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The Community's mission is to create the 

conditions necessary for the speedy estab

lishment and growth of nuclear industries 

in the Member States and thereby contrib

ute to the raising of living standards and 

the development of exchanges with other 

countries (Article 1 of the Treaty instituting 

the European Atomic Energy Community). 

At a t ime when it is passing through a crisis, the 

Community's iron and steel industry has a clear 

duty, not only to undertake advanced technical 

research with the aim of improving its competitive 

position, but also to take over techniques already 

developed in other sectors, adapting them if need 

beto its special requirements. 

In this context, it may be asked to what extent the 

technological knowhow acquired by the nuclear 

sector, for instance, can be turned to advantage by 

the steel industry. 

Today, nuclear energy is already rendering material 

service, albeit modest, in the form of radioelement 

applications. But could it not make a more substan

tial contribution? 

We believe it could, and more particularly on two 

levels. 

On the one hand, attention must be focussed on the 

possibility of bringing about a spinoff of nuclear 

technology to the steel industry. 

Let us take a case in point. Under programmes for 

the development of fast reactors, it has been neces

sary to devise liquid metal entrainment systems, 

notably of the electromagnetic type. Hence the 

proposal that similar systems should be employed 

for the transport of molten metals, in particular as 

regards continuous steel production by the counter

flow process, or again for the vacuum degassing of 

steel, where the carrier gas could be replaced by an 

electromagnetic pump. 

But the most attractive prospects for the iron and 

steel industry are doubtless those offered by the 

direct use of nuclear energy, as is demonstrated by 

Professor Wenzel in the article which he contributes 

to the present issue. Outstanding in this respect is 

the possibility of using the heat from a reactor for 

iron ore reduction, thus substituting it for two

thirds of the coke at present consumed for this 

purpose. 

A radical change of this kind would undoubtedly call 

for considerable efforts in research and develop

ment; but, having due regard to the fact that its 

economic effect on the iron and steel industry might 

be comparable to that which nuclear energy is going 

to have on the electricity production sector, it is 

clear that we must contemplate it very seriously. 

Manfred SIEBKER Henri M A R T I N 



Irradiations 

in materials-testing* 

reaetors 
JOSEF BUGL, Petten Establishment, Euratom Joint Nuclear Research Centre 

IF THE REQUIREMENTS imposed on cer

tain components of a reactor are consid

ered, it becomes obvious that material 

problems play a great part in reactor tech

nology. Apar t f rom op t imum neutron 

physics propert ies, reactor materials must 

possess, among other things, good mechan

ical strength even under thermal cycling, 

dimensional stabi l i ty, corrosion resistance 

and, especially in the case of fuel materials, 

good thermal propert ies. A l though a large 

number of reactor materials more or less 

satisfy these requirements outside the 

radiation f ie ld, i r radiat ion in the reactor 

causes damage which leads to changes in 

physical and chemical characteristics. 

The fast neutrons and fission fragments 

released dur ing nuclear fission may eject 

atoms f rom the i r latt ice points in solids, 

and displace them more or less perma

Table 1 : Highflux materialstesting reactors in the countries of the European Atomic Energy Community* 

Rea 

Loc 

T y p 

P o » 

N u r 

Ave 
Ititi 

Max 
flux 

d e n 

N u e 

« o r 

t ion 

e of reacto 

er (MWth 

nberof fue 

rage 
charge 

¡mum cher 
density (π 

i ky (n/cm' 

ear heacin 

Irradiation pos 

ι 

elements 

mal neutron 
cm', sec) 

neutron flux 
sec) 

C (W/g) 

tions 

HFR 

Petten, North Holland 

MTR, light water 
cooled and moderated 

30 

37 

180 g U 235 

1.3x10"** 

M X 1 0 " * * 

24.5 

1315 reflector 

positions 
12 positions in the 

poolsíde facility 
10 horizontal beam 

tubes 

BR 2 

Mol, Belgium 

MTR, light water 
cooled and moderated 

60 

28 

244 g U 235 

5 x 1 0 " « 

4 .5X10" * * 

614 

26 fuel element 
positions 

17 reflector positions 
5 vertical channels 
9 horizontal or axial 

beam tubes 

FRJ 2 (DIDO) 

Jülich, Germany 

DIDO, heavy water 
cooled and moderated 

10 

25 

H5 l40gU235 

I . IX lO '
4
* * 

0 . 3 x 1 0 " * * 

23 

58 fuel element 
positions 

28 vertical channels 
30 horizontal 

channels 

F R 2 

Karlsruhe, Germany 

heavy water cooled 
and moderated 

44 

160 

l 3 . 6 k g U O j 
1.5% enriched 

1.2x10"** 

0 .6XI0
1 1

* · 

3 

1 vertical central 
channel 

2 vertical channels 
41 isotope channel 

positions 
4 horizontal beam 

tubes 

SILOE 

Grenoble, France 

MTR, light water 
cooled and moderated 

30 

30 

280 g U 235 

3 . 2 x 1 0 " · · 

1 .4x10" · * 

7 

58 fuel element and 
reflector positions 

2 horizontal beam 
tubes 

OSIRIS 

Saclay, France 

MTR, light water 
cooled and moderated 

50 

34 

390 g U 235 

2.2x 1 0 " * * 

2.7X 10 " * · 

712 

5 in core [ositions 
50 positions in the 

periphery of the 
core 

EL 3 

Saclay, France 

heavy water cooled 
and moderated 

14 

280 

UOj 4.5% enriched 

0 .8x10" * * 

0.1 X 1 0 " · · 

0,5 

25 incore positions 
4 vertical channels 

incore 
16 beam tubes 

* Special materialstesting reactors, such as ESSOR, MZFR, PEGASE, etc., are not mentioned. 
** Disturbed values 
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Fig. 1 : The Petten highflux reactor. 
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nently. In the simplest case, a vacancy is 

formed whi le the expelled atom comes to 

rest as an interst i t ia l atom at a dif ferent 

point in the latt ice. Should the kinet ic 

energy of the pr imar i ly excited atom be 

greater than the Wigner energy, then this 

pr imary recoil atom can knock fu r the r 

atoms ou t of the i r latt ice points and a 

displacement cascade results. In this way, 

for example, a 2 MeV neutron in graphite 

can displace 1,900 atoms. 

Slow neutrons having an energy of about 

20 eV and below cannot knock any atoms 

out of the latt ice but they do cause ionisa

t ion and nuclear exci tat ion. Thus foreign 

atoms are incorporated in the lattice as a 

result of nuclear t ransformat ion. 

/ Cover; 2 Penetration; 3 Extension pipe to 10 Control rod—absorber section; 11 Control 

irradiation capsule; 4 Irradiation capsule; 

5 Reactor core with fuel ana reflector elements ; 

6 Cooling water outlet; 7 Concrete founda

tion; 8 Cooling water inlet; 9 Reactor vessel; 

The precise effect of radiation damage on 

the physical characteristics of reactor 

materials depends t o a large extent upon 

whether i t is a question of a latt ice effect or 

an ionisation effect. The fo l lowing changes, 

in some cases qui te pronounced, occur in 

the characteristics of solids: 

— volume and density 

— mechanical strength 

— duct i l i ty 

— electrical resistance 

— thermal conduct iv i ty 

■— diffusion coefficients 

Mater ia ls  test ing reactors 

Since the damage which radiation causes to 

many reactor materials must be known 

when a p ro to type reactor is bui l t , this 

characteristic is studied in specially con

structed materialstesting reactors. The 

main data on the highflux materialstesting 

reactors bui l t and operat ing in the countries 

of the European A tomic Energy Commun i ty 

are given in Table 1 . W i t h the exception of 

the DIDO, EL 3 and FR 2 reactors, they areal i 

l ightwater reactors whose principal design 

features are based on the MTR (Materials

Testing Reactor). 

Fig. 1 shows a longitudinal crosssection of 

Euratom's HFR highf lux materialstesting 

reactor at Petten. A t present the core of 

this reactor consists of 37 fuel elements of 

the MTR type and six cont ro l rods. It is 

surrounded on three sides by beryl l ium 

ref lector elements (Fig. 2). The fu el elements 

are composed of 19 vert ical ly arranged 

plates of a 90%enriched UΑΙ alloy (Fig. 3). 

The contro l rods consist of a cadmium 

absorber section which extends downwards 

into a fuel section. The contro l rod dr ive 

mechanism is situated beneath the reactor. 

rod—fuel section; 12 Control rod—connection 

to drive mechanism: 13 Control rod drive 

mechanism. 

The contro l rods move vert ical ly so that 

the fract ion of neutronabsorbing cadmium 

in the core can be varied. In this way power 

cont ro l is possible w i th increasing burnup. 

The tota l charge of an HFR core is 56 kg of 

U 235 and permits a maximum burnup of 

2030%. The present thermal power of the 

reactor is 30 MW. The reactor core is 

mounted in an aluminium tank designed 

for a maximum overpressure of 2.6 atm. 

Demineralised water pumped through the 

reactor tank at a rate of 3,000 m
3
/hr acts 

as the coolant. The fission heat absorbed in 

the pr imary circui t is transferred to a 

secondary circui t and led off. The water 

temperature in the pr imary circui t is 

approx. 50
=
C. The reactor vessel is mounted 

in the lower part of a pool and is sunk into 

the concrete foundat ion. 

Exper imenta l facil it ies 

The devices containing the i rradiat ion 

samples are e i ther inserted in the fuel and 

ref lector elements in the core or are 

installed in the i r place in order t o achieve 

the highest possible neutron f lux density. 

In principle, therefore, any of the positions 

shown in Fig. 2 can be chosen in the HFR. 

However, for the t ime being only the 

positions immediately adjacent t o the 

active core are of practical importance in 

this reactor. A longitudinal hole is bored 

in the beryl l iumref lector elements to 

house the i rradiat ion devices. Those holes 

not containing i rradiat ion devices are f i t ted 

w i th cylindrical bery l l ium inserts. The 

ref lector can also be replaced by aluminium 

f i l ler elements for the installation of irradia

t ion devices. These f i l ler elements have the 

same outside dimensions as the fuel and 

ref lector elements. 
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Irradiations in materialstesting reactors 

Fig. 3: HFR fuel element. 

A Β C D E F G H 1 

ι 

■ ■ ■ 

In o ther reactors, e.g. the BR 2, the fuel 

plates are arranged concentr ic in the fuel 

elements so that one o r more o f these 

cylinders can be removed and replaced by 

an i r radiat ion device. 

Both the reactor vessel cover and the pool 

wall contain penetrations for cable and pipe 

connections leading to the measurement 

and cont ro l stat ion. The insert ion of i rradia

t ion devices in pressurevessel reactors and 

the i r removal is only possible when the 

reactor is shut down. 

As wel l as radiation facilit ies in the core, a 

number of materialstesting reactors are 

f i t ted w i t h equipment for bringing samples 

f rom outside the pressure vessel t o w i th in 

varying distances f rom the core. The HFR 

vessel contains a rectangular cavity for this 

purpose at the same height as the reactor 

core. The i r radiat ion device is situated in 

the reactor pool. 

All materialstesting reactors have in 

addit ion several pneumatic or hydraulic 

t ranspor t systems for carrying out shor t 

Fig. 2: Core layout of the HFR. 

α 

Control rod 

Fuel element 

Reflector element 

t ime exposures w i th i r radiat ion t imes of 

seconds, minutes or hours. These facilities 

are mainly used for isotope product ion and 

activation analysis. 

Many factors determine the choice of 

reactor for a part icular i r radiat ion exper i 

ment. From a purely technical point of v iew, 

the chief ones are as fo l lows: 

— neutron f lux density, 

— nuclear heating, 

— size and layout of the i r radiat ion device. 

