:,'d with calculations on 

the model with a length 1.20 m. However, measurements should 

then be made in the central channels of the lithium blanket (see 

further section 2.3). 

The experiments can be carried out with an unreflected and a 

carbon reflected configuration, with or without an extra 

berylliurr. inner blanket. 

To prevent oxidation of the lithium a gas tight canning is 

necessary to keep the lithium in an inert atmosphere. In the 

construction phase the lithium has been melted within the vessel 

itself, thus avoiding a special melting pot and a complicated 

filling of liquid lithium. The vessel was covered with an electri

cal heating jacket and an outer layer of heat insulating material 

(ceramic wool). This is shown in fig .• 6. For a control of the 

temperature five thermocouples were used at different places. ~o 

compensate for the contraction of the lithium during the cooling 

down phase -about 4%-, the vessel was provided with expanders 
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HEATING FILAMENT 

I 
HEATING JACKET~~~ •. ·~ 

TURNED INTO 
DRAWING PLANE 

!~ 
HEAT INSULATION 

Fig.2.6 Cross section of 
the stainless steel container 
prepared to be filled with 
lithium metal 

-165 mm in diameter- which can contain a sufficient amount of 
liquid metal. These expanders could be separately heated. Before 
the melting procedure the vessel was filled with dry air, heated 

for several hours at 500K, cooled down to 350K and filled with 

argon. Then 380 lithium ingots -each with a mass of 1 kg- were 
loaded into the container. For this purpose the expanders could 
be removed. A lock was made for the insertion of additional 1kg 

ingots during .the heating phase. Then the vessel was heated up 

again to 450K; a maximum temperature difference of 50K between 
the surface of the vessel and the inner surface of the axial 

channel could be observed during this heating up phase. After a 
few hours all temperature measuring points showed the same tern
perature indicating that the metal had melted completely. 
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The temperature was then increased above the melting point -470K

and about 75 rwre ingots were added through the lock. This proce

dure had to be repeated three tines ~ntil the vessel and the ex-

were completely filled 

a constant temperature of 500K 

fig.2.7). After a per~od of 

cooling down phase was started 

by of the heat insulation from the lower part of the 

vessel. The expanders, however, were still heated, in this way 

permitting the liquid metal in the lower part of the vessel to 

solidify earlier than the upper part of the container and the 

expanders. The formation of voids in the contracting metal could 

'.C(K) 

400 

be 

I 

I 

I 
I lithium 

20 3b 

as much as 

',, 

solidification 
of lithiwn 

surface of vessel 
axial channel surface 

I 

t(hours) 

Fig. 7 Temperature 
curves o! the mel
ting procedure 

in this way /Clo75/. Stainless 

steel cylinders -40 mn: in diameter, 0.6 mn wall thickness- with 

various lengths were filled with liquid lithium out of a special 

pot. These cylinders can be used in the channels of the 

model to obtain the ideal model; the neutron detectors 

can situated between them. 

The homogeneity of the blanket has been chec~ed radiographically, 

by irradiating a film at the outer surface with 

185 GBq (differences of about in 

thickness could be detected). No voids could be observed except 

a withdrawal of the lithiurr 

distance. 

the wall over a very small 
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2.3 The SAMES neutron source 

In the SAMES neutron generator used deuterons are produced in a 

RF-ion source and accelerated up to an energy between 200 and 

300 keV(ionization degree about 80%).The maximum deuteron cur

rent is 1mA. The deuteron beam passes through a drift tube (see 

fig.2.1) of 1.8 m in length and 70 mm in diameter, before bom

barding a 115 TBq m- 2 (superficial density) Cu(TiTx) target 

(commercially named 2 Ci T/inch2 CuTiT). This target -25 mm effec

tive diameter, 0.84 ~ effective layer- yields a maximum neutron 

production rate of 2 1011 • During a period of about 12 hours 
the time averaged output of the target is 3 to 6 1010 s-1 . In fig. 

2.8 the target head and its cooling system are shown; it consists 

of 99.9 at.% pure aluminium . 

vacuum target cooling water 

I 

0 

Fig.2.8 The target head 
or the SAMES generator 
and its cooling system 

50 mm 

2.3.1 Aspects of energy and isotropy of the neutron source. 

The numerical calculations of the neutron transport are generally 

based on the assumption of a monoenergetic and isotropic source. 

These properties should be checked experimentally; results are 

presented in this section. 

- energy aspects 

The energy of the neutrons produced depends on the following 
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important parameters: 

- reaction kinetics; 

- the target thickness; 

- the target age; 

- the dimensions of the target head and the cooling system. 

For the laboratory system the dependence of the emergent neutron 

energy as a function of the angle is shown in fig. 2.g, gathered 

from tables by Liskien and Paulsen /Lis73/. 

>w 
615.0 
~ 
~ 
c 
2 • 
] 14,01---·-~-···-----l'"'-···------l Ed[keV] 

20 

100 

laboratory 90° angle 

Fig. 2. 9 Neutron energy as 
a function of' the labo
ratory angle f'or several 
deuteron energies. Note 
that f'or low deuteron 
energies the neutron ener
gy is a:most constant f'or 
an angle value, slightly 
above 90° 

The energy anisotropy increases with increasing deuteron energy; 

at an angle of about goo the neutron energy is almost independent 

of deuteron energy. excitation losses in the TiTx layer 

of the target the deuteron energy will decrease and the energy 

spectrum of the neutrons produced will be broadened; for low 

deuteron energies the neutron energy will remain rather indepen

dent of the deuteron energy in the goo direction (14.0 MeV for 

values, slightly above goo). When measurements in the blanket 

model are made under goo with the deuteron beam, differences 

caused by the variation in the neutron energy will be avoided 

for greater part ( also appendix 1). 

Starting neutron production with a fresh Cu( ) target there 

will be no significant neutron production ~rom the D-D reaction. 

After a 8ertain period however, there will be a build up of deute

rons in the target; this will give rise to a spectrum change caused 
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by 2.45 MeV neutrons, following the D-D reaction(see section 1.1). 
Stengl /Ste75/ did experiments on the neutron production with a 

deuteron beam, cleaned from various impurities (so called "ana
lyzed beam"). From his investigations a maximum percentage of 

3-5% D-D neutrons can be calculated for the kind of beam, used in 
the described SAMES generator. Other investigators (see e.g. 

/Kuij72/) also give values of several percent. 

The dependence of the neutron energy spectrum on target construc
tion materials, target backings etc. is reported in several publi
cations (see e.g. /Ric65, Von68/). Ricci used simple concepts of 
nuclear particle ranges in materials and scattering data to pro
pose an approximate method for calculating neutron energy distri

butions as obtained from neutron generators. An estimation of the 
output spectrum according to the method of Ricci for the target 

geometry used can be found in appendix 2. 

- isotropy aspects 

The isotropy of the target neutron output is influenced by two 
processes: 

- reaction kinetics 
- target head geometry 

The neutron flux density obtained from the D-T reaction is not 

quite isotropic and values for the angle dependent cross section 
can be found in tables from Liskien and Paulsen /Lis73/. For 
150 keV deuterons the anisotropy shows a 10% difference between 
the number of forward and backward produced neutrons. 

In numerical calculations for the lithium blanket model it is nor
mally assumed that the neutrons originate from an isotropic point 
source. In the practical case the neutron source is a non-uniform 
disk with an irreproducible output caused by the time dependent, 
inhomogeneous distribution of tritium and the instability of the 

deuteron beam. The center of the flux density distribution seldom 
coincides with the geometrical center of the target. Kenna and 

Conrad /Ken66/ measured very big asymmetries in flux density 
patterns in the case of aged targets. Recent mathematical and 
experimental treatments permit the estimation of radial flux 

density gradients for a disk shaped source /Bee68, Old68, Dar67, 
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Gri72/. From these investigations it can be concluded that beyond 

50 to 60 mm the radial flux density in the blanket experiment can 

be calculated by the inverse square law. The flux density distri

bution in experiments suffers also considerable degradation, 

owing to the attenuation by a substantial amount of materials in 

the target support. This is illustrated in a study by Priest 

/Pri67/ where the studied 14 MeV neutron flux density distribu-

tions were far isotropic and exhibited differences up to 

30% compared with a true isotropic source. However, he did not 

report whether corrections for the energy dependence of the thres

hold detector materials have been applied. 

The symmetrical nature of the flux density patterr, can probably 

be maintained during almost the whole of the target life (15-25 

hours), provided that correct operation conditions for the 

generator are continuously used /~ar73/, such as good deuteron 

beam focussing, sufficient coo~ing, good vacuum c 

2.3.2 '::'arget age 

Investigations on 

energy deuterons, 

targets, bombarded with low

be found in various publications (see e.g. 

/Nar73/). Since the neutron production is approximately exponen

tial with time, in investigations a half-life is defined, 

bejng the af<:;er which the nec;.tron production is diminished 

by a factor two. This half-life is proportional to the inte-

gral deuteron current per unit surface of the target. In the above 

mentioned investigations deuteron currents of 1.h-11 1 

are found. With the SAMES generator, used in the b:anket experi

ment, also values for the :integral deuteron currer.t - after which 

2.1-2.8 1 

has diffiinished by a factor 

be established. 

two- of 

This short useful ~alf-life 

effects: 

attributed to the following 

- a replacement 

- a tritium loss 

- a destruction 

damqge 

In general it is 

implanted deuterium; 

heat dissipation in the target; 

layer by sputtering and radiation 

that with an adequate cooling for the 
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produced heat (about 250W for 1 rnA deuteron beam of 250 keV) no 
tritium loss is caused. In spite of numerous investigations there 

is no exact knowledge about the replacement of tritium by deuterium 

and the influence on the target half-life. 

By Stengl /Ste75/ the destruction of the TiTx layer by sputtering 
is investigated, using a clean beam which will cause less sputte

ring. Stengl gives for normal beams, produced in a RF-ion source, 

the following heavy ions: Si(2.7%), Al(0.2%), N2(2.7%), N(2%), 0 

(2%). With a clean beam he measured half lives which are an order 
of magnitude larger compared to normal beams. His conclusion seems 
very reasonable that sputtering is the main cause for the short 

half-life of TiTx targets when using a normal beam. 

2.3.3 Experimental determination of neutron flux density patterns 

As was discussed above, there are some major sources of nonuni
formity for the 14 MeV neutron flux density distribution. A tech
nique to measure this distribution -also applied by Priest /Pri67/

is the irradiation of threshold detector foils, placed at equal 
distances from the target under various angles. 
The measuring results have to be corrected for the neutron energy 

dependent cross sections of the monitoring materials (see also 

fig. 2.10). The results are also influenced by the angle dependent 
neutron spectrum caused by deuteron energy losses in the target 
(see appendix 1) and by neutron scattering in the target jacket 

(for estimations see appendix 2), There is no accurate previous 
knowledge about the target jacket· scattering. The influence of 

these effects has been checked in the case described with the 
use of various materials with different energy dependent cross 
section slopes. 

- selection of foil materials 

A summary of excitation function measurements on the frequently 
used fast neutron monitoring reactions has been given by Crumpton 
/Cru71/. The mean value and the standard deviation of the cross 

section slopes for the materials used 0efined as the slope of the 
tangent at 14.5 MeV in % Mev-1) in the energy interval of inte

rest (13.5-15.0 MeV) were determined from this summary and are 
given in table 2.1. Crumpton gives two possible values for the 



slope of the 19F(n,2n) cross section; the investigations, 

described here, been carried out with both values. In fig. 

2.10 the cross sections for the different materials with the 

slopes mentioned are given as derived from a compilation by Zijp 

/Zijp73/. In the same figure it is indicated in which interval the 

stand. thresh. gamna half 
energy energy l:ife 
(lvJeV) (MeV) (min) {mm) 

1.4 11.8 0.511 109.7 010 x2 
2.9 

25 0.5 11.1 0.511 9.8 ~12;7x0:2 
+ 11 3.5 9.8 0. 012.7x0.2 
- 10 6.0 3.7 .01 012.7x1.0 
- 10 2.8 6.0 "'1.37-2.76 900.0 el12.'(x1.0 
- 10 4.0 0.5 0.335 270.0 012.7x0.2 

used detector materials 

neutron energies from D-T reaction are situated. The agree-

ment between the results of Crumpton and of Zijp's compilation 
is satisfactory. 

The measurements of the flux density with the 65cu(n,2n) 64 cu 

reaction should critically considered since also a contribution 

of 6 ~cu can be produced by the 6 3cu(n,y) 6 ~cu reaction. This reac

tion is mainly due to slow neutrons (see fig. 2.10), Indium is 

used to investigate the contributions from 2-14 MeV neutrons as 

its cross section is predominant in this energy interval. 

~125 
<:1 

~ 
1l100 

Fig.2.10 Energy dependent 
cross sections for the 
reactions applied: 

;z 50 
1. 63Cu(n,y) 
2. 115In(n,n') 
3. 27Al(n,p) 27Mg 

(x 0.33) 
0 
H 
() 

2.0 14.0 
energy (~1eV) 

4. 27Al(n,a) 24Na 
5. 65 Cu(n,2n) 64 Cu 
6. 63 Cu(n,2n) 62 cu 

(x 0.1) 
(x 0.1) 

7. 19 F (n,2n) 18 F 
(slope 36% Mev- 1 ) 
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- experimental procedure 

The fast neutrons were produced by bombarding a 115 TBqm- 2 Cu(TiTx) 

target with deuterons of 250 keV. The neutron output is assumed 

to be produced by deuterons with an average energy of 150 keV, 
due to the energy losses in the target (see also appendix 1). 
Teflon disks were used to make the most accurate angle dependent 

foil 
older 
foil 

~Fig. 2.11 Positions of 
the iron foil holder 

100 mm 

determination of the 14 MeV target output, since the fluorine reac
tion has the highest threshold. Due to the half-life of 18F 
(109.7 min), more than 40 foils can be easily counted in one run. 

The teflon and indium samples were irradiated for about 45 
minutes, the copper and aluminium samples for about 20 minutes. 

The radionuclides produced were counted with a 3"x3" Nai(Tl) 

crystal and a 512 channel pulse height analyzer. The relevant 
gamma energy of the nuclides can be easily selected; in the case 
of the copper and the aluminium samples the time dependency of 

the activity decay was checked (see also appendix 4). In fig.2.11 
the positions of the foil holder are given; the experimental 
results are shown in fig. 2.12 and 2.13, while a tabulation of 

the results is given in appendix 3. The flux density pattern 

in the 75° -105° direction with respect to the deuteron beam has 
al~o been determined with teflon foils in a finer angle distri

bution. Results can also be found in appendix 3. 
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could 

direction 

disti'ibut 

ascribed 

results 

Fig.2.12 Azimuthal 14 MeV neutron 
flux density distribution in the 
target plane (90° direction with 
the deuteron beam) 

flux density distribution in the 

well with a homogeneous azimuthal 

small variations are observed. They are 

the inhomogeneous character 

and to the several materials, present in 

dips can be observed clearly, caused by 

composition 

jacket. Two 

supplies. 

The polar 14 MeV neutron flux density distribution, measured 

with t , does not deviate substantially from what could 

deuteron 

The effect 

the 

to the phenomena, given in section 2.4.1. 

the expected anisotropy hardly exceed the 8% 
.1, appendix 3). Only in the direction with the 

have the neutrons to cross the largest amount of 

aluminium) which causes a dip in the 

difference in neutron spectra, caused by scattering 

jacket, prove to be of minor 

estimation, given in appendix ). 

(see also 

The distribution, measured with teflon disks, 

measurements with other foil materials, such 

checked by 

aluminium and 

copper. This is shown in f~g. 2.13 and in appendix 3. No large 

deviat between these measureme~ts ca~ be established, provided 
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27AIIn,pl 
63cu ln.2nl 

..;:,. ..,_ 115In ln,n'l 

flux density 
(arb. units) 

--50 mm 

•• natural 
/ anisotropy pattern 

of the D-T reaction 
at 250 keV 

Fig.2.13 Polar neutron flux density distribution, measured with various 
activation reactions. The results of the indium measurements were norma
lized to those of fluorine in the backward direction (angle value of 105°). 
Numerical values are given in appendix 3 

that the 36% Mev-1 slope for the 19F(n,2n) 18F reaction is taken 

instead of the slope of 23% MeV- 1 . It can even be stated that a 
somewhat larger slope than 36% Mev-1 presents a better fit; this 

is in agreement with measurements of Vonach /Von68/, who studied 
the influences of the target geometry thoroughly. 

The flux density distribution, measured with indium foils, has 

a shape, different from the distributions determined with the 
other materials. The correction for the cross section slope is 

rather' inaccurate as neutron reactions with indium are possible 
over the entire 0-14 MeV energy range. Only at the direction 

above 90° where a small number of scattered neutrons can be 
expected, can the results of indium measurements be compared to 

the other measured distributions. Therefore the curve has been 
normalized to the others at the angle value of 1050. A forward 

scattering peak can be clearly observed then, ascribed to 
scattering on hydrogen in the cooling water (see fig. 2.13). 

Uncertainties in the determination of the flux density distribu

tions will be caused by counting statistics, deviations in the 
position of the foil holder, errors in the assumption of the 
value for the average deuteron energy (150 keV, appendix 1) and 
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in the various cross section slopes. 

Errors, arising from the first two points are estimated to be 

less than 2%. The determination of the average deuteron energy 

will have an uncertainty of about 10%, resulting in uncertainties 

in flux density dist~ibution of about 4%. An uncertainty of 

about 3% will be caused by inaccuracies in the cross section 

slopes. Differences in the angle dependent neutron spectrum, 

caused by scattering the target jacket, will result in errors 

of' minor importance (see appendix 2). 

The total uncertainty will result in an inaccuracy of about 6%. 

The measurement of the polar flux density distribution shows 

differences up to 20% from the ideal isotropic source, dependent 

angle with the deuteron beam. Theoretical considerations 

the energies of the produced neutrons, influenced by deu-

energy losses in target, by scattering processes in 

the target jacket and by the target aging, also show that the 

SA~1ES generator cannot considered as a monoenergetic source. 

In the 90° direction the energy of the produced neutrons is 

rather independent on the above mentioned processes. 

In making an accurate comparison with numerical calculations of 

various nuclear properties of the blanke,t, the central radial 

channels in the model are thus chosen for measurements. 

2 •• 4. Absolute source output determination 

It is necessary to normalize the measurements in the blanket 

experiment to the 14 MeV neutron source output. This output can 

be determined by: 

the associated ~-particle method 

By measuring ~he a-particles which are produced simultaneously 

with the neutrons in the ~(d,n)a reaction, the total neutron 

output of the target can be de~ermined /e .. Ku~72/. 

A certain amount neutrons will be scattered and ab-

sorbed in the target jacket. However, considerable corrections 

must then be applied, if values both for the absolute neutron 

source output and for the angle dependent flux density are 

required. 
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b. activation methods 
1. If the target jacket is surrounded by a container, filled 

with a mixed MnSO~-H 20 solution the emitted neutrons will 
produce a 56Mn activity by the 55Mn(n,y)56Mn reaction. This 

method can be considered as a low threshold method; corrections 
have to be made for: 

-parasitic reactions in the solution:(n,2n),(n,p) and (n,a) 
reactions on 16o, 32s and 55Mn; 

- a leakage rate out of the container and backscattering of 

these neutrons; 
- scattered neutrons from the target jacket. 

Errors will be further caused by uncertainties in cross section 
values and by the comparison between monitoring reactions in 

the MnS04 container and in the lithium blanket. If angle depen
dent values of the 14 MeV neutron output are required, calcula

ted distribution factors -derived from the experiments described

should also be taken into account. 

2. The target may also be surrounded by nickel foils. The 14 MeV 

neutron source output can then be determined by the high thres
hold 58Ni(n,2n)57Ni reaction (see also appendix 4). The uncer

tainty of the source output determination is only influenced 
by the uncertainty in the nickel cross section. 

Preliminary experiments were carried out with the methods sub a 

and b1. 
The experiments described in this thesis are based on the 

source output determination with nickel foils; reason for this 
are the facts that the reaction has a high threshold and that 
no correction factors have to be applied if values for the angle 

dependent 14 MeV flux density are required, As an example, at a 

distance of 0.100 m from the target center flux densities of 
1.5 1o12 1m2s could be established with this method. 
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~ THE TRITIUM MEASURING SYSTEM 

Scope 

Several me~hods for ~he determination of ~ounts of tritium, produced in 
lithium by neutron reactions, discussed. Various methods can determine 
this produc~ion via loss of the reaction products; 
these methods have to deal processes in fusion neutron 
spectra. The gas counting or the liquid scintilla~ion technique prove 
be the most accurate methods for a measurement of the radioactivity of 
the ~riti~~. An optimization for the latter method has been carried out. 

1 Introduction 

One important aim of the blanket experir:tent described is the 

comparison of experimentally determined values for the tritium 

production with results frcm numerical calculations. Within 

the scope this experiment there was no intention to spend 

much ef:ort in developing new sorts of detection techniques, but 

to select existing measurement procedures after critical consi

derations. According to literature, the measurement of the 

tritium production may be made in various ways. These can be 

divided into two groups: 

1. T:::>itium rr:ay measured via its own radioactivity, since it 

is B--emitter with a 12.3 year half-life. 

Tritium atoms -called :ritons- formed by neutron reactions on 

lithium may also detected via two other methods: 

a. Energetic tritons -as as the alpha particles produced 

simultaneously- loose their energy ffiainly via excitations and 

ioniza:ions of matter. With typical ionization detectors this 

energy can be determined; 

b. T:::>ito~s are capable of inducing secondary nuclear reactions, 

lead:'ing to radioactive nuclides, the activity of which is a 

measure for the tritium production. 
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The possible merits of the methods described above have been 
evaluated within the scope of the blanket experiment. The con

clusions may be summarized as follows: 

- Method 1 gives good prospects for an accurate and precise deter

mination of the tritium production. It can even be performed as 

an almost absolute technique. However, it is an integral method, 
leading to a determination of an average tritium production 

within a certain time interval, and this might be disadvantage
ous. 
For measurements of the tritium production, samples have to be 

withdrawn from the blanket after irradiation. Since tritium emits 
only beta's with a rather low energy (maximum energy 19 keV), 

special chemical processing of the samples is necessary before 

the tritium may be counted in a gas filled counter or via 
liquid scintillation counting. These experimental techniques will 

be described in section 3.3 and 3.4. 
Special chemical processing is not required in the counting of 
tritium beta's in a scintillation crystal -Lii(Eu)- after irra

diation. 
However, the disadvantage is that a large amount of 126r is 

produce~ via the (n,2n) reaction on 127r (for cross section 

see appendix 4), since this reaction has its threshold at 9 MeV. 
The half-life of 126r is long (13.0 days) and the reaction cross 

section (1600 mb) is large compared to the cross section for the 
lithium reaction (330mb). Moreover, 126r decays with beta radi
ation (maximum energy 1.25 MeV),. thus disturbing the tritium beta 

radiation (maximum energy 19 keV). Waiting periods for an accu

rate discrimination will be too long. 

- Method 2a has one advantage over method 1. Namely, it may be 

performed as a prompt method using a semiconductor detector. 

This will also provide information on the neutron flux density 
as a function of time. In this case coincident impulses from 
two silicon semiconductors are measured. These impulses are 

caused by the stopping of ~-particles and tritons, produced in 

a thin layer of 6LiF (about 1.5 ~g/mm2 ), in the package of 
semiconductors surrounding this layer. Many threshold reactions 
-(n,p) and (n,~) reactions, producing charged particles- on the 
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silicon influence measurements /Ber69/. Since the (n,a)t 

reaction has a Q-value of +4.78 MeV the detector shows a discri

mination possibility for a well defined energy range (about 

5 MeV down from the maximum neutron energy). The impulse 

spectrum from a silicon semiconductor -with a layer 

, irradiated with 14 MeV neutrons is shown in 

An extra disadvantage o~ this detector is the fact 

efficiency angle dependent /Clo68, Ryd66/. 

Fig.3.1 height spectrum, 
measured a Si-6LiF semicon-
ductor detector when irradiated 
with 14,MeV neutrons 

An other approach is registration the a-particles 

their ionization simultaneously produced with the tritons 

tracks on a plastic foil as detector. This latter approach 

can only be carried out as an integral method. Since in this 

method the tracks from the associated a-particles are count 

has the advantage of a much 

method 1. In method 1 only the 

a very tiny equal 

greater sensitivity over 

decaying tritium atoms 

to the quotient ( ln 2 x 

-being 

counting 

time/ha_f-life) atoms generated- are used 

for detection. It is estimated that with a-track registrat 

the irradiation t may be about three decades shorter than 

for other integral methods. Because the a-particles are slowed 

down i~ hundredths to tenths of microns, special arrange~e~ts 

be made. a-track method will be further considered 

on 3.2. 
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For method 1b several secondary triton induced reactions 
are available. The reaction best studied sofar is the 
16o(t,n) 1 reaction /Goe70/; the fluorine produced is a 
B+-emitter with a half-life of 109.7 minutes. The triton 

flux densities, arising from the lithium in the blanket, 
may be monitored with a thin foil, containing a compound 

based on oxygen. 
A major problem in this type of tritium determination is 
the fact that the cross sections of triton induced secon

dary reactions are strongly dependent on the triton energy. 
This energy in its turn depends on the energy of the neutron 
that splits the lithium nucleus, which energy is again 

dependent on whether the 6Li(n,a)t or the 7Li(n,a')t 
reaction is concerned. Thus this method is only applicable for 
comparing neutron flux densities of the same energy distri

bution or for thermal neutron spectra, where differences in 
the neutron energy do not substantially elaborate in the 
triton energy. 

