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PREFACE

This.report is prepared at the request of the quted‘Kingdom Nuclear Data Committee
and covef; ;hé pegiod from Januar& to December, 1978. ‘

Contributions on "Chemical Nuclear Data" are g;thered by the Chemical Nuclear Data
Committeé and grouped under tha£ heading.. fhis report includes work from various callab—
oratiéﬁs between laboratories of Har&ell, Dounreay, Winfrith, Windscale, Berkeley (CEGB),
MOD Aidermasfon, Imperiél College'aﬁd Ménchestér Uni&ersity.

Other nuclear daéa ig presented by laboratory. There are contributions this year from
the‘ﬁarweii and winfritﬁ iéboratories of the UKAEA, the National Physical Laboratory, the
CEGB. Berkeley Nuclear Laboratories, the University of Aston in Birmingham, the Birmingham
‘Radiafiéﬁ Centre, thé Univ;fsity éf Birmingham and the University qf.Edinburgh. N

Contributions to the'report on nuclear data topiés are welcome from al} sources and
we extena an iﬁvitaéion to;£esearchers in other laboratories of industry, government,
the uﬁiveréities and polytechnics to use this‘chaﬁnel/of communication.

Where the wofk is clearly relevant to requests in WRENDA 76/77 (INDC(SEC)753/URSF)

request gumbers are given after the title of the contribution.



COMMITTEE ACTIVITIES

United Kingdom Nuclear Data Committee (Chairman: Dr. J.E. Lynn)

The UKNDC met once durding the period of this report, and continued in its role of co-
ordinating work on nuclear data in the UK~ and ‘providing the formal link with other national
and international committees and organisations. Summary reports from the sub-committees
which deal with detailed nuclear data needs are given below.

’ The highllght of the year was the Internatlonal Conferencevon Neutron Phy51cs and
Nuclear Data for Reactors and other Applied Purposes which was held at Harwell from
25 to 29 September 1978.A This 1naugurated the series of trlennlal European conferences
whioh will alternafe with similar'conferenoesvinpthe'ﬁSA and the ﬁSSR to provide the world
conmunity interested in nuclearﬁdata hith annual meetings ot a general naturel JThere
were approximately 250 participants from;mahy countries including those in the Warsaw Pact;
' the'largest delegations cameifronwthe Uéa,‘france, the Federal Republic of Germany, the
UK, and the Commission'of thé European‘Comnunities. There were 29 1nv1ted papers presented
in plenary sessions and 109 contributed papers most of which uere delivered in two parallel
sessions. o o

'Our thanks'are due.to.the.Progranne bomnittee and theirlhelpers for.a suocessrul
conferenoe. for partioipants.made manpﬁtavourahle comments on the Variety and interest
of the presentatlons ‘and the eff1c1ent organlsatlon of the meeting. ‘ | -

The Research.Div151on of'the Central Electr1c1ty Generating Board acted as the host for
therwelfthNuclear Data Forum Wthh was held on December 1llth at the CEGB Headquarters
in London. There were two themes this year: nuclear data files.and reactor radiation
dosimetry. A review paper was given on each theme and the authors have kindly allowed us to
reproduce their presentations in this report. A full and interesting programme was completed
with 15 contributed papers. The meeting was very well supported, there being 97 registrations
and more proposed contributions than could be presented in the time available. |

Neutron Sub-Committee (Chairman: Dr. J.E. Lynn)

The Committee did not meet during the period covered by this report.

Nuclear Incineration Sub-Committee (Chairman:Dr. M.G. Sowerby)

The Nuclear Incineration Sub-Committee has not met during the past year as little work
of interest is being performed in the U.K. When there is renewed interest in the nuclear

incineration option for waste disposal, the Sub-Committee will be reactivated.



Fusion Sub Committee (Chairman: Dr. C.A. Uttley)

There was one meetiﬁg of the fusion sub coﬁmittee'during this period. One item of
importance to nuclear data reiuirements for fusion blankéfs was a report on the calculations
examining the influence of nué;ear-data uncertainties on heating rate estimates; carried .