N e u t r o n flux density 

Since the neutron f lux density is of special 

interest when planning i r radiat ion exper i 

ments, part icularly w i t h regard t o the 

choice of the reactor and i r radiat ion sites, 

a great number of f lux density measurement 

data for various core compositions are held 

by all reactor centres. These measurements 

give us the approximate density d is t r ibut ion 

of the thermal and fast neutrons. 

Since the neutron f lux density depends on 

the layout and charging of the reactor core, 

the number and posit ion of the i rradiat ion 

exper iments, the burnup of the fuel 

elements and the posit ion of the cont ro l 

rods—all of these factors which can alter 

f rom cycle t o cycle—the neutron f lux 

density values given by the individual 

reactor plants can naturally only be ap

proximat ions. 

Table 2 shows the approximate values of 

the thermal and fast neutron f lux density 

in the ref lector positions of the HFR (reactor 

power 30 MW). 

Fig. 4 shows as an example the vertical 

d is t r ibut ion of the neutron f lux density in 

posit ion G8 in the HFR. As the contro l rods 

are gradually extracted f rom the active 

zone w i th increasing burnup dur ing the 

reactor cycle, the peak of the vertical f lux 
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d is t r ibu t ion , which is about 10 cm below 

the middle plane of the reactor core at the 

beginning of a reactor cycle, shifts slowly 

upwards. 

Theoret ical ly, i t should be possible t o 

ascertain f rom the neutron f lux density 

values the integrated neutron f lux densities 

for longer i rradiat ion t imes. However, for 

reasons already out l ined, i t has been seen 

that these values are only approximate, so 

that no exact data can be obtained in this 

way on the integrated neutron f luxdensit ies, 

henceforward referred to as " f luence" . For 

this reason, all i r radiat ion experiments are 

provided w i th f lux detectors. N i 58, Ti 46 

and Fe 54 are possible choices as probe 

materials for measuring the f lux density of 

fast neutrons and Co 59 and Fe 58 for that 

of thermal neutrons. The given measure

ments are exact t o i 10%. This value is 

sufficient for the major i ty of i r radiat ion 

exper iments. 

N u c l e a r heat ing 

Similarly t o the neutron f lux density, 

nuclear heating also depends upon the 

layout and charging of the reactor core, 

the number and posit ion of i r radiat ion 

exper iments, the burnup of the fuel 

elements and the posit ion of the contro l 

rods. Since the nuclear heating can amount 

t o up to 15 W / g , especially in positions w i t h 

high neutron f lux densities, the samples 

become extremely hot, w i th the result that 

this heat must be removed in the case of 

many i r radiat ion devices. In o ther instances 

this effect is used t o br ing the i r radiat ion 

samples to a desired temperature. 

I r r a d i a t i o n devices 

As i t is f requent ly impossible, for purely 

geometrical reasons, t o test whole reactor 

st ructural parts o r components, attempts 

are made to i r radiate the relevant materials 

in condit ions which simulate as closely as 

possible those in the reactor in which the 

material is later t o be used. Samples are 

inserted in i r radiat ion devices fo r this 

purpose. 

Fig. 5 shows a capsule for the i rradiat ion of 

nonfissile material samples in a tempera ture 

range of 250750°C. The i r radiat ion t e m 

perature for a part icular hel ium/neon gas 

m ix tu re is determined by the w id th of the 

Table 2: Approximate values for the thermal and fast neutron flux density in the reflector 

positions of the HFR at 30 MW reactor output. 

Reflector 
(see F 

A8> 

C2
> 

B2
\ 

E8' 

G21 
G8> 

H2Ì 
H8' 

H41 

H5 

posición 
g. 2) 

L " 

Average 

0,45** 

0,9 

0.9 

0,7 

0.5 

0,55 

0,6 

neut ronfi 

Maximum 

0,6 

1.2 

1,2 

1,0 

0,7 

0,8 

0,9 

1 
Average 

0,3 

0,7 

0,7 

0,5 

0.35 

0,4 

0,4 

r̂ ^^^S 

Maximum 

0,5 

1.0 

1.0 

0,7 

0,55 

0,6 

0,6 

* Perturbed neutron flux density measured in the central axis of the socalled "standard exper iment" . This 
consists of an aluminium cylinder surrounded by a 2 mm thick stainless steel sheath. It is housed in the 52 mm 
hole in an aluminium fil ler element. 
* * I0

14
n/cm

2
.sec 

gas gap between the sampleholder and the 

capsule wal l . 

To make allowances for the vert ical d is t r i 

but ion of the nuclear heating, the gas gap is 

graduated by using a conical shape for the 

sampleholders. 

Fur thermore, the temperature changes 

brought about by nuclear heating are 

evened ou t by eight independently con

trol lable heaters. If necessary the hel ium/ 

neon gas m ix tu re , and therefore the 

thermal conduct iv i ty in the gas gap, can be 

changed dur ing i r radiat ion. The samples 

are inserted in four graphite holders, each 

having an outer diameter of 53 mm. The 

Thermocoax heating coils are f i t ted in 

suitable spiral indentations on the outer 

circumference of the sampleholder. A 

stainless steel protect ive tube is placed over 

them. The sampleholders are held inside 

a cylindrical stainless steel capsule by 

means of centr ing cams and connecting 

pieces. The power supply for the heaters 

and thermocouples is led th rough holes 

dr i l led in the sampleholder. Cont inuous 

Fig. 4: Vertical distribution of fast and thermal 

neutron flux density in position G8 of the HFR· 
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Fig. S: Capsule for irradiating non-fissile ma
terial in the 250-750°C temperature range. 

1 Connecting lug 
2 Penetration 
3 Reactor vessel 
4 Extension tube 
5 Capsule 
6 Thermocouples and gas line 
7 Heater power supply 
8 Heater connecting block 
9 Sample-holder 

10 Gas gap 
11 Heating coil 
12 Heater sheath 
13 Samples 
14 Centring cam 
15 Connecting piece 
16 Shut-off valve 
Π Thermocouple compensating lines 

observation of the samples and the capsule 
temperature is ensured by a number of 
thermocouples, so arranged that even 
axial thermal gradients can be picked up. 
The capsule is inserted in the hole in a 
reflector element for irradiat ion purposes. 
Fig. 6 shows a capsule for irradiating 
nuclear fuels. Rod powers of between 400 
and 1,200 W/cm can be achieved w i th chis 
irradiat ion device. As can be seen f rom the 
f igure, the fuel rod is housed in a cyl indr i 
cal stainless steel container, nine-tenths 
filled w i th NaK. The space above this level 
is filled w i t h helium. A second cylindrical 
stainless steel container surrounds the 
f irst one and forms an annular gas gap. 
The composit ion of the gas in this gap can 
be varied between 100% helium and 100% 
ni t rogen, so that the thermal conductivity 
in the gap and hence the cladding tempera
ture , which is measured w i th several 
thermocouples, can also be varied. Natural
ly, the resulting control range is dependent 
upon the rod power and reaches a maximum 
of 200-250°C. Capsules of this type have 
been used in various materials-testing 
reactors. In the HFR, as shown in Fig. 7, they 
are arranged on a movable mechanism in 
the reactor pool. In this way it is possible to 
keep the linear rod power constant dur ing 
the irradiat ion period by varyingthe distance 
between the capsule and the core. Further

more, thermal cycling can be easily simu
lated this way. 
Once irradiat ion devices have been installed 
in the reactor, they become components of 
it for as long as irradiat ion continues. Such 
devices must therefore be closely examined 
as early as the development stage as to 
whether they satisfy the very str ingent 
safety conditions inside the reactor. In 
addit ion, all i rradiat ion devices are f i t ted 
w i th a safety system which gives off a signal 
should radiation conditions suddenly change 
and releases the reactor's control rods if 
crit ical conditions suddenly occur, thus 
causing shut-down. 

Dismant l ing and post- i rradiat ion 
studies 

In almost all installations the experimental 
facilities offered by high-flux reactors are 
backed up by equipment for carrying out 
post-irradiation checks on irradiated mate
rial samples. In order t o do this, the fol low
ing procedure is adopted: after a decay 
t ime, which is largely dependent upon the 
activity of the irradiat ion device, the capsule 
is placed in a dismantl ing cell in which the 
irradiated samples can be cut open by means 
of remote-control tools. The actual exami
nation is then performed in the hot labo
ratories. 
It is by now evident how time-consuming 
and costly irradiation experiments in 
materials-testing reactors are. In general it 
can be said that, for the development of a 
new irradiation device, a period of at least 
one year must be allowed between the 
planning of the exper iment and insert ion in 

Fig. 6: Capsule for irradiating nuclear fuels. 
1 Thermocouples 
2 Extension tube 
3 Mouldings for gas ducts 
4 NaK filling nozzle 
5 Gas-tight pznetration 
6 NaK level 
7 Outer capsule 
8 Gas gap 
9 Inner capsule 

10 Sample rod 
11 Thermocouple 
12 Cooling water sheath 
13 Cooling water inlet 
14 Cooling water outlet ψ 
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the reactor. However, in many cases re
chargeable capsules already available can be 
used or a new irradiation device built f rom 
existing plans. The t ime between planning 
and insertion is then cut t o approximately 
six months. 
Between two and three years must be 
estimated for building irradiation loops, 
there being a risk that after such a long 
construction period the irradiation results 
may not prove so interesting to the experi
menter as when the order was originally 
placed. 
The t ime spent in the reactor naturally 
depends on the fluence required. Materials-
testing reactors work continuously in 
so-called reactor cycles. Thus, for instance, 
irradiations are carried out for six-week 
periods in the HFR. 
The reactor is switched off twice during 
this t ime. The first shutdown lasts one or 
t w o days and is mainly used for core 
charging and installation of simple irradia

t ion devices. An irradiation period of 16-18 
days follows this shutdown and during this 
t ime the reactor works at full power. 
There then follows another shutdown of 
four or five days when routine maintenance 
work on the reactor and its instrumentation 
are carried out, in addition to core charging 
and insertion of irradiation devices. 
The maximum fast fluence which can be 
achieved in the HFR during a 16 day cycle is 
1020n/cm2. Depending on the irradiation 
position adopted, this value is reached after 
three to four days in the BR 2. 

The cost factor 

The cost factor should not be under
estimated. Al though a considerable sum of 
money, generally speaking, is set apart for 
irradiation experiments in large reactor 
development programmes, many, and in 
some cases urgently required irradiation 
projects break down over this point. 
Simply instrumented irradiation devices 
cost in the region of $ 5,000-10,000. This 
price rises extremely quickly if the irradia
t ion devices are instrumented so as to 
permit the measurement of certain physical 
characteristics, e.g. creep behaviour, during 
irradiation wi th in the reactor. Loops used 
for simulating certain reactor conditions 
—a type in increasing demand today—can 
run to between $ 500,000 and one mil l ion. 
The fact that maintenance costs are very 
high—$ 2.5 mill ion in the case of the HFR— 
accounts for the high irradiation costs. For 
instance, a position w i th a fast neutron f lux 
density of approximately 1 . 10 ,4n/cm2.sec 
for a 16 day cycle costs about $ 11,000 in the 
HFR. This price is equivalent to a fluence of 
about 1 . 102on/cm2. 
It should also be mentioned that the 
performance of irradiation experiments 
requires teamwork, wide knowledge of the 
extremely varied fields of reactor technolo
gy, such as neutronics, technical thermo
dynamics and materials and, last but not 
least, considerable dexter i ty . 
Even though there are in existence today 
prototype reactors in which whole com
ponents can be tested, high-flux materials-
testing reactors wi l l not lose the i r impor
tance in the years t o come. 
This wi l l be especially t rue if irradiation 
devices are developed wi th which changes 
in certain physical characteristics can be 
measured directly during irradiat ion. 