Since the cross section for the 16o(t,n) 18F reaction is not 
known above 3 MeV and only inaccurately below 3 MeV, only 

relative measurements can be made (not related to the 
neutron source output). As in case 1a, also special arrange

ments have to be made to control the slowing down of the 
tritons and the resulting change in their energy spectrum. 

Preliminary experiments with various methods -from which the 

above given conclusions are drawn- were made /Ku~74/. The 
methods, described under point 2 and the plastic foil detector 

method -so called solid state track detector, SSTD- offer the 

best prospects for measuring the tritium production in the 
blanket model. These methods are described separately in the 

following sections. 



In order measure the tritium production in the lithium 

blanket, a few preliminary experiments with the SSTD technique 

have been carried out in this experiment /Gei7~/. 

The construction a stat track detector for blanket 

experiments is shown in 

supporting 
glass plate 

\ 

F'i.g. 3. 2 Construction of a solid state track detector for a measurement of 
the tr~"~ium production from Jithium, when irradiated with neutrons 

In a layer of LiOE urn) -deposited from the vapour 

phase on glass plate- the a-particles are produced. They 

produce tracks in cellulose nitrat film (KODAK LR 115) 
which is )Jm in thickness. Due to th.eir large specific 

ionization a-partie with an energy below 5 MeV can be 

discriminated 

/Gei74/. 

tracks by the hydrogen isotopes 

However, a number of interfering processes have to be taken 

intc 

a. background processes 

the KODA~ film fast neutrons cause a considerable amount of 
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particle tracks,due to recoil nuclei produced by neutron bolli
sions on C,O and N atoms; they also cause (n,a) and (n,p) 
reactions on C,O and N atoms where a-particles and recoil nu

clei are produced. On the OH-group of the LiOH the same reac~ 

tions occur. About 701 of the track density in the foil is due 

to these parasitic reactions. By simultaneously irradiating 
dummy foils corrections can be made for these processes. 

b. etching procedure 

Dependent of the duration of the etching procedure, a certain 
surface layer of the film will be etched off and tracks may 
be lost. If the neutron energy spectrum changes, this will re

sult in a different a-spectrum from the LiOH-layer. The amount 
of tracks that will be etched off is then also changed (esti
mated correction factors in relative measurements of 5-10%). 

c. competing a-producing reactions from the lithium isotopes. 
When measurements are carried out with a layer of 6LiOH, there 

will be a dominating influence from the (n,an')d reaction, 

compared to the 6Li(n,a)t reaction (see fig. 1.5). The a -pro
duction from 6Li can therefore only be determined in neutron 
spectra below the energy of 3 MeV. In the case of the 7Li
isotop~, the cross section ofunwanted reactionsare at least 

one order smaller than the cross section of the relevant tri
tium producing reaction (see fig. 1.6). However, for the 

(n,an')t reaction different reaction channels are possible 
such as: simultaneous break up, a-production via t+5He or 

a +~H etc. /Ant74, Val67/. These processes may lead to diffe

rent energy distributions of a-particles when the separate 

cross sections have a different neutron energy dependence. 
This will result in difficulties in etching off-corrections. 

It can be concluded that with the SSTD method, as studied sofar, 
relative results (not related to the neutron source output) about 

the tritium production from can be obtained. These, however, 
will have a rather large uncertainty. After intensive investiga
tions, the SSTD method may be a promising method; this was, how
ever, no aim within the scope of the blanket experiment described. 
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Lithium samples -sealed in stainless steel cylinders- can be 

irradiated in the blanket. Further the tritium produced is sepa

rated in a vacuum apparatus and the B-particles from the tritium 

decays counted in a gas counter. apparatus for the tritium 

extraction is schematically given in 3.3. 

Fig. 3. 3 The equipment -schematically- for an extraction of tritium under 
vacuum from irradiated lithiurr, samples 

The Pollowing procedure has been carried out. After evacuation of 

the sample holder (see fig.3.3) an excess of hydrogen gas as a 

carrier (at a pressure of 0.45 bar) is added to an 1. lithium 

sample. temperature then is raised to 820 K until the reaction 

Li + + LiH is completed. After the temperature has been lowered 

to 770 K, the hydrogen gas including the tritium (H2 +HT) is trans

ferred to the collection bulb B. A known amount of the hydro~en 

gas (at a pressure of 0.4 bar) is fed to a 500 ml gas counting 

tube. The pressure is then raised to 1 bar by adding methane gas. 

To reduce the background the counting tube is surrounded with 

guard tubes and measurements are made in the "anticoincidence" 

mode. The efficiency of the equipment used for tritium counting 

is 76% at a background counting rate of 0.09 s- 1 . 
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This procedure ensures a perfect mixing of the hydrogen carrier 

and the tritium; in practice this is shown by the small statis
tical deviation of various measurements with aliquots from one 

lithium sample. This aliquot, the ratio of the amount of hydrogen 
in the counting tube to the amount of hydrogen in the entire 

equipment has been determined as 6.94%. To ensure reliability, 
the counting equipment is regularly corrected for background 

activity by processing and measuring unirradiated samples. 

Summarizing, this method gives good prospects for an accurate 

and precise determination of tritium in irradiated lithium, 
with a statistical uncertainty of at most 3.2%. 

Liquid scintillation counting is based on the fluorescence of 
scintillator molecules excited by the deposition of energy ori

ginating from ionizations caused by the tritium beta radiation. 
The sample which contains the radioactive atoms is dissolved in 

an appropriate solvent containing a scintillator ("scintillation 

cocktail"). This yields an almost ideal 4n-geometry. The largest 
problem in liquid scintillation counting involves a possibly 

variable reduction of the photon emission or transmission due to 
the introduction of the sample into the solvent containing the 
scintillator. These phenomena are generally called qquenching 

effects". Even small variations in the chemical or physical com

position of counting samples may lead to large variations in 
quenching. 

For the measurement of tritium the liquid scintillation method 
has been recommended by many investigators (see e.g. /Mog69/). 

Dierckx /Die73/ also recommends this counting procedure for a 
determination of the tritium production in blanket experiments, 

by the use of samples of 

To make the tritium, produced in the Li2co3 , accessible for 

counting in the form of tritiated water, the Li 2co3 is chemically 
treated: 

+ 2CH3COOH +X H2o~ 2(CH3COOLi), nH 2o + C0 2++ (x-2n+1)H20 

Becabse the produced solution cannot be easily mixed with the 
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liquid scir.tillator, lithium is removed by precipitation: 

+ 2HF' + 2LiF + + 2CH
3 

COm-! + 

Dierckx /Die73/ proposes to perform all chemical treatments in 

the counting vial (content 24 ml) with the following amounts of 

chemicals: 0.7 g , 2ml CH
3

COOH (100%), 1 ml and 0.7 ml 

HF (40%). A s·clbstoechionetric amount of "'85% of the HF is used 

since an excess 

emulsion. 

free HF will break the liquid scintillation 

To the resulting solution (called the 'standard solution' in the 

following), in which this LiF has been precipitated, the liquid 

scintillator is added (about 20 ml per counting vial). Dierckx 

proposes for the scintillation cocktail: 

- 7 g PPO. ( ,5-diphenyloxazole); 

- 0.3 g POPOP (p-bis 2- (5 phenyloxazolyl-benzene)); 

- 100 g naphtalene; 

- 1 litre of dioxane 

According to Dierckx, almost all of the tritiun in the 

is present in the HTO-phase and remains in the solution after 

having dissolved the 

of tritium out of the 

/Die74/. This has 

well-known neutron 

tions between the 

samples. Neither was any diffusion 

during even several months observed 

on Li 2co
3 

samples, irradiated 

flux densities. No significant devia

and the measured tritium activity 

could be established. Nor were any systematic errors, e.g. 

arising from a water content of the Li 2co
3

, observed. 

The samples were with an Intertechnique SL-30 measuring 

equipment (constant temperature, background counting rate 0.25 s- 1 , 

bias setting 0.3 keV) in the "coindicent" ·mode. The quantitative 

determination of the tritium content is made with a standard ad-

dition to unirradiated of 1 ml of water, containing a 

calibrated amount tritium (0.401 ± 0.1% MBq/litre, see for 

further data fig. 3. ). The efficiency of the detection system 

could be established as :2.6 ± 0.1%, in agreement with results 

frorr. Dierckx /Die73/. 

In the blanket was used, which was enriched 

in 7Li for 95.62 at.%; this was delivered 

by the Qak National Laboratory, USA. Also was used 

with the natural isotopic composition of lithium (92.5 at.% 7Li), 
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delivered by Merck Ltd, Germany. Large deviations from the natu
ral isotopic composition in commercially available "natural li
thium" were reported by DeGoeij /Goe65/. Therefore this Li 2co 3 
was checked on isotopic composition with a mass spectrograph; 
a value of 92.88 ~ 0.4 at.% 7Li could be established for the 

isotopic composition of this lithiumcarbonate. 
It can be concluded that the liquid scintillation method is an 
accurate one, which has the advantage of requiring only small 
pellets of Li2co

3
. 

- optimizing the liquid scintillation method 

An improvement in the efficiency of the liquid scintillator 

-e.g. by raising of the standard solution/scintillator ratio

directly infuences the minimal necessary irradiation time. 
The size of the Li2co3 pellets is limited from physical res
traints; the possibility of the application of larger quantities 

of Li2C03 per counting vial is therefore also limited. It would 
also be possible to use less water per counting vial, but this 
would negatively influence the accuracy of the counting through 
a larger influence of quenching. 

Typical conditions in blanket experiments are a flux density in 
the outer blanket region of 1o10m- 2s-1 , a cross section for the 
7Li(n,an')t reaction of 320 mbarn, 1.14 1022 for the number of 7Li 
nuclei per 0.7 g Li 2co

3 
and 1.79 10-9 s-1 for the decay constant 

of tritium. From these conditions it can be calculated that in an 
irradiation period of one hour 1.37 107 tritium atoms are produced. 
Taking the scintillator efficiency of 12.6% and the background 
counting rate of 0.25 s-1 , the influence of the irradiation time 
and the measuring time on the precision has been determined with 
the use of the formula 

(T+B)tm 

((T-B)t ) 2 
m 

(3.1) 

in which oN is the standard deviation, N the nett number of 
counts, T and B the total and background counting rate and tm 
the measuring time. Results are given in fig. 3.4. 
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Fig.3.4 of the irradiation 
time measuring time on 
the for tritium counting 
with a scintillator, based on POPOP, 
and with Dimilume 

If an accuracy of 1% is considered as a requirement for reasonable 

measuring times (5 to 15 minutes) at least 50 hour irradiations 

are necessary. 

To minimize this irradiation time, different scintillators with 

various quantities of the standard were tested. The 

results from these investigations are given in fig. 3.5. 

Instagel/Di~ilume do not lead to a gel formation /Pac74/ in com

bination with acetic acid; mixtures of these scintil:ators with 

acetic acid show 1.5 to 2 times higher background counting rates, 

compared to water mixtures, with equal bias setting. The use of 

larger quantities of standard solution leads to a larger diffe

rence in quenching factors and thus also in counting efficien-

cies. 

In the blanket experiment Dimilume was chosen on account of 

the results shown in fig 3.5 (ratio standard solution/Dimilume 

equals 0.5). The influence of the irradiation time and the 

measuring time on the precision is also shown in fig. 3.4 for 

Dimilume. For equal conditions compared to those for a scintilla

tor, based on PO?OP, the irradiation time can almost be reduced 

by a factor two, if Dimilume is used. 

In order to avoid chemoluminescence (caused by daylight or arti-
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Fig.3.5 Scintillator efficiency multiplied with the percentage standard 
solution (figure of merit) for different liquid scintillators: 
PPO: 7 g PPO, 0.3 g POPOP, 100 g naphtalene and 1 litre of dioxane. /Die73/; 
MSB: 7 PPO, 1.5 g bis-MSB, 120 g naphtalene and 1 litre of dioxane /Mog69/; 

available scintillators: 
PCS (Amersham Centre), NE 260 (Nuclear Enterprises Ltd), Instagel and Dimi
lume (Packard Industries Ltd). 
The standard volume of the counting vials is 24 ml. 
Calibrated solutions of tritiated water were delivered by Dr.Zaddach, Inst. 

of the KFA JUlich (0.401 ± 0.1% MBq/litre). Values for the absolute 
established for 0.7 and 1.4 g 7Li2co3, dissolved and mixed with 

Dimilume are 23.5 ±0.1% and 15.1 ±0.1% respectively 

ficial light) the samples were allowed to de-excitate in the 
counter for at least 0.5 hour. Moreover, Dimilume has a fast 

chemoluminescence decay /Pac74/. 
In measuring three to five parts of each Li 2co

3 
pellet the 

statistical uncertainty could be reduced to less than 5%. This 

uncertainty is caused by weighing (0.1%), differences in chemical 

treatment (2%), quenching (3%) and counting statistics (1%). Just 
as for the gas counter method, it was found that the liquid 
scintillation method is a reliable one in determining the 
tritium content of irradiated lithium samples. 

54 



4 

Scope 

THE DETERMINATION OF THE 
NEUTRON FLUX DENSITY SPECTRA 

Fast neutron energy spectra can be determined through various methods. 
In blanket experiments the application of activation detectors proves to be 
the most suitable method. The detector materials are selected taking into 
account various criteria among which the availability of the reaction cross 
section data on data files is one important feature. A description of the 
measuring equipment and the counting procedure is given. Detailed information 
regarding the counting of different radionuclides is dealt with in appendix 4. 
Correction factors applied in the determination of saturation activities as 
well as their uncertainties are summarized. 
The principles of various unfolding methods are considered. Comparisons 
between the effectiveness of these methods for fusion spectra are compiled. 
The SAND II method shows aspects which make it suitable for an application in 
blanket experiments. Some test runs were made with this unfolding program. 

4.1 Introduction 

In the blanket experiment the neutron spectrum can be determined 

with the use of activation reactions, the relevant cross section 

data for these reactions and a suitable unfolding method being 

available. 

A numerical calculation of the neutron spectrum involves data 

on neutron scattering and absorption, on the energy distributions 

of secondary neutrons, on (n,2n) cross sections etc. These cross 

section data and also the numerical method can be checked by 

comparing calculated values with experimental results. 

In section 4.3 the way the measurements are carried out in the 

model blanket is given; in section 4.4.4 results of calculations 

with several unfolding methods are compared. 

Unfolding methods and activation detectors have mainly been used 

in fission spectra measurements up till now. Though the neutron 

spectra in fission reactors have quite a different shape with res

pect to fusion neutron spectra, an existing unfolding method and 

the available data on activation reactions have still been used. 

55 



4.2 Experimental methods for the determination of neutron spectra 

As has been stated for the measurement of the tritium production, 

there was no intention to develop new detection techniques 

within the scope of the blanket experiments described. Some cri

tical investigations were carried out on the existing procedures 

for the measurement of neutron spectra. Use can be made of two 
groups of methods: 

1. In suitable ionization equipment neutrons will produce secon

dary reactions. The energy loss of the reaction products can be 
determined and the measured impulse height spectrum will be a 
measure for the neutron spectrum; 

2. In certain materials the neutrons will produce radionuclides 

via secondary reactions. These nuclides can be measured after 
irradiation via their own radioactivity. A suitable combination 

of these detectors will give information on the neutron flux 
density spectrum 

ad 1. Recoil telescopes and organic scintillators are often used 
for spectroscopy in fast neutron fields (see e.g. /Tom71, 

Bro75/). From the proton recoil spectra obtained the neutron 

spectra can be derived with the help of an unfolding method. 
Both detectors, however, have a poor resolution at the 14 

MeV neutron energy while in fusion spectra the lower energy 
part of the spectrum is strongly influenced by the dominant 
14 MeV neutron peak. These instruments further occupy a 

rather large space which causes a disturbance of the flux 

density field in the ~ithium blanket. 
Semiconductor detectors -two Si-diodes around a 6LiF layer-

and (Eu) crystals are characterized by the fact that 
it is possible to discriminate competing reactions following 

high energy neutrons, due to the Q-value of +4.78 MeV of the 
6Li(n,~)t reaction. However, for a determination of the 
neutron spectrum in the lower energy range (below 10 MeV) in 

fusion spectra this detector cannot be used. Some remarks on 

semiconductor detectors have already been made in section 3.1. 

In the 6Lii(Eu) crystal competing effects are due to the 



(n,an')d reaction (see fig 1.5) /Bor60 /, 

Furthernore the crystal has to be cooled to 77 K to get 

a good resolution, so that a considerable amount of 

equipment is necessary, which will disturb the neutron 

flux density field. On account of their disadvantages 

these detectors were not used in this work. 

ad Activation detectors are extremely small in size, so 

that when used in the blanket, they will not disturb the 

flux density field. From the neasurements with these detec

tor's neutron spectra may be derived by the application of 

suitable unfolding method. Many efforts have been made 

since 965 to develop these unfolding methods and promising 

results have already been obtained (see e.g. /Chi7 ,Zijp76/). 

For these reasons activation detectors have been used in the 

blanket experiments described. 

For the measurement of 14 MeV neutron flux densities activation 

detectors have been used in various research programs (see sec

tion 2.1) because of their easy handling and good prospects 

for discrimination between neutrons of different energies; 

this particularly applies to threshold detectors. The energy 

dependency of the activation cross sections, however, should 

well known. 

4.3.1 Selection of activation detectors 

For a number of materials, which could possibly be applied in 

these investigations, general criteria were checked such as: 

1. The cross section for the activation reaction should be well 

known in the energy range of interest; 

2. The produced radior:uclide should be a gamma-emitter since 

gamma measurenents may be carried out with good precision; 

3. Accurate data on gamma-ray abundances of the produced radio~ 

nuclides should be available; 

4. The half-life of the radionuclide should be rather well known, 

with less than 2% uncertainty; its half-life should lie in 

range from about 10 minutes up to some weeks; 
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Vl 
CXl 

thickness reactions of isotopic y-energy 
Ill9.terial (rrm) interest abundance(%) half-life (%) 

F(teflon) 1.0 19F(n,2n) 18F 100.0 109.7 min + 0.511 
Na(Na2co3) 1.0 23Na(n,y) 24Na 100.0 15.0 h 1.368 
Mg 0.127 24Mg(n,p)24Na 78.7 15.0 h 1.368 
Al 0.762 27Al(n,a.)24Na 100.0 15.0 h 1.368 
Al 0.762 27Al(n,p)27Mg 100.0 9.46 min 0.84-1.01 
!'lin 0.1 55!'1In(n,y)56!'1In 100.0 2.56 h 0.84 
Fe 0.127 5 GFe(n,p) 5 G!'lln 91.7 2.56 h 0.84 
Co 0.1 5 9Co(n,a.) 5 G!'lln 100.0 2.56 h 0.84 
Ni 0.5 5 8Ni(n,2n) 5 7Ni 67.9 36.0 h 1.37 
Ni 0.5 5aNi(n,p)5sco 67.9 71.6 d 0.81 
Cu 0.254 63 Cu(n,2n) 62 Cu 30.9 9.8 min +0.511 
Cu 0.254 63 Cu(n,y) 64c 30.9 12.7 h + 0.511 
Cu 0.254 65 Cu(n,2n) u 69.1 
Zn 0.254 64zn(n,p)64Cu m 48.8 12.7 h + 0.511 
In 0.254 115 In(n,n') 115In 95.7 4.50 h 0.335 
In 0.254 !15In(n,y)ll6In 95.7 54.0 min 1.09-1.29 
I (KI) 1.0 !27I(n,2n)126I 100.0 13.0 d 0.667 
Au 0.1 197Au(n,2n) 196Au 100.0 6.18 d 0.33-0.35 
Au 0.1 l97Au(n,y)19BAu 100.0 2.70 d 0.412 
Li(Li2co3) 3.0 6Li(n,a.)t 7.42 12.3 a xo-o.019 
Li(Li2co3) 3.0 7Li(n,a.n' )t 92.58 12.3 a xo-o.019 

Table 4.1 Properties of the activation detectors, used in the model blanket experiment. 
The y-energies, given in this table, are those which are used in the measurements. 

y-abundance 
(%) 

0 194 
100 
100 
100 
100 

99 
99 
99 
86 
99 

0 195 
0 37.8 
0 37.8 

48 
53-80 
33 
25-94 
95 

100 
100 

+ = annihilation radiation, o = y-abundance if all positrons are converted into y-radiation, 
X = S--radiation with a maximum of 19 keV 



5. The various reaction cross sections should cover the entire 

energy range of interest; 

6. The activation detector should be available in high purity to 

reduce disturbing reactions. Sometimes, if other isotopes 

cause many competing reactions, it may be required to use 

enriched materials with known isotopic composition; 

7. It should be possible to process the material into a thin foil, 

with sufficient mechanical stability; 

8. It will be advantageous if the reaction cross section is inclu

ded in cross section-data files. 

Similar criteria were also applied by other investigators in this 

field (see /Zijp65,INDC73,Di73/). 

The properties of the activation detectors, which were chosen for 

the blanket experiment, are listed in table 4.1 (see for referen

ces appendix 4). 

In table 4.2 estimations are given for the cross section uncertain

ties (in percent standard deviation) in fifteen energy regions 

after McElroy /McE75/. 

4.3.2 Counting equipment 

The activities of the radionuclides, produced in blanket irra

diations, were determined with a 3''x3" Nai(Tl) detector, shielded 

with 0.15 m lead on all sides. This detector was coupled with a 

512 channel pulse height analyzer. The Nai(Tl) detector, although 

having a poor resolution compared to a Ge(Li) detector, was pre

ferred because of its larger efficiency; this will influence the 

necessary irradiation time in positive sense. The efficiency is 

defined as the photopeak efficiency, i.e. the ratio of the counts 

in the photopeak to the total number of gamma's with this energy, 

emitted by the radionuclide. 

The energy and efficiency calibration of this counting equipment 

were carried out with various calibration standards (see table 

4.3). The measured photopeak efficiencies were in good agreement 

with values given by Chinaglia, Mundschenk and Najzer /Chin66, 

Mun66,.Naj69/. The energy dependence of the photopeak efficiency 

obtained by Chinaglia was used to interpolate between the calibra-
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ffi upper energy value 
0 

of :interval (MeV) -4 10-7 -10-s -10-2 -0.1 -0.6 -1.4 -2.2 -3.0 -4.0 -5.0 -6.0 -8.0 -11.0 -13.0 -18.0 

reaction cross section uncertainty (percent standard deviation) 

19F (n,2n)18F .;. 30 20 
2~a(n,Y) 24Na 1 2 8 8 10 10 10 10 10 10 10 10 10 10 10 
24 24 tll.g(n,p) Na 50 50 10 10 10 10 
27Al(n,a) 24Na 30 20 6 6 10 10 
27Al(n,p) 27Mg 30 10 8 8 8 8 20 20 
55Mn( n, Y) 56Mn 0.8 2 8 8 10 10 15 15 15 15 15 15 15 15 15 
56Fe(n,p) 56Mn 8 8 8 6 6 15 15 
5~i(n,p) 58co -- 20 10 5 5 5 6 6 6 10 10 

58Ni(n,2n)57Ni 30 20 
59co(n,a) 56Mn 30 15 10 10 10 10 
63Cu(n,Y) 64Cu 5 5 10 10 10 10 10 10 10 10 10 10 10 10 10 
63Cu(n,2n)62eu 8 8 
64Zn(n,p) 64Cu 50 50 50 50 15 15 15 15 15 15 15 

115In(n,y) 116In 2.5 5 5 5 5 10 17 17 17 17 17 17 17 17 17 
)115rrf1 30 20 10 10 10 8 8 8 8 10 10 

(n,2n) 126r 30 30 15 
197Au(n,Y) 198Au 0.5 4 5 6 6 7 7 7 7 7 7 7 7 7 7 

Table 4.2 Cross ·section uncertainties in percent standard deviation for the activation reactions, 
used in the blanket experiment, after an evaluation by McElroy /McE75/ and Shiokawa and Crumpton 
for the 19F(n,2n)18F reaction /Shi68, Cru71/ 
The uncertainties are given for fifteen energy intervals, which cover the range of 10-10 to 
18 MeV. The lowest energy interval starts with the energy value of iQ-10 MeV 



activity y-energy half-life y-abund. 
(JileV) (a) (%) 

11 32.0 ±1.30 25.0 ±1.00 
179 13.5 ±0.54 
82.2 13.8 ±0.41 10.5 ±0.32 
100 9.80±0 8.41 ±0. 25 

1.115 49 7 .90±0. 6.83 ±0.21 
1.173 5.20 100 6.22 ±0.25 
1.272 2.63 100 5.81 ±0.17 
1.332 5.20 100 5.57 ±0.11 

'I' able 4. 3 Calibration standards and measured photopeak efficiencies n(E) for two 
source-detector distances ( 6 and 100 rom). The standards were delivered by 
Buchler Ltd, Germany. Gamma abundances were taken from two compilations 
/Led67, NDS73/ 
+ annihilation radiation 

tion points, measured with the Nai(Tl) detector (see fig.4.1). 