" -out by Birmingham University;é Work in the'USA gloﬁg similar lines has been applied to
tritium breeding, so that a clearer picture is now available of the accuracies needed
on a number of important reaction cross sections.

Chemical Sub-Committee (Chairman: Mr. . J.G. Cunniﬁghame)

The Chemical Sub-Committee of the UKNDC, is made up of measurers, evaluators and users
of chemical nuclear data and is able to advise on measurements and to consider in detail
reports of work on the compilation and evaluation of data in this field. The preparafidﬁ
of the CNDC nuclear data file is under the control of the Data File Sub-Committee whose °
‘ghairman is Mr. B.S.J. Davies:(CEGB, .BNL). The main committee held two meetings and the :
sub-committée three meeﬁings in 1978. Thé'requestilist published early in 1977 is now
being revised. '

Work is in progress on véry nearly all items on the list but often on a'lohg time
scale and with iittle prospect of early completion. Data File work has now reached
the stage where data is availaﬁle to the user and the status of the file is indicated
in the relevant part of ‘this ?eport.

Bio-Medical ‘Sub-Committee (Chairman: Mr. J.A. Dennis)

The Bio-Medical Sub-Committee did not meet ‘during 1978. An article on available ~
sources of nuclear and atomic data for bio-medical applications brepared by the -

Committee has been published in the February 1979 issue of Physics in Medicine and Biology.



NUCLEAR DATA, ITS EVALUATION AND DISSEMINATION

B S J Davies

o

#

zitsaluss. CEGB Reséafch Division, Berkeley Nuclear Laboratories, Bérkéley, Glos.

Lecture’given to: the UK Nuclear Data Forim, CEGB Headquarters, Sudbury House, London, on the
11th December 1978 :

It;is probably reasonable. to assume. that virtually everyone here today is a user of -
nuclear data. A number of us will use such data in vast quantitdies perhaps for designing
reactor shielding or evaluating decay heat production from irradiated’ fuel. At the -otHer
extreme, some will need just a single number every now-and-then; perhaps the half-life
of some particular nuclide or a thermal neutron cross-section., .Maybe some others make
qu1qf standa;d;compqter programs where data is already built in, so that their status
as nqg%ea; data users is not so -apparent. Even those doing fundamental measurements and
those evaluating measurements need nuclear data for itheir work; you need such data to
generate more of it. So it is clear that nuclear data usage is very widespread; the
universities need it for fundamental reséarch, it is needed in medicine, in many industrial
situations and especially in the nuclear power industry by designers, operators, people
concerned with health and safety and by researchers both-basic.and applied. Less obviouély,
it is a}sp used by designers of coal cutting machines and geologists drilling bore-holes
for oil exploration and so on. So we have all these people with.a very broad spectrum
of interests whose data requirements vary f;om,a single number to vefy.large computer -
files ggggaining_hundreds of thousands of numbers. This brings us directly to the heart
of the problem about whigh31~prqpose to talk. As I ‘implied in the title, the problem
reglly.falls ;nto two pgrts,,gamely evaluation and communication.  Consider, for example,
a researcher who desperately needs to know the best possible value of the half-life of
137Cs. If he spends a week searching the literature he will find maybe a couple of
dozen values measured by various people. So he only has two problems, one is finding a
spare week to do the seérch, the other is assessing all the measurements and extracting
a best value. It will probably not please him to think that maybe half-a-dozen other
people have recently been through the same exercisé, because he has no way of knowing
who they are. So this is where .evaluation and dissemination play their roles, because
evaluation is the job of finding and extracting the measurements, discarding the bad ones,

distilling the rest to produce a best value and finally letting the world know what that

value is,
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In a recent article" . in the journal 'Science', Professor Stockmayer of Dartmouth

College; ﬁanover, New Hampshire, discussed the problems arising from the uncritical

acceptahdé“of bad scientific information. I quote:

VA partiéﬁlarly pernicious aspect of this problem involves numerical data, which

are essential in all branches of science and technology and are often needed to arrive

at valid opérational decisions. Unfortunately, the scientific literature contains many

RESﬁARCHERS erronaous values.: Few scientists or engin-
eers seem to have given much thought to the
| JOURNALS . - .
l magnitude of the problem, and some probably
EVALUATORS - regard every numerical entry in a handbook
T
. | as revealed truth. Yet anyone who has had
|
(PUBL'CAT'ONS—I : FPROCESS'NG to seek a particular number in the literature
‘ B
\\\\» | and searched out a dozen or more reports,
USERS

Fig. I "fnfomationﬂowpathfor nuclear data only to end up with a set of widely disparate
values, comes to realize that a substantial intellectual effort and a considerable back-
ground in the field are needed to arrive at reiiable figures.'