(EUBU 6-16) 

Fig. 7: HFR irradiation device in the reactor 
pool iv/th transport mechanism. 

1 Cover 
2 Penetrations 
3 Reactor vessel 
4 Control rod—absorber section 
5 Horizontal beam ports 
6 Reactor core with fuel and reflector elements 
7 Control rod—fuel section 
8 Control rod—connection to drive me

chanism 
9 Irradiation device in the pool 

10 Drive mechanism for EXOR-type ir
radiation capsules 

11 EXOR capsule 
12 Extension tube with supply ducts 
13 Lug for the drive mechanism crank handle 

103 



Measuring* burn-up 
in uranium fuel elements 

MARCELLO BRESESTI, Nuclear Chemistry Laboratory, Chemistry Department, Ispra Establishment of Euratom's Joint Research Centre 

A KNOWLEDGE OF burn-up, or the a-
mount of heat generated by fission in a 
fuel element irradiated in a nuclear reactor, 
is of basic importance to any research pro
gramme on fuel elements. In fact, many of 
the phenomena which occur in a fuel ele
ment dur ing irradiat ion—grain g rowth , 
swell ing, emission of fission gas and migra
t ion of fission products—cannot be inter
preted w i thou t a knowledge of the burn-
up as wel l as data on the temperature. The 
former is also important in reactor econom
ics, since a fuel element must produce a 
certain quanti ty of energy before it Is re
placed. 
In the irradiation of natural or U 235-en-
riched uranium fuels, energy is generated 
by the fission of the t w o uranium isotopes 
U 235 and U 238, and of the p lutonium 
isotopes Pu 239 and Pu 241 which are f o rm
ed by successive captures of neutrons f rom 
U 238, as i l lustrated in Figure 1 . 
U 235 is fissionable w i th thermal neutrons, 
but U 238 only w i t h neutrons of energy 
above 0.5 MeV. In thermal reactors the 

number of U 238 fissions is very small com
pared w i t h that of U 235 fissions. The cont r i 
but ion of Pu 239 and Pu 241, which are 
fissioned by thermal neutrons, depends on 
the enrichment of the fuel and the burn-
up of the element. 
Burn-up of a fuel element can be expres
sed in various units, the most common being 
the MWd/ ton , defined as the megawatt 
days of heat produced in 2,000 lbs (907.20 
kg) of fissile and fert i le materials, originally 
present. 
A simpler method is that of expressing 
burn-up as a percentage of fuel atoms fis
sioned. However, t o be usable, this lat ter 
expression for burn-up must be converted 
into heat units. The total average energy 
produced in a fission of U 235 is around 
200 MeV, as shown in Figure 2. 
The energy of the neutr ino is lost, but this 
loss is compensated by the energy of the 
gammas produced by the neutrons captured 
in the reactor materials. An energy of some 
200 MeV is also generated by the fission of 
a U 238 or Pu 239 atom. 

Methods of measuring burn-up 

Depending on the required accuracy, the 
enrichment of the fuel, the irradiat ion 
characteristics, etc. there exists a number 
of choices for the method of measuring 
burn-up. The fo l lowing methods are the 
most common: 
- determining the radioactive or stable 
fission products; 
- determining the isotopie rat io U 235/U 
238; 
- determining the plutonium isotopes; 
- determining the integrated neutron f lux 
on the surface of the element. 

D e t e r m i n i n g fission products 

When the number of atoms of an isotope 
formed by fission is known, the number of 
fissions can be obtained direct ly by using 
the known fisión yield (number of atoms 
produced for each fission) of the isotope 
being measured. Fission products can be 

Fig. 1: FormatlonOf plutonium Isotopes from U-238 by successive neutron captures. 
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divided into radioactive 

products. 

and stable fission 

Measuring radioactive fission products 

Radioactive fission products are determined 

by measuring their activity. In order t o 

reduce the corrections for decay dur ing 

irradiat ion to a min imum, i t is necessary 

to measure fission products whose halflife 

is long in comparison w i th the irradiat ion 

t ime. 

The most frequently used isotopes for 

measuring burnup are Cs 137 (halflife 

30 years), which is in equi l ibr ium w i t h the 

daughter element Ba 137 m, and Ce 144 

(halflife 384 days), which is in equi l ibr ium 

wi th the daughter element Pr 144. 

Another interesting isotope is Ru 106 

(halflife 365 days), which is in equi l ibr ium 

w i th the daughter element Rh 106. W i t h 

this isotope there are marked differences 

in the fission yields for U 235 and Pu 239. 

This difference can be used to determine 

the individual contr ibut ions of U 235 and 

Pu 239 to the total number of fissions. 

The simplest method of measuring radioac

t ive fission products is by gammaspectro

metry using an Nal or germanium crystal 

spectrometer. 

Germanium detectors have better resolv

ing powers and enable the photoelectr ic 

peaks of various nuclide gammas to be pin

pointed among the mix tu re of fission pro

ducts. Figure 3 shows the gamma spectrum 

of a fission product mix tu re obtained f rom 

agermanium crystal spectrometerconnected 

to a multichannel pulse height analyser. 

Gamma spectrometry offers the additional 

at tract ion of measuring burnup w i thou t 

destroying the element, the gammas emit

ted f rom an irradiated fuel element being 

measured direct ly. A fuel element placed in 

a hot cell o r behind a suitable screen can be 

moved in such a way that its various parts 

pass in tu rn in f ront of a col l imator so that 

a th in gamma beam is sampled. Figure 4 

shows an installation of this kind in which 

a germanium crystal spectrometer is used. 

By this method, which avoids the need to 

take fuel samples f rom the element and 

t reat them radiochemically, i t is easy to 

obtain information on the relative dist r ibu

t ion of the fission products and hence the 

burnup along a rod. The apparatus can also 

be calibrated so as to allow the burnup to 

be measured absolutely. A simple calibra

t ion method consists in using other methods 

[ U 235 

neutron 

+ O 

betagamma 

fission 

decay of fission products —14 MeV 

Yi V 

ö) λ r 
fission gamma 
— 6 MeV 

χ 
\ 

neutrino — 
12 MeV 

fission fragments — fission neutrons — 
kinetic energy 167 MeV kinetic energy 5 MeV 

Fig. 2: Energy generated during fission of a U 235 atom. 

t o determine the absolute burnup value of 

a sample f rom the measured rod w i th re

spect t o its various parts. 

Measuring stable fission products 

In measuring stable or very longlived fission 

products i t is possible to avoid the errors 

which arise f rom the uncertainties of the 

decay schemes of radioactive nuclides and 

the corrections to be introduced to allow 

for decay. 

Af ter purif ication these fission products can 

be assayed by radiochemical techniques of 

analytical chemistry (e.g. Τ 99—halflife 

2 . 1 0
5
 years—can be determined by colo

r imetry) or activation methods (e.g. La 

139 can be determined by neutron activa

t ion) . However, a greater degree of preci

sion can be attained by mass spectrometry, 

using the isotopie di lut ion technique. The 

most interesting stable isotope for deter

mining burnup is Nd 148, which possesses 

very similar fission yields for both U 235 

and Pu 239. 

In this case the isotope di lu t ion method 

consists of adding to the fuel solution under 

examination a known quanti ty of neody

Fig. 3: Gamma spectrum, from a germanium detector, of a fission product mixture about 

18 months after the end of the irradiation. 
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Measuring burn-up in uranium fuel elements 

► 10 

1 Fuel element 
2 Collimator 
3 Detector 
4 Liquid nitrogen 
5 Shielding 
6 Ion pump 
7 Low noise 

preamplifier 
8 Amplifier 
9 Multichannel 

analyser 
10 Spectrum (Fig. 3) 

Fig. 4: Apparatus for measuring gamma emis
sions from an irradiated fuel element— 
germanium detector. 

mium enriched w i th Nd 150, carrying out 
suitable radiochemical purif ication of the 
neodymium and finally determining the 
quanti ty of Nd 148 present by measuring 
the ratio between the number of Nd 148 
and Nd 150 atoms. 
The isotopie ratio is determined by mass 
spectrometry, the work ing principle of 
which is i l lustrated in Figure 5. The neody
mium is ionised and the ions accelerated 
and collimated through a slit. The ions thus 
formed are separated according to mass-to-
charge rat io by the magnetic field set up 
by an electromagnet. These mass-analysed 
beams are separately captured on a collec
to r at various intensities of the magnetic 
f ield. The ionic current at the collector, 
after amplif ication, is displayed on a recor
der and f rom the peaks plotted it is possible 
to determine the rat io between the t w o 
isotopes. 

D e t e r m i n i n g the isotopie ra t io 
U 235/U 238 

An immediate method of determining the 
number of U 235 fissions is to measure the 
amount of U 235 destroyed during irradia
t ion . This can be determined f rom the 
variation in the isotopie ratio U 235/U 238 
during i rradiat ion. In calculating the num
ber of fissions it should be remembered 
that U 235 can also be destroyed by neutron 
capture; the relation between captures 
and fissions for U 235 is well known, how
ever. 
Dur ing irradiat ion the quanti ty of U 238 
destroyed is usually negligible. When the 
number of U 235 fissions is known, i t only 
remains to determine, either experimen
tally or by calculation, the contr ibut ion 
of the Pu 239 and U 238 fissions. 
The isotopie ratio can be measured by a 
mass spectrometer, the operating principle 
of which is shown in Figure 5. 
It can also be measured by emission spec
t romet ry . The work ing principle of an 
emission spectrometer is i l lustrated in 
Figure 6. The l ight f rom the excitat ion 
source enters the spectrometer through 
a slit, is reflected by a concave m i r ro r act
ing as a col l imator lens, and is then trans
mit ted onto a grating. The l ight is broken 
into monochromatic radiations by the 
grating, returns to the m i r ro r , and is again 
coll imated onto a photographic plate in 
the form of spectral lines. From the wave
length of these lines i t is possible to pin
point the isotope emit t ing the l ight. The 

Fig. 5: Diagram of a mass spectrometer. 
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intensity of the lines can be used to obtain 
a quantitat ive determinat ion of the isotope. 

D e t e r m i n i n g p lutonium isotopes 

The propor t ion of Pu 239 fissions to other 
fissions depends on the degree of enrich
ment in U 235 of the fuel and on the irra
diation t ime. 
In the case of long irradiations of natural 
uranium wi th burn-ups of more than 10,000 
MWd/ ton , more than 5 0 % of the fissions 
can be due to p lutonium. Plutonium assay 
can therefore be an impor tant means of 
backing up measurements such as that of 
the isotopie rat io U 235/U 238, which 
supply informat ion only on the fissions due 
to U 235. It should be remembered that 
knowledge of the p lutonium content is also 
important for problems of reactivity 
variat ion in irradiated fuels. 
This can be determined more precisely by 
isotopie d i lu t ion and mass spectrometry. 
The to ta l p lutonium content can also be 
determined by ordinary chemical analysis. 
The isotopie composit ion of p lutonium can 
also be measured by alpha and gamma 
spectrometry. For example, a germanium 
detector can be used to measure gammas of 
Pu 239 and of the t w o daughter-elements 
of Pu 241 - U 237 and Am 241. The gamma 
spectrum shown in Figure 7 was obtained 
on a p lutonium source separated f rom 
irradiated uranium. 