0.01 

-·~ 

~'\ 
--J~ 

d= 100 llL'll"" 

~ 
I 

0.1 0.2 0.5 1.0 2.0 
energy (MeV) 

Fig.4. 1 efficiency for 
the 311x311 detector at "the 
distances from samples of d= 6 and 
d: 100 mm, obtained from table 4.3 
and froo Chinaglia /Chin66/ 

The determination of the photopeak efficiency is assumed to be 

possible with a maximurr: error of about 4% (see table 4.3), 
arlslng from uncertainties in the calibrated source activities 

(2-3%), gamma-ray abundances (1%), source-detector distances 

(1%)and photopeak determination (2%) and from counting statis

tics (1%). 
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4.3.3 Counting procedures 

In this section the way the measurements are performed in the 

lithium blanket is described. 

The unfolding program requires as input data, among others, the 
different measured activities in the form of saturation activities. 

In this thesis the saturation activity is defined as the number 
of decays per second and per nucleus of interest in the detector, 

related to a constant neutron source production rate of 1 s- 1 . 

At the position R= 0.10 m the saturation activities for the used 
reactions are determined from simultaneous measurements. At the 

other positions the saturation activities are calculated from 

the simultaneous measurements (at the position R= 0.10 m) and 
from relative space dependent measurements. 

For such relative measurements a number of activation detectors, 
consisting of the same material is positioned space dependently 

in the blanket (with a maximum of nine detectors); the position 
of the source during the irradiation is determined by teflon foils 
in the axial channel of the blanket. This is shown in fig. 4.2. 

Fig.4.2 Irradiation 
geometry for activa
tion detectors in 
the lithium blanket 

The lithium cylinders, used for a homogeneous filling of the 

bla~ket channels were tested on homogeneity by measuring the 14 
MeV neutron attenuation in direct target irradiations. For the 
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deviations from the homogeneous about 

for 

to 

an 

established. By applying 

source-foil distance all 

determined at the position R= 0.10 m. 

The uncertainty in the activities, 

mated to be about 2%, mainly due to 

in way is esti-

source-foil distance un-

certainty and to counting statistics. 

All irradiation runs were carried out three to six times for 

each activation reaction. 

For the saturation measurements typical flux density irradiation 

histories are given in fig. 4.3. They are measured (expressed in 

arbitrary units) with several BF
3 

neutron counters and a 

semiconductor detector. The error in these relative determina

tions s less than 1%. 

~------~1------------~ 

2G 3C 

meos~mng 

;nteivoi 

measurements, 
trated with a BF3 
counter (time con
stant: 1 second) 

40 t (arb. units) 

measured saturation activity follows from the mean value of 

three determinations; for each of these three y-measurements are 

made. For one measurement this saturation activity is written as 

Cl· 
l 

( 4. 1) 

where cs and cf are correction factors for sum effects and for 

Y-attenuation in the detector, respectively. is the counting 
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rate in the photopeak, n(Ey) the detector-photopeak efficiency 

Nr the number of detector atoms of interest, B the y-ray abundance, 
T the irradiation time, ¢(t) the time dependent neutron source 
output and F(t) a time correction factor which can be written 
as: 

F(t) ( 4. 2) 

In this formula tw is equal to (T+td-t), where td is the time 

between the end of the irradiation and the start of the counting. 
Further is tm the measuring time and A the decay constant of the 

concerning radionuclide. 
The counting rate in the photopeak is determined from digital 
spectrum outputs which have been corrected for the influence of 
the natural background. The so called "spectrum stripping" method 

/DeSo72/ was used for this peak determination; in this method the 
influence of the spectra from more energetic y-rays on the photo
peak is subtracted. The spectra used for this stripping were com

piled by Heath /Hea57/. Uncertainties in this determination, inclu
ding those caused by counting statistics, are estimated to be about 

2%. 
The correction factor for sum effects has to be applied since 
various radionuclides decay with y-rays in cascade. This can 

result in e.g. a correction of about 15% /Hea57/ for 24 Na at a 
distance of 6 mm from the Nai(Tl) scintillator. The activation 

measurements in this experiment were normally made at a distance 
of 100 mm; the correction factor can then be assumed to be less 

than 1.005. 
The correction factor Cf, the so called escape probability, has 
to be applied because a certain part of the y-rays is attenuated 

in the detector. For a homogeneous distribution of activated 
material this escape probability can be written as: 

( 4. 3) 

in which a and ~ represent respectively the thickness of the foil 

and the y-attenuation coefficient per unit length. Values for ~ 
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can be found in ANL-5800 /ANL63/ or in s /Bec64/. For 

several detectors -and their corresponding y-energies- values for 

the correction factor can found in table 4 .. Systematic errors 

in (cf-:) are les than 0.5%. 

thiclmess 
detector (mm) 

Al 1.0 0.84 
1.368 
0.356 
0. 

0.9913 
Al 
Au 
Cu 
Fe 
In 
Mn 
Zn 

1.0 
0.2 
o. 

0. 
0.1 
0.254 

Table l1.l1 Values for the 
escape probability c., 
f'or various material; 

The number of nuclei in detector can be determined by weighing. 

Errors in this determination are less than 0.2%. 

The values for the y-abundance are taken from two compilations 

/Led67,Hel75/. Uncertainties will be less than 1%. 
The influence of inaccuracies in the half-life on the saturation 

activity should also be considered. This influence can be esti

mated when a short measuring time and a short irradiation time 

is assumed (e.g. 0.5 minutes for with T .46 minutes). 

For this irradiation time the neutron production rate can be 

assumed to be constant. One thus can the time correc 

tion factor F(t) for one interval. The uncertainty in this 

correction factor yields an uncertainty in the saturation acti-

vity. This depends on the 

concerning nuclide and on the 

diation and the start of 

activity is given by a 

\ and conversion of A to 

If the counting and irradiation time 

half-life ( 4. 4) be to : 

~ =( ) aT 1 
-2 

a T 

the 

irra

relative error in the 

(4.1) with to 

( 4. 4) 

small compared to the 

( 4. 5) 
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Some values for different ~·s are given in table 4.5. The uncer
tainties in the half-lives are taken from Helmer /Hel75/. 

uncertainty in a (%) 
detector T~ uncert.T~(%) t =0 t =2T~ t =4T, w w w 2 

24Na 15.0 h 0,13 0,13 0,05 0,23 
27Mg 567 s 0.45 0.45 0.17 0.80 

115rn 4.5 h 0.75 0.75 0.29 1.33 

Table 4.5 Uncertainties in the activity a which are caused by uncertainties 
in the half-life in the case of 24Na, 27Mg and 115rnm /Hel75/ 

As the activation measurements are all carried out within a time 
interval tw=4T~, the errors in the half-lives can be assumed to 
give an uncertainty of about 1%. For a critical evaluation of 

half-life data see Helmer /Hel75/. 
In table 4.6 the different sources which determine the uncertain~ 
ty in the saturation activity are listed. 

systematic statistical uncertainty in 
source of uncertainty errors errors saturation activity 

neutron source-foil distance 2% 2% (from relative 
filling of lithium cylinders 2% repeated space 
counting statistics < 1% 

peak determination 1.5% < 1% 4-6% 
gamma attenuation 0.5% 
sum effects 0.5% 
.foil weight <0.2% (if not related 
gamma-ray abundances 1 % to neutron source 
half-life 1 % output) 
detector efficiency 3-4% 1% 

15% 
< 1% 

Table the saturation activity 

The total uncertainty in the saturation activities due to the 
above mentioned factors, amounts to 4-6%. 
In this uncertainty the errors in the detector efficiency take 

the }argest part. This possible error is about 3-4% (see section 
4.3.2); the error in the shape of the photopeak efficiency curve 
is thought to be considerably smaller, viz. about 1% /Chin66/. 
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The number of neutrons produced during the period is 

determined by the 58Ni(n,2n) Ni activation method (see section 

2.3). The nuclide 57 Ni produced is measured the same way as 

activated detectors. The neutron source product integrated 

irradiation timeT is then for a quasi isotropic output: 

<j)14.1l'l:eV 4.1MeV}-~ 
(1-e 

(4.6) 

in which r is the neutron source-foil distance,a cross section 

for the 5 (n,2n) reaction at 14,1 MeV and the other symbols 

sane meaning as in formula (4.1), only referring to the 

) the neutron output is written as in (4.6), in 

the first formula a ratio of two photopeak efficiencies will 

appear. In this way the systematic error in the detector effi-

ciency will be eliminated for a large part. total uncertainty 

in the saturation activities will therefore diminished and 

will amount to 2.5-5%. However, the deternination of the 14.1 MeV 

neutron source output is directly influenced by the uncertainty 

in (n,2n) 57 Ni cross section, which is about 15%. It can 

be concluded that all saturation activities will therefore have 

systematic uncertainty, caused by the 14.1 MeV source 

output determination. This will have no influence on the itera-

tion runs with the program, but the result will still 

show this systematic uncertainty. 

4 4 

computer 

with the use of 

rements. These progra~s 

following type: 

a.=! a.(E) (E) dE 
. l 0 l 

have been developed to determine neutron 

obtained fro~ tivation measu-

based on a set equations of the 

( i=1, •••••• n )) ( 4. 7) 
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in which ai is the measured saturation activity per nucleus, 

oi(E) the energy dependent activation cross section, ~E(E) the 

spectral flux density per unit energy interval and n the number 

of reactions. 

These integral equations are often solved by a discretisation of 

the energy depend~nce of cross sections and flux densities, so 

(4.7) can be written as: 

a.= 
1 

m 
I: a •. ~. 

j =1 1J J 
( 4. 8) 

in which m is the number of intervals. In the following sections 

these intervals will be called groups. 

One can start with the determination of a spectrum discretisized 

in a number of flux density groups, equal to the number of activa

tion reactions (see e.g./Zijp65/). For the last ten years however, 

various computer programs have been developed in which the number 

of flux density groups is considerably larger than the number of 

activation reactions. The programs require a kind of a priori 

knowledge in the form of an "input" spectrum. Zijp /Zijp76/ recom

mends that this input spectrum should represent all available 

information from experiments and calculations. Due to a lack of 

a priori experimental information and to calculational knowledge 

from only one transport program (see section 5.1), his recommen

dations will not be automatically followed in this experiment. 

These computer programs modify in a number of successive steps 

the input spectrum until an acceptable agreement is reached 

-considering experimental errors- between the measured input 

activities and the calculated activities from the developed com

puter spectra. In this way many mathematical solutions are possible; 

restrictions can be made in requiring that the unfolding method 

should have the following properties: 

1. The program should deliver an output spectrum which is consi

stent with the measured activities within the limits of the 

measuring errorsJ. 

2. The spectrum obtained must be positive over the whole energy 

range; 

3. The output spectrum should have a smooth character, except for 

resonances which can be expected from construction materials 

etc. and may be given in the input spectrum; 
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4. The program must be flexible in accepting a priori information. 

This a priori information is usually introduced in the form 

of an input ( also called "trial") spectrum. 

Differences in input spectra will result in a variation of the 

output spectrum. 

Generally, the quality of the output spectrum is influenced by a 

number of parameters: 

the choice the input spectrum; 

the choice of the set of activation reactions; 

the unfolding method which is used; 

the errors in the measured activities, used as input data; 

the uncertainties in the cross sections of the activation 

reactions. 

To reduce uncertainties in the measured activities and in the 

used cross section values, Dierckx /Die73/ proposes a calibration 

of the activation detectors in a well-known spectrum, the so 

called "calibration spectrum". Systematic errors in the determi

nation of the saturation activities can be avoided in this way. 

However, due to a lack of well-known spectra in the thermonuclear 

energy range, this method could not be applied in these investi

gations. 

At the moment there exist a number of computer codes which have 

been published. A compilation as well as a comparison between 

these codes can be found in a publication by Fisher /Fis75/. In 

publications by Zijp /Zijp76/ and Dierckx /Die75/ the most promi

sing codes are considered to be the SAND II, SPECTRA and CRYSTAL 

BALL unfolding methods. All these programs have been tested in 

reactor spectra of different kind; Zijp /Zijp75/ stresses a 

comparison of the most promising codes in thermonuclear reactor 

spectra. In this thesis number of iteration methods will be 

briefly considered. SAND II procedure will be tested on its 

effectiveness in determining fusion neutron spectra in section 

1!.4.4.2. 

4.4.1 Characteristics of various unfolding methods 

All iterative unfolding methods deal with n activation detectors, 
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m energy groups, measured saturation activities ai for each 
detector, energy dependent activation cross sections crij and an 
energy dependent flux density ~j(k) in the k-th iteration step 

for the j-th energy group. 
The unfolding methods can be classified into two groups /Stal75/: 

At this moment two approaches in unfolding seem prom1s1ng, which 
can be called linear estimation methods. The first is the SPECTRA 
code, developed by Greer and collaborators /Gre67/. In this 
method the solution is obtained by minimizing a least squares 
error term in an iterative way: 

n 
E ( 

i=1 

m (k) 2 
- E cr .. ~. ) + 

j=1 lJ J 

in which A is a weighting factor. 

(4.9) 

The procedure is continued until a specified number of iteration 
steps has been performed or until the value for the deviation 
parameter 

(4.10) 
1 n [a.- ~a . . ~~k)J 

2 
-- E ..J;,rj=1 lJ J 
n-1 i=1 l: cr.-~. 

j=1 lJ J 

has reached a prefixed limit. 
The energy range in the SPECTRA code is not limited; however the 
matrix inversion procedure involved requires much computer space, 
so the number of points is mostly limited to 100. Recently, modi
fications to SPECTRA were reported /Zijp76/. 
The other approach which can be classified under linear estimation 
methods, is the CRYSTAL BALL procedure /Kam74/. This method, 
however, is not considered within the scope of these investiga
tions. 

b, iterative adjustment methods 

Th~ SAND II unfolding procedure, developed by McElroy and colla
borators /McE67/ (SAND=Spectrum Analysis by Neutron Detectors) 

70 



applies a nonlinear adjustment to input spectrum or calculated 

spectrum at each iteration step. :he energy range of the solution 

spectrum covers the range fror.J 10-10MeV up to 18 MeV, in 620 

energy groups. The program calculates for each activation reaction 

a ratio measu~ed to calculated activity defined as 

(k) R. 
l 

---··-m 
l: o .. 

j lJ 

and the flux density values are changed following 

(4.11) 

( 4. 

where (k) is an energy dependent modification factor. This 

activity-weighed modification factor is based on the logarithm 

of Ri(k) si~ce the Ri{k) often differ considerably at the start 

of the iteration, depending on the initial approximation spec

trum /McE67/: 

( 4. 13) 

wtere w .. (k) 
lJ 

proportional 

is a weighting factor. This weighting factor is 

to the relative response of the reaction for the 

j-th group: 

w~~) 
lJ 

cr •• dJ~k) 
lJ J 

(4.14) 

The first iteration values (l) are obtained by multiplying the 

input spectrum by factor p so that: 

q,~ p q,~O) (j=1, .••. ,m) (4.15) 
J J 

and 
n 

' P.l (:c), l: \a.- cr •• q,. 1 0 (4.16) 
1 lj=1lJJ 

Arter each iteration step the flux density values are normalized 

according to (4.15) and (4.16). In this way the deviation para

meter (~.10) equals the standard deviation in the factors (Ri-1). 
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Fig.4.4 Deviations from unity 
of the factors Ri (percent) for 
various reactions as a function 
of the number of iterations; 
the process is described under 

LI....~-_._.L...~-..o.;:~='"~e;:3f.:O=....... section 4.4.4.2 sub fig.l+.14 
"""" iterations 

Iterations are performed until the deviation parameter has 
reached a certain input value or if a prefixed number of iterations 
has been performed. Also the iteration is stopped, if stability 
is reached; this means if ( )<c (see (4.10)). For c often 

a value of 0.01 is chosen. 

The SAND II method is not necessarily the most rapid one. 
Recently Schmotzer and Levine /Schm74/ suggested an other proce

dure, based on the above mentioned adjustEent principle. In their 

propo~al they define a slightly different weighting function. 

The authors claim a much more rapid convergence to output spectra 
starting even from unrealistic input spectra. Their conclusions 

will be checked for thermonuclear neutron spectra in section 
4. 4. 4 .1. 

4.4.2 Input data for the unfolding method 

In the next sections the so called "reference blanket spectrum" 

will be used often. This flux density spectrum is the average of 

a number of calculated blanket spectra at different positions 
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(calculated wi the ~onte Carlo program, mentioned in section 

5.1, and equally spaced between 0.:0 and 0.60 min radial dis-

tance). Some smoothing has applied on spectrum to reduce 

improbable ~lux density variations over the energy range. 

It can thus be characterized as a spectrurr which shows all typical 

flux density patterns, known from calculations. In the described 

blanket experiment this will be an input spectrum which meets 

Zijp's recommendations for an input spectrum (see section 4.4). 

In . 4.5 the reference blanket spectrurr is given. 

In these experiments "90% response ranges" for activation 

reactions will used. This range is defined as the energy 

range of a spectrum which will cause in an irradiation 90% of the 

activity from an activation reaction; on the lower and upper 

part of the range equal parts -each producing 5% of the activity-

are not into consideration. Generally these 90% response 

ranges are sho<m in a fl:1x density spect!'um figure by a number 

of bars, one for each reaction, see e.g. fig.4.5. 

1
> 1.0r-------,-----~~------~~~----,---~~illrmseu2~, 
~ ~ 
~ ~D 

energy (MeV) 

Fig.4.5 The reference 
bl~~ket flux density 
spectrum; 90% 
ranges for the 
tion reactions, used 
in the blanket experi
ment, are also shown 

The different types of reactions be given in the next 

sections (in all figures and some tables) by a shorter notat 

the usual , given in table 4.1; so e. for 

will be written NI582 and for 55Mn(n,y) MK55G. 

density values, as well as 90% response ranges for the refe-

blanket spectrum are in table 4.7. 
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1.00 10~~ 7.0 10-1 -1 !liN 3.00 10_1 
1.00 10_2 5.0 10-1 4.00 10_1 +AU 

3.4 10-1 + 
4.50 10_2 4.70 10_1 +NA 
2.50 10_2 3.0 10-1 4.50 10_1 cu 

11.0 2.77 10_2 2.7 10-1 1.20 10_1 +IN 115G 
10.4 3.00 10_2 2.5 10-1 1.00 10_1 LI 06A 
10.0 2.95 10_2 2.4 10-1 1.20 10_1 :IN 115N -1 9.0 2.63 10_2 2.3 10_1 8.80 10 NI 58P 
8.0 2.50 10_2 2.0 10_1 1.00 10+0 

+ZN 64P 
7.0 2.37 10_2 1.0 10_2 1.00 10+0 

+AL 
6.4 2.45 10_2 2.0 10_2 1.00 10~~ FE 
6.0 2.42 10_2 1.0 10_3 9.50 10_1 +co 
5.0 2.41 10_2 5.0 10_3 8.20 10_1 +MG 
4.0 3.34 10_2 2.0 10_3 6.50 10_1 +AL 
3.0 3.95 10 2 1.0 10_4 5.00 10_1 I 
2.0 6.87 10=1 5.0 10_4 3.00 10_2 cu 
1.0 1.50 10 2.0 10_4 8.50 10+0 

1.0 10 0.00 10 

Table 4.7 Listing of flux density values for 35 
blanket spectrum; 90% response ranges for 18 reactions in this 
reference spectrum are also given (+ = available on the ENDF/B-IV file, see 
section 5.1) 

Activation detectors are usually selected on the base of the 

criteria, given in section 4.3.2. For the unfolding method it is 

important that the 90% response ranges cover the energy range of 

interest. Further it is important that there exist differences 
between the response characteristics of the activation reactions. 

Commonly an "independence of activations reactions" is defined 
/Zijp75/: for two activation reactions the ratio of their cross 

sections a 1(E)/cr2 (E) should clearly deviate from a constant over 
the energy range of interest. In fig. 4.6 the relative spectral 

responses a(E)~E(E) of various threshold reactions in the refe
rence blanket spectrum are given, each normalized to 1.0 at the 

energy 14.0 MeV. It will be clear that the usefullness of an 
unfolding method depends on the differences in the spectral res

ponses; it is therefore to some extent spectrum dependent. 
As can be observed in fig.4.5 the dominancy of the 14.1 MeV peak 

in fusion spectra directly influences the various spectral res

ponses and causes a sharp peak in each curve at 14.1 MeV. In the 

regions where the detector set will show poor response charac 
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teristic , the output spectrum will be more or less dependent on 

the shape of the input spectrum. This can especially be observed 

in the energy range above 13.5 MeV; as can be seen in fig.4.5 in 
... ,....-2 ..; the energy range of ~u -.:.. HeV, the lack of required response 

ranges will also result in a dependency of the output spectrum 

the input spectrum. 

r£1 10.ri-~~++- \--f-----+---.t 
-& 

0 
ro 
<1 a 
"' Q} 

h 
Q} 

~ .,.., 
"tl 1.0 1------t---,--f""-~r-
r·; 
(!) 
;., 

lO 

The ~nfluence of the input on 

Fig.l1.6 Relative spectral 
for six threshold reactions 
reference blanket spectrum 

output spectrum has been 

studied by several authors (see for references /Zijp76/). 

present the unfolding methods extensively used for fast 

neutron spectra fro;n fission reactors; a large number of suitable 

input spectra is available for these applications. 

In the blanket experiment an input spectrum which can be used 

s the reference blanket spectrum. This however, is only based 

on calcCJlations with one neutron transport program for the lithium 

blanket, and might have poor quality. To check the results 

obtained with this input spectrum, an input spectrum will also 

be taken which contains no a priori information, a 

constant flux density per unit energy spectrum. 

called 
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4.4.3 Comparisons of several unfolding methods /Die72, Dier7)/, 

Die75/. 

At an IAEA-meeting in 1973 Dierckx reported on a comparison of 

five numerical unfolding methods, from which the following con
clusions are taken: 

1. the codes, recommended to be used are either SPECTRA, or 
SAND II; 

2. an input (trial) spectrum has to be used for which the norma
lized activity ratios (see formulas (4.11), (4.16), section 
4.4.1) do not deviate by more than 30% from 1; 

3. the obtained results are usually equivalent for both codes; 
4. SAND II is slightly superior due to its simpler mathematical 

treatment, its computing speed and its smaller sensitivity 
to the input spectrum. 

Dierckx stated that with small relative errors in the activation 

data, which can only be achieved when a calibration spectrum is 

available (see section 4.4), the unfolding codes SPECTRA and 
SAND II are able to determine the neutron flux density spectrum 
with an accuracy of ±5% within the energy range covered by the 
activatiqn reactions. It must further be required that the spectra 

to be found do not show sharp (resonance) peaks. 

On an ASTM-meeting in Petten, 1975, Dierckx repeated his conclu
sions as mentioned above also for the CRYSTAL BALL program. 

It should however be noted that these comparisons refer to inves
tigations made on fast neutron SP.ectra from fission reactors 
/Die73/. In the next sections and in chapter V some remarks will 

be given on these points for fusion neutron spectra. 

4.4.4 Selection of the unfolding method 

In this section output spectra in the energy range of 2-14.1 MeV 
determined with three unfolding procedures and equal input data, 

are compared; conclusions can be made about the proper functioning 
of these procedures for thermonuclear neutron spectra. Although 
the energy range below 1 MeV is of equal importance in blanket 
experiments, within the scope of this experiment (see for 

argumentation section 5.3.1.3) the unfolding method is mainly 
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in the energy range above 1 JVieV. 

The activities for number of reactions are calculated with a 

called test spectrum, which is based on Monte Carlo calcula-

tions. In this test spectr~m the neutrons all have an 

energy of 14.1 MeV. The activities are fed into the three unfol

ding programs (see section 4.4.1) as input data. In section 

4.4.4.1 comparisons are given between the output spectra and the 

spectrum. From the comparison between the obtained output 

the SAND unfolding procedure is selected. With the 

use of the SAND unfolding method and different test spectra 

the influence of a variation in the input data, yielding diffe

rent output spectra, is studied in section 4.4.4.2. 