Professor Stockmayer goés on to state that the costs of search and critical
evaluation are small: less than 2% of that for the ariginal research and abo#t one
quarter of the cost of ipitgal publication. The benefits; howeyéf, are large, although
it is offeﬁ aifficult ﬁo fr;nslate-thém into monetary units.
‘:So what i§ héeded is a‘fiowpath for information from the researéher who makes the
measdrements to ‘the user, Ihe main features are shown in Fig 1.

Occaéional;ybevaluatbrs will be in direct céntact with usérs bug more usually the.
evaluated data will Ee published in some way or other and the Qsér will get his information
via this iﬁdirect ﬁéans. Often it will ﬁappen thét the.evaluator will providé the data
in a form such tha£ the user camnot di;ectly make use-of it; in this case the dissemination

'stage will neéd to include éome further processing.

Thus far I have spoken in general termé. I now propose to concern myself mainly
with nuclear décay data, which sefves és an excellent example of the prbblem'ﬁhere; hope-
fully, a solution haé been found. iheAterm nuclear decay dapa encompasses a very
large quantity of information. So, héw does all this evaluation get done? How is it

organised? Well, until reééntly, it really was not properly ofganised at all and, iﬁ s;ﬁe

respects, this is perbaps still so.
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centres. ThlS resulted in a number of publlcatlons from Nuclear Data Sheets and the )

f SUosad Ty Gigas

various edltlons of the Table of Iaotopee to an assortment of wall charts and a number of
N . - S, AT i
publlcatlons« on spec1a11sed tOplCS 'such as internal conversion coeff—rclents, atomic mass
1500 evaluations, and gamma rays in increasing
' N . . ‘ - DA Sy N

‘ sy
i i

_order of enmergy. Recently the use of magnetic
1000} "computer tape has grown rapidly and the
No.: . . .. _

OF
PAGES

A L - S 2y e B .
T “ / ] - largely replacing written documents. - .
L . P - co . v ,:‘ G

The manner 'in which the evaluation

current system relies‘hea\?ily on this medium,

! l l effort has come to be organised is largely

1940 1950- 1960 1970 . 1980 b A . v
YEAR OF PUBLICATION ST ' JUET S

a product of the sheer volume of data which

has to be handled. The first Table of
Fig 2 Growth of the number of pages in the Table of S ¢ handied 'e-‘j'\'l ® (a) €0
1

Isotope.: since 1940 Isotopes'wasl puhlished ih 1940 7, it was
17' pa'gesj long. Since that tlme, the. ‘quantlty of Ainformation has grown explosively as is.
shown in figure 2; the 7th edltlon w1ll contain about 1200 pages coverlng about 2000
uuclides and .’incidently, will be the last 'in the series. The most recent 1ssue of the

ENSDF contalns 6320 data sets listed on over % mllllon computer card images.

PR
,

This rising tide of evaluation work was, until recently, handled largely by the

i

Nuclear Data Pro;ject at ORNL By about 1975 it was becomlng clear that the whole thing
was becomlng too large for any one group to handle. ThlS reallsatlon lead to a meeting on

Non-neutron Data Evaluation at Geel in early 1976 at which the Americans sought help

. . . '
from the international community. At a further meeting in Vienna shortly afterwards an

agreement on international co-operation was reached. The general form of the structure

. ..‘ ' . n . y. ] . . N
: ‘ DISTRIBUTION which was set up is shown in figure 3.
9RNL - BN L CENTRES o : ‘
: , T BN [ : The operation is céntred at BNL (Brook-
, o .
/. . .
s ‘ o : : havén National Laboratory) which is acting
I . . . .
/ . .
{ ' \ . as a communications centre. All the basic
A - CHAIN . e _ :
" EVALUATORS USERS
o~ ) computer flles are housed and updated at