D e t e r m i n i n g the integrated neutron 
flux on the e lement surface 

A method which appears quite convenient, 
inasmuch as it does not entail sampling the 
fuel, is based on measuring the integrated 
neutron f lux on the surface of an element, 
using an activation detector. 
The detector normally used is cobalt, either 
pure or as an aluminium alloy w i t h a low 
cobalt content. The cobalt is made of a 
single isotope, Co 59, which is converted 
into Co 60 by capture of a neu t ron ; this 
last element decays emit t ing beta and 
gamma radiations, and has a half-life of 5.27 
years. By measuring the activity of Co 60 
in the detector, which is a w i re fixed 
to the surface of the fuel element, the value 
for the integrated neutron f lux versus t ime 
can be obtained if the capture cross-section 
is known. 
The neutron f lux to which the element is 
subjected, however, is different f rom the 

Fig. 6: Diagram of an emission spectrometer. 1 Slit 2 Mirror 3 Grating 4 Plate 

surface f lux, since the thermal neutrons 
inside the element, which are the most 
important in the fission process, are heavily 
absorbed, w i th consequent flux-depression. 
But nuclear codes can be used to calculate 
the variation in the f lux inside and near 
the element and, hence, the ratio between 
the surface f lux and the average f lux in the 
sample can be obtained. Figure 8 gives an 
example of such a calculation for a UC 

element to be irradiated in the central 
channel of the ISPRA 1 reactor. When the 
average neutron f lux is known, the number 
of fissions can be calculated f rom the fission 
cross-sections. 

An uncertainty of this method is the cross-
section values, since they depend on the 
energy of the neutrons, the d is t r ibut ion of 
which is not as a rule well known. 

Fig. 7: Gamma spectrum, with a germanium detector, of plutonium separated from irradiated 

uranium X-rays 
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Measuring burnup ¡n uranium fuel elements 

Conclusions 

Final comparison is facilitated by dividing 

the methods into a nondestructive and a 

destructive group. 

The first group includes the direct measure

ment of the gamma activity of an irradiated 

fuel element, as wel l as surface f lux measure

ments. These methods have t w o major 

use of other available experimental data. 

When this choice is made, i t should be 

remembered that diffusion of fission products 

and plutonium may lead to er ror in the de

termined burnup values. The destructive 

methods are usually more accurate. Analyses 

by mass spectrometry, such as measuring 

the isotopie ratio U 235/U 238 and the 

Nd 148 content, give a high degree of 

accuracy. 

Fig. 8: Calculation of neutron densities by nuclear codes. 
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advantages. It is not necessary t o take 

samples f rom the element o r t o carry out 

radiochemical processing, so there is much 

less wo rk than w i t h the other methods. 

In addit ion, the gamma measuring system 

shown in Figure 4, or suitably placed neutron 

detectors, can be used to measure burnup 

along the ent ire axis of the fuel element. 

In the case of destructive methods, since i t 

is impractical t o dissolve a whole fuel 

element and the number of samples tested 

must be l imi ted, representative samples 

should be chosen, i.e. samples which yield 

information which can be applied to the 

whole element through calculations or the 

In conclusion, it may be said that the non

destructive methods present the advantages 

of simpler and faster operat ion, while some 

destructive methods offer the attraction of 

greater accuracy. 

The f irst determinations of burnup on 

uranium carbide elements were performed 

at the Ispra Establishment by measuring the 

radioactive fission products Cs 137, Ce 144 

and Ru 106. Ispra is at present developing 

nondestructive methods based on measure

ment of the neutron f lux and direct 

measurement of gamma activity on the fuel 

element by means of a germanium spectro

meter. (EUBU 617; 
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Calculating* 
the world's uranium resources 

J O H A N BRINCK, Euratom Supply Agency 

The formation of uranium deposits (or of any mineral deposits for that matter) is not a purely 
random phenomenon, but one which can be described in mathematical terms. On the basis of 
this mathematical model it is possible to estimate, for any given grade of enrichment, the size 
of potential uranium ore reserves. The conclusion is that these are very large indeed. 

IN 1963, EURATOM published a repor t on 
" t h e problem of uranium resources and the 
long- term supply ques t ion" (Report N° 
EUR 414e). There existed no shor t - te rm 
problem at that t ime, but f rom the predict
ed g r o w t h rate of nuclear energy, i t could 
be foreseen that after 1975, the expected 
uranium requirements would exceed the 
economic product ion capacity of the re
serves which would be left by then, i t being 
assumed that reserves are economic only if 
they are exploitable at less than S 8-10/1 b 

υ3οβ. 
Since 1963, the predicted g r o w t h rate has 
steadily been revised upward. One of the 
latest estimates of the USAEC has more 
than doubled the original ly predicted 
g row th rate unt i l 1980. In v iew of technical 
improvements in the fuel cycle the conse
quent increase of uranium requirements has 
been estimated at 5 0 % only, but w i th ore 
reserves at the same level of some 500,000 
tonnes of uranium metal, i t is clear that the 
long-term supply si tuat ion must have 
deter iorated dur ing the four years between 
the t w o estimates. 
The proposed solut ion of this prob lem, then 
and now, has been to launch a vigorous 
explorat ion programme for new uranium 
deposits exploitable at a similar price 

of S 8-10/lb U 3 0 8 . On the basis of geolog
ical evidence i t is generally believed that 
the existing uranium reserves could easily 
be doubled by this method, and possibly 
t reb led. 

Put t ing a price-tag to minera l resources 

This recommendat ion, the val idi ty of which 
has been demonstrated over and over again 

by the mining industry for almost all mineral 
commodit ies, brings us t o the subject of this 
art icle, which links the purely factual 
concept of mineral resources, that is t o say 
the tota l tonnages of an element available 
atd i f ferent concentrat ions in the upper part 
of the earth's crust, w i t h the economic 
concept of ore reserves, i.e. the tonnages 
extractable at a given cost. Through this 
l ink, ore reserves can be seen as mineral 
resources w i t h a price-tag attached. 
Any long-term mineral supply problem can 
therefore be divided into t w o main com
ponents: 
— what is the natural availability, at dif ferent 
concentrat ions, of the mineral product? 
— what is the price for extract ing i t f rom 
these resources ? 

S^CS* 
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Calculating the world's uranium resources 

Fig. 1: Map showing the distribution of uranium provinces in the free world. The dark surfaces 
represent workable deposits (i.e. at a price of $ 8-10/lb L/3OJ and the lighter surfaces potential 
reserves. 

Normal ly, the higher the concentration of 
the desired product in a mineral deposit, 
the higher are its chances of becoming 
exploitable as an ore. However, differences 
in prospection, mining, processing and 
marketing costs, resulting f rom differences 
in the size, type and location of mineral 
deposits, permit the profitable mining of 
a fairly wide range of concentrations at a 
more or less equal cost-price. 
To stay w i th uranium as an example, most 
of the reserves known today, exploited or 
exploitable at a price of 35 8-10/lb U3Oa o r 
less, have an average content of som e 1,500 g 
uranium per tonne of ore, but range in 
grade f rom some 900 to 3,000 g/tonne. 
However, the very large South African 
reserves, owing to the fact that uranium is 
recovered here as a by-product of the gold-
mining industry, can be exploited at this 
price f rom ores containing as l i t t le as 200 g 
uranium per tonne. Several very large 
uranium deposits are known w i th concen
trations between these extremes, but at the 
present state of ore t reatment technology 
and on the basis of current estimates on the 
future increase of uranium demand, these 
can be considered only as potential reserves 
at the very best. An example is the uranium 
deposit at Bi l l ingen-Mountain, Sweden (see 
Fig. 1), where an estimated geological 
reserve of one mil l ion tonnes of uranium 

in bituminous schists, w i t h an average con
tent of 300 g uranium per tonne, has been 
located. The present product ion costs 
(3$ 15-20/ lbU3O8) place this deposit in the 
potential reserves. 

Dist r ibut ion and size of deposits . . . 

This short descript ion, which could be 
replaced w i th an equivalent for almost any 
mineral commodi ty , already shows some 
rather impor tant trends in the distr ibut ion 
and size of mineral resources. A t the higher 
enrichments, the individual mineral de
posits are markedly smaller than at the 
lower enrichments. If for uranium ore 
deposits in the range of 900-3,000 g/tonne of 
uranium an individual reserve containing 
10,000 tonnes of uranium metal may already 
be considered as a large deposit, at the 
lower enrichments we find individual con
centrations for which the uranium metal 
content can be expressed in hundred 
thousands or millions of tonnes. 
Taking the upper two-and-a-half ki lometres 
of the emerged part of the earth's crust, 
w i th an estimated average uranium con
centrat ion of some 3 g of uranium per tonne 
of rock as the ul t imate resource, the ura
nium metal contained therein would be 
some three mil l ion mil l ion (3 χ 1012) tonnes. 

Another important observation which can 
be made w i th respect t o the dist r ibut ion 
of uranium ore deposits (and a similar 
observation could be made for other ores) 
is the fact that, although uranium deposits 
may be found almost anywhere, the real 
large contr ibut ions to the total uranium 
reserves are made by relatively few regions 
of the wor ld . Such "uranium provinces" are 
for instance the Canadian Precambrian 
shield area, the Colorado-plateau province 
in the United States, the Rand province in 
South Africa, the Hercynian province of 
Europe. Looking to one uranium province in 
particular we find that its reserves are 
normally located in several, often geologi
cally dissimilar mineral distr icts in which the 
ore deposits are of a very similar type. As a 
rule, ore deposits themselves are made up 
f rom several "o re shoots", surrounded by 
leaner or barren material, and even an 
individual ore shoot may show relatively 
high contrasts between mineral concentra
tions in its different parts. This indicates 
that the dist r ibut ion of ore deposits (i.e. 
element concentrations of a given grade and 
size) in the earth's crust is not a completely 
random phenomenon. 

. . . according to a pa t te rn 

Both mining explorat ion and geochemical 
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surveys have shown decisively that the 
concentrations of a given element in a large 
series of different samples f rom a given 
geological system show a very similar 
d is t r ibut ion pat tern. Here again the rela
t ively rare, highest grades tend to group 
together and are l inked w i th the average 
grade through a range of increasingly 
abundant intermediate concentrations. Plot
t ing the frequencies of the different con
centrat ions, found f rom such a survey, 
against the i r logarithms, we find a curve 
wh ich tends to f i t the normal or Gaussian 
probabi l i ty curve (see Fig. 2). This most univ
ersal observation appears t o be independent 
of whether each sample represents a unit of 
mil l ions of tonnes of rock, thousands of 
tonnes f rom a mineral deposit or only a few 
tonnes of material f rom an ore shoot. 
Therefore, at this scale we may say that 
element concentrations in the earth's crust 
tend to be log-normally d is t r ibuted. 
On the evidence of these observations, it 
seems that such element concentrations in 
the earth's crust result f rom a logar i thmi
cally-graded enrichment and deplet ion pro
cess (basically comparable to the isotopie 
separation process in a gas-diffusion plant, 
for instance). Through this process there 
exists a definite relationship between all 
possible concentrations of an element in a 

Fig. 2: Tenth order log-binomial frequency 
disribution. If the order of the distribution 
is increased, the curve drawn through the 
plotted frequencies will tend to become the 
normal or Gaussian probability curve, 
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Fig. 3: Development of a logbinomial distribution down to the third order, showing the relation 

between terms of equal size ana grade, such as \011 |, 1101 | ar.d \110\ Upon further subdivision, 

it can be shown that high concentrations, which will tend to group together, will occur over the 

whole length of the distribution. 

given geological environment. 

It is evident f rom geological observations 

that not all parts of the earth's crust could 

have been subjected to this process at the 

same t ime or t o the same degree. Further

more, i t can easily be seen that the major 

geological processes, such as igneous activi

ty , erosion, sedimentation and solut ion

precipi tat ion, which on good evidence are 

held responsible for the format ion of most 

ore deposits, w i t h equal ease destroy for

merly existing mineral concentrations. 