4.4. . Comparison of three unfolding procedures 

Comparison SAND II and SPECTRA method 

Based on the reference blanket (see section 4.4.2) a 

test spectrum is constructed (see fig. 4.7). This spec-

trum shows the same characteristics as the reference spectrum 

6 MeV; below this energy it is larger to emphasize to above 
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Fig.4.7 Test spectrum used for 
the comparison between the SAID II 
and the SPEC'l'RA unfolding method 
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some greater extent the influence of activation reactions with 

90% response ranges in the lower energy range (1.0-5.0 MeV). 
For this test spectrum the activities for 16 threshold reac

tions -arbitrary chosen on a homogeneous distribution of 
their response ranges- were calculated with the original 

SAND II cross section library in the Petten version, the 

CC 112B library /Kel73/. The activities are given in table 4.10 

(test spectrum 3 without fluorine reaction). 
A modified version of the SPECTRA method, the RFSPET program 

/Fis76/, was used to unfold neutron spectra from these activi

ties /Bor76/. To check the proper functioning of the two 
methods within the energy range of 2.o-1q.1 MeV, two different 

input spectra were used (see fig.4.8 and 4.9). For the RFSPET 
program these input spectra were given by the flux densities 

for 19 energy values (see /Bor76/); in the SAND II program 

these input spectra are used in the 0.1 MeV energy group struc
ture (by linear interpolation between the above mentioned 19 

flux density values). 
Calculations were performed with the SAND II and the RFSPET 
program until the deviation parameter D(k)reached the 1% 

criterion. The ultimate deviations from unity of the factors 

Ri (see (4.11)) for the various activation 
given in table 4.8. 

reactions 

2 4!'f;g(n,p) 2 4Na 
27Al(n,a) 24Na 
27Al(n,p)27Mg 
31 P(n,p) 31 Si 
32S(n,p) 32p 
3"S(n,a) 31 Si 
35Cl(n,a)32p 
54Fe(n,p)s"Mn 
56Fe(n,p) 56 t1Jn 
58Ni(n,2n) 57Ni 
5 aNi(n,p) 5 sco 
G3cu(n,2n)szcu 
64Zn(n,p) 6 •cu 

ll5In(n,n')ll5Inm 
l27I(n, 2n)l26I 
232Th(n,f) FP 
Iteration 

fig.4.8 
II RFSPET 

0.46% 
1.11 

1.92 
-2.02 
-0.65 
-0.83 
-0.34 
0.50 

-0.24 
0.07 
0.05 

-1.08 
0.38 
0.29 

40 

-1.02% 
0.31 
1.08 

-2.83 
-1.62 
1.00 
0.53 
0.22 
0.38 
0.06 

-0.63 
-0.30 
-0.61 
5.14 
0.07 
0.16 

37 

-0.95% 
-0.76 
-1.14 

0.87 
1.45 

-1.49 
0.88 
0.51 

-1.03 
1.01 
0.43 
0.69 
0.27 

-1.23 
0.03 

-0.32 
14 

1.03 

0.88 
-0.87 
1 

0.07 

-0.75 
-0.34 

4 

Table 4.8 Ultimate deviations from unity of the factors Ri 
for the SAND II/RFSPET comparison (percent) 
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With input spectrum, constant to 14 MeV and with a 14.1 MeV 

peak (see fig.4.8), no acceptable output spe~trum could be 

obtained with the RFSPET program, since the solution (obtained 

after 37 iteration steps) showed a negative flux density value. 

In order to a better output one or more reactions were 

deleted, the energy structure was chosen more detailed and the 

14.1 peak made higher; the results, however, did not 

improve. 

With the SAND II method physically acceptable output spectrum 

was obtained (40 iteration steps), starting from the 'constant' 

input spectrum (see fig.4.8). 

With the input spectrum, which was equal in shape to the test 

spectrum (see .4.9, for listing /Bor76/) an output spectrum 

could easily be obtained with the RFSPET as well as with the 

SA!D I= program. 3oth output spectr•a did not show cor~siderab:.:.e 

differences (see fig.4.9). 
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Fig. . 9 Compa:dsorl of output spectra 
from the Sili1D E and the RFSPET pro
gram, starting from an input spectr= 
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b. 

From this comparison the SAND II method was preferred due tq 

its possibility of reaching also an acceptable output spectrum 
from a 'constant' input spectrum. The possibility of the use 

of more energy groups (620 compared to a practical limit of 
100 in the RFSPET program) may be advantageous, too. 

between the SAND II and the Schmotzer/Levine unfol-

Because a faster method of iterative adjustment was claimed by 

Schmotzer and Levine /Schm74/ a comparison was made between 
this method and the iterative procedure of the SAND II program. 

For this comparison the activities of five reactions (marked 

with • in table 4.10), which were calculated with the above 
given test spectrum, were used as input. 
Since Schmotzer predicted a rapid convergence, even from very 

badly chosen input spectra, for both procedures the input 
spectrum ~E(E) constant was taken (without a 14.1 MeV peak). 

In the publication by Schmotzer no specific normalization of 

the input spectrum was proposed, so in these investigations 

the SAND II normalization (see form (4.17)) was also applied 
in the Schmotzer Levine procedure. 

"' +' 
•rl 

§ o.s 
SAND ll 1st iteration 

40th 

3 Schm/Lev 1st 

40th 

!W 10,0 12.0 14.0 

energy (MeV) 

Fig.4.10 Results from the comparison between the SAl'ID II and the Schmotzer 
Levine procedure, after 1 and 40 iteration steps 
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The Schmotzer/Levine procedure gave result which were slightly 

more favourable in the first iteration steps and showed a slightly 

better approximation of the 14.1 MeV flux density peak, but after 

the 10th iteration step no appreciable improvements could be ob

served. The SAND II procedure modified the input spectrum slower 

in the first iteration steps than the Schmotzer/Lavine procedure, 

but after more steps equal results could be obtained. The results 

as well as the deviations from unity are given in fig.4.10 and 

table 4.9. 

In the case that different or more reactions were chosen, the 

procedure, proposed by Schmotzer/Levine, sometimes showed oscilla

tions in the energy range of the fusion peak. Further investiga

tions into this behaviour should be carried out; within the scope 

of this blanket experiment, however, these are deleted. 

It was not clear that the Schmotzer/Levine method gives better 

results than the SAND II procedure for the described test case. 

The SAND II method was preferred for blanket experiment because 

several international comparisons have been published with the 

use of the SAND II procedure. Thus the results, obtained in the 

blanket experiment, may be compared in an easier way with other 

investigations on the unfolding of neutron spectra. 

unfolding 
procedure 

Iter.steps 1 

27Al(n,a) 24Na 
27JU(n,p)27Mg 
58Ni(n,2n) 57Ni 
63Cu(n,2n) 62Cu 

;27:::(n, 2n)l2s1 

SAND II 

-27.73% 
-29.24 

43.54 
24.30 

-10.67 

L11 
-2 

0.55 
0.12 
0.38 

Schmotzer/Levine 

-1.71% 
-2.05 
0.79 
1. 
1. 

Table 4.9 Deviations from unity (percent) of the factors Ri after and 40 
iteratic>n steps with the SAND II and the Schmotzer/Levine procedure, starting 
from an input ~E(E) c 

4.4.1.!.2 Specia: features of the SAND II method 

The special properties of the SAND II procedure were studied on 

the base of three test spectra. The activities, produced by the 

different reactions, were calculated with the CC 112B-library 
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/Kel73/ and these are listed in table 4.10. It should be stressed 
here that, following this procedure, the cross section and the 
activity data have no errors, which differs of course from realit" 
Only the properties of the unfolding procedure are studied in thi! 

way. 
Three test spectra were chosen in the 2-14.1 MeV energy range: 

1. constant flux density per unit energy spectrum with a ten time1 

higher 14.1 MeV peak (see fig.4.11); 
2. constant flux density per unit energy spectrum above 7 MeV witt 

a four times higher 14.1 MeV peak; below 7 MeV the flux densit~ 
is given by ~E(E)= 1.0- 0.1E (see fig.4.12); 

3. the spectrum from section 4.4.4.1 (fig.4.7), derived from the 

reference blanket spectrum. 

For these spectra the saturation activities of 17 threshold 

reactions were calculated. 
Test spectrum 3 was also extended down to lower energies (equal 
to the reference spectrum) to study the behaviour of SAND II in 
the lower energy range (100 eV -1 MeV). For this spectrum the 
activities of 7 threshold reactions as well as for 6 capture 
reactions were calculated (see table 4.10, test spectrum 4). 
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9.060£-26 
1.350£-24 3. 

"7 .666E-25 X 

"8 n?QE-25 
1:47SE-24 
3.879E-24 
9.265£-25 
1.234E-24 3. 
5.738E-24 1 

x 7 .164E-25 "1 
"3 .865E-26 "6. 
X6.376E-24 

1. 220£-24 2. 
2.386E-24 

"3.368E-24 
"'4.693£-24 

3.!166£-24 

Table 4.10 Calculated activities for the d:'.f'ferent test 
CC 112B and the ENDF(B-:::II library /EID70/ for the 
+ = this is not used in the comparison between the 
comparison Ctest spectrum 3) 

4.101£-24 
5.759E-27 
3.890E-25 
3.401£-25 
7.938E-26 
3.525£-26 
2.845E-2ll 
9.516E-25 
1.090E-24 
2.082E-24 
1.858E-24 
2.868E-24 
1.752E-24 

using the 
,a)t reaction. 

SPECTRA and SAND II 

Three runs were performed with the saturation activities, calculated 

with spectrum 1, two runs with 17 activities and one run with 

7 activities as input data. Of these 7 reactions the 90% response 

ranges homogeneously cover the entire energy range (marked with 

x in table 4.10). The iteration precess is stopped if the deviation 
parameter D (4.10) reaches 1% limit. The input spectra used, 

as well as the deviations of the flux density from the test spec-

trum in the output spectra shown in fig.4.13. 

Four were performed with 17 saturation activities, calculated 

with spectrum 2; 2,16,40 and 80 iteration steps were made 

(deviation parameter being 5%,1%,0.54% and 0.31% resJ.ectively). 

ions from the test spectrum are given in fig.4.14, the 

input spectrum is shown in fig.~.15. 

From fig.4.13 and 4.14 it can be concluded that the deviation of 

the output spectrum from 

deviatioc parameter is below 

spectrum is about 10% if the 

1% limit. The deviations from 

unity of the factors R, as a function of the number of 

iteratipns have already been given in fig.4.4. 
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Fig.4.13 Deviation of the output 
spectrum from the test spectrum 1: 
1. 17 activities, input 1, 16 iter. 
2. 17 activities, input 2, 16 iter. 
3. 7 activities, input 1, 12 iter. 
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Fig.4.14 Deviation of the output 
spectrum from the test spectrum 2: 
1. 5 iteration steps 
2. 16 iteration steps 
3. 40 iteration steps 
4. 80 iteration steps 

Two more runs were performed with the activities calculated from 

test spectrum 2, using the input spectrum given in fig.4.15. 
With 7 activities (marked with x in table 4.10) 12 iteration steps 

could be made until the deviation parameter reached the 1% limit; 

equal deviations from the test sp~ctrum could be obtained as 

established with 17 activities. 
One run was performed with the input spectrum ¢E(E)= constant 
over the entire energy range (without 14.1 MeV peak), using the 

17 activities. This resulted in large deviations in the 12-14.1 

MeV energy range. The results are given in fig. 4.15. 

To investigate errors of ±5% in the activities, which will be 

normal in measurements, the activities of 17 reactions, calcu
lated with test spectrum 2 were changed with ±5% ( 58Ni(n,2n)57Ni 

activity was not changed, equal number of activities changed in 

positive and negative sense). The same runs were performed, but 
they were stopped when the deviation parameter reached the 5% 
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limit. In all cases the deviation of the output spectrum from 

the test spectrum was equal in order of magnitude to the one, 

calculated with the unchanged activities, after an equal number 

of iteration steps. It could thus be established that errors from 

measurements in the order of 5% had no serious influence on the 

unfolded spectrum. 

Unfolding runs were performed with the activities calculated from 

test spectrum 3, with three different input spectra, until the 

deviation parameter reached the 1% limit. The results are given 

:in fig.4.16. It could be concluded that only the input spectrum 

which shows all the special features of the test spectrum, leads 

to an output spectrum of which the deviations from the test 

spectrum are not larger than about 5%. 

In the blanket experiment the neutron spectrum covers a larger 

energy range than is considered in the third test spectrum. 

Therefore two SAND II runs were performed with 13 activities, 

calculated with the fourth test spectrum (see .4.5 and 

table 4.10), until the deviation parameter reached the 1% limit. 

Two different input spectra were used, one which gave no extra 

information (~E(E) = constant up to 14.0 MeV, with a 14.1 ~eV 

and one which showed the features of the used test 
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spectrum. The results are given in fig.4.17. 

Fig.4. 17 Results of 
SAND II runs with two 
d"f::'erent input spectra 
and with 13 activities, 
calculated with che 
fourth test spec-
trum (7 threshold and 
6 capture reactions, 
see table 4. 10, test 
spectrum 4) 

The unfolding procedure is able to reproduce the test spectrum 

only there, where sufficient reactions with a limited response 

range are available. Again it must be noted that special struc

tures in the spectrum (e.g. for the energy value of 250 keV) 

cannot be easily found by the unfolding procedure. 

- discussion of the results 

In this section the results of some calculations are described, 

which were started to test several properties 

unfolding method: 

the SAND II 
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- the deviations of the output from the test spectrum with the 

number of iteration steps; 
- the influence of the number of input activities; 

- the influence of a variation in the input activities; 

- the influence of the input spectrum; 
- the influence of a number of (n,y) activities on the output 

spectrum in the lower energy range. 

From the first two test cases it can be concluded that a devia
tion of about 10% from the test spectrum in the output spectrum 

can be obtained after 10 iterations. 
If, in the second test case, 7 instead of 17 activities are used 
as input data, this results in a faster iteration procedure. 

If the activities are changed with 5%, this does not result in a 
serious influence on the output spectrum. However, the combined 

errors in cross sections and in measured activities in the blanket 
experiment are larger and may then require the largest number of 

activities available. 

In the energy range of 10-12 MeV only one threshold reaction 
(i.e. 127I(n,2n) 126I} gives a special contribution. In the range 
of 0.5-3.0 MeV a small number of reactions has its response range. 
The deviations of the output spectrum from the input spectrum 
show a tendency to grow in this range. This is shown clearly in 

the first test spectrum (see fig.4.13). 
A special feature of fusion spectra is the rapid fall of the 
neutron flux density from 14.1 to 14.0 MeV. If the input spectrum 

deviates from the test spectrum in this range the unfolding 

procedu~e is not able to reproduce this rapid fall and will make 
corrections by changing the 12.0-14.0 MeV flux density in an 
unrealistic way, dependent on the shape of the input spectrum 
(see second test case, see fig.4.15). 

In the energy range below 1.5 MeV there is no adequate number of 

capture reactions available to get an acceptable output spectrum 
(see fig.4.17, test spectrum 4), if not much a priori information 

is already present in the input spectrum. 
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5 EXPERIMENTAL RESULTS 

Scope 

In this chapter the experimental results regarding the tritium production, 
saturation activities and neutron spectra, derived rrom measurements in the 
blanket model, are given. These results are compared with numerical data 
obtained from calculations with a Monte Carlo program. 
The principles of the MORSE ~ante Carlo program are dealt with in section 5.1; 
the cross section libraries are also considered. 

features of the in the blanket experiment are dealt with 
section 5.2. 

In section 5.3 the measurements of the tritium production and the saturation 
activities in the various blanket configurations (see section 2.2) are 
su.'1'.marized. Comparisons are given with calculated values, based on the Monte 
Carlo calculations. Neutron spectra are unfolded with the SAND II program 
applied on the experimental results obtained in the lithium and the beryllium 
lithium blanket. They are compared to the spectra, calculated with the Monte 
Carlo Various phenomena, which could be observed in the blanket 

with an outer graphite layer, are also given in this section. 

The calculation of the neutron flux density spectrum is performed 

with the MORSE program /Str70/. This gives a solution of 

the neutron transport equation with the Monte Carlo method, based 

on the stationary integral form of this equation: 

'!'(J'.,E, s ,E,n) + 

in which'!' is the flux density in the phase volume (~,E,n), and 

and Tr are the scattering and the transport kernel respectively; 

S is the source term. 

The geometry of the numerical blanket model, which is used in the 

calculations, consists of the following elements (see section 2.2): 

1. an amount of natural lithium with the dimensions of the blanket 

model; 

2. a neutron source, which is placed in the middle of the blanket 

and surrounded with a volume of aluminium and water, equal to 

the target jacket volume, used in the experiments; 

89 



3. the stainless steel of the blanket container and the radial 
channels; 

4. detectors for the registration of the passing neutrons which 

have the form of a ring with the aim of simplicity and better 

statistics. This is possible due to the symmetrical construc

tion of the blanket. 

The histories of a large number of neutrons, which can be scatte

red, absorbed or leak out of the blanket, are followed through 
the blanket and by registrating these neutrons the space depen

dent neutron spectra can ·be determined. For the calculations an 
average number of 150,000 neutrons is needed (resulting in an 

executing time of 30-40 minutes on a IBM 370/68 which figure is 
dependent on the geometry of the blanket). The statistical uncer

tainties in the neutron flux densities are about 10% for this 

number of neutrons. 
A comparison of several numerical methods for the determination 

of neutron spectra and a consideration of different counting 
procedures in the MORSE program will be treated by Herzing /Her76/. 

The nuclear data for the different materials (the lithium iso
topes, the stainless steel of the vessel etc.), used in the cal

culations, have been taken from the ENDF/B-III data file /Dra70/, 
using the program SUPERTOG for a generation of the cross sections 

of the different neutron induced reactions /Wri67/. In the MORSE 

program 99 energy groups are used (the so called GAM II structure). 

In table 5.1 the first 30 groups of this structure are given (as 
can be seen, the energy intervals in the range of 8-14 MeV are 

rather large; in some cases the group width was therefore de
creased to get a better fit to the circumstances in the lithium 
blanket). For the calculation of the tritium production the 
lithium cross sections, available on the ENDF/B-III data file 

/Dra70/ were used in the GAM II group structure. 

If, for a comparison with activation measurements, activities 
have to be calculated from the MORSE spectra, one possibility 

is to condensate the cross sections of the activation reactions 
-in the 620 group SAND II structure- to the 99 group GAM II 
structure. 

Ho~ever, several activation cross sections show strong variations 

within some energy groups of the GAM II structure; spectrum 
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group energy-range group group energy-range 
(MeV) (MeV) 

1 14.9 - 13.5 11 5.49 4.97 21 - 1.83 
2 5 - 12.2 12 4.97 - 4.49 22 - 1.65 
3 2 1:1.1 4.49 - 4.07 23 - 1.50 
4 11.1- 10.0 4.07 - 3.68 24 1.50 -
5 10.0 15 3.68 - 3.33 1.35 
6 9.05- 16 3.33 3.01 1.22 - 1.11 
7 8.19- 17 3.01 - 2.73 1.11 - 1.00 
8 7.41- 18 2.73 - 2.47 1.00 - 0.91 
9 6.70- 6.07 19 2.47 2.23 29 0.91 - 0.82 

10 6.07- 5.49 20 2.23 - 2.02 30 0.82 - 0.74 

Table 5. 1 First 30 energy groups of the GAM II structure 

weighted condensations of the cross sections should therefore 

be applied. To avoid these, the MORSE spectra were converted 

into a 620 group structure with the use of a cubic polynom 

approximation /Her76/. This cubic polynom approximation is not 

accurate in the 12-14 MeV energy range if the 14 MeV neutron 

source energy group is very dominant; the calculation of activi

ties, especially for high threshold reactions, will therefore 

be inaccurate. To overcome these difficulties, some Monte 

Carlo runs were with a fine 0. MeV group structure in the 

12-14 MeV energy range, instead of the GAM II structure given in 

table .1. The neutrons, emerging from the source are then 

assumed to be produced in the 14.1 MeV energy group (for experi

mental argumentation see appendix 1). The results from these 

Monte Carlo runs were smoothly connected with the cubic polynom 

approximation in the energy range below 12 MeV. 

For the calculation of the space dependent saturation activities 

with evaluated neutron flux density spectra, the cross 

sections of the ENDF/B-IV dosimetry file /Rie75/, derived from 

ENDF/B-IV data file /Mag75/, were used, In table 4.7 (listing 

of response ranges in the reference blanket spectrum) the reac

tions, of which the cross sections are available on the ENDF/B-IV 

dosimetry file, are marked with +. A certain number of 

sections on this file (i. 63 cu(n,2n) 
24 55 Mg(n,p) and Mn(n,y) ). For these reac-

tions the older CC 112B II library -in the Petten version-

/Ke173/ has been taken, which library also contains the cross 

secti·ons, available on the ENDF/B-IV dosirr.etry file. The cross 
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section for the 19F(n,2n) 18F reaction is not available in botq 
libraries; for this reaction the cross section, proposed by 
Shiraoka /Shi68/, was taken. An intensive literature search was 
made for cross section values of the 197Au(n,2n) 196Au reaction. 
However, large deviations between the values from several publi
cations /see Cin75/ could be established. It was therefore 
decided to delete this reaction in the investigations, described 
in this section. For a possible later evaluation the measured 
activities of this reaction are given in appendix 5. The cross 
section for the reaction which yields 64cu is composed of two 
reaction cross sections (of the 65cu(n,2n) and 63cu(n,y) reaction) 
which can both be found on the ENDF/B-IV dosimetry file. In these 
experiments the activity of these reactions is always given per 
63cu nucleus in the detector. The cross sections for the 
6Li(n,a)t and 7Li(n,an')t reactions, which are used in the un
folding process, were taken from the ENDF/B-III data file and 
converted to a 620 energy group structure. 

The statistical uncertainties in the calculated saturation acti

vities are smaller than 5%. The statistical uncertainties in the 
activities, calculated for detectors in the graphite layer around 
the lithium blanket, are slightly larger and amount to 10-15%. 

5.2 Special features of the spectrum unfolding in the blanket 
experiment 

From measured saturation activitie~ spectra can be unfolded with 
the SAND II program (see section 4.4.1 and 4.4.4.2). Preliminary 
results of calculations (using the CC 112B library) were already 
presented at a symposium recently held in Cambridge /Kuij75/. 
Unfolding procedures have been performed with the mixed ENDF/B-IV 
+ CC 112B and the CC 112B library (see section 5.1). 
In the CC 112B library the 127I(n,2n) 126I reaction is deleted 
on behalf of the found large deviations between measurements 
and activity calculations with the Monte Carlo spectra. The 
unfolding processes proved to be impossible since deviations of 
the order of 50% could be established (in the SAND II procedure 
namely a reaction is automatically deleted if the factor (Ri-1) 
exceeds the value of three times the deviation parameter). 
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In the ENDF/B-IV dosimetry file the values for the 

cross section are systematically a factor 1.3 larger than in the 

CC 112B file. In the application of the CC 112B library the 

values of the ENDF/B-IV file were therefore taken. 

In section 4 .1+. 4 some investigations were made on the special 

features of the SAND II unfolding program with a number of test 

spectra. In these test spectra the flux density in the 14.1 MeV 

group was considerably larger than the flux density in the lower 

energy groups. In order to obtain the right output spectra the 

ratio between the flux densities in the 14.1 MeV and 14.0 MeV 

energy group had also to be present in the input spectrum. In 

the numerical blanket model the flux densities in energy groups 

of 0.1 MeV (in the range of 12.0-14.1 MeV) were determined with 

the Monte Carlo program. The only physical information available 

for the ratio between the flux densities in the 14.1 and 14.0 MeV 

energy group can thus be obtained from the Monte Carlo calcula

tions. Since it is very difficult to diminish the statistical 

uncertainties in these small energy groups below 30% and since 

this calculation might be of poor quality, the use of the Monte 

Carlo flux density spectrum as input spectrum may cause difficul

ties. SAND II runs with this kind of input spectra were made for 

various positions in the lithium blanket; in all these runs the 

output spectra showed artificial structure in the 12-14 MeV 

neutron energy range. It is possible to estimate from these out

put spectra new ratios for the flux density in the 14.1 MeV group 

to the one in the 14.0 MeV group. This process can be repeated 

until the artificial structures will have vanished; it is,however, 

questionable which quality should be attributed to this kind of 

output spectra. 

Moreover, in the Monte Carlo calculations an isotropic and mono

energetic (14.1 MeV) neutron source is assumed. At the position 

R= 0.10 min the lithium blanket the flux density just below 

14.1 MeV will be extremely small according to the Monte Carlo 

calculations. In the experiments the neutron source output is not 

monoenergetic and the energy distribution of the .scattered neutrons 

-in the target jacket- will be different from the calculations. 