Fig. 3 Structure for international co-operation on -

» evaluation of non-neutron nuclear data ORNL where, as I shall show shortly, a

great deal of evaluatlon effort 1s also carrled out. The international effort is largely

)
1

w1th1n the box marked 'A- cham evaluators' The main distribution centres are BNL, CAJAD
(Moscow Institute of Atumic Energy), ZAED (Karlsruhe) and IAEA (Vienna). There are

°

also a number of secondary centres, that of main interest to the UK being CCDN,

-12-
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Gif-sur-Yvette; France.
The division of evaluation effort isshown in figure 4 (from réf3jx“;lé'iéxgtﬁii &aihly

American but with contributions from 7 other countries. I have tried herée to' shéw the

division of effort by drawing a single straight line to represent mass numBe%g“froh

1 to 250 and thén chopping it in to 10 sections as shown. I have then marked the mass

number ranges allocated éo the various coﬁnéries and fhe particular centres within these

countries. The abbreviations which I had to include are:

UP/University.of Pennsylvania

NDP/Nuclear Data Project (Oak Ridge National Laboratory)’

EVALUATION ALLOCATIONS

USSR us 1uP ‘ N 2
% NEDIUTQEQHT L 50
- usiNDP . UK/ DARESBURY . KUW /ISR ¢
76 . FRG/ZAED | - 100
101 . US /NDP « SWD/LUND . . AP/ JAERL 155
126 , USSR : US /NNDC L USIBL g
1514 US/INEL 5 . US/LBL 178
176 USILBL ' - 200
201 US/NDP ‘ '22;

‘ USSR ;
© 226 L \ , USINDP 250

L S
\\US/NDP//

Fig. 4 - Division of evaluation effort for non-neutron nuclear data between pafticiparit_ countries. The abbreviations are
' : ‘ explained in the text :

ISR/Kuwait Institute for Scientific Research
ZAED/Fachinformationszentrum Energié, Physik, Mathemafik, Karlsruhe
JAERI/Jap. Atomic Energy Rgse?rqhilnstitute; Tokai—Muraf"
NNDC/Nat. Nuc..Data Centre, BNL

LBL/Lawrence Berkeley Lab., Univ. California

INEL/Idaho Nat. Engineering Lab. Idaho Falls

13-



The UK contribution comes from Dr., Twin at Daresbury who is working in conjunction

with the Kuwait Institute.

The quantity of actual effort committed to doing this work is shown in Table 1 broken

down by country.

Table

1

Evaluation ASsignments

N

. Manpower °
Nation gi'izz Commitment
a , (PMY)
[
USA 175 | 14
USSR 14 . 4
Holland 24 | 2/3
UK 16 : e
Germany (FR) 20 ﬁ. 3
v Japan 12 | 1
Sweden E N
"Kuwait i 1
60,
n
ZAO
< .
T i ,_—’J
el ; ‘ ,
e ,
0
)]
<.
=
w
© 20l
(@]
2
1 L ! - ] I L ] 1
<1970 197 1972 1973 | 1974 1975 1976 1977 1978
: YEAR ! '

MASS - CHAIN EVALUATION STATUS.

Fig: 5 Distribution of time of last evaluation for various mass chains
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_:‘jhis}‘aggin, underlings the fact that the bulk of_tﬁe work is still to be done in the
Unipggvsgapgs, where 57% of the effort is being applied. Alternatively, if. one.does a quick
one finds values rangipg_frbm 23 nuclides/man in Russia ‘to 216 nuclides/man in Holland.