The present d is t r ibut ion of element con

centrations can therefore be seen as the net 

effect of the continuous rearrangement of 

the crust's material, after some three to 

four thousand mil l ion years of geological 

history. Dur ing this t ime, the material 

balance (i.e. the average concentrations of 

the elements) has remained essentially 

constant. 

The range of concentrations of an element 

in a series of weighted samples is a measure 

of the net efficiency of this process in the 

sampled geological system; i t depends on 

the physicochemical characteristics of the 

element, as contrasted w i th those of all 

o ther elements in the system and thei r 

respective concentrations. For equal sample 

weight, a wide range indicates a high 

separation efficiency, a narrow range a low 

one. 

A mathemat ica l v iew of the pa t te rn 

An admit tedly crude, but convenient way 

of visualising the interrelat ion between 

element concentrations in different parts of 

a geological system can be found in the log

binomial d is t r ibut ion, which becomes log

normal for an envi ronment of inf inite size. 

For a given average concentration χ of an 

element in a volume of rock R, the average 

net efficiency q (0 < q < 1) of the separation 

process, expressed as a fraction of x, 

indicates the propor t ion of the element's 

available atoms in a volume 1/2 R, which as 

a result of one imaginary separation step 

wi l l move f rom the depleted half of the 

volume to the enriched half. 

Thus: 

R . χ = -1- R . χ (1 — q) + \ R . χ (1 + q) 

and 

R.x = 

J R.x (1 - q)« + i R.x (1 - q) (1 + q) 

+ ;}R.x(1 , q) (1 - q) 4- J R.x (1 + q)2 

and so on ; 

or in general : 

R.x = 

2nd order 

3rd order 

Σ 
k=o 2" 

R.x (1 — q)
n


k
 (1 + q)

k 

111 



Calculating the world's uranium resources 

n denotes the order of the logbinomial 

d is t r ibut ion, which becomes lognormal for 

n = oo. Giving each depletion step (1—q) 

the symbol 0 and each enrichment step 

(1 + q) the symbol 1 , the four terms found 

upon the second subdivision of R are 

completely defined by wr i t i ng them 

respectively as: 

xR=[ÕÕ] + [Õf|+píÕ]4 [ÏT| 

These symbols are the consecutive numbers 

of the terms minus one, wr i t t en in the 

binary system. 

It can be seen f rom figure 3 that the equal 

Average grade 
in g/tonne U 

Average metal 
content per 

deposit 
in tonnes 

Indicated 
resources 

I 900 000 

7 500 000 

28 000 000 

I 000 I0 000 

670 25 000 

450 62 500 

IOO00OOOO 

Table I: Probable world uranium resources. 

size and grade concentrations 01 and 10 

have been obtained respectively by an 

enrichment step in the depleted volume 0 

(first te rm of the f irst subdivision of R) and 

a depletion step in the originally enriched 

volume 1 (second term of the f irst sub

division of R). Thus these equal concentra

tions are not related through a direct l ink 

between each other, but only through Rx. 

Through this numerical representation i t 

can be shown that, upon division of R in 

ever smaller parts, high concentrations, 

w i th a tendency to group together, are 

generated over the whole scale. Translated 

to the threedimensional geological envi

ronment , a process of this type would 

result in a régionalisation of high concentra

tions in mineral provinces, districts and 

ore deposits. A l though not direct ly com

parable, the grade contrasts between the 

consecutive terms found by this numerical 

representation show a remarkable resem

blance to those found in some vein type 

ore deposits (see fig. 4). 

It is also clear that, in a given environment, 

for each sample size only one sample w i th 

maximum enrichment could exist. Knowing 

this enrichment and the size of the sample, 

in respect to the average element concentra

t ion and the size of the environment, it 

would be possible t o predict all other 

probable concentrations of lower grade 

enrichments. 

Unfortunately, nature has not clearly 

marked the sample and environment 

boundaries of our model and, partly for this 

reason, statistical evaluation of mineral 

survey data can more conveniently be done 

by using the different formulae developed 

for the lognormal d is t r ibut ion (which is in 

fact the logbinomial d is t r ibut ion for an 

infinitely large environment). By choosing 

a sample size, which in respect t o the 

sampled environment can be considered 

small (n is large), the results would be 

approximately the same. 

In ferr ing the size and grade of 

reserves 

W i t h the lognormal d is t r ibut ion, knowing 

an element's average concentrat ion χ and 

its specific mineralisabil ity α (essentially the 

lognormal equivalent of q), we can calculate 

the probabi l i ty of occurrence of all possible 

concentrations of a given size and grade for 

any given geological environment. 
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Assuming that the d is t r ibut ion and indivi

dual size and grade of the uranium ore 

reserves are valid and significant mineral 

survey data, we can not only calculate the 

apparent specific mineralisabil i ty α of 

uranium in the accessible part of the earth's 

crust, but also all uranium resources which 

must have been generated by the format ion 

of these reserves. 

On the basis of measured total uranium 

reserves of 500,000 tonnes of uranium in 

exploitable and already exploited deposits 

(the lowgrade SouthAfrican reserves being 

excluded), f igure 5 shows all possible 

uranium metal resources as a funct ion of 

the i r average metal content and concentra

t ion per mineral deposit. 

W e know that lower than average ore

grade deposits, to be of economic interest, 

should normally have a higher than average 

uranium metal content, as this makes i t 

possible to carry out mining operations on 

a larger and therefore more economic 

scale. To i l lustrate this point we may again 

use the example of the Swedish uranium 

deposit in the Billingen Distr ic t . A t present, 

for an annual product ion of some 100 tonnes 

of uranium, concentrates can be produced 

f rom this deposit at a price of the order of 

$ 15/lb U 3 0 8 . Increased product ion to 

several thousands of tonnes annually and 

fu r ther improvement of the extract ion 

process could almost certainly bring this 

price down to our guiding price of $ 810/lb 

U 3 0
8
. However, as long as sufficient higher

grade reserves could be found to sustain the 

demand, the compet i t iv i ty of this deposit 

would remain doubt fu l . 

Assuming arbi t rar i ly that each lowering of 

the uranium concentrat ion to 2/3 of the 

average current ore grade would have to be 

compensated by an increase of the metal 

content of a mineral deposit to 2.5 times 

the average metal content of the current 

ore deposits, we find the probable uranium 

resources, shown in Table I, which w i th 

increasing demand could largely become ore 

at concentrate prices of the order of 

$ 810/lb U 3 0 8 . 

It should be clear that this i s o n l y a m i n i m u m 

estimate, as only the free world's measured 

ore reserves have been used in the calcu

lations, but for an envi ronment comprising 

the whole dry land surface of the earth t o a 

depth of 2.5 km. Furthermore each new 

ore discovery, increasing ei ther the average 

grade or average size, would increase all 

o ther estimates proport ional ly . 

A / l 

1 \ I / 

■ kls^sSlB 

/ / 

v 

5c(i+q) 

x ( i  q )
6 

Fig. 4: The top curve shows the actual results of channelsampling in a leadbearing vein in 

Algeria (after Trai té de géostatistique appliquée, tome /, by Georges Matheron, p. 42). The 

values for leadcontent are logarithmically plotted. 

The bottom curve is purely theoretical ana shows the terms 1264 of a 6th order logbinomial 

distribution for q = ~ 0.30. 

It can be seen that there is a marked resemblance between the two curves. 
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Calculating the world's uranium resources 

uranium resources ¡n tonnes of metal (log. scale) 

Fig. 5: Inferred minimum resources of uranium in the upper 2.5 km of the earth's crust. 

s 
/ 

Uranium resources of possible economic interest. 

Reference distribution. The whole figure is based on the 500,000 tonnes of 
uranium metal reserves, known in 1967, occurring in ore deposits with an 
average metal content of 4,000 tonnes and an average concentration of 
1,500 ppm. 

Progression of resources by increasing average metal content 2.5 times and 
reducing average grade by 2/3. 
Largest deposits of a given grade 

From the order of magnitude of the thus 
inferred ore-grade and potential ore-grade 
uranium resources, as compared to all 
foreseeable uranium requirements, no 
shortage of uranium, nor excessively high 
prices may be expected f rom any natural 
insufficiency of uranium resources. 
Therefore, the long-term supply question 
appears to be essentially a polit ico-economic 
problem, the solution of which could be 
directed ent irely t o the op t imum conditions 
for the development of the nuclear industry. 
However, to have any uranium at all after 
the years 1975-1980 at a price of $ 8-10/lb 

U 3 O B , a vigorous programme aimed at 
locating and developing new ore reserves 
among these probable resources should 
start r ight f rom this moment. (EUBU 6-18) 
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Using1 nuclear 
energy for making* iron 
PROF. WERNER WENZEL, Iron and Steel Institute, Aachen Technical University* 

THANKS T O technological progress, nu
clear energy is today becoming cheaper and 
cheaper. It is therefore essential to examine 
r ight now the repercussions of the availabil
i ty of this cheap form of energy on the i ron 
industry. It wi l l thus be possible to draw in 
good t ime the necessary conclusions con
cerning the development of the processes 
which the adoption of nuclear energy 
involves. 
Since, even if the cost of nuclear energy is 
low, the price t o the consumer is made up 
of various energy sources, the iron industry 
can only derive real advantages f rom the 
production of cheap nuclear energy if the 
works is itself the owner or the direct 
beneficiary of a nuclear power plant. 
However, if a nuclear power plant is to 
fo rm part of the basic equipment of such an 
integrated production unit, i t is essential 
that the unit should be able t o use all the 
energy thus produced, or at least the vast 
major i ty of i t , for its own purposes, i t 
being borne in mind that nuclear energy 
only offers economic advantages when very 
large units are employed. 
A closer examination of the situation 
reveals that, more than almost any other 

I. After a lecture delivered in the "Haus der Tech
nik" , Essen on 10 Apr i l 1967. 

branch of Industry consuming energy, the 
iron industry is one in which the energy 
requirements of one single plant are roughly 
of the same order of magnitude as the 
output of a nuclear power plant. It may be 
assumed that i ronworks of the future wi l l 
have to produce at least three mil l ion 
tonnes a year in order t o remain competi
t ive. The total energy requirements of such 
units can be estimated at 2,000 MWth and 
above if account is taken of all the fuel 
consumed, i.e. including the coal used for 
reduction purposes. If the requirements 
w i th regard to reduction coal are deducted, 
the amount of actual heat and mechanical 
energy needed—roughly 1,300 MWth and 
above—is stil l w i th in the range of a viable 
nuclear power plant. 

What methods are therefore available to 
enable the works of the future to adapt 
i ron-product ion techniques to this energy 
situation ? 

I ron production using electrical 
energy 

Let us f irst assume that the heat produced in 
a nuclear reactor wi l l continue to be con
verted into electrical energy via mechanical 
energy, i.e. via turbo-al ternators. Assess-

Simplified operating scheme of a blast-furnace. 

reduction of 
the oxides: 

formation 
of iron 
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Fig. 1: General scheme of iron production by means of nuclear energy. 
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ments of the prospects of nuclear electricity 
for the product ion of i ron can take as their 
basis a kWh cost of 3.75 mills over the long 
t e rm , meaning the next 25 years or so, 
whi le for the more immediate future a 
figure of 6.25 mills per kWh and above 
should be more realistic. 
The significance of this 3.75 mills cost per 
kWh for the iron industry becomes clear 
when it is compared w i th the prices of the 
other forms of energy available. This cost 
of electrical energy is equivalent to a 
thermal cost of $ 4.35/mill ion kcal. On the 
other hand the calorie prices for conven
tional pr imary energy sources, such as coal, 
oil and natural gas, are at present less than 
$ 2.50/mill ion kcal and in some cases—as 
w i th natural gas—well below that figure. 
Electrical energy as a source of power for 
use in the i ron industry is, therefore, even 
in the nuclear age, only competi t ive w i th 
regard to fossil fuels if the latter are not 
available owing to reasons of a local nature 
or if special advantages are to be gained by 
using electrical energy rather than other 
sources of heat. 