The neutrons, scattered on the cooling water supplies, are not 

considered in the calculations. At the position R= 0.10 m the 

Monte Carlo spectrum can therefore not be used as input spectrum 
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in the calculations. 
Therefore in the blanket experiment the calculated Monte Carlo 
spectra in the GAM II structure are compared with spectra unfol
ded with the SAND II program. Two different input spectra were 
used: a constant flux density per unit energy spectrum over the 
entire energy range and the reference blanket spectrum, however, 
with a constant flux density per unit energy in the range of 
13.5-14.1 MeV. 
To compare the different unfolded spectra -with different cross 
section libraries and different input spectra~ the deviation 
parameters for the unfolded spectra should have equal values. 
This will, however, sometimes require a considerable executing 
time on the IBM computer. In the SAND II procedure normally the 
iterations are stopped if the deviation parameter (see (4.10)) 
reaches "stability". This convergence criterion is defined as 
"less than one percent relative change in the deviation parameter 
after one iteration step". For one position in the lithium blanket 
(R= 0.528 m) sets of three unfolded spectra (see section 5.3.1.3, 
spectrum unfolding at position R= 0.528 m), obtained with the two 
possible stopping criteria were compared: 

1. the runs were stopped if the deviation parameter reached 

"stability"; 
2. the runs were stopped if the deviation parameter reached the 

minimum value of the values for the parameters as found with 
the criterion under '1'; 

3. the same as described under 1 2', but now for the maximum value. 

In the first case values for the deviation parameter of 7.23%, 

7.05% and 8.05% could be established (see 5.3.1.3) 
The spectra, obtained following the method of point 2, did not 
show significant deviations in the flux density values, compared 
to the ones of point 1 with the used of equal input data (devia
tions smaller than 6.4%). 
The spectra, optained following the method of point 3, showed 
smaller deviations (at most 5.2%). 
To save computer executing time, the convergence criterion of 
"less than one percent change after one iteration step" was used 

in the SAND II runs. 
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In this section the experimental results are given for the four 

blanket configurations, as described in section 2.2. 

In appendix 6 the measured saturation activities are given as 

well as an estimation of the experimental uncertainty (based on 

the uncertainties, treated in section 4.3.3). These activities 

are given for eleven cases: 

one activity determination without the blanket; 

~hree activity determinations in the lithium blanket; 

- five activity determinations in the beryllium-lithium blanket; 

- two activity determinations in the graphite layer, one with the 

lithium and one with the beryllium-lithium blanket • 

. 3.1 The lithium blanket 

5.3.:1.1 The tritium production 

The results of measurements and calculations of the tritium pro

duction in this case have already been given in two publications 

/Her75, Herz76/. The following measurements have been carried out: 

measurement of the production in natural lithium 

(92.58 at. , 7.42 ) with the liquid scintillation and 

the gas counting technique using pellets of natural lithium (in 

fig. .:1 these results are given compared to the Monte Carlo 

calculations; they are also tabulated in table 5.2); 

5.2 Calculated and measured tritium production in 
of natural lithium per 14.1 MeV source neutron) as a function of the 

radius; statistical uncertainties are also given 
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......cr-MORSE calculations 

-<>- Hq.scintit~. lmeasurem. 
--o-gas count1ngJ 

Fig.5.1 Space dependent tritium 
production in natural lithium, 
measured with the liquid scin
tillation and the gas counting 
method from pellets, containing 
natural lithium. 
The results of Monte Carlo cal
culated values for the tritium 
production are also given. 
Note that the tritium production 
is expressed in atoms per m3 of 
natural lithium per 14.1 MeV 
source neutron 

0.1 0.2 0.3 0.4 0.5 0.6 
radius (m) 

- a measurement of the tritium production in natural lithium 
separated to 7Li and 6Li with the liquid scintillation technique 
using pellets with the lithium isotopes in high abundance 
(99.99 at.% enriched 7Li 2co3 and 95.62 at.% enriched 

0
Li 2co3). 

Fig. 5.2 and table 5.3 give the results compared to the Monte 

Carlo calculations concerned; 

radial 
position 

0.1015 
0.167 
0.228 
0.289 
0.411 
0.533 
0.594 

tritium production /m3 

Monte Carlo galculations Liquid scintillation measurements 
hi Li 'fLi 6 Li 

Table 5·g Calculated and measured tritium production in natural lithium from 
7Li and Li (per m3 of natural lithium per 14.1 MeV source neutron) as a 
function of the radial position. Statistical uncertainties are smaller than 
6% for both calculations and measurements 
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a measurement of the tritium production in natural lithium with 
the SSTD technique, using a layer of 7LiOH (99.99 at.%7Li). 
Fig. 5.3 shows these results. 



0.1 0.2 0.3 

---tl---MORSE calculations 
--o--liquid scintiU. meosurem. 

0.4 0.5 0.6 
radius (m) 

Fig.5.2 Space dependent tritium 
production in natural lithium, sepa
rated to 7Li and 611, ~easured 
with the liquid scintillation tech
nique from pellets containing the 
lithium isotopes in high abundance. 
The results of Monte Carlo calcu
lated values are also given. 
Note again that for both curves the 
tritium production is expressed in 
atoms per m3 of natural lithium per 
14.1 MeV source neutron 

The measurements with the liquid scintillation technique are in 

good agreement with the calculated space dependent td. tium 

production. The absolute neutron source strength is determined 

with the 58Ni(n,2n) high threshold reaction (see section 2.4); 

the measurements therefore have an atsdlute uncertainty in 

order of the uncertainty of the (n,2n) cross section (15-20%). 

The irradiation of the lithium metal for the gas counting method 

was extended over a time interval of 78 days; for the neutron 

source output determination in this case monitor reactions with 

a long half were chosen (i.e. 23Na(n,2n)
22

Na = 2.7 year) 

and 89Y(n,2n) (T, 108 days) with a threshold energy for both 
2 

reactions of 13.0 MeV). Uncertainties in these cross sections 

(20-30%) may cause the deviations in the tritium production, 

measured with the two counting techniques. The relative space

dependent shapes of the tritium production curves, measured ~ith 

both counting methods, show, within the experimental accuracies, 

a good agreement. 

Differences, caused by triton reactions with lithium (see section 

1.4) or with oxygen (see section 3.1) or carbon in the Li 2co
3 

probably remain below the detectable level. 

For the tritium production from 6Li some remarkable differences 
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can be observed at the inner and outer region of the blanket 
(at distances of 0 to 0.1 m from the steel wall). At the inner 
side this increase of the tritium production is caused by 
scattered neutrons from the water in the target jacket and the 
cooling supplies. At the outer side this is caused by backscatte
red epithermal neutrons from the experimental room (to capture 
thermal neutrons the blanket had been covered with a cadmium 
shield of 1 mm thickness). This phenomenon can also be clearly 
recognized in the tritium production curves of natural lithium 
(fig. 5.1), at the outer side of the lithium blanket (see also 
section 5.3.1.2, measurements with (n,y) reactions). 

l:l 1.0 
0 
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" .,.; 
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~ 0.2 
0 
l:l 

0.1 0.2 0.3 

t. MORSE calculot<or.s 
o SSTD measurements 

0.4 0.5 
radius (m} 

0.6 

Fig.5.3 Experimental 
results for the tritium 
production from 7Li, 
determined with the SSTD 
method (relative values) 
and numerical results, 
derived from Monte Carlo 
calculations 

If the tritium production from 7Li, measured with the SSTD method, 
is considered with regard to Monte Carlo calculations, an impor
tant difference can be observed. In fig. 5.3 the measured results 
are given in relative form, normalized with the Monte Carlo deter
mination of the tritium production. The correction factors, 
applied in SSTD measurements (see section 3.2) are insufficient 
to explain this difference in shape (see e.g. also /Som76/). 

The results of the measurements with the liquid scintillation and 
the gas counting technique do not give indications for serious 
errors in nuclear data or in the numerical blanket model. 
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5.3.1.2 Space dependent saturation activities 

In fig. 5.4 the space dependent saturation activities, measured 

following the methods given in chapter 4 and calculated with 
the Monte Carlo program (see section 5.1), are given. The neutron 
source output is determined with the 58Ni(n,2n)57Ni activation 

method. The saturation activities are always given per relevant 

nucleus of the detector material per second at a neutron source 
production rate of one 14.1 MeV neutron per second. 
To have indications about the deviation of the activities mea

sured from those calculated, an average deviation over the lithium 

blanket was calculated. The average ratio of the measured to 
calculated activity for various reactions is given in table 5.4; 

also an estimation of the uncertainty, determined from the statis

tical uncertainties of calculations and measurements, is given. 
To avoid a falling of the curves over several decades in fig. 5.4, 
the results are multiplied there with 4np 2 , in which p is a 

normalized radius, equal to (r/R); r is the distance from the 

neutron source and R the reference radius equal to 0.10 m. 

reaction ratio reaction ratio 

±4.0% 1.044 ±3.0% 
±3.5% 1 ±4.0% 
±3.5% ±3.3% 
±2.9% 1 ±3.0% 

1.095 ±2.9% 1.084 ±3.4% 
0.995 ±2.4% 11 1.045 ±3.3% 
1.025 ±3.1% 12. 1.159 ±3.3% 

Table 5.!; :iatio of the measured saturation activity to the activity, calculated 
via the Monte Carlo program, averaged over a number of positions in the lithium 
blanket; this ratio is only given for the applied threshold reactions 

From table 5.4 and fig. 5.4 it can be concluded that: 

- there is a good agreement, within the limits for systematical 
errors, between the calculated and measured activities for the 

threshold reactions; only slight differences between the shape 

of the curves can be observed for the 115rn(n,n•) 11 5Inm reaction; 

- a comparison between calculated 

a) 56Mn and the (n,2n) 

measured activity for the 

reaction might indicate 
a systematic error in their cross sections; 
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Fig. 5.4 Calculated and measured space dependent saturation activities (per 
relevant nucleus per second at a neutron source production of one 14.1 MeV 
neutron per second) for various activation reactions in the lithium blanket; 
pis the normalized radius (see section 5.2.1.2) 
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the measured (n,y) activit.:es show systematically higher values 

compared to the calculations. Slightly higher saturation acti

vities may be measured if (n,2n) and (n,n') scattering in the 

activation foil cause a somewhat higher low energy neutron flux 

density. However, this effect cannot explain the extent of the 

deviation; 

- a phenomenon which might cause higher activities of the (n,y) 

reactions is the production of 2.5 MeV D-D neutrons from a 

deuterium build up in the target (see section 2.3.1). With the 

use of pure deuterium target the space dependent activities of 

indium foils (0.2 mm in thickness) were measured; the neutron 

output was monitored with the low threshold 115rn(n,n') 

reaction (see appendix 4). \!lith the use of a fresh tritium target 

also the space dependent of these foils were measu-

red, caused by the reaction. The results are 

given in fig. 5.5. If, in the case of a tritium target, 5% of 

the produced neutrons follow the D-D reactions, an enlargement 

of the saturation activities for the (n,y) reactions results 

(5-30%, dependent on the radial position in the blanket). 

However, in these experimental circumstances generally less 

than 5% of the source neutrons is produced by the D-D reaction, 

but this might be a cause for the systematic larger values of 

the (n,y) activities from the measurements; 

0.1 

----o---- :1\ 115G 95~'o DT rt€\.mons 
----l*--IN115G 5"1::>!)) 11 

~cornb,"eC activity 

0.2 0.3 0.4 0.5 0.6 
radius (m) 

~'ig. 5. 5 Saturation activities 
for the 115rn(n,y)116rn (0.2 rom 
foils) reaction. 
An activity due to a D-T irra

a production rate of 
and to a D-D irradia

tion at a production rate of 
0.05 s-1 is shown, together 
with the sum of the saturation 
activities 
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f . . . 23 ( ) 24 - or one act1vat1on react1on - Na n,y Na- the shape of the 
curve, representing the measurements, deviates from the calcu

lated one. This might be caused by systematic errors in the 

nuclear data for this reaction; 
- all (n,y) measurements show, compared to the calculations, 

higher results at the inner and outer side of the blanket. This 
is caused by scattered neutrons from target head cooling and 
by backscattered neutrons from the experimental room. It will 

be very difficult to calculate correction factors for these 

effects. 
Some more investigations have been made into the influence of 
the backscattered neutrons on the saturation activities, measured 

in the blanket. Indium and manganese foils (0.2 and 0.1 mm in 
thickness respectively) were irradiated at the radial position 

R = 0.60 m (at the outside of the blanket). The results are 
shown in fig. 5.6. These measurements show clearly the large 

influence of backscattered thermal and epithermal neutrons 
(measurements with and without cadmium shield). 
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Fig.5.6 Saturation activities 
for the 55Mn(n,y)56Mn and the 
115rn(n,y)116rn reaction in 
the lithium blanket. 
At the outer side the results 
from measurements with and 
without a cadmium cover (1 mm 
in thickness) are given 



.3.1.3 Spectrum unfolding 

With the ~1onte Carlo program neutron spectra wer·e calculated at 

the radial positions R= 0.10, 0.308 and 0.528 m in the GAM II 

energy group structure (see section 5.1). Comparisons are made 

between these neutron flux density spectra and the spectra un

folded with the SAND II program, as described in section 5.2. In 

appendix 6 the experimental values of the saturation activities 

used for the unfolding of neutron spectra are given. At the 

positions R= 0.10 and 0.528 m the neutron spectra are only 

unfolded in the fast neutron energy range ( 2. 0-14.1 r1eV). The 

saturation activities from the (n,y) reactions measured at these 

positions are influenced by backscattering processes. It is 

necessary to have physical a priori information on the neutron 

energy distribution from these processes which has to be used in 

the form of an input spectrum in the unfolding program (see fig. 

4.17, section IJ.4.4.2). For an unfolding of the neutron spectrum 

at the position R= 0.308 m the (n,y) activities were use~4 too, 

and the spectrum is unfolded over the energy range of 10 to 

14.1 MeV. The reference blanket spectrum is used as input spectrum 

(see section 5.2). 

With 13 saturation activities (from threshold reactions) three 

SAND II runs were performed, of which the unfolded spectra are 

shown in fig. 5.7, following a fixed scheme: 

curve iter.st. dev.par. 

1 

2 

3 

ENDF/B-IV+GG 112B constant flux density 9 
ENDF/B~IV+CC 112B reference blanket spectr. 7 
CG 112B constant flux density 7 

Fixed scheme for SAND II runs in the blanket experiment 

7.23% 

7.05% 

8.05% 

From fig.5.7 it can be concluded that the neutron flux density in 

the 2-4 MeV energy range is smaller in the unfolded spectra com

pared to the Monte Carlo calculations. 

7he best results are obtained with the reference blanket spectrum 

as input spectrum; the application of the CC 112B library gives 

results which are systematically lower compared to those obtained 

with the application of the ENDF/B-IV + CC 112B library. 
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R= 0.528 m 

2.0 5.0 10.0 14.1 
energy (MeV) 

Fig.5.7 Results or three SAND II 
runs and the calculated Monte Carlo 
spectrum for the position R~0.528 m 
in the lithium blanket. 
1/2 denote a change or the input 
spectrum, 1/3 a change of the library 

2. Position R= 0.308 m 

R= 0.308 m 

5 

2.0 5.0 10.0 14.1 
energy (MeV) 

Fig.5.8 Results of three SAND II 
runs and the calculated Monte Carlo 
spectrum for the position R=0.308 m 
in the lithium blanket. 
1/2 denote a change of the input 
spectrum, 1/3 a change of the library 

With 13 saturation activities (from threshold reactions) three 
SAND II runs were performed following the fixed scheme. The 
results are shown in fig 5.8 (curv.e 1, 16 iter.steps, D= 7.27%; 
curve 2, 14 iter.steps, D= 7.09%; curve 3, 17 iter.steps, D=7.78%). 
For this position the use of the reference blanket spectrum as 
input spectrum also yields ~he best results. The neutron flux 
density in the unfolded spectrum (curve 2) is slightly smaller 
compared to the Monte Carlo spectrum, but in general deviations 
of less than 20% can be observed between these two spectra. The 
application of the CC 112B again shows a tendency for lower 
values in the unfolded spectrum. 
One run was also performed with the 19 measured saturation acti
vities in the energy range of 10-4-14.1 MeV. The application of 
the 197Au(n,y) 198Au and 23Na(n,y) 24 Na activities caused many 
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Fig. 5.9 Result of one SAN:J II run for position R= 0.308 m in the lithium 
blanket 

-2 peaks and va:Lleys in the energy range below 10 MeV, which cannot 

be justified from physical considerations (31 iter. steps, 

D= 7.77%). Therefore these two reactions were deleted, as well as 

the (n,a)56Mn reaction on account of a large value for R in 

the SAND II runs (see also table 5.4). One run was thus performed 

with 16 reactions, using the ENDF/B-IV + CC 11.2B library and the 

reference blanket spectrum as input spectrum (34 iter. steps, 

D= 6.31%). The result is given in fig. 5.9. There is good 

agreement between the P4onte Carlo and the unfolded spectrum, since 

deviations of at most 20% between these two spectra can be observe< 
-2 in the energy range above 10 MeV. 

1. 

With 13 saturation activities (from threshold reactions) three 

SAND II runs were again performed following the fixed scheme. 

At the position the neutron flux density in the energy group of 

source neutrons is extrenely large compared to lower energy 

groups. Therefore the input spectra, used in the SAND II calcu-
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lations, are modified in the 14,0- 14.1 MeV energy range, where 
the flux density is assumed to increase by a factor 50 (for a 
determination of the flux density spectrum from the target jacket, 
see appendix 2). 
The unfolded spectra are shown in fig.5.10 (curve 1, 11 iter. 
steps, D= 5.98%; curve 2,8 iter. steps, D= 5.37%; curve 3, 12 
iter. steps. D= 6.33%), 
The agreement between the Monte Carlo and the unfolded spectrum 
is good (deviations less than 20% between the flux density values), 
when the reference blanket spectrum is used as input spectrum, 
Only in the energy range ·of 11-13 MeV can large deviations be
tween the two spectra be observed, probably caused by differences 
between the neutron spectrum from the target jacket in the Monte 
Carlo calculations and in the experiments (see also section 5.1). 
The spectrum, determined with the application of the CC 112B 
library, shows larger deviations. 

5 

2 
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Monte Carlo 
spectrum 

2.0 

R= 0.10 m 

5.0 10.0 14.1 
energy (MeV) 

Fig.5.10 Results of three SAND II 
runs and the calculated Monte Carlo 
spectrum for the position R = 0.10 m 
in the lithium blanket. 
1/2 denote a change of the input 
spectrum, 1/3 a change of the library 



In section 4.4.4.2 it was suggesced to use a small number of thres

hold reactions, the response ranges of which homogeneously cover 

the energy range of interest, for a relatively fast unfolding 

procedure. For this purpose seven reactions from the ENDF/B-IV 

selected c58Ni(n,2n) 57Ni, 127I(n,2n) 126I, 
56Fe(n,p) 56Mn, 27Al(n,p) 27Mg, 58Ni(n,p) 58co and 

n,n') . The activities of these reactions, measured 

at the position R= 0.308 m, were used as input data, together 

with the reference blanket spectrum. However, after four itera

tion steps the deviation parameter already reached stability at 

the high value of 31.7%. This shows obviously that the number 

of seven, experimentally determined,saturation activities is too 

small for an adequate unfolding process. This has to be ascribed 

to relatively large errors in the cross section data (see table 

4.2) and to uncertainties in the experimentally determined satu

ration activities. 

Saturation activities were also determined at a distance of 

R= 0.10 m from the target without the lithiur.1 blanket (see 

appendix 6). From these activities the neutron spectrum was also 

unfolded with the app:ication of the ENDF/B-IV + CC 112B library 

and a constant flux density spectrum input (10 iter. steps, 

D= 4.95%). However, in the 14.0-14. MeV energy range the flux 

density was again assumed to increase by a factor 50 in this 

input spectrum (see also the runs at the position R= 0.10 min 

the lithium blanket). The result of this SAND II run, as well as 

the results obtained for the three positions in the lithiun blanket 

- constant flux 

are shown in fig. 

and reference blanket spectrum input -

No significant changes in the number of iterations or in the 

value for the deviation parameter can be observed, when diffe

rent cross section libraries are used. Also the deviations of the 

measured from the calculated activity, determined in the unfolding 

process for each activation reaction do not differ appreciably 

(see table 5.5). 

In recently published "Remarks on cross section libraries" by 

Zijp /Zijp75/ the application of the ENDF/B-IV cross section 
library was found to be less favourable for nuclear reactor studies 

compared to older SAND II cross section libraries, among which the 
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Fig.5.11 Results of several runs 
with the ENDF/B-IV+CC 112B library 
and two input spectra, constant 
flux density (denoted by c) and 
reference blanket spectrum (b): 

1. R= 0.10 m without lithium bl.; 
2. R= 0.10 m with lithium blanket; 
3. R= 0.308 m ,. ,. 11 

4 • R= 0. 528 m " , " 

CC 112B library. In the investigations described here the unfol
ded spectra with the application of the ENDF/B-IV 112B cross 
section library generally showed a better agreement with the 
Monte Carlo calculations than the unfolded spectra for which the 
CC 112B library is used. 

reaction CC 112 B ENDF/B-IV 
+ CC 112B 

l9F(n,2n)laF - 7 .75%' - 4.23% 
2 4Mg(n,p) 2 4Na - 6.03 - 6.43 
27Al(n,a.)2"Na - 1.63 - 1.89 
2'Al{n,p)27Mg 1.04 0.62 
SGFe(n,p) s GMn -13.03 -12.20 
58Ni(n,2n) 57Ni 7.15 0.42 
seNi(n,p)ssco - 8.54 - 5.64 
s9co(n,a.)ssMn 14.92 15.76 
6 8Cu(n,2n) 62Cu 1.63 4.45 
64 Zn(n,p) 6 "Cu m - 3.76 - 6.13 

llSin(n,n')llSin 2.96 3.19 
127I(n,2n)12GI 6.31 6.97 

Table 5.5 Ultimate deviations from unity of the factors Ri (ratio of measured 
to calculated activity) in precent for two runs at the position R= 0,308 m 
(represented by curve 1 and 3 in fig.5.8). The cross section for the 
127I(n,2n)126r reaction is deleted in the CC 112B library and replaced by the 
values from the ENDF/B-IV library (see also section 5.2) 
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7he ultimate deviations from unity of the factors Ri (ratio of 

measured to calculated activity), obtained in the SAND II calcu

lations with the best input spectrum, are listed for each 

position in appendix 7. 

5. 3. 2 The beryllium lithium blanket 

In this section the results from measurements in the lithium 

blanket with an inner beryllium layer are given, compared to 

Monte Carlo calculations. As can be concluded from the literature 

on the experiments, which have been carried out during the last 

20 years (see section 2.1), for the first time measurements are 

described on the tritium production and on neutron spectra in an 

assembly, in which an inner beryllium layer is applied. Further 

investigations on the nuclear properties of beryllium in fusion 

neutron spectra should be carried out in the near future (see 

/Hec76/. 

5.3.2.1 The tritium production 

The tritium production in the blanket with an inner beryllium 

layer is measured with the liquid scintillation method. Again 

are used with an amount of lithium, enriched in 6Li or 

at.% and 95.62 at.% ). The results 

from these measurements are given in fig. 5.12 and 5.13 and they 

are listed in table 5.6. In fig. 5.13 the results for the blanket 

with beryllium inner and a graphite outer layer (i.e. for 6Li) 

are also given already (see further section 5.3.3). 

The values for the measurements agree fairly well with the !vlonte 

Carlo calculated values in relative sense. However, large devia

tions in absolute sense can be observed (compare ~ig.5. ). 

In the measurements the 14.1 MeV neutron flux density is moni-

tored with the 58Ni(n,2n) high threshold reaction at the 

position R= 0.055 m. The results are normalized to one 14.1 MeV 

source neutron; for this normalization the point source character 

is assumed. However, the fact that in reality the neutron source 

may not be considered as a point source for this distance may 
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-o- calculatio"ls -o- calculations 
-+- measurements 

2 
-+- measurements 

2 

0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
radius (m) radius (m) 

Fig.5.12 Calculated and measured 
tritium production from 7Li in the 
blanket with an inner beryllium 
layer 

Fig.5.13 Calculated a~d measured tri
tium production from 61i in the 
blanket with an inner beryllium layer; 
results for the blanket with an outer 
graphite layer are also given 

radial 
_position 
(m) 

0 •. 055 
0.1015 
0.167 
0.228 
0.289 
0.411 
0.533 
0.594 

tritium production /m3 

Monte Carlo calculations 
7Li 6Li 

1.12 10+1 

4.16 10° 
1.99 10~ 
1.11 10_1 
4.16 10_1 
1.95 10_1 
1.40 10 

1.11 10+1 

2.06 10~ 
1.22 10_1 
7.60 10_1 
4.05 10_1 
2.06 10 

Liquid scintillation measurem. 
7Li 6Li 

+1 
6.95 10+1 
2.32 10 
4.40 10° 
2.62 10° 
1.65 10~1 
8.20 10_1 
4.55 10 

Table 5.6 Calculated and measured tritium production (beryllium-lithium blanket) 
in natural lithium using pellets enriched in 61i or 7Li (per m3 of natural 
lithium per 14.1 MeV source neutron) as a function of the radial positio~ 
(in Iii) •. Statistical uncertainties are smaller than 6% for the Monte Carlo 
calculations and the liquid scintillation measurements 
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have a strong influence on the neutron flux density distribution 

in radial sense, the tritium production and the space dependent 

saturation activities. If a neutron source is considered with a 

homogeneous tritium distribution over a disk of 25 mm, the expe

rimental values must be corrected with a factor of 0.85-0.95; 

this figure depends on small deviations in the position of the 

source from the blanket axis. 