The international system is based on a number of large computer files. The first
of these is the Nuclear Structure Reference File which contains keyworded bibliographic
references. These areAuged‘both for publication of the 'Recent Reference' section of the
journal Nuclear Data Sheets and for transmission to evaluators. Based on aythor produced
keyworded ab§tragts (Nucl. Phys. and Phys. Rev. C) which were merged with NSR in 1973.
Secondly, there is a set of Working Files Whigh contain all relevant‘expgrimgntal and
theoreticgl information for use by evaluators. The main working file is kept at ORNL,
but others exist at the various eyaluation centres. Thirdly there is the Evaluatgd Nuclear
Structure Data File which i§.tbe basic file for dis;ributing evaluated information.
Pasply thére is a variety of derived filgs such as the ENDF/B series of files and a number
of printed publications of $uch things as gamma energies from fission products in increasing
order of energy and tables of evaluation Atomic Masses and Spins_and Moments.

fhis international system is aiméd at carrying out evaluations of the decay'properties
of all known nuclides on a four year cycle. This is not as remote a possibility as one
might imagine. There are still'a few mass chains which have not been evaluated for about
10 years, but these are very much the exception as is shown in figure 5. This refers
to the situation as]it was in August this. year. The mean age of the Qata at that time was
3.4 years compared with a target value .of 2 years whigh‘the 4 year cycle requires. So,
hopefully, all this international effort will result in the putting together of very
large sets of gvaluated daté. It is, however, clear that this is not going to be of
immediate help to our man sitting in his office wanting to know thg half-life of 137Cs.
Which bfings us to the second question of how all this data is to be disseminated.
The first stage is to distribute a ‘copy of the latest ENSDF tape to the various data
centres every 6 months. Frém here, copies:ﬁiil be éent-ﬁo individidual laboratories
on requésf. In parallel with this, a number of différent hard copy routes are béing
used. The ENSDF file has been arranged go thaE'the journal Nuclear Data Sheets may be
printed directly from it, which is now being done. ANext a new Handbook of Isotopés will
be published in 1982; this will largely replace the Table of Isotopes but will be

restricted to nuclides of practical importance. However, useful as these publications

~-15-



aré, it has been shown that the most freqdently consulted source of &été is élwail‘éhart
" of the nuclides. Accordingly a new General Electric chart has juét been publiéhéd aﬁd
will be followg& by another in‘LQSI. There is also to be a new Gefmén‘ﬁéli chart éroﬁ
Karlsfuhelin 1980. For thoéé who néed their data in lérger qﬁantifies:fhé fohﬁesfof ”
disseﬁinatiaﬁlare ﬁpt éé cieaf.‘ The latest version of the Evaluatedysfrﬁctﬁié File
isvfelatively_easy to obtain, but extracting data‘from it in a usable form is not as
edsy as it may firsf éﬁpear. Computer ﬁrograms to produce a readable listing and to
convert the data into other fdrméts (ENDF/BA or B5, for éXample) exist in this couﬁtry

as well as the'ﬁé'and France, but running them is essenfially a do¥it—yourself job whicﬁ
is not so simple’ and straightforwérd as one mightblike. Apart from thi;, there is an
ongoing’ effofp in this country under the auspices of the Chemical NuclearData Committee
which'is aimed at regular updates of several specialised files of decay data, épecialised
that is, in the sense of"containing data 6n:specified classes of nuclide. ‘These files
are cﬁrrénply'kept at Harﬁell,.Wihfrith‘and the CEGB cdmpufef centre and éopies have bééﬁ
éent'td'Other estabfishmeﬁtsﬂ Hénce at this level it comes down to a matter of obtaining
data by private communication with the*people concerned.

A usefdl‘bibliégr#phy of compilationsaand eQaluaéioﬁs has‘recently.beeﬁ ﬁubliéhéd

@)

by the Intethational Atomic Energy Agency

I would like to conclude with a further brief qﬁotation from Professor Stockmayer:

'Data evaluation is an unglamorous aétivity,'ﬁniikely to win Nobel prizes for its
précfitﬁonéis. Méreover, the véry modesty of its cost tends to‘obécure'its imﬁoftancé.
It ig thus ﬁotesurpriSiﬂg to learn in the csmmitfeé'é report that current US activity
i§ about one-third to one-half of that fequired/to keep pace. 1If this situation is

to change, a greater awareness of the need for'énd importance of data evaluation on the

part of the scientific community seems éssential.'

l

. : . . - \

1. J.J LiVingood, G.T. Seaborg, Reviews. of Modern Physics, 12 (1940) 30
2. A. Lorenz, TAEA Report INDC(NDS)-9&/LN, (1978) '
3. A. Lorenz, TAEA Report INDC(NDS)-92/IN, (1978)

4. W.H. Stockmayer, Science 201, No.4 (1978).
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SOME .REMARKS ON FAST REACTOR DOSIMETRY . .- = 4 -

J.E. Sanders . . oLl e el

U.K.A.E.A., Reactor Physics Division, A.E.E., Winfrith.