There is awideselect ionof possible methods 
for producing i ron w i th cheap power, in 
particular electrolysis and carboelectrlc 
techniques. 
As things stand at present, neither aqueous 
electrolysis nor fusion electrolysis of i ron 
compounds can be contemplated for 
reduction purposes in large-scale i ron-
smelt ing, the only conceivable method 
being via the electrolyt ic production of 
hydrogen. 

Hydrogen electrolysis 

From the cost angle, the basic feature of this 
technique is that, whi le an installation is 
required for obtaining hydrogen f rom water, 
all the units necessitated by the fuel in 
conventional iron-smelting are not needed. 
The technical aspects of i ron ore reduction 
using hydrogen can be regarded as thor
oughly explored. The capital-dependent 
costs and the other operating costs do not 
differ much f rom those of other reduction 
methods, especially if i t is borne in mind 
that there is a possibility of using attractive 
special designs. Here, too, the energy costs 
therefore consti tute a decisive factor in 
assessing the potential usefulness of the 
technique. A figure of 3.75 mi l is /kWh gives 

about $ 15/tFe, whi le at 6.25 mi l is/kWh this 
rises to $ 25/tFe. Assuming the most 
favourable conditions possible, the energy 
costs involved in this method of i ron 
product ion are thus at the upper l imi t of 
the figures obtainable by conventional 
techniques (blast furnace and LD process). 
This method can therefore only be con
templated if fossil reducing agents or fuels 
are ei ther not available at all or only at 
abnormally high prices. It is obvious that 
as the population of this planet continues 
to grow, this situation may wel l occur 
sooner or later; in certain development 
areas such iron smelting methods wi l l even 
probably have to be introduced very soon. 

Carboelectr ic reduction 

Assuming that fossil fuels can be used at 
least as reducing agents, the electrical 
reducing techniques which have the greatest 
edge are those by which liquid i ron is 
produced directly. The electrical reduction 
—or , to be more precise, carboelectric 
reduction—techniques offer the advantage 
that they use coal, which is much cheaper 
than hydrogen, as a reducing agent and the 
more expensive electrical energy solely for 
heating purposes. In this way about 2.5 
mil l ion kcal/tonne of i ron produced are 
needed in the form of coal and—with the 
best methods at present available, using the 
waste gas for preheating and prereduct ion— 
about 1.2 mil l ion kcal in the form of electric 
current. If we take as a basis the above-
mentioned opt imum cost of electric heat 
($ 4.35/mill ion kcal) and reducing carbon 
($ 2.5/mill ion kcal), the total op t imum cost, 
namely $ 11.5/t Fe, for producing i ron by 
nuclear energy, is roughly the same as that 
of the net quanti ty of energy required in 
the operation of a modern blast furnace on 
a comparable site. 

Even so, electroreduction techniques only 
stand a chance if they can compete w i th 
blast furnace plants w i th regard to total 
investments and f rom the operating angle. 

To sum up, therefore, the use of electrical 
energy in the production of iron is only 
feasible in the nuclear age in special cases, 
when the quantity of fossil fuels available is 
l imited. When cheap nuclear energy is 
available, however, such cases wi l l certainly 
be more frequent than today. 
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Using nuclear energy for making iron 

Fig. 4: Single chamber iron reduction by means 
of heat from a helium-cooled high-temperature 
reactor. 

1 Nuclear reactor 
2 Indirectly heated reaction vessel 
3 Heat-exchanger 
4 Power station 
5 and 6 Blowers 

D i r e c t use of reac tor heat 
for i ron-smel t ing 

From the above remarks i t is clear that in 
spite of the low electr ic i ty costs obtainable 
w i t h nuclear energy, i ron-smelt ing techno
logy would not be faced w i th a fundamen
tal ly new s i tuat ion. 
A t this juncture ment ion should be made of 
some ideas which have been developing for 
several years at the I ron and Steel Inst i tute 
of the Aachen Technical Univers i ty and 
have prompted a good deal of research 
w o r k at the Inst i tute. Fairly substantial 
funds are made available for this w o r k by 
the West German Minis t ry for Scientific 
Research. 
The basic idea is that if fossil reducing agents 
such as coal are used, what is pr imar i ly 
required for i ron product ion processes is 
not electrical energy but heat. A t the same 
t ime i t is basically heat that nuclear reactors 
produce rather than electrical energy. It is 
therefore w o r t h whi le t o consider applying 
the heat produced in a nuclear reactor 
d i rect ly t o the i ron product ion process, 
thus cut t ing out the use of electrical energy. 
If the a t tempt t o transfer the heat f rom the 
nuclear reactor direct ly t o the i ron produc
t ion process is successful this would mean 
that a reactor of given size could supply 
about three t imes as much heat t o a smelt ing 
plant as if the process were effected via the 
use of electr ic cur rent . This opens up the 
possibil i ty of reducing the cost of i ron 
product ion considerably; fu r the rmore the 
expensive plant required for the generation 
of electrical energy can be dispensed w i t h . 

Accord ing t o rough calculations the net 
cost of a mi l l ion kcal of nuclear heat, 
supplied to the reduct ion instal lat ion, is 
between $ 0.50 and $ 1.00, depending on 
the size of the nuclear power unit feeding 
the works and on the state of nuclear 
development taken as the basis for calcula
t ions. In relat ion t o the fossil fuels used at 
present, there is therefore a possibil i ty of 
lower ing heat costs by two- th i rds o r even 
three-quarters, depending on the site 
condit ions of the works concerned. 
The basic scheme of a nuclear-powered 
i ronworks is shown in Fig. 2. The coupled 
system consists of a nuclear reactor (1) and 
a reduct ion installation (2). In the simplest 
case, the reactor coolant is also used to heat 
the reduct ion instal lat ion, but for reasons of 
plant safety and to ensure access to the 
reduct ion instal lat ion, it is assumed for the 
t ime being that an intermediate circui t 
wou ld be needed. 

H e l i u m or sodium? 

The main factor governing the type of f luid 
used for heat transfer is the temperature 
required in the reduct ion instal lat ion. Up to 
a maximum of about 800°C carbon d iox ide/ 
carbon monoxide mixtures could be used 
—theoret ica l ly at least. A t 900-1,000°C only 
sodium and hel ium can be contemplated and 
over 1,000°C only hel ium to all intents and 
purposes. The nuclear reactors w i l l of 
course be of di f ferent types depending on 
the coolant used, so i t is part icularly 
impor tan t , in assessing the reactor side of 
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the operat ion, t o know the minimum 
temperature which has to be maintained in 
the reduct ion installation. 
Ou r theoret ical and practical work in this 
field was at f i rst concentrated on an at tempt 
to solve this problem. It was first assumed 
that coal would be used as the reducing 
agent, since particular at tent ion must be 
given to this commodity in Germany, as 
compared w i th oil and natural gas, for 
obvious reasons. However, similar technical 
solutions and appropriate results can also 
be obtained for o ther reducing agents. 
In the interest of reactor technology the 
aim should be to operate economically at 
the lowest reducing temperatures possible. 
We therefore examined a large number of 
factors influencing the reduction of iron 
ores using coal, not only the obvious para
meters such as temperature, cost, pressure, 
grain size, etc., but also less common aspects 
such as the generation of high pressures and 
the use of catalysts. It was found that 
economic use of the reaction space, which 
should not be below one tonne of iron pro
duced per cubic metre per day, is only 
achieved w i th the types of coal considered if 
the reduction is carried out at temperatures 
of at least 850°C. 

In the case of coal, incidentally, this lower 
temperature l im i t can only be observed by 
the t r i ck of using a catalyst for regenerating 
the carbon dioxide into carbon monoxide 
f rom the carbon. It was generally found that 
temperatures between 900 and 1,000°C 
should be available in the installation in 
order t o ensure an economic reduction 
process. 
As reactor technology stands today and even 
taking foreseeable developments into ac
count, heat at this temperature can only be 
removed f rom nuclear reactors by sodium 
or helium cooling. The existing helium-
cooled high-temperature reactors have an 
out le t temperature of 750°C, an increase to 
850°C being planned for the immediate 
fu ture. There are no major technical 
obstacles t o raising the temperature of 
the gas to over 1,000°C. 
Sodium-cooled reactors are at the moment 
l imited to a maximum coolant temperature 
of 600°C. There are admittedly no funda
mental problems preventing the tempera
tu re being raised substantially, but new 
materials would have to be developed. 
Fig. 3 shows a f low scheme such as could be 
used for a nuclear reactor cooled w i th 
l iquid sodium. Since, at a coolant out le t 

temperature of 1,000°C, the sodium is 
already in vapour fo rm at normal pressure, 
the coolant circuit would have to be 
pressurised (about 5 atm.abs.) in order t o 
prevent t r i cky vaporisation conditions in 
the reactor core. 
The reactor coolant passes through a heat 
exchanger in which the heat is transferred 
to a secondary sodium circuit. It is best to 
keep this secondary circuit at normal 
pressure so that the heat exchanger acts as 
a sodium vaporiser for the secondary circuit . 
The sodium vapour is passed at a tempera
ture of about 900-950°C to the reduction 
vessel, which is likewise designed as a heat 
exchanger. Here the sodium vapour con
denses, giving off its condensation heat via 
dividing walls t o the reduction mix ture , 
which consists of ore and carbon. The 
condensed sodium is then recycled to the 
sodium vaporiser. 

The advantage of such a vaporisation system 
is that, owing to the appreciable latent 
vaporisation heat of sodium, which is about 
1,000 kcal/kg, the quanti ty of sodium in the 
intermediate circuit can be kept fairly small 
and in some cases a circulating pump 
dispensed w i t h . 
The use of helium as a reactor coolant and 
medium for transferr ing heat to the 
reduction vessel is shown in diagram form 
in Fig. 4. Owing to the high heat transfer 
capacity required, the helium ¡sata pressure 
of about 40 atm.abs. Dur ing normal opera
t ion the radioactivity of the coolant is low, 
so that it may even be possible to pass the 
helium f rom the reactor straight through 
the reduction vessel's heat exchange unit . 
The maximum temperatures obtainable 
using a high-temperature reactor coupled 
to the reduction vessel are, it is thought, 
higher than w i th sodium-cooled reactors, 

Fig. 5: Double chamber iron reduction by means 
of heat from a helium-cooled high-temperature 
reactor. 

1 Nuclear reactor 
2 Indirectly heated reaction vessel 
3 Heat-exchanger 
4 Power station 
5 Ore reduction vessel 
6, 7 and 8 Blowers 

the reaction rates and specific throughputs 
being correspondingly higher. 
There are t w o basic systems fo r smelting 
i ron ores w i th solid reducing agents—single 
chamber and double chamber. The te rm 
"single chamber" is taken here to mean 
that a reduction mix tu re consisting of ore 
and reducing coal is heated direct ly. W i t h 
the double chamber method, on the other 
hand, only the reduction of the carbon 
dioxide produced f rom carbon monoxide 
during the i ron ore reduction process is 
carried out w i th the aid of the reduction 
carbon in the heated reaction chamber, the 
carbon monoxide thus obtained being 
passed to a separate chamber in which i t is 
then reacted w i th the iron ore. The reduc
t ion gas therefore passes through a circui t 
between the heated coal gasifier and the 
unheated ore reduction vessel, in which an 
exothermic process takes place. Fig. 5 shows 
a diagram of such a double-chamber reduc
t i on installation coupled to a nuclear 
reactor. 