F'urhter uncertainties in the tritium production from the two 

lithium isotopes might be attributed to errors in the nuclear 

data for beryllium (which are larger than those for lithium) and 

thus to the neutron spectra, calculated with the Monte Carlo 

program after the beryllium layer. 

5.3.2.2 Space dependent saturation activities 

In fig.5.14 the space dependent saturation activities in the 

beryllium-lithium blanket are given. 

reaction 

6Li(n,a)t 
7Li(n,an' )t 

1 9F(n, 2n) 1 8F 
2 3Na(n, y) 24Na 
2 4!,Jg(n,p) 2 "Na 
27A:C(n,a)24};a 
21 Al(n,p) 2 7tr:g 
55Fe(r.,p) 56 tfll'l 

ratio reaction 

----------------~~~----------------

Table 5.7 Ratio o.f the measured saturation activi-ty the activity, calcula-
-ted via the Monte Carlo progra~ for 16 activation reactions, averaged over a 
nwnoer of posi::Oions in berylliwn-lithiwn blanket 

The ratio of the measured saturation activity to the activity, 

calculated via the Monte Carlo program is given in table 5.7 

(compare table 5.4 for the values in the lithium blanket). 
The neutron source output is determined with the 58Ni(n,2n) 57Ni 

activation method. All measured saturation activities show 

higher values than those found by Monte Carlo calculations. For 

this deviation the same argumentation as given in section 5.3.2.1 
is used. 
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0.1 0.2 0.3 0.4 0.5 

Be 

0.1 0.2 0.3 0.4 0.5 0.6 
radius (m) 

Fig.5.14 Calculated and measured space dependent saturation activities (per 
relevant nucleus per second at a neutron production rate of the source of 
one 14.1 MeV neutron per second) for various activation reactions in tne 
beryllium-lithium blanket;p is the normalized radius (see section 5.2.1.2) 
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The large differences between measured and calculated (n,y) 

saturation activities must again be ascribed to uncertainties in 

the neutron spectrum caused by inaccuracies in the cross sections 

for beryllium and in the energy distribution of secondary neutrons. 

5.3.2.3 Spectrum unfolding 

The procedure in this section is equal to the one followed 

in section 5.3.1.3. The remarks given in section 5.2 on the 

unfolding process and its input data remain valid. 

With the Monte Carlo program neutron spectra were calculated at 

the radial positions R= 0.10, 0.308 and 0.528 m in the GAM II 

structure. These spectra are compared with spectra, unfolded 

with the SAND II program, in the energy range of 2.0-14.1 MeV. 

For an unfolding in the energy range below 2.0 MeV an input 

spectrum should be used which represents the physical information 

on the neutron spectra in the beryllium-lithium blanket. A refe

rence blanket spectrum for this blanket configuration should be 

constructed (analogue to the reference spectrum described in 

section 4.4.2). But in the values obtained for the (n,y) activities 

the deviations between the Monte Carlo program based results and the 

measurements are so large (average larger than 200%, see table 

5.7), that this reference spectrum will ~e of very poor quality. 

Therefore only comparisons in the fast energy range (2.0-14.1 MeV) 

are given. 

With 13 saturation activities (from threshold reactions) three 

SAND II runs were performed following the fixed scheme, already 

given in section 5.3.1.3 sub 1. The unfolded spectra are given 

in fig. 5.15 (curve 1, 9 iter. steps, D= 9.62%; curve 2, 4 iter. 

steps, D= 9.92%; curve 3, 10 iter. steps, D= 9.50%). 

The agreement is relatively good over the entire energy range. 

However the monitoring of the 14 Iv!eV neutrons may result in 

large deviations. At the distance R= 0.10 m in the beryllium

lithium blanket a deviation of the measured from the calculated 

activity of about 20% could be observed in the case of the 
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58Ni(n,2n)57Ni reaction. It may therefore be expected that all 
Monte Carlo spectra are 30% smaller over the entire energy range. 
The reference blanket spectrum (also used for the lithium blanket) 
is the best input spectrum. 

5 R = 0.528 m 

spectrum 

5 

2.0 5.0 10.0 14.1 
energy (MeV) 

Fig. 5.15 of three SAND II 
runs and calculated Monte Carlo 
spectrum for the position R= 0.528 m 
in the beryllium-lithium blanket 
1/2 denote a change of the input 
spectrum, 1/3 a change of the library 

2. Position R= 0.308 m 

~~ 
I 

"' C\J 

I~ 

2.0 

R 0.308 m 

Monte Carlo 

5.0 10.0 14.1 
energy (MeV) 

Fig.5.16 Results of three SAND II 
runs and the calculated Monte Carlo 
spectrum for the position R= 0.308 m 
in the beryllium-lithium blanket 
1/2 denote a change of the input 
spectrum, 1/3 a change of the library 

With 13 saturation activities (from threshold reactions) three 
SAND II runs were performed following the fixed scheme; the un
folded spectra are shown in fig. 5.16 (curve 1, 11 iter.steps, 
D= 10.76%; curve 2, 9 iter. steps, D= 10.92%; curve 3, 12 iter. 
steps, D= 10.56%). 
As for the position R= 0.528 m, it may be expected that the 
Monte Carlo spectrum is 30% smaller over the entire energy range. 
The unfolded spectra, obtained with the application of the 
ENDF/B-IV + CC 112B library, are in good agreement with the Monte 
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Carlo spectrum (curve 1 and 2). 

1. Position R= 0.10 m 

With 13 saturation activities (from threshold reactions) three 

runs were performed following the fixed scheme; the unfolded 

spectra are shown in fig. 5.17 (curve 1, 20 iter. steps, D= 7.90%; 
curve 2, 17 iter. steps, D= 8.93%; 21 iter. steps, D= 8.44%). 

The agreement is relatively good (see further remarks under Posi

tion R= 0.528 m), except in the case the reference blanket 

2 

5 

2 

2.0 

R 0.10 m 

Fig.5.17 Results of three SAND II 
runs and the calculated Monte Carlo 
spectrum for the R=O. 10 m 
in the 
1/2 denote a change of the input 
spectrum, 1/3 a change of the library 

5.0 10.0 14.1 
eEergy {MeV) 

spectrum is used as input spectrum. This is caused by the fact 

that directly behind the beryllium layer (R= 0.10 m) the refe-
blanket spectrum (based on the spectra in the lithium 

blanket) will not represent the best available physical informa

tion; an input spectrum without extra information then yields 
better results. 

Deviations can again be observed in the 11-13 MeV energy range 

(compare fig. 5.10 and section 5.3.1.3). This deviation might 
here ~urther be ascribed to errors in the nuclear data of beryl
lium for high energy neutron scattering. 
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The ultimate deviations from unity of the factors Ri (ratio of 
the measured to calculated activity), obtained in the SAND II 
calculations with the best input spectrum, are listed for each 
position in appendix 7. 

5.3.3 The graphite moderated blanket 

5.3.3.1 The tritium production 

The tritium production in the blanket configurations with an 
outer graphite layer (see also /Hez76/) and with or without a 
beryllium inner layer was measured with the liquid scintillation 
technique using pellets with an amount of lithium enriched in 
6Li or 7Li (99.99 at.% 7Li 2co3 and 95.62 at.% 6Li 2co3). The 
results for 6Li in the beryllium-lithium-graphite blanket were 
already given in fig. 5.13. The measurements of the tritium 
production from 6Li and 7Li in the blanket with only a graphite 
layer are given in fig. 5.18 and in table 5.8 (compare fig.5.2 
for the lithium blanket; note that the tritium production from 
6Li is increased, due to the moderating effect of the graphite). 

10+1 

5 
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....... 2 

s:: 
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10° 
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.p 
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'"' 5 p, 

§ 
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Li 

-o- cotutations 
~t~ measurements 

0.1 0.2 0.3 

c 

Fig.5.18 dependent tritium 
production nat~al lithium, sepa-
rated to 7Li and 0Li, measured 
with the liquid scintillation tech
nique (compare fig.5.2) in the 
lithium blanket with a graphite 
layer. 
The values for the tritium pro
duction, based on the Monte Carlo 
calculations, are also given. 



The tritiur.1 production from lithium in the graphite layer is of 

no importance in real CTR blankets; to check the Monte Carlo 

calculations the lithium is only used as activation detector in 

the graphite layer. 

The agreement between measurements and Monte Carlo calculations 

for the tritium production from 7Li is good. In the 6Li case the 

agreement is again good except for the inner and outer wall 

position where differences can be observed (for argumentation 

see also section 5.3.1.1). At the outer side of the blanket and 

in the graphite layer differences may be caused by a number of 

effects: the so called selfshielding, backscattering and uncer

tainties in nuclear data. 

radial 

position 

(m) 

0.1015 
0.228 
0.289 
0.411 
0.533 
0.594 
0.642 
0.666 
o. 
o. 
0.738 

'rable 5.7 Calculated and measured tritium production in lithium from 
1Li and 6Li (per m3 of natural lithium per 14.1 MeV as a function 
of the radial position (in m) in the lithium-graphite blanket. In the Monte 
Carlo calculations concerned the statistical uncertainties are smaller than 
6% for the positions in the lithium blanket and smaller than 10-15% for the 
positions in the graphite layer; uncertainties in the measurements are 
smaller than 6% 

If a detector has a large cross section for neutron capture, 

the flux density will be disturbed by the foil and the measured 

activity (or tritium production) will be smaller compared to 

an infinitely thin detector. A "selfshielding factor" is de

fined as the ratio of the activity with selfshielding to the 

activity without selfshielding. Since the isotope has a 

very large absorption cross section in the thermal energy 
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range, the neutron spectrum will be disturbed when a pellet 
(3 mm in thickness) of enriched 6ti 2co3 is applied. This dis
turbance of the neutron spectrum will be different from the 
spectrum calculations with the Monte Carlo method in which 
natural lithium (7.62 at.% 6ti) in the blanket is assumed. 
A correction for this effect is rather complicated since the 
neutron flux density is not isotropic (see further section 
5.3.3.2). This effect could also be calculated with the Monte 
Carlo method, if a dectector (see section 5.1) of enriched 
lithium is assumed at the outer region of the lithium blanket. 
Due to the cylindrical geometry of these detectors, the dis
turbance of the neutron spectrum in the numerical blanket 
model would be too large in that case. 
In the outer region (70-80 mm) of the graphite layer the 
measured tritium production from 6Li is larger compared to the 
Monte Carlo calculations. This is caused by backscattered 
neutrons from the experimental room (see section 5.3.1.2 and 
also section 5.3.3.3). 
There is also an indication that for the lithium-graphite 
blanket the application of an inner beryllium layer has a 
positive influence, compared to the Monte Carlo calculations, 
on the tritium production from 6Li (see fig. 5.13). The argu
mentation for this effect, which might be due to errors in 
the nuclear data for beryllium, is already given in section 
5.3.2.1. 

It can be concluded that the calculation of the tritium production 
from 6ti in the lithium blanket, which is bounded by the 
graphite layer, agrees fairly well with the measurements, even in 
the case that a possible influence of the selfshielding effect 
is neglected. 

5.3.3.2 Space dependent saturation activities 

For four threshold reactions measured saturation activities are 
given in fig. 5.19, compared to the Monte Carlo calculations, in 
the case of the lithium blanket with a graphite layer. Saturation 
act~vities for the same reactions were also measured in this 
blanket configuration with an inner beryllium layer; the results 
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are also given in fig.5.19. Compared to calculations with the 

Monte Carlo program the measurements yield a higher penetration 

of fast neutrons into the graphite layer. This might be caused 

by errors in the nuclear data for carbon scattering. 

I 2 

5 

In fig. 

IN115N Li c 

Fig.5.19 Experimental and calcu
lated values ror the saturation 
activities or rour threshold 
reactions in the graphite layer 
of the lithium-graphite blanket 

.20 some measured saturation activities for (n,y) 

reactions are shown, compared to Monte Carlo calculations. The 

effect of the backscattered neutrons can be clearly observed in 

the curves for the 63cu(n,y) 64 cu reaction (0.1 mm foils, no 

selfshielding /Zijpw75/, cross section see appendix 4). The in

dium reaction shows a considerably smaller (about 30%) activity 

compared to the calculations, due to the selfshielding effect. 

This selfshielding effect was determined by irradiating Al-In 

(1% In) foils of 0. rr.rn in thickness in the graphite blanket 

configurations. The thickness of 5.10-3 mm of the indium guaran

tees that measurements with these foils will not be influenced 

by the selfshielding effect. From these measurements (see fig. 

5.21) the selfshielding factors for indium foils can be calcu

lated. Space dependent factors -for the blanket with an inner 

beryllium and an outer graphite layer- for this selfshielding 

effect are given in fig. .22. 

In order to determine various phenomena occuring in the moderation 

the neutrons by the graphite layer various measurements were 
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Fig.5.20 Experimental and calcu
lated values for the saturation 
activities of three capture 
reactions in the outer of 
the lithium blanket and the 
graphite blanket (foil thick
nesses Cu: 0.1 mm, Mn: 0.1 mm, 
In: 0.2 mm) 

made with indium foils of 0.2 mm in thickness. The graphite 
blanket would show higher saturation activities for (n,y) reac
tions if there was no cadmium cover (~15% for the indium reaction, 
see fig.5.23). An application of only two graphite rings instead 

X 

Li 

+ calculations 
o meas\,Jremeots 

5 

2 

o.1 o.2 o.3 o.4 o.5 o.6 o.7 
radius (m) 

Fig.5.21 Calculated and measured 
(0.5 mm Al-In foils) saturation 
activities for the 115rn(n,y)116rn 
reaction in two blanket configu
rations (Li-e and Be-Li-C) 
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Fig.).22 Selfshielding factors for 
indium foils of different thicknesses 
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Fig.5.23 Various measurements with 
indiurr. foils (0.2 mm) in the 
graphite layer (relative values) 

Ul 
+' .§ 1.0 

~ 
,: ..... 
+' 

iil 
<1 
0 ..... 

-;;; 
!-< 
;:1 

IN 115G 
3x0.2 mm 
position 

"til 0.8 1. 0.589 m 
(j} 2. 0.629 m 

3. 0.689 m 
4. 0.729 m 

2 3 
foils (dist.from centre) 

5.24 Measurements with 3 indium 
at various radial positions in 

the graphite layer (relative values) 

of four (see section 2.2) considerably diminishes the scattering 

probability for the neutrons and leads t;o lower saturation acti

vities. Measurements with indium foils in sandwich position (3 
foils of 0.2 rr.rn immediately behind each other) at various radial 

positions show the anisotropic character of neutron flux density 

in the epithermal range. The results of these measurements are 

given in fig. 5.24 (see also /Dal64/). 

The measurements of saturation activities from (n,y) reactions 

show a reasonable agreement with numerical results in the lithium 

blanket (radial positions 0.20-0. 5 m). In the outer lithium layer 

and in the graphite the determination of accurate saturation 

activities is difficult due to the selfshielding effect. Back

scattered neutrons from the experimental room also disturb the 

measurements. Saturation activities should be measured with a 

larger number of extremely thin (n,y) detectors. This causes 

difficulties in the determination of the saturation activities 

vlith sufficient statistics; these thin detectors require a higher 

neutron source output. 
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With the results obtained from the measurements it is difficult 
to determine neutron spectra with the SAND II program, mainly 
because of difficulties in constructing a physical acceptable 
reference input spectrum and in calculating correction factors 
which have to be applied. 
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6 CONCLUDING REMARKS 

In model blanket experiments the fusion neutron source can be 

simulated by a neutron generator based on the D-T reaction. 
A number of restricti.ons for measurements in a model blanket 

are caused by the non isotropy and the non monoenergetic character 

of the neutron source output. Accurate comparisons of experimen
tal results with values from numerical calculations can be made 

in the direction with the deuteron beam; this corresponds 
to the central channels in the lithium blanket model (see section 

2. 3). 

From activation measurements of the polar flux density distribu-

tion around the neutron source is shown that the slope of the 

cross section of the ,2n) reaction is slightly larger 
than the average literature value of 36% Mev-1 for this tangent 

at the energy of 14.5 MeV (see section 2.3.3). 
For measurements of the tritium production the liquid scintilla
tion and the gas counting technique prove to be accurate methods 

(see section 3.3 and 3.4). 
Mainly on account of a disturbance of the neutron flux density 

field, caused by the presence of the detector and the equipment, 
a direct measurement of the neutron spectrum cannot be carried 

out (see section ll.2). Reasonable values for the neutron spectra 
are obtained by unfolding the experimental results acquired with 

activation detectors (see section 4.3). However, unfolding tech
niques for fast neutron spectra should strongly be improved in 

future (see section 4.4). 
Comparisons between numeri.cal calculations and experimental re

sults show that the tritium production and the neutron spectra 
in the lithium blanket are adequately determined with a Monte 

Carlo program, using the ENDF/B-III cross sections for the lithium 

metal. This cannot be concluded for the low energy range ( <2 MeV) 

in ne~tron spectra and for the cases when backscattering phenomena 

play an important role (see section 5.3.1). 
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For an enhancement of the tritium production a beryllium layer can 
be used in the lithium blanket (see fig.5.2 and 5.13). Also 
a graphite layer can be applied in order to obtain this enhance
ment (see fig.5.2 and 5.18). 
The data on the neutron cross sections for beryllium are rela
tively inaccurate which results in deviations between results 
from experiments and numerical calculations, based on these data 
(see section 5.3.2). Deviations of a factor two could be esta
blished between results from measurements and calculations of ac
tivities from (n,y) reactions. 
Within the scope of the blanket experiment tests have also been 
made with two dimensional transport codes; these have not been 
discussed in this thesis. Results, which are comparable to those 
from Monte Carlo calculations, are obtained with these programs 
in the case high order discretisations (s12 ) for the angular dis
tributions are applied. 
From Monte Carlo calculations for the blanket with an inner beryl
lium layer the number of 9Be(n,2n)2a reactions per source neutron. 
can be established as 0.488. From these calculations the tritium 
production per source neutron for the lithium blanket model can 
also be derived (see also fig.2.3). This production is given be
low, separately for the two isotopes in natural lithium, for the 
different blanket configurations: 

blanket 6Li nat. lithium 

Li 0.165 0.645 0.810 
Li-C· 0.290 b.645 0.935 

Be-Li 0.451 0.487 0.938 
Be-Li-e 0.658 0.487 1.145 

In the case of natural lithium this production equals the breeding 
ratio of the blanket model. 
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Appendix 1 

Deuteron energy losses in the ~u(TiTx) target 

When bombarding a Cu(TiTx) target with deuterons, this gives rise 

to an angle dependent neutron spectrum. If the polar flux density 

distribution of 14 MeV neutrons is measured with activation detec

tors, further investigations on this neutron spectrum are 

required. In this appendix an average deuteron energy is calcula

ted as well as tl::e angle dependent neutron spectrum from the tar

get without surrounding material. The neutron energy depends on: 

- the deuteron energy as a function of the penetration depth; 

- the cross section for the T(d,n)a reaction; 

-the tritium distribution in the target. 

A deuteron build up in the target might cause a different stopping 

power, dependent on the time the target has been used. In this 

appendix the stopping power of the target for deuterons is con

sidered to be constant as a function of time. A possible contri

bution of neutrons following D-D reactions is not taken into con

sideration either. 

It is assumed that the composition of the deuteron beam is purely 

monoatomic (no o; ions), since the ions produced by a RF ion source 

in quartz surroundings consist for at least 90% of atomic ions 

/Nar73/. 

40 60 80 100 200 400 600 800 1003 

deuteron energy [keV] 

Fig.A1.2 Cross section ~or the 
T(d,n)a reaction 
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The actual energy loss of the deuteron depends on the composition 
of the target (the T/Ti ratio x), on the target thickness traver
sed and on the energy of the deuteron. Only a small fraction of 
the deuterons will react following the T(d,n)a reaction; the tar
get thickness is also smaller than the deuteron range. It is thus 
assumed that the deuteron beam density remains constant. 
There are not many experimental data available on the energy 
losses of low energy deuterons in titanium and tritium. In the 
investigations of this thesis the mean values of calculations by 
Gunnersen and James /Gun60/ and experiments by Ormrod /Orm71/ were 
taken. Energy losses (dE/ds) of the incident deuterons per unit 
thickness may be written according to Bragg's rule: 

[dE] + 
48 + 3x ds Ti 48 + 3x [::L = [::] TiT 

X 

(A1.1) 

From these calculations, assuming for x the value of 1.5, the 
deuteron energy as a function of the penetration depth in the 
target can be calculated. The accelerated deuterons (250 keV) are 
stopped to an energy of about 50 keV in the TiTx layer of the 
target (thickness for a 115 TBq/m2 -s~perficial density- target 
is 0.84 ~m /NUK74/). This is shown in fig. A1.2. 
Gunnersen and James also measured the T/Ti ratio in the target 
as a function of the depth and found considerable deviations 
from the maximum value of 1.5 /Gun60/. This is also shown in 
fig. A1.2. For this distribution of the tritium in the target 
the deuteron energy as a function of the penetration depth has 
also been calculated (see fig. A1.2). 

1t 
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Since the cross section for the D-T reaction is known (see fig. 

A1.1) and the deuteron energy is a function of the position in 

the target, a cross section varying with_ the penetration depth 
in the target material can be calculated. From these two rela
tions the output spectrum of the neutrons per unit solid angle 

can be determined. For 250 keV accelerated deuterons this is 
shown in fig. A1.3; it has been calculated for the oo and goo 

direction with the deuteron beam for both possible tritium dis

tributions in the target. The average deuteron energy can be 
calculated from: 

Eo 
[~~r1 I E 0 DT(E) p(E) dE 

<Ed> 0 

JooDT(E) p(E) [~~rl dE 
0 

(A1. 2) 

in which E0 is the energy of the accelerated deuteron and p(E) 

is the space dependent T/Ti ratio x, written as a function of 
the deuteron energy. 

90° d~rection 

I 

Fig.A1.3 Neutron flux 
density (arbi-
trary ) for two 
directions with the 
deuteron berun: 

I. for a constant T/Ti 
ratio x = 1. 5; 

II.for a varying T/Ti 
ratio /Gun60/ 

in the layer of 
the 
The deuteron 

Q 

11.0 14.2 14.6 
energy is 250 keV 

14.8 ne~ron energy!MNI 

For 250 keV accelerating voltage the average deuteron energy in 

both cases, given in fig.A1.3, is about 140-145 keV. Uncertain
ties in this energy are mainly caused by the uncertainty in the 

deuteron stopping cross section (15-20%). 
When measuring the polar flux density distribution of the target 

with activation detectors, this 140-145 keV deuteron energy is 

taken into account to make corrections for the cross section 
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slope between 13.0 and 15.0 MeV. Due to the fact that the cross 
section slope is energy dependent the assumed value for the 
average deuteron energy might have a positive or negative error; 
anyhow, this error will be small. When making the assumption 
that the neutrons are produced by 150 keV deuterons (at an acce~ 
lerating voltage of 250 keV~ errors in measurements are 

diminished for a large part. 