Lecture given at the Nuclear Data Forum, C.E.G.B. Headquarters Sudbury House, .London on .
: 11 December, 1978 T s

Reactor Dosimetry is concerned with:the charecterisation (snectrum,.intensity, tine—
dependence) of both in-core and externel radiation fields‘nith particular referencezto their
influence on the physicel pronerties of materials. It rénges from the monitoring of basic
irradiation experiments in MlR's to the long‘tern surveillance>of operating nower plant‘
and thus has close affinities with both core physics and shieloing. Indeee in the UK,
dOSimetry has normally been dealt with under these headings rather than recognlsed as a
separate activity. On the international scene, both Euratom and the IAEA have long—estab-
lished 'working groups dealing with dosimetry matters and biennial Symposia are organised
jointly by the EWGRD and the American Society for Testing and Materials (ASTM) - see
References 1 and -2. ENDF/B includes a special Dosimetry File and Version 5, due for
release shortly, is likely to. be adopted as a reference for man? detector cross—sections.

Current interest is focussed on two aspects:-

(i) the radiation-embrittlement of LWR pressure vessels. Some older American

reactors may be faced with premature shut-down or long outage time for
annealing, and improued standards and surveillance procedures are being
called for by operators and‘regulatory bodies (see eg. Reference 3)s v

(i1) the neutron damage to the conponents_of sodium-cooled fast reactors,

leading to phenomena such as void-swelling and irradiation-induced
creep having a major “influence on design and oneration. Behaviour

of fast reactor materials is investigated primarily by irradiation
programmes in facilities such as PFR and, in due course, FFTF, where
the stringent conditions in power reactors can be closely represented.

The present remarks are restricted to the dosimetry of in-core irradiations in fast
reactors, in particular PFR. These will pley a key role in evaluating fuel, clad, wrapper,
and absorber materials for future commercial systems. PFR experiments involve both
macroscopic studies (including bowing and dilation) on complete fuel elements, and smaller-
scale investigations using special 'demountable‘sub—assemblies; (DMSA) in which a number
of thermally-independent clusters containing meterials under test are enclosed within

a normal hexagonal wrapper.
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The neutron interactioqs of relevance to materials behaviour have widely-differing
energy dependence, and Fig. 1 shows the spectral response for some important cases. A
knowledge of the spectrum at the irradiation positionis thus aﬁ essential factor in accurate
dosimetry. In earlier work damage to structural materials was often correlated against
a simple parameﬁer such as fluence above 0.1 or 1 MeV, b;t nowadays it is customary to

adopt a more sophisticated approach based on cascade theory, the model of Norgett, Robinson

and Torrens(B) being generally accepted for iron and other constitutents of reactor
stéels. Fig 1 includes the energy distribution of the damage calculated in this way with

B

the FD5 displacement cross-sections. Helium production by (n,alpha) reactions is a

possible cause of high-~temperature embrittlement as well as influencing the incubation

of void-swelling. Most of these rveactions in structural materials have effective thresholds

in the several-MeV range, and poorly-known cross-sectioms.

.

100~ o EVENTS BELOW €

|

,or

40} Pu 239(nf)

faldpa)

0
v238t0f}

Ni(nec)

NEUTRON ENERGY Mev

Fig. 1 Energy distribution of reactions in a fast reactor core

Target accuracies (one sigma) for the estimation of DMSA heater pin power (3% relative
to core total), gamma-energy deposition (15%), fuel burnup (3%), diéplaceﬂent dose
(10%), helium production (15 appm), and absorber heating and bufnuﬁi(lb%) have been
indicated by the sponsors of PFR experiments. Note that gamma radiation is of importance
in the present context because of its contribution to sample heatiné rather than és a
source of material damage." No continﬁous monitoring of DMSA clusters is provided and
temperatures, which need to be known to t}OOC, are based essentially on calculafion.