In all cases it is advisable to f i t a power 
source in the form of a boiler (or gas 
turbine) downstream of the reduction 
instal lat ion; this produces a particularly 
economical l ink-up between the reduction 
of i ron ore at high temperatures and the 
recovery of energy in the medium tempera
tu re range of the heat-transfer f lu id. 



A blast-furnace at the moment of tapping - For how many years will this remain a common 

sight? (photo: Mannesmann/Stachelscheid) 

Whi le the fu ture of sodium-cooled reactors 
is st i l l f raught w i t h numerous uncertainties 
as regards the temperature range of use to 
the i ron and steel industry, the development 
of helium-cooled high-temperature reactors 
is largely complete (pebble-bed reactor in 
Germany, Dragon in Bri tain and Peach 
Bottom in the Uni ted States). 
O n the o ther hand—and qui te apart f rom 
the undeniably appreciable diff iculties st i l l 
t o be solved in the nuclear reactor f ie ld—it 
should be clearly realised that in the field 
of low- temperature i ron ore reduct ion 
considerable w o r k st i l l has to be done 
before the large-scale use of nuclear energy 
for i ron-making wi l l be a feasible proposi

t i on . The greatest technical problem relates 
t o the development of the heat exchangers 
o r heat-exchange surfaces required in the 
reduct ion vessel in order t o transfer the 
heat f rom the coolant (hel ium o r sodium) t o 
the reaction m ix tu re . 
The foremost problem here is that of the 
materials, since account has to be taken of 
the effects of temperature , pressure, wear 
and corrosive gases. Prel iminary studies 
would seem to indicate that heat exchangers 
can be bui l t t o operate under such con
di t ions, albeit at the cost of a considerable 
amount of development w o r k and, possibly, 
the adopt ion of unusual designs. (EUBU 
6-19) 
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An original sputtering 
process for surfaee - eoating 
MICHEL GIBB, Editor 

A N ORIGINAL surface-coating process has 
recently been developed at the Ispra 
Establishment of Euratom's Joint Research 
Centre. This process enables a th in layer of 
metal, for example, or alloy to be deposited 
on a substrate of any k ind. The process is 
particularly suitable for forming ant i -
corrosion coatings or diffusion barriers, 
but can also be used to apply electrically or 
thermal ly conductive coatings or even 
ornamental or optical coatings. It was 

developed at Ispra's High-Temperature 
Chemistry Department by Joseph W u r m , 
w i th the assistance of Pierre Beucherie 
and Michel Block. The patent on the 
process has been filed in 18 countries, 
including the USSR, and a licence on this 
patent was recently taken out by a French 
company. 
The coatings intended for the above-
mentioned purposes must possess a number 
of physical-chemical propert ies. It is re

qui red, for example, that the layers should 
adhere wel l to the surfaces they cover, in 
some cases even up to temperatures in the 
region of 1,000°C; that deposition should be 
uni form and homogeneous; that the layers 
should be impermeable t o gases or liquids, 
in o ther words that they should have very 
low porosi ty; that they should have a very 
fine granular s t ruc ture ; that they should 
stand up wel l t o corrosion, etc. 
Several processes aiming at coatings of this 
quality are already in use, such as electro
lytic deposition and evaporative deposition 
under vacuum. The present invention can 
be placed in the category of electrical 
discharge deposition techniques, which, in 
the present state of the art , embraces 
mainly cathodic sput ter ing: in a vacuum 
chamber, in most cases a glass dome, a low-
pressure gas atmosphere of about one-tenth 
of a mi l l imetre Hg is generated; t w o 
electrodes are arranged in this chamber, 
the cathode itself consisting of the material 
t o be deposited, and the anode being 
formed in most cases by the casing of the 
apparatus; between these t w o electrodes a 
high voltage in the region of 2,000-4,000 
volts is applied and the sample t o be coated 
is placed opposite the cathode. 

Fig. 1: Coils employed to generate the electro
magnetic field of very high voltage and very 
high frequency which is essential to the 
process. These coils are made of the material 
to be deposited. 
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An original sputtering process for surface-coating 

Fig. 2: The laboratory unit developed at Ispra. The photograph shows the base of the chamber in 
which the coating operation takes place. 
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Fig. 4: Appearance of a coil that has been in 
use for some time. 

Fig. 3: The same apparatus as in Fig. 2 in operation. The flash is given off by the plasma which 
forms inside the coil. 

The exact mechanism of conventional 
cathodic sputter ing is stil l not fully known, 
but the fol lowing description of i t can be 
given. 
The cathode emits electrons which, by 
col l iding, ionise the gas, which can for 
example be argon. The argon ions thus 
produced are accelerated by the high-
voltage field and bombard the cathode, so 
that micro-particles of the cathode are 
str ipped off and projected all over the 
chamber and, at the same t ime, on to the 
surface of the object to be coated. The 
conventional cathodic sput ter ing tech
niques, which are satisfactory for the 
deposit ion of extremely th in layers, 
nevertheless present several disadvantages. 
Their yield is too low for deposits of any 
great thickness and the rate of deposition 
is too slow. Furthermore, the electrode 
system cannot be readily adapted for 
effective operat ion inside a tube, for 
example, in order to apply an internal 
coating. 

Al together, the apparatus is not sufficiently 
mobile and is very unsuitable for effecting 
deposition in industrial equipment of any 
great size. 
The process developed at Ispra enables 
these drawbacks to be overcome. It differs 
f rom the conventional sputter ing methods 
essentially in that, instead of an electro
static field, it uses an electromagnetic field 
of high voltage and very high frequency. 

The coil (Fig. 1) by means of which this 
electromagnetic field is generated is made 
of the material to be deposited or of one of 
the constituents thereof; it is immersed in 
a gas atmosphere which is constantly 
renewed and maintained at a substantially 
constant pressure (of the order of one-
thousandth of a mi l l imetre Hg ; see Figs. 2 
and 3). Since i t is exposed to an electro
magnetic field of high voltage and high 
frequency, this gas is ionised and converted, 
at least partly, into a plasma. By the action 
of electromagnetic agitation the particles of 

this plasma are projected against the coil, 
f rom which they str ip corpuscles of matter 
which spread throughout the chamber and 
are thus deposited on the object to be 
coated (Fig. 4). According to whether an 
inert or a reactive gas is employed, they 
are deposited either as such or after 
entering into chemical combination w i th 
the gas. For example, by using oxygen and 
an appropriate metal it is possible to obtain 
a coating cf the oxide of that metal. 
The new process has another distinctive 
feature: a small jet of gas at low pressure is 
introduced direct ly into the space inside 
the turns of the coil . It is due to this feature 
that opt imum sputter ing conditions are 
achieved. 

The principal advantage of the process is 
that the rate of deposition is much faster 
than w i th conventional forms of sputter ing. 
In addit ion, i t is possible to connect several 
coils in parallel or in series, according to 
requirements, in order t o secure higher 
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Fig. 6: Metallograph of a sam

ple of zirconium coated with 

a layer of molybdenum about 

16 microns thick (enlarged χ 

600). Note the remarkable 

evenness and firm adhesion of 

the deposit. 

Fig. 5: A possible rig for the Internal coating 

of apipe. 

outputs . Fur thermore , i t was found ex

per imental ly that the plasma formed f rom 

the injected gas is largely confined inside 

the coi l . It is thus possible, w i t hou t any 

great di f f iculty, t o maintain the low gas 

pressure which prevails outside the coi l . 

This rarefaction of the gas has a beneficial 

effect on the s t ruc ture of the deposit, since 

i t reduces gas occlusions to a min imum. 

The process has already been successfully 

used fo r applying 5 t o 20 micron coatings of 

n iobium, p lu ton ium, tungsten, tanta lum, 

z i rcon ium, t i tan ium, i ron , cobalt, nickel, 

copper, a lumin ium, plat inum, i r i d ium, as 

we l l as nickelchrome alloys and stainless 

steels, on substrates as diverse as metals, 

alloys, ceramics, glass, graphite, plastic and 

even cardboard. 

Fig. 5 shows schematically how the process 

can be used for the internal coating of a 

pipe. In this case the pipe itself could 

const i tute the vacuum chamber. A l l that 

has to be done is to seal the pipe, connect 

i t t o a battery of vacuum pumps and make 

the coil t ravel through i t at a given speed. 

Ant i corros ive coatings have already been 

applied in this way to the in te r io r of pres

sure tubes for nuclear reactors, and this has 

been done in the min imum of t ime. 

In order t o simpli fy the feed of the gas to be 

ionised, i t is possible t o construct a hol low 

coi l , i.e., a coil consisting of a spirally wound 

tube provided w i t h holes which point 

towards the inside of the space enclosed 

by the coil and th rough which the gas wi l l 

f low (Fig. 7). 

The examples of possible uses fo r the 

process could be greatly mul t ip l ied . A t all 

events i t has an ext remely wide field of 

appl icat ion: though invented in a nuclear 

research laboratory, i t w i l l undoubtedly 

find Its way in to numerous sectors of 

industry, even those which are far removed 

f rom the applications of nuclear energy. 

(EUBU 620) 

Fig. 7: A special hollow coil in which holes have 

been drilled for the supply of the gas to be 

ionised. 
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New design of prestressed concrete pressure vessel 

The Italian ins t i tu te^ ISMES (Institute for 
experimental models and structures) has been 
asked by Euratom to conduct research on a 
new reactor vessel concept in prestressed 
concrete, init ial ly developed under the 
Dragon Project. In this system, suitable for 
gas-cooled reactors, the heat exchangers 
are housed in the actual walls of the con
crete pressure vessel. 
In tradit ional designs the exchangers are 
either installed in a special enclosure out 
side the vessel or else " in teg ra ted" inside 
the vessel. 
The advantage of the f i rst of these t rad i t ion
al solutions is that the exchangers are 
easily accessible for servicing, replacement, 
etc. A drawback is that a special leaktight 
enclosure has to be bui l t for them. 
In the second solut ion, the advantage of 
easy access is foregone and a concrete shield 
has to be erected to shield the exchangers 
against radiations f rom the reactor core. 
On the other hand, the complete unit is 
more compact. 

The new design to be investigated by the 
ISMES to some extent combines both the 

foregoing advantages w i thou t the draw
backs: 
- the concrete vessel wall serves at once 
as a structural material and as a shield for 
the exchangers; 
- i t should be possible t o devise an arrange
ment that requires no more concrete than 
w i th the consolidated method, and certainly 
less concrete than in any design where the 
exchangers are housed separately; 
- easy access to the exchangers can be 
provided. 
A four th advantage is that, since the layer 
formed by the ring of exchangers is less 
rigid than the concrete, it should be possible 
to distr ibute the circumferential stresses 
better than in the standard solutions. 
The aim of the task entrusted to ISMES i s t o 
verify these theoretical advantages, part icu
larly the last-named, by means of experi
ments on small-scale models. 

Configuration of prestressed concrete pressure 
vessel for 1,250 MWth helium high temperature 
reactor. 

Publicat ion of a new series of technical notes 

A new series of Technical Notes has recently 
been published by Euratom. It w i l l be 
recalled that the aim of these notes is t o 
draw the at tent ion of industries w i th in the 
Communi ty to certain original devices or 
processes developed under the Euratom 
research programme. 