Appendix 2 

The neutrons produced by the SAMES generator are not mono
energetic due to the angular dependency of the energy, the 
energy loss of deuterons in the target and the scattering of 
neutrons by the aluminium and the cooling water in the target 
jacket. This last process is considered in this appendix. 
Estimations of the neutron spectrum from a target jacket were 
made by Ricci /Ric65/ and in more details by Wieldraayer and 
Michel /Wie71, Mic75/. 
In fig.A2.1 the geometry is given used for a rough estimation 
of the neutron spectrum in a square foi+, 55 mm from the target 
and perpendicular to the deuteron beam. To consider the scattering 
process in two dimensions, a rotational symmetry is assumed, which 
deviates only slightly from reality. The angle dependent neutron 
spectra 41!£E,a.) follow from the calculations, given in appendix 1. 
A constant T/Ti ratio over the target is assumed, as well as 
that the neutrons are produced in the center of the target. 
The spectrum, which reaches the foil, consists of two parts; 
an unscattered and a scattered fraction. 
The unscattered fraction can be calculated from : 

G a=TI/4+tl>n 
p I ~(E,a.) 

u 
P (E,a) da (A2.1) 

a.=TI/4-4ln 

in which PG is a geometry factor from the solid angle, a. is the 
angle with the deuteron beam and PU(E,a.) the probability for 

transmission: 
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ss - -.J 

u k 
P (E,a) = exp {- l: N. v· (E) d. (a)} 

i=1 l l l 

.1 Geometry used in the 
of the scattering 

processes in the target jacket 
materials 

(A2. ) 

Here vi(E) is the total cross section for elastic scattering, 

Ni is the number of atoms per unit volume and (a) is t~e dis

tance through material i. In the formula no neutron capture or 

inelastic scattering is assumed. The total cross section for elas

tic scattering is almost independent on the neutron energy, so 

the probability for transmission is also rather independent on 

the energy. 

The scattered neutrons originate from all target jacket elements. 
For every primary neutron in the ~E(E,a) spectrum the angle depen

dent scattering probability is known; the scattered spectrum can 

thus be calculated. For the determination of possible scattering 

angles, the scattering cross sections from the BNL 400 report 

/BNL68/ were taken. For elements such as oxygen and aluminium the 

angular distribution of the scattering cross section shows a 

clear maximum in the forward direction. The probability for 

scattering is taken to be negligeable for angles larger than the 

first minimum in the angle dependent cross section. For aluminium 

and oxygen the maximum scattering angles are then and 53° 

respectively. From geometrical considerations with these maximum 

scattering angles the possible emission angles from the target 
(amin'amax) can be determined. The spectrum of the scattered 
neutrons, reaching the foil, is then calculated as 

m k ~ 8i,max 
E E ( 

j 1 i=1 ~n 
J ~~(E,a,!\) 

ei,min 

dade (A2.3) 
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with 
(A2.4) 

in which e. is at most the maximum scattering angle fori, 
1,max 

P~(ei,E) is the probability for scattering in the element i, P~ 
is the geometrical factor and m the number of foil points used. 
Calculations for the described target geometry were made with 
elas.tic cross sections for aluminium, oxygen and hydrogen of 
1.68 barn, 1.61 barn and 0.67 barn respectively. 
For the neutrons which reach the foil (see fig.A2.1) it foll~ws 
from the above given estimations that 59% has not been scattered 
and that fractions of 30%, 6% and 5% have been scattered by alu
minium, oxygen and hydrogen re&pectively. 

The scattered neutron energy distribution can be compared to the 
unscattered neutron energy distribution. The energy of the neu
trons, scattered by oxygen, does not exceed the energy limits 
of the unscattered neutron fraction (13.8-14.5 MeV). About 4-5% 
of the neutrons scattered by aluminium, can be found in the 
0.5 MeV ~nergy interval below the lower energy limit. Al of the 
neutrons scattered by hydrogen have energies, which are homoge
neously distriQuted over the 0-14 MeV energy range. 
At distances from the target of 100-150 mm, the fraction of the 

neutrons which are scattered by aluminium amounts up to about 25% 
compared to the source neutrons. Of these 20% are spread in the 
1.0 MeV interval below the unscattered neutron energy range 
(14.0-14.3 MeV). The oxygen scattered neutrons can still be 
assumed to have energies falling in the unscattered neutron 
energy range. The fraction of the hydrogen scattered neutrons is 
assumed to remain equal, i.e. about 5-6% compared to the source 
neutrons. 

Appendix 3 

Numerical results of flux density measurements around the target 
jacket 

in this appendix the results from measurements with activation 
foil~ of the polar flux density distribution around the target 
jacket of the SAMES generator are listed. 
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- Flux density distribution from 19F(n,2n) 18F measurements in 
7.5° angle distances (distance from target 0.10 m, foil dia
meter 10 mm) . 

angle (o) uncorrected for slope for slope natural 
value 36%/MeV 23%/MeV anisotropy 

0.385 0. 748 0.576 0.895 
5 0.451 0.851 0.661 

-135 0.448 0.884 0.690 0.902 
-127.5 0.516 0. 0.614 
-120 0.529 0.615 0.914 
-112.5 0.561 0.727 
-105 0.580 0.872 0.734 0.929 
- 97.5 0.616 0.874 0.760 
- 90 0.648 0.823 0.779 0.941 
- 82.5 0.642 0.838 0.752 

0.699 0.9711 0.798 0.955 
0.903 0.843 
0.887 0.842 0.970 

- 52.5 0.770 0.860 0.830 
- 45 0.831 0.901 0.878 0.982 
- 37.5 0.884 0.935 0.921 
- 30 0.933 0.967 0.956 0.991 
- 22.5 0.952 0.970 0.966 

15 0.991 1.000 1.000 
7.5 0.998 1.000 1.000 
0 1.0 1.0 1.0 1.0 
7.5 0.999 1.000 1 

15 0.973 0.981 0 
22.5 0.954 0.972 0 
30 0.898 0.931 0.919 0.991 
37.5 0.865 0.915 0.902 
45 0.788 0.855 0.833 0.982 

0.724 0.809 0.781 
0.821 0.'780 0.970 
0.821 0.786 

75 0.762 o. 
82.5 0. 
90 0.591 0.941 
97.5 0.573 0.813 0.707 
105 0.560 0.842 0.709 0.929 
112.5 0.531 0.836 0.688 
120 0.524 0.866 0.695 0.911! 

5 0.519 0.898 0.706 
0.498 0.902 0.690 0.902 

5 0.466 0.879 0.656 
150 0.378 0.73~ 0.535 0.895 
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- Flux density distribution from 19F(n,2n) 18F measurements in 
2.5o angle distances (distance from target 0.30 m, foil diame
ter 10 mm); normalized to the above given direction at the 

angle value of 75°. 

angle uncorrected corrected for 
(0) value si0pE;3El%1Mev 

+ 75 1.000 0.830 
+ 77.5 0.980 0.827 
+ 80 0.973 0.830 
+ 82.5 0.915 0.791 
+ 85 0.902 0.791 
+ 87.5 0.929 0.830 
+ 90 0.938 0.848 
+ 92.5 0.918 0.842 
+ 95 0.913 0.849 
+ 97.5 0.908 0.857 
+100 0.890 0.854 
+102.5 0.862 0.842 
+105 0.839 0.832 

- Flux density distribution from measurements with. several 
detectors at several angles (correction 36% Mev-1 for the 
19 18 . ) 115 115 m F(n,2n) F react~on ; the results of the In(n,n') In 
measurement are normalized to the 19F(n,2n) 18F measurements 

in the -105° direction. 

angle( 0 ) AL27A AL27P CU652 CU632 F 192 IN115N 

-120 0.918 
-105 0.872 
- 90 0.898 0.889 0.875 0.903 0.883 
-175 0.882 
- 60 0.948 
- 45 0.923 0.873 0.894 0.917 0.901 
- 30 1.049 
- 15 1.16 

0 1.0 1.0 1.0 1.0 
15 1.07 
30 0.971 
45 0.888 0.858 0.841 0.884 0.855 
60 0.864 
75 0.853 
90 0.823 0.826 0.809 0.817 0.805 

105 0.893 
120 0.908 
135 0.928 0.925 0.929 0.896 0.902 
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Appendix 4 

In this appendix some renarks are given on the activation reactions, 

which are used in the blanket experiment. Activities arising from 

competing reactions and their influence on the counting procedure 

are considered. The cross sections for the various reactions 

(listed in table 4.1) are given in graphical form. Nuclear proper

ties were taken from Lederer, Helmer or Nargolwalla /Led67, Hel75, 

Nar73/. Only the main y-lines for the measurement of the various 

radionuclides are given. 

a-
Im b) 

200 

100 

6.0 100 

Parasitic reaction: 

12.0 11..0 16.0 
energy 11-leVI 

0.511 MeV 
1.37-2.75 ~f;eV 
1.37-2.75 HeV 

23Na(n,2n)22Na Ey= 1.37-2.75 flieV 

cr 
[fT'bi 

T~ 
T, 
;:<2 
"1 

2 

109.7 min 
15.0 h 
15.0 h 

.63a 

The activities due to the three reactions can be counted directly 

after the irradiation, since no competing activities can be 

established. Only after several irradiations w::.11 be a 

small noticeable build up of 22Na from the above given parastic 

reaction on natrium. 

For the fluorine reaction commonly teflon foils are used; between 

various manufactures there will be a large difference in the 

fluorine content. Calibration with other material, containing 

a well-known amount of fluorine, is required. 
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(T 

(mbl 

100 

50 

ao 

27Al(n,a)24Na 
27Al(n,p)27Mg 

Parasitic reaction: 
27Al(n,y)28Al 

12.0 16.0 
energy (MeV) 

1.37-2.75 MeV 
0.84-1.04 MeV 

1.78 MeV 

T, = 15.0 h 
T~ = 568 s 
~ 

= 138 s 

When aluminium is irradiated with fast neutrons, two threshold 

reactions occur. Dependent on the thermal flux density a certain 
amount of the 28Al nuclide will be formed; however, in the blanket 

experiment no noticeable activity from this nuclide could be 

observed. The activity of the 27Mg can lile counted about 8 to 12 
minutes after the end of the irradiation. Since the separate gamma 

ray abundance of this nuclide is not accurately known, in satura
tion activity measurements both gamma's should be measured, since 

the sum of the two abundances is exactly equal to one (correction 
for Compton contribution of highest gamma is necessary). 
Dependent on the length of the irradiation there will be a Compton 

contribution to the 27Mg- gamma ray spectrum, due to the 24Na 
nuclide, formed via the 27Al(n,a) reaction. One accurate way to 

correct for this effect is to measure this Compton contribution 
in the 27Mg y-energy range after the decay of-27Mg and to make 

calculated corrections (time dependent). In the following this 

method will be called time analysis. An other way is to determine 

various times the number of impulses in the concerning y-energy 
range and to calculate from these figures the separate contribu

tions of the nuclides. In the following this method will be 
called decay analysis. 

The activity of the 24Na nuclide can be accurately counted some 

hours after the irradiation. 
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o-
lmbl 56Fe!n,pP6t.tn m 55Mn(n,yP~n 

104 

~ 60 

102 

~ 20 

lOt~~~ .~ 2.0 GO 100 140 181) 
energy (MoHI 10-3 100 103 106 

energy leV I 

17 
1mb) ~!n.o<!SOt.tn 

20 5~(n,y)] ' 
Ey=0.84-1.81 MeV 5 Fe(n,p) 5°Mn 

59co(n,a) .56 h 
10 Parasitic reactions: 

54 
5~(n,p) ) 54l•ln Ey=0.84 MeV (n,2n) 8 59co(n,2n) 5 Co Ey=0.81 MeV 

20 GO tao 14.0 180 
energy {MeV) 

The activities of Fe, Co and Mn can be counted directly after the 
irradiation by the determination of the 0.84 MeV y-radiation. There 

will be, however, a parasitic contribution from (n,p) and (n,2n) 

reactions; this will accumulate with the number of irradiations. 
This contribution can be checked by measuring simultaneously the 

impulses from the more energetic y-rays of the 56111n nuclide, since 
54Mn and 58 co nuclides do not emit any radiation above o. 84 IvleV. 

The iron, used as detector, should contain as little manganese 
as possible to minimize a contribution to the 56Mn amount via the 
55Mn(n,y)56Mn reaction. 

r 
400~ 
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E = 0.81 MeV 
Ey= 1.37 MeV 

y 

T 1 71.6 d 
T~= 36.0 h 

The activity of 57Ni can be determined directl~ after the irra
diation. After its decay the activity of the 5 Co nuclide can be 
measured. 

Because 58co has a very large cross section for thermal neutrons, 
corrections might be needed for this so called thermal burn-up in 
a fission reactor spectrum /INDC73/. In the blanket experiment 
the ratio of the thermal to the fast neutrons is so small that 
no influences can be expected. 
The nuclide 58co has two isomeric states and is not only produced 
directly into the ground state but also via the metastable state. 
The ratio om/og, in which om and og are the cross sections for 
the reactions 58Ni(n,p)58com and 58Ni(n,p)58cog, is strongly 
energy dependent. Although the half-life of the 58 com+ 58 cog 

decay is small in comparison with the half-life of the 58cog 
nuclide, differences may be caused in neutron spectra which are 
extremely different from each other. Although the influences might 
be neglected, a calculation for co"rrections is given in appendix 5. 

63 62 
63

cu(n,2n) Cu 

65eu(n,y) 164cu 
Cu(n,2nl 

Parasitic reaction: 
65eu(n,p)6~i 

180 
energy I MeV I 

E = 0.511 MeV 
y 

Ey= 0.511 MeV 

1.48 MeV 

(]"' 

(mbl 
10
s 

10 

T1 = 588 s 
2 

T,= 12.7 h 
~ 

2.57h 

The activity of the 2cu nuclide can be counted directly after 
the irradiation from the 0.511 MeV annihilation peak. Because 
64 cu decays with the same radiation, time or decay analysis have 
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to be applied. For the ratio between the 62 cu- and the 64cu-acti

vity time analysis proved to be the most accurate method. 

A small competing activity of 65Ni could be observed. This was 

of no importance for the 62 cu determination. After the decay 

of this 65Ni (10-15 h) the 64 cu can be accurately counted. 

The activities of the nuclides from the (n,2n) and the (n,y) 
reactions cannot be separated. 

cr 
lrnbl 

200 

6IJ 18.0 
energy( MeV} 

E =0.511 MeV T~ 12.7h 
Parasitic reactions /San72/: 
64zn(n,2n)63zn Ey=0.511 MeV r; =38 min 
68zn(n,y)69znm + T0zn(n,2n)69znm 

E6=o.44 MeV T,= 13.8h 
64zn(n,y) 65zn + 6zn(n,2n) 65zn~ 

E =0. 511 MeV .il5 d 

\-/hen zinc is irradiated with fast neutrons several reactions take 

place with the 
63 zn to decay. 

as that of the 

zinc isotopes. One has to wait 5-8 h to allow the 

the half life of the 69 zn8 of the same order 

nuclide one has to discriminate between two 
peaks in the gamma impulse height 

tions there will be an accumulation 

there can be corrected by time analysis. 

. After some irradia

; for this influence 

rr 
{mbl 

::(\ 

1151 ( , 
115 n n,n 

In(n,y) 

6IJ 10.0 

Parasitic reactions: 

0.335 MeV 
L09-1.29 MeV 

113In(n,y) 114In + 115In(n,2n)114In 
Ey= 0.19- 0.72 MeV 
Ey= 0.511- 0.62 lf.€V 

T, 4.50 h 
T~= 54.0 min 

2 
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The activity of 116rn can be counted from 1.29 or 1.09 MeV y-radi
ation directly after the irradiation. At that time the activity 
of the 115rnm nuclide is completely overshadowed by the 116rn 

activity. Dependent on the ratio of the thermal to fast neutron 
flux density, after 8-15 h the 115rnm activity can be counted 
without interference from the 116rn activity. 

After a certain irradiation time there will be a noticeable 
accumulation of 114rn activity; time or decay analysis will still 
result in accurate counting possibilities. 

(j 

(barn) 
2.0 

1.5 

osL 
! 

10.0 120 1/J) 160 
energyiMe\ll 

127r(n,2n)126r Ey=0.68 MeV T~= 13.0 d 
Parasitic reaction: 
127r(n,y) 1281 Ey=0.44 MeV T~=1500 s 

Directly after the irradiation the activity of the 126r nuclide 
is perturbed by the 128r activity. A~ter the decay of this 
nuclide (3-4 h) the 126r can be accurately counted. 
Because pure iodine cannot be used, in these experiments pellets 
of KI were used as activation detector. No competing activities 
from the kalium could be observed. 

197Au(n,2n)196Au 

197Au(n,y) 198Au 

10 

Ey= 0.33-0.35 MeV 
T,= 6.18 d 

2 

Ey= 0.42 MeV 
T,= 2.70 d 

i! 

The activities produced in a gold detector, when irradiated with 
neutrons, can only be discriminated by decay analysis. No inter
ferences are observed. 
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The only effect which might cause differences in measurementp 
is the production of l9 6Au directly into the ground state and 

via the metastable state. The half-lives of both nuclides are 

150 and 9 h namely; see for a further discussion appendix 5. 
After the decay of this l9 6Aum (70 h) the activities, mentioned 
above, can be counted. 

Appendix 5 

By several reactions a radionuclide is produced directly into 

the ground state as well as via a metastable state. This e.g. 
occurs in the 58Ni(n,p) 58cog+m and the i97Au(n,2n) 196Aug+m reac

tion. From the cross sections for the production of the ground 
and the metastable state an isomeric ratio o /o is derived. 

For the 58Ni(n,p) 58co reaction this ratio isggi~en in fig.A5.1, 
which is a compilation from various sources /Wag73, Dec68, BNL68/. 

lO 

10 14 E(MeV] 

•r, =71.6d 
~ 

Fig.A5. 1 Isomeric ratio ogfom for the 58Ni(n,p)58co activation reaction 

The isomeric state causes an extra dependence on the energy of 

the neutrons; this effect should be investigated if saturation 
activities are used for the determination of neutron spectra. 

If bY the reaction all nuclides would be produced directly 
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into the ground state the number of ground state nuclides would 

be given by: 

N
3
{T,t)= N 1¢~E)cr(E){1-e-l3T}e-l3t (A5.1) 

in which N1 is the number of relevant detector nuclei,¢E(E) 
the neutron flux density per unit energy and cr(E) the total 
activation cross section (cr(E)=crg(E) +crm(E)); Tis the irradia
tion time (constant flux density), t the time after the irradia-

tion and l 3 the decay constant for the ground state nuclides. 
If the ground state nuclide is produced via the direct and via 
the metastable state, an extra factor has to be added to (A5.1) 
which can be calculated from standard decay formulas /DeSo70/: 

(A5.2) 

in which l 2 is the decay constant for the metastable state. 

Fig.A5.2 Production or a radionuclide via the metastable and the ground state, 
respectively N3m and N3g• As an example the metastable state cross section is 
taken to be equal to the ground state cross section; the halr-lire or the 
ground state nuclide is taken to be six times the halr-lire or the metastable 
state nuclide in this example. 
N2 is the number or metast~ble nuclides, N3hyp the number or ground state 
nuclides, ir the total activation reaction would directly lead to the ground 
state; N3tot is the total number or ground state nuclides and thus equals the 
sum or N3g and N3m 
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In an example, given in fig.A5.2, the number of ground state 

nuclides produced is given as N3tot" 

Based on equal considerations, as given above, it could be con

cluded from calculations that for the 58Ni(n,p) 58 co reaction 

corrections smaller than 0.25% are required when the detectors 

are irradiated in extremely different neutron spectra. When gold 

is irradiated, the change in the amount of ground state nuclide 

in different spectra is somewhat larger, because the half-lives 

of both nuclides are less different. vlhen gold is irradiated with 

14 MeV neutrons, about 1.2-1.5% more ~round state nuclides can be 

detected after the decay of the metastable state compared to the 

situation that the total activation cross section would lead 

to the ground state. 

Appendix 6 

Compilation of measured saturation activities 

Saturation activities for 20 reactions ( section 5.3) at 11 

positions are given in this appendix (per nucleus per second at 

a constant source production rate of one 14.1 MeV neutron per 

second). 

In the graphite configurations saturation activities are given 

for a number of reactions; the foils have different thicknesses. 

It concerns: 11 5:tn(n,y) 116In (0.2 mm), (n,y) (0.1 mm) 

i97Au(n,y)
1 98Au (0.1 mm), 63cu(n,y) 64 cu (0.1 mm) and 6Li(n,o.)t 

(pellet 3 mm x 32 mm diameter). 
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reactions 

58Ni(n,2n)57Ni 
6Li(n,a)t 
7Li(n,an'lt 

19F (n,2n) BF 
23Na(n,y) 24Na 
24Mg(n,p) 24Na 
27Al(n,a) 24Na 
27Al(n,p) 27Mg 
55Mn(n,y) 56Mn 
56Fe(n,p) 56Mn 
58Ni(n,2n)57Ni 
58Ni(n,p) 58co 
59 co( n ,a·) 56Mn 
63cu(n,2n)~~Cu 
63cu(n,y) 

64
cu 

64zn(n,p) 
1 

Cu 
115rn(n,n') 15rnm 
11 5rn(n,y) 116rn 
127r (n, 2n) 126r 
197Au(n,2n) 196Au 
197Au(n,y) 198Au 

reactions 

58Ni(n,2n)57Ni 

6Li(n,a)t 
7Li(n. an' lt 

19F (n:2n) 15F 
23Na(n,y) 24Na 
24Mg(n p) 24Na 
27 ' 24 Al(n,a) 

27
Na 

27Al(n,p) Mg 
5~Mn(n,y) 56Mn 
5 Fe(n,p) 56Mn 
58 · ( )57N· 
58

NJ. n,2n 
8 

l. 

59
Ni(n,p) ~6co 

63
co(n,a) 

62
Mn 

63
cu(n,2n)

64
cu 

64
cu(n,y) 

64
cu 

Zn(n,p) Cu 
11 5rn(n n•) 11.5rn 
115 ' In(n y)116rn 
127 ( ' )126 
197I n,2n 196I 
197

Au(n,2n)
198

Au 
Au(n,y) Au 
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target 
R = 0.100 m 

2.089 E-29 ± 2. 8% 

3. 898 E-29 ± 4. 7% 

1 . 861 E-28 ± 3. 2% 
1 . 166 E-28 ± 3. 3% 
7. 302 E-29 ± 3. 3% 
9.592 E-30 ±4.3% 
9.761 E-29 ±2.9% 
2.089 E-29 ± 2. 8% 
3. 558 E-28 ± 2. 7% 
2.754 E-29 ±3.0% 
4.876 E-28 ±3.7% 
3.946 E-28 ± 2. 6% 
1.895 E-28 ± 3.8% 
8. 540 E-29 ± 3.8% 
9.823 E-29 ±2.4% 
1.547 E-27 ±3.3% 
2.468 E-27 ± 5.4% 

lithium 
R = 0.528 m 

9.139 E-32± 4.6% 

4 . 273 E-29 ± 5 . 2% 
6.134 E-30±7.0% 
1. 706 E-31 ± 4.9% 
1.021 E-30±6.6% 
2.026 E-30 ± 4.7% 
1.321 E-30 ± 3.0% 
1.282 E-30 ± 3.0% 
1.041 E-30±4.3% 
1.022 E-30 ± 5.7% 
9.139 E-32 ± 4.6% 
8.931 E-30 ± 3.4% 
2.912 E-31 ±7.0% 
2.590 E-30 ± 4.5% 
4.910 E-30 ± 3.5% 
4.076 E-30±4.8% 
4.792 E-30±5.2% 
1.665 E-29±2.5% 
1 . 332 E-29 ± 5. 3% 
2.072 E-29 ± 7.0% 
3. 1 56 E-29 ± 6. 7% 

lithium 
R = 0.100 m 

2.089 E-29 ± 2.9% 

2. 659 E-28 ± 4. 2% 
3. 138 E-28 ± 4. 8% 
3.899 E-29 ±4.5% 
1. 779 E-29 ± 5 .. 9% 
1.895 E-28±4.7% 
1.227 E-28 ±2.5% 
7-936 E-29 ±2.5% 
1.037 E-29 ±4.0% 
9-995 E-29 ±3.4% 
2.089 E-29 ±2.9% 
3.853 E-28 ±4.0% 
2.800 E-29 ±3.2% 
4.978 E-28 ±3.8% 
3.889 E-28 ±2.9% 
2.030 E-28 ±4.0% 
1. 249 E-28 ± 3. 7% 
1.315 E-28 ±2.4% 
1.549 E-27 ±3.5% 
2. 489 E-27 ± 5. 3% 
1. 866 E-28 ± 5. 3% 

be - lithium 
R = 0.055 m 

6.900 E-29 ± 2.8% 

2.033 E-26 ±3.6% 
1.403 E-27 ± 5.3% 
1.345 E-28 ±4.5% 
1.052 E-28 ± 5.0% 
6.235 E-28 ± 4.6% 
4.025 E-28 ± 3.4% 
2.942 E-28±4.4% 
4. 834 E-28 ± 2. 7% 
2.430 E-28 ± 5.2% 
6.900 E-29 ± 2.8% 
1.497 E-27 ± 3.0% 
1.031 E-28±3.5% 
1. 572 E-27 ± 3.8% 
1.611 E-27 ± 3.1% 
7. 387 E-28 ± 4. 7% 
4.554 E-28±4.0% 
7 · 399 E-27 ± 2. 5% 
5.220 E-27 ± 3.1% 
7 • 720 E-27 ± 5 . 2% 
6.689 E-27 ± 5.3% 