In this new series, information wi l l be found 
on a new process for preparing uranium 
carbide (No. 526), a handling arm, notably 
for reactor charging machines (No. 74), an 
anti-corrosion t reatment process for zirco
nium alloys (No. 41), etc. 
N o t all the processes or devices described 

deal exclusively w i th nuclear technology. 
No te 60, for instance, describes a thermo
electric probe for measuring the tempera
tu re of fluids, Note No. 64 a galvanic cell for 
detecting oxygen, Note No. 726 a computer 
for determining the logari thm of binary 
numbers, etc. 
For all information concerning these 
Technical Notes, w r i t e t o Euratom, Indus
t r ia l Property Directorate, Directorate-
General for the Dissemination of Informa
t ion , 51 rue Bell iard, Brussels 4, Belgium. 
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Power reactors ïn operation, under construction and planned in the Community 
(Status as at 31 October 1967) 

I. The to ta l net electric capacity of the nuclear power plants in operat ion, under construction or planned is 8401 M W e , broken down as follows: 

opera- under con- total 
country tional critical struction planned MWe 

Chinon I (EDFI) 
Chinon 2 (EDF2) 
Chinon 3 (EDF3) . 
St. Laurent I (EDF4) 
St. Laurent 2 . . . 
Bugey I (St Vulbas) 
G I Marcoule. . . 
G 2 Marcoule . . . 
G 3 Marcoule . . 
Fessenheim I . . . 
ENEL (Latina). . . 

Boiling-water 

KWL (Lingen)' 
VAK (Kahl) 
ENEL (Garigliano) 
G KN (Dodewaard) 
Preussenelektra (Würgassen, Weser) 

Press u r ised-wate r 

ENEL (Trino Vercellese) . . . . 
BR 3 (Mol) 
N W K + HEW (Stadersand, Elbe) 

Elektrowatt (Hochrhein) 
Geesthacht (Schl.-Hoistein) 
ENEL (Lombardia) 
EBES (Doel) 
INTERCOM (Tihange) 

I. Excluding 67 MWe conventional superheat. 2. Possibly a joint German/Swiss plant of 600 MWe. 
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2. Percentage b reakdown of the reac tors in 3. B reakdown accord ing t o s ta te of comp le t i on and by coun t r y (in MWe) 
ope ra t i on and under cons t ruc t i on , accord ing 

t o t ype 

Gas/graphite 2568 MWe i.e. 60% 

Boiling water 627 MWe i.e. 15% 

Pressurised water 833 MWe ¡.e. 19% 

Heavy water 223 MWe i.e. 5% 

Other advanced converters . 60 MWe i.e. 1% 

4311 100 

Germany France Italy Netherlands Belgium Community 

Reactors in operation . . . 

Reactors under construction 

Reactors planned . ♦ 

Total 

607 52 143 

I 257 52 I 603 

4. Charac te r i s t i cs of reac tors in o p e r a t i o n (31 O c t o b e r 1967) 

country 

KRB(Gundr 
AVR (Jülich) 
VAK (Kahl) 
MZFR (Karlsruhe). . . 
Chinon I (EDFI) . . . 
Chinon 2 (EDF2) . . . 
Chinon 3 (EDF3) . . . 
EL 4 (Brennilis) . . . . 
G l Marcoule 
G2 Marcoule 
G3 Marcoule 
SENA (Chooi) . . . . 
ENEL(Garigl iano). . . 
ENEL (Latina) 
ENEL (Trino Vercellese) 
BR3 (Mol) 

3£5^^H 

BWR 
HT 

BWR 
EL 

GG 
GG 
GG 
EL 

GG 
GG 
GG 

PWR 
3WR 

GG 
PWR 
SSCR 

I IM5HT^^B 
H U j | 

14. 8.66 
26. 8.66 
13.11.60 
29. 9.65 
16. 9.62 
18. 8.64 

1. 3.66 
23.12.66 
7. 1.56 

21. 6.58 
I I . 6.59 
18.10.66 
5. 6.63 

27.12.62 
21. 1.64 

connected 

to grid 

. 6.61 

. 8.66 
14. 6.63 
24. 2.65 

4. 8.66 
9. 7.67 

28. 9.56 
22. .4.59 

4. 4.60 
3. 4.67 

23. 1.64 
12. 5.63 
15.11.64 
6.12.66 

output 

in MWe 

15 
50 
70 

200 
480 
73 

3 
40 
40 

266 
150 
200 
257 

10 

3. GG — gas/graphite; PWR = pressurised light water; BWR = boiling light water; HT = high temperature; EL = heavy water; SSR = spectral shift reactor. 

'Act inides Reviews' 

The f irst issue of "Act in ides Reviews" was 

published on 15th September 1967. The 

editors of this new Journal declare in the i r 

f i rst editor ial that the journal w i l l be de

voted to the study of the actinide elements 

in the widest sense. In other words it w i l l 

concentrate on bringing together author i ta

t ive review articles on the state of the art 

in this f ie ld ; moreover at tent ion wi l l be 

focussed on gaps in basic knowledge and 

on technological problems, w i t h the aim of 

contr ibut ing to future developments. The 

journal is published by the Elsevier Pub

lishing Company and its editors are A. H. W. 

Aten, Jr. of I.K.O., Amsterdam, and J. Kooi 

of Euratom. 

Research on fast reactors in Luxembourg 

Firms in the Grand Duchy of Luxembourg 

are henceforth to be associated w i th the 

work on fast reactor development which is 

already being carried out in o ther Commu

nity countries. A contract wo r th $ 200,000 

was recently concluded between Euratom 

and the Luxembourg companies ARBED, 

Gradei and Paul Wurth for carrying out wo rk 

under the fuel programmes run by the 
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Euratom-Gese//scfiaft für Kernforschung and 
Euratom-Belgium associations. 
The three f i rms are t o deal w i th problems 
arising f rom the dismantl ing of i rradiated 

fuel assemblies. The principal w o r k w i l l be 
studying a complete dismantl ing installation 
under sodium adapted for a 1,000 M W e 
reactor. Solutions for dismantl ing in o ther 

media (water, gas, oils, etc.) w i l l , however, 
be studied insofar as they al low a valid 
comparison to be made w i t h the chosen 
reference solut ion. 

Easy-to-peel tomatoes 

A tomato, plant mutant w i t h easy-to-peel 
f ru i t was discovered in 1960 in the "Money 
Maker" variety at the Hor t i cu l tu re Depart
ment of the Agr icu l tura l Univers i ty of 
Wageningen in plants g rown f rom seeds 
which had been irradiated w i t h thermal 
neutrons. A few years later, the Euratom/ 
ITAL Association began research on possible 
uses for this mutant . 

Genetic studies showed that easy peeling is 
a characteristic governed by one single 
recessive gene. This characteristic could be 
incorporated in o ther commercial varieties 
w i t h o u t the i r own essential propert ies 
being markedly a l tered. 
A n enquiry is being pursued into the com
mercial Interest of this easy peeling charac
ter is t ic f rom the industr ial point of v iew 

(the " p e l a t i " industry in Italy immediately 
springs to mind) as wel l as that of the pr ivate 
consumer. 
Selected rows are at present being g rown 
in Wageningen for purposes of observation 
and mul t ip l icat ion. Seeds f rom these 
selected rows are freely available for State 
inst i tut ions and universit ies. Requests 
should be addressed to the Euratom//TAL 
Association, Post Box 48, Wageningen, 
Nether lands, by 1 January 1968 at the 
latest. 

Mutation breeding produces 
high-yielding pea varieties 

The mutat ion breeding w o r k which the 
Inst i tute for Genetics of the Univers i ty of 
Bonn has been carry ing out over the past 
few years under contract t o the Euratom/ 
ITAL Association has been concentrated on 
three pea mutants, obtained by i r rad iat ion, 
which are of d i rect interest for breeding on 
a commercial scale. 
The f i rs t of these mutants is characterised 
by a forkening of the stem. The al terat ion 

Right: Pea mutant no. 489 C, remarkable for 
its high yield, 
Left: Control. 
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leads to a higher number of pods per plant 
and therefore to increased yield. 
A larger number of seeds per pod Is the main 
characteristic of the second mutant. Un
fortunately, there are less pods per plant, 
but it is hoped to improve this feature using 
conventional cross-breeding. The end result 

would then be, in this case as in the f irst, 
increased yield. 
A similar claim is made for a th i rd mutant, 
which is essentially of a "fasciated" type, in 
which the stem is broadened and the 
flowers are clustered in the top of the plant. 
In contrast to most other fasciated mutants 

it has an excellent seed product ion. Results 
of the 1966 breeding programme place the 
improvement in total yield of this strain at 
almost double that of the contro l line. This 
high yield is due to a large increase in the 
number of pods per plant as a consequence 
of the stem fasciation. 

Study of the optimum use of plutonium 

Interatom GmbH of Bensberg, near Cologne, 
is under contract to the Commission of the 
European Communit ies to carry out a study 
on the opt imum use of plutonium in the 
power Industry. In a series of as realistic 
models as possible the contractor is ex
amining: (a) whether plutonium should be 
reserved for fu ture use (in fast breeders, for 
instance); (b) whether plutonium should be 
f irst of all used in thermal reactors and which 
reactors are especially favourable for this 
purpose; (c) whether, and in which fast 
breeders, plutonium should be used. 
The study involves thorough bibliographical 
research, such as that relating to the use of 
p lutonium in thermal reactors. In connec
t ion w i th this, the reports of the Brussels 
Symposium of the International Atomic 
Energy Agency of March 1967 on the use of 
p lutonium as a reactor fuel are to be eval
uated in particular. 
If necessary, nuclear data of several p luto-

nium-enriched converters as well as thermal 
and fast advanced converters are also to be 
examined. 

Finally, the problem of the price of pluto
nium for closed or partly open systems is 
to be examined and discussed. 

A technology in its infancy: fabrication ofplu-
tonium-base fuel elements (European Trans
uranium Institute, Karlsruhe). 
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leads to a higher number of pods per plant 
and therefore to increased yield. 
A larger number of seeds per pod is themain 
characteristic of the second mutant. Un
fortunately, there are less pods per plant, 
but it is hoped to improve this feature using 
conventional cross-breeding. The end result 

would then be, in this case as in the f irst, 
increased yield. 
A similar claim is made for a th i rd mutant, 
which is essentially of a "fasciated" type, in 
which the stem is broadened and the 
flowers are clustered in the top of the plant. 
In contrast to most o ther fasciated mutants 

it has an excellent seed product ion. Results 
of the 1966 breeding programme place the 
improvement in total yield of this strain at 
almost double that of the contro l line. This 
high yield is due to a large increase in the 
number of pods per plant as a consequence 
of the stem fasciation. 

Study of the optimum use of plutonium 

Interatom GmbH of Bensberg, near Cologne, 
is under contract to the Commission of the 
European Communit ies to carry out a study 
on the opt imum use of plutonium in the 
power industry. In a series of as realistic 
models as possible the contractor is ex
amining: (a) whether plutonium should be 
reserved for fu ture use (in fast breeders, for 
instance); (b) whether plutonium should be 
f irst of all used in thermal reactors and which 
reactors are especially favourable for this 
purpose; (c) whether, and in which fast 
breeders, plutonium should be used. 
The study involves thorough bibliographical 
research, such as that relating to the use of 
plutonium in thermal reactors. In connec
t ion w i th this, the reports of the Brussels 
Symposium of the International Atomic 
Energy Agency of March 1967 on the use of 
p lutonium as a reactor fuel are to be eval
uated in particular. 
If necessary, nuclear data of several pluto-

nium-enriched converters as well as thermal 
and fast advanced converters are also to be 
examined. 

Finally, the problem of the price of p luto
nium for closed or partly open systems is 
to be examined and discussed. 

A technology in its infancy: fabrication of plu-
tonium-base fuel elements (European Trans
uranium Institute, Karlsruhe). 
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