1_ithium 
R = 0.308 m 

7.111 E-31 ±3.9% 

8.718 E-29±4.4% 
2.695 E-29 ± 6.1% 
1. 327 E-30 ± 4.9% 
2.307 E-30 ± 6.4% 
1.083 E-29 ± 4.6% 
6.661 E-30 ±2.8% 
5.730 E-30 ±2.7% 
2.097 E-30 ± 4.2% 
5.309 E-30 ± 5.1% 
7.111 E-31 ±3.9% 
3. 785 E-29 ± 3.0% 
1.697 E-30 ± 6.8% 
1 . 863 E-29 ± 4. 5% 
2.091 E-29 ± '3.0% 
1.755 E-29 ± 1.3% 
2.395 E-29 ± 1.8% 
3.341 E-29 ±2.4% 
7.665 E-29±4.8% 
1.252 E-28 ± 6.2% 
5.429 E-29 ± 6.0% 

be - lithium 
R = 0.100 m 

1.398 E-29 ± 2.8% 

6.714 E-27 ± 4.3% 
4.153 E-28 ± 5.8% 
2. 723 E-29 ± 4. 5% 
2.820 E-29 ± 5.0% 
1. 570 E-28 ± 4.1% 
1 . 04 7 E-28 ·± 3. 3% 
8.388 E-29 ±4.4% 
1.658 E-28±2.4% 
8.327 E-29 ±2.6% 
1.398 E-29 ± 2.8% 
4. 960 E-28 ± 2.9% 
2.479 E-29 ± 3.2% 
3.250 E-28 ± 3. 7% 
4.026 E-28 ± 2.4% 
2.213 E-28±3.7% 
2.330 E-28 ± 3.2% 
2.104 E-27 ± 2.4% 
1.216 E-27 ± 3.0% 
1.811 E-27 ± 6.2% 
2.984 E-27 ± 4.4% 



reactions 

58Ni(n,2n)57Ni 
6Li(n,a)t 
1ti(n,nn' )t 

19F (n,2n) 18F 
23 ( ) 24 
24

Na n,y 
24

Na 
Mg(n,p) Na 

27Al(n,a) 24Na 
27Al(n,p) 27Mg 
55Mn(n,y) 56Mn 
56Fe(n,p) 56Mn 
58Ni(n,2n) 57Ni 
58Ni(n,p) 5~co 
59co(n,a) 5 Mn 
63cu(n,2n)62cu 
63cu(n,y) 64cu 
64zn(n,p) 64eu 

115rn(n,n'1115rnm 
115rn(n,y) 16rn 
127r (n,2n)126r 
197Au(n,2n) 196Au 
197Au(n,y) 198Au 

reactions 

be lithium 
R 0.149 m 

4.722 E-30 ±3.0% 

1.617 E-27 ± 4.3% 
1.693 E-28 ± 5.9% 
9.199 E-30±4.5% 
5.61 E-30 ± 6.6% 

E-29 ± 4.3% 
E-29 ±3.4% 
E-29 ± 4.4% 

3. E-29 ± 2.4% 
3.207 E-29 ± 3.0% 
4.722 E-30±3.0% 
2.037 E-28 ± 3.0% 
9.495 E-30 ± 4.4% 
1.170 E-28 ± 3.8% 
1 • 4 1 8 E-28 ± 2. 5% 
9. 068 E-29 ± 3. 8% 
1.165 E-28±4.5% 
2.900 E-28 ± 2.4% 
4. E-28 ± 3.4% 
5. E-28 ± 6.2% 
7. E-29 ± 4. 5% 

lithium-C 
R 0.689 m 

2 • 4 19 E-32 ± 4. 7% 

2.323 E-28 ± 5.0% 

4 . 517 E-32 ± 5 . 1% 

4.910 E-31 ± 4.5% 
5.015 E-31 ± 3.6% 
2.163 E-29 ± 4.0% 
4.000 E-31 ± 6.2% 
2.419 E-32 ± 4.7% 
2.860 E-30 ± 5.2% 
8. 847 E-32 ± 1 .o% 
7.865 E-31 ± 4.9% 
1 . 29 5 E-29 ± 3 . 3% 
1. 775 E-30 ± 5.6% 
1.657 E-30 5.2% 
2.066 E-28 2.5% 
4.399 E-30 7.3% 

5.526 E-31 ± 3.0% 

4. 142 E-28 ± 4. 5% 
3.262 E-29 ± 7.1% 
1.062 E-30±4.5% 

8. 775 E-30 ± 5.3% 
5.958 E-30± 4.7% 
6.233 E-30± 4.6% 
9.002 E-30 ± 2.4% 
4.916 E-29 ± 4.6% 
5.526 E-31 ± 3.0% 
4.000 E-29 ± 3.0% 
1. E-30 ± 5.2% 
1. E-29 ± 3. 8% 
2. E-29 ± 2. 5% 
1. 726 E-29 ± 3.8% 
2.801 E-29~±4. 5% 
7.761 E-29 ±2.4% 
6.664 ± 4.2% 
1.096 ± 6.1% 

be-lithium-C 
R 0.689 m 

1.708 E-32 ± 3.8% 

1.007 E-27 ± s.o% 

3.327 E-32 ± 4.7% 

3.748 E-31 ±6.6% 
4.711 E-31 ± 4.7% 
3.445 E-29 ± 4.0% 
3.576 E-31 ±7.3% 
1. 708 E-32 ± 3.8% 
3.866 E-30±4.5% 

E-32 ± 5. 7% 
5. E-31 ± 4.1% 
2.033 E-29 ± 3.6% 
1.631 E-30±5.1% 
2. E-30 t 5.2% 
4. E-28 ± 2. 5% 
3.476 E-30 t 7. 5% 

5.713 E-2e ± 5.2% 

m 

6. 519 E-32 ± 3. 7% 

6.703 E-30± 7.2% 
1.270 E-31±4.6% 

1.661 E-30± 6.5% 
1.051 E-30± 4.8% 
1.234 E-30 ± 4.6% 
3.153 E-30±3.1% 
9.111 E-31±6.6% 
6. 519 E-32 ± 3. 7% 
9.163 E-30 ± 3.1% 
2.312 E-31 ± 5.3% 
1.81+1 E-30± 4.6% 
6.210 E-30± 2.9% 
3.770 E-30± 3.8% 
6. 521 E-30 ± 4. 5% 
2.868 E-29 ± 2.8% 
1 • 090 E-29 ± 7. 3% 
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Appendix 7 

List of ratios of measured to calculated activity (Ril 

In this appendix a list is given of the deviations from unity 
of the ratios of measured to calculated activity for 13 reactions, 
which were obtained after the specified number of iterations. 
For each position only the values are given, which belong to 
the unfolded spectrum of best quality compared to the Monte Carlo 

calculations. The SAND II runs are all described in section 5.3. 

Reactions 

Deviation parameter 
Number of iterations 

Reactions 

Lithium 
R=0.100m 
:mput <! 

6.30% 
- 1.17 
- 0.83 

7.02 
3.55 

- 2.74 
- 6.58 
- 6.60 

5.04 
6.21 

- 5.95 
1.59 
6.76 

5.37 
8 

R=0.308m 
input 1 

19.66% 
- 2.57 
-17.06 
- 3.08 

7.25 
-11.19 

0.65 
- 9.79 

6.13 
7.56 

-13.70 
5.77 

10.37 

Deviation Parameter 10.76 
Number of iterations 11 
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Lithium 
R=0.308m 
input c: 

5.86% 
- 3.61 
- 7.52 
- 3.20 

0.24 
-12.98 

1.19 
- 3.45 
14.66 
5.06 

- 4.54 
1.83 
6.47 

7.09 
14 

Lithium 
R=0.528m 
input c: 

6.69% 
- 7.67 
-10.21 

0.53 
1.67 

-12.21 
1.69 

- 2.78 
7.45 
5.40 

- 2.45 
0.27 

11.63 

7.05 

7 

Li-Be 
R=0.10Qra 
input 1 

13.81% 
6.12 

-11.83 
- 0.10 

2.91 
-11.11 

3.21 
- 4.75 

6.84 
0.57 

-12.18 
3.50 
3.02 

7.90 
20 

R=0.308m R=O.S28m target 
input 2 input 2 R=O .100m 

21.96% 
- 1.73 
-18.52 
- 5.07 

7.28 
-12.30 

1. 76 
- 6.96 

4.53 
8.33 

-11.61 
3.03 
9.28 

10.92 

9 

20.40% 
- 4.65 
-14.32 
- 6.07 

3.95 
- 8.92 

2.32 
- 4.35 

1.77 
2.76 

-10.48 
1.55 

16.06 

9.92 
4 

- % 
- 0.32 
- 0.28 

4.45 
- 0.72 
- 2.80 
- 5-79 
- 6.63 

5.25 
5.02 

- 6.34 
- 0.29 

8.43 

4.95 
10 



SUMMARY 

A future fusion reactor will contain lithium in the form of a 

blanket, surrounding the plasma volume, for the necessary breeding 

of tritium. A large number of design studies on this blanket has 

been carried out during the last fifteen years; some model studies 

have also been conducted. 

In this thesis an investigation to check the available cross sec

tion data for the blanket materials by comparing results from 

measurements and numerical calculations on various nuclear proper

ties of a blanket model, is presented. 

In 1973, this blanket model was constructed at the IRE of the KFA 

Jlilich. It consists of a stainless steel cylinder, filled with pure 

lithium metal. A neutron generator, based on the D-T reaction, is 

used for a simulation of the fusion neutron source. For an enhan

cement of the tritium production this model can be surrounded with 

a graphite layer; an inner beryllium layer can also be introduced. 

Measurements of the flux density distribution around the neutron 

source are made with activation detectors. Differences of about 

20% have been observed between the flux densities in various di

rections. From these measurements the relative derivative with 

respect to energy of the cross section for the 1 9F(n,2n)
18

F reac

tion at 14.5 MeV has been determined as slightly larger than 

36% Mev- 1 . Accurate measurements in the blanket model are made in 

the 90° direction with respect to the deuteron beam, since the 

neutron energy in this direction is almost independent of the 

deuteron energy. 

The gas counting and the liquid scintillation technique prove to 

be suitable techniques to measure the space dependent tritium 

production in the blanket model. A precision of 5% in these mea

surements can be achieved. 

There exist several methods to determine the neutron spectrum. In 

the experiments described measurements are made with activation 

detectors since these do not severely disturb the flux density 

field. From the measured saturation activities neutron spectra 

are derived with the use of an unfolding method. Several methods 
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are compared. The choice of the input and the selection 

of activation reactions are two important parameters in the 

unfolding process. 

because or the 

spectrum even in 

neutron energy range (< MeV). 

Neutron spectra are calculated wi 

a Monte Carlo method. 

production and 

Conparisons between 

mainly 

given in 

the low 

program based on 

yield 

1. The tritium production and the neutron spectra in the lith!um 

blanket aid J'olonte Carlo 

program, using the ENDF/B-III cross 

metal. This cannot be concluded for 

range ( <2 MeV). 

2. When a beryllium 

from measurenents calculations 

for tho lithium 

low neutron energy 

this the lew neutron energy 

results 

particular 

. Measured 

saturation activit!es for • which have their response 

in this energy range, differ strongly from the calculated ones. 

3. IV:easurements and 

graphite outer 

are in good agreement when a 

is used; the measurements yield a slightly 

h!gher penetration of fast neutrons into the graphite. 
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SAMENVATTING 

Een toekomstige fusiereactor, gebaseerd op het D-T proces, bevat 

een hoeveelheid lithium in de vorm van een mantel -het z.g. 

'blanket•- die het plasma omringt. Hierin vindt het kweken van 

tritium plaats, dat voor het fusieproces noodzakelijk is. In de 

afgelopen vijftien jaar is een groot aantal ontwerpen voor de 

constructie van deze mantel gemaakt; ook zijn enkele modelstudies 

verricht. 

In dit proefschrift wordt een onderzoek beschreven naar de beschik

bare cross secties voor de componenten van de mantel; dit onder

zoek wordt uitgevoerd door met elkaar te vergelijken de resultaten 

verkregen uit metingen en numerieke berekeningen van verschillende 

nucleaire eigenschappen van een mantel-model. 

Dit model is in 1973 in het IRE van de KFA Jlilich geconstrueerd 

en bestaat uit een roestvrij stalen cilinder, gevuld met zuiver 

lithium metaal. Het fusieproces wordt in het experiment nagebootst 

door een neutronengenerator, die gebaseerd is op de reactie tussen 

deuterium en tritium. Voor een verhoging van de tritiumproduktie 

kan het model worden omgeven met een grafietlaag; ook kan een 

berylliumlaag aan de binnenzijde worden aangebracht. 

Met activeringsdetectoren is de verdeling van de fluxdichtteid 

rondom de neutronenbron bepaald; tussen de fluxdichtheden in 

verschillende richtingen zijn verschillen van 20% vastgesteld. 

Uit deze metingen kan de relatieve, afgeleide 

van de cross sectie voor de n,2n) bepaald; 

het blijkt dat deze enigszins groter is dan 36% . In het 

mantel-model kunnen naulvkeurige metingen worden uitgevoerd in een 

richting van 90° met betrekking tot de deuteronen-straal, doordat 

de neutronen-energie in deze richting nauwelijks afhankelijk is 

van de deuteronen-energie. 

Zowel de gastellertechniek als de vloeistofscintillatietechniek 

blijken geschikte methodes te zijn om de plaatsafhankelijke 

tritiumproduktie in het mantel-model te bepalen. Met deze metingen 

kan een precisie van 5% worden bereikt. 

Er bestaan verschillende methodes orr. een neutronenspectrum te be-
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palen. In het hier beschreven experiment ZlJn metingen uitgevoerd 

activeringsdetectoren, omdat het fluxdichtheidsveld niet 

erk verstoren. Uit de gemeten verzadigingsactiviteiten kunnen 

neutronenspectra worden ontwikkeld met ontvouwings -z. 

'unfolding'- methode. Verschillende van deze methodes zijn ver-

. In ontvouwingsproces blijken de keuze van het in-

voerspectrum en de selectie van de activeringsreacties twee 

langrij parameters te zijn. De voorkeur is gegeven de 

II procedure, vooral wegens haar mogelijkheid een aanvaard-

uitvoerspectru:n te ontwikkele!!, er geen extra-informatie 

in het invoerspectrum gegeven wordt. Het bovenstaande is echter 

niet van toepassing op lage neutronen-energiegebied ( MeV). 

Neutronenspectra worden numerie£ bereke!ld met een programJna, 

gebaseerd op Monte Carlo-methode. Met deze neutronenspectra 

kunnen de tritiumproduktie en de verzadigingsactiviteiten 

bepaald. 

Het vergelijken van experimentele resultaten met numeriek bere

kende waardes levert de volgende belangri~ feiten op. 

1. De tr·itil"mproduktie neutronenspectra in de lithiummantel 

kunnen voldoende nauwkeurig bepaald met Monte Carlo-

progran:ma, als men gebruik maakt van de ENDF/B-III cross secties 

veer het lithium . Dit kan niet worden geconcludeerd voor 

lage neutronen-energiegebied (<2 MeV). 

2. In het ee~ berylliumlaag wordt aangebracht zijn afwij-

vastgesteld resultaten, verkregen metingen en 

die verkregen berekeningen. is in het bijzonder van toe-

passing op het neutrcnen-energiegebied. Uit het feit dat de 

berekende 

hun 

ken, ~ij 

de gemete:-~ 

sponsie in t gebied hebben, sterk 

dit duidelijk. 

en berekeningen zijn met 

voor reacties, 

elkaar afwij-

in overeer:.stem-

ming, wanneer de buitenzij een grafi laag wordt aange-

bracht. Uit de metingen volgt een enigszins grotere door-

dringingsdiepte snelle neutronen in het grafiet. 
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1 

Voor het bepalen van de tritiumproduktie in een model voor een rusie

reactormantel geven de gastellertechniek en de vloeistofscintillatie
techniek de beste reultaten. 

Dit proefschrift, hoofdstuk 3 en 5 

2 

Met behulp van een modelopstelling kan voldoende inzicht verkregen 

worden in de invloed van beryllium en grafiet op de tritiumproduktie 
in een fusiereactormantel. 

Dit proefschrift, hoofdstuk 5 

3 

Onderzoek naar het gedrag van neutronenmultiplicatoren in modelop

stellingen voor fusiereactormantels dient uitgevoerd te worden met 

neutronengeneratoren, waarvan de -opbouw een zo gering moge

lijke invloed op het neutronenspectrum van de bran heeft. 

Dit proefschrift, hoofdstuk 5 en appendix 2 

4 

Voor het verkrijgen van neutronenspectra worden thans ontvouwings

methoden, uitgaande van de resultaten uit activiteitsmetingen, ge

bruikt; vergelijkend onderzoek vindt eveneens plaats. Het is echter 

gewenst om deze methoden op mathematisch meer verantwoorde wijze ver
der te ontwikkelen, waarbij er op gelet dient te worden dat er vol

doende inzicht verkregen wordt in de invloed van de aard en van de 

onnauwkeurigheid van de invoergegevens op het ontvouwde spectrum. 

Dit proefschrift, hoofdstuk 4 en 6 

5 

In het technologisch onderzoek van een fusiereactormantel dient een 
zeer belangrijke plaats ingeruimd te worden voor de ontwikkeling van 

intensieve neutronenbronnen voor materiaalbeproevingen. 

Proc. of the Symposium on Fast Neutron Interactions and on the Problems of 
Current Neutron Generators, 27 30th August, 1975, Debrecen, Hungary, 
Atomki Kozlemenyek 18 (1976) 



6 

Voor de constructie en de materiaalkeuze het ontwerpen van proef-

rc,ode::.len dient ~Teen zo veel mogelijk uit gaan van de constructie-

s en materiaalkeuzen bij het uiteinde ~e ontwerp. 

7 

Ondanks het feit dat veel geld en aandacht aan fundamenteel weten

schappelijk onderzoek worden besteed, z n nog t veel voor praktische 

doeleinden benodigde bas niet of onvoldoende nauwkeurig 

bekend. 

8 

Wat betreft het thans veronderstelde loz empo van maximaal 500 GBq 

tritium per dag, onderscheidt de fusiereactor zich gunstig 

van de huidige kernreactoren en de daarmee verbonden splijtstofver

werking. 

Discharge Data 1969-'74 of Radioactive 
Community, edited by the Commission 
Doc. No. V/ 3650/ 75 e 
-:JARVAS, J. , Contri be<tion to the Proc. 
lechnology, Erice, Sicily, Septe;nber, 
ST~IKER, D., ~uclear Fe<sion 

9 

from Nuclear Power Stations in the 

School of Fusion Reactor 
1 , 1 , to be published 

' p.507 

Het verdient aanbeveling 

mede gezien het vee 

1 voor 0 een vcorvoegsel vast te -

van de grootheid Q 

in energiebeschouwingen. Hiervoor kan 'setta' (symbool S) worden 

gebruikt. 

Compte Rendu des Seances de la 15eme Conference des Poids et Mesures, Resolution 
)/o.10, ;'vlai-Juin 1975, Bureau International des Poids et Mesures, Sev-res, F'rance 

10 

De 'trendmat voor meerverbruik' van diverse procenten, 

die ven inbouwen in de jaarlijkse 

van kcsten voor water en elektra, zal de verbruiker allerminst s 

bewust maken noch van de noodzaak dat aan het verbruik van 

steld. 

Overzicht tarieven aar 1 1975, Gemeentebedrijven Venlo, 1975 
Advertenties cnder motto 1verstandig met energie', te vinden in 
Nederlandse dagbla.d.en van september 1 



11 

Het element 'holt' in Nederlandse plaatsnamen, dat duidt op een 

voormalig of nog bestaand bosachtig gebied, komt volgens G.J. Uitman 

alleen voor in Saksische of Friese toponymica. Het feit dat in -bet 

Frankische- Limburg 'holt' een bestanddeel is van vele plaatsnamen 

en het feit dat in het Limburgse dialect 'holt' de gewone vorm is 

voor het Nederlandse 'hout', doet afbreuk aan deze bewering. 

UITMAN, G.J., 'Wat zeggen onze aardrijkskundige namen', van Gorcum, Assen, 1954 
SCHONFELD, M., 'Historische grammatica van het Nederlands 1 , Thieme, Zutphen, 1954 

12 

Alhoewel volgens Thoreau "elke generatie lacht om de oude modes doch 

de nieuwe angstvallig stipt volgt", doorgronden tallozen de betrek-

kheid van hun eigen gedragspatroon niet. Door zich na 

tijd aan modeverschijnselen aan te passen, worden z juist in hun 

onberedeneerd navolgingspatroon de exponenten van een nieuw confor
misme. 

THOREAU, H.D., 'Walden; or, Life in the Woods'(1854), publ. by the Riverside 
Edition, Houghton Mifflim Company, 1893 



T~ESES 

1 

For the determination of the tritium production in a fusion reactor 
blanket model the gas count and the sc~ntillation 
technique ld the best re 

This thesis, chapter 3 and 5 

2 

With the aid of a nodel 
the influence of beryllium 
a fusion reactor blanket. 

'.rhis thesis, c:hapter 

3 

idea can be had about 
tritium plloduction in 

earches into the behaviour of neutron mult caters in model ex-
periments for fusion reactor blankets should be made with neutron 
generators, the construction of which has as little influence 
as possible on the neutron spectrum of the source. 

This thesis, chapter 5 and 2 

4 

In order to obtain neutron spectra methods are 
nowadays which use the results of activation measurements 
informat invest ions are also be conducted. 
However, in a mathe~at ~ore justified is 
desired. that sufficient is obt 
into the influence and the inaccuracy of input data 
on the unfolded neutron spectrum. 

This thesis, chapter 4 and 6 

5 
In reactor blanket a 

of i:-~tensive 

Proc. o~ the Symposium on Fast Neutron Interactions and on the Proble~s of 
Current Neutron Generators, 27 30th August, 1975, Debrecen, Hungary, 
Atomki Kozlemenyek 18 (1976) 439 

6 

The construction and the choice of materials in the design of model 
s should be based as much as sible on the s of 

construction and choices for materials the final des 

7 
In of the fact that much money is spent on and attention 
to fundamental scientific research, still too much basic information, 
needed for practical purposes, is either not known or only to a degree 
not sufficiently accurate. 



8 
Concerning the emission rate of 500 GBq tritium per day at the utmost, 
which is assumed at present, the future fusion reactor shows favour
able aspects compared to the present day fission reactors and their 
fuel cycle. 

Discharge Data 1969-74 of Radioactive Effluents from Nuclear Power Stations in the 
Community, edited by the Commission of the European Communities, December 1975, 
Doc. No. V/ 3650/ 75 e 
DARVAS, J., Contribution to the Proc. of the International School of Fusion Reactor 
Technology, Erice, Sicily, September, 21 -October, 1, 1976, to be published 
STEINER, D., Nuclear Fusion Special Supplement 1974, p.507 

9 
It is recommended to introduce a prefix for 10 21 , also on account of 
the frequent use of the symbol Q (= 1.055 1o21J) in reflections about 
energy. For this prefix 'setta' (symbol S) can be used. 

Compte Rendu des Seances de la 15eme Conference des Poids et Mesures, Resolution 
No. 10, Mai-Juin 1975, Bureau International des Poids et Mesures, Sevres, France 

10 

The 'trend-like increase for extra consumption' of various percents, 
which some municipal works build in in the annual payment of cost for 
water and electricity, will not in the least make the consumer price
conscious nor convince him of the necessity that the expenditure of 
energy has to be limited. 

Charges survey financial year 1974/75, Municipal Works Venlo, 1975 
Advertisements marked 1be wise with energy', which can be found in e.g. all Dutch 
Papers of September, 24, 1976 

11 

The element 'holt' in Dutch place-names, which points to a former or 
still existing wooded area, can only be found in Saxon or Frisian 
toponymies, as G.J. Uitman asserts. The fact that in -the Prankish
Limburg 'holt' is an element of many place-names and that in the 
Limburg dialect 'holt' is the usual form for the Dutch 'bout' (which 
is equal to the english 'wood'), detracts from this statement. 

UITMAN, G.J., 'Wat zeggen onze aardrijkskundige namen', van Gorcum, Assen, 1954 
SCHONFELD, M., 'Historische grammatica van het Nederlands 1 , Thieme, Zutphen, 1954 

12 

Although according to Thoreau "each generation laughs at the old 
fashions, but scrupulously adheres to the new ones", numerous people 
do not see the relativity of their own behaviour-pattern. By adjusting 
to the fashions after a certain time tend to become the exponents 
of a new conformism in their unreasoned pattern of imitation. 

THOREAU, H.D., 'Walden; or, Life in the Woods 1 (1 ), publ. by the Riverside 
Edition, Houghton Mifflim Company, 1893 

eindhoven, november, 23, 1976 lambert j .m. kuijpers 