The‘firs; ‘question to be asked is whether these accuracies éan be achieved uéing

the very extensive calculational and databanking framework that has been developed for PFR,
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‘assuming some means of absolute.ndmglisation. Access to the core for detailed measurements
is (as 1n all power reactors) exﬁremely lirﬁted, and the main burden of validation rests

on zero-power experiments‘in Zebra, which have included fairly close simulat}ons of typical
PFR lpadings. The scope bf this validation, covering neutron spectré, reaction-rate
distributions in-both no:rmal fuel and singularities {(such as control-rods), and g’ammg—ray

energy deposition, has been summarised (Reference 4). Ittis concluded that in the majority
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Fig. 2 The spectrum. at the centre of Zebra Core 11 as measured by proton-recoil, 200-metre time-af- ﬂtght and a double-
R - scintillator spectrometer, and comparison with FGL5-MURAL calculation

of cases, the target accuracies are attainable by calculation using existing methods or

practicable refinements of them. -As one example, Fig. 2 shows the neutron energy spectrum

in Core 11 (very similar to that in PFR) as measured by a combination of time-of-flight,

proton-recoil and sqintillation spectrometers; the difference between calculation and

experiment amounts to a 2% change in the spectrum-averaged.iron displacement cross-sectiédn.
‘ 3 oo . . . : . 239

As a second, Fig: 3-indicates the close agreement between predicted and measured Pu

fission-rate distributions in one'version of. ‘the PFR mockup. Similarly for gamma-energy’
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Fig. 3 Comparison of predicted and measured channel day-to-day variations in .power level; flux
power in PFR Mockup, Zebra Assembly 13. Values of C/E - : ‘ e
1 bzunﬁsqf10‘3dre{ndkawd 4 perturbations due to movemeht$ 0f ‘control-rods

;hd possible ;e—locations‘énd rotationsv}f the irradiation is extended over‘ﬁore than one
reactor run. ‘Uncertainties in thése procedures must be allowed fqﬁ A retrospective’ check,
albeit_on a limited number of éaﬁples, is av&ilable from fuel burnup analysis by means
Qf'stable‘neodymium fission products.,

‘The alternative (and traditional) approach to dosimetry is the use of activation
detectors located near samplé bositiéns to provide a;'diréc;i measurement of fluence and
a baéis'for ﬁofmalising éalculatéd spectra indepgndent.of the'complexities of the‘therﬁal
balance/calgulgﬁion route. While this type of measurement is in principle straightfpyward,
the£e are fairly severe constraints in pracfical application and very few deteéto:s
éatiéfy'thé criteria fbr eﬁergyédependgpce,'half—life of induced activify, absence of
Secondafy reactions in capture products, énd bbmpatébility With reactor envifonment.
Dosimete;‘design ﬁus&véoabine securé location during ifradiation with ease of sﬁbsgquent
retrieval and.measuremgnt, Materials must be of accurately-defined composition and
staﬁle under pfolonged exposure at temperatﬁres of up to m650°C. ,Sténdards foriabsolute
counting must be established. Development work in these areas.in support of dosimetry
of EBRZ and FFTE experiments has been expensively\reported (see eg.,Reference 5). -

The total (energy;iﬁtegrated) fluence is cghveniently monitored by 239Pu‘fission

with its fairly constant cross‘section over the range of interest, a long-lived fission
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product (eg. 137Cs) being used for detection by non-destructive gamma-ray spectrometry.
Additionally, some monitor of ﬁhe high energy component is dgsiraﬁlg to confirm the
spectrally—dependent perturbations caused by control—rqd movements.A'The 58Ni(n,p):?8Cozlv
(%l days) and 54Fe(n,p_) 54Mﬁ(312 days) reacticns are obvious candidgtgs; both reqund

predominantly (80%) to neutrens in the 2.5 - 7.5 MeV range. The cross-section for the

58Ni reaction is known to about 5% from threshold (values of a few microbarns) upwards

(see eg. Reference 6), but the 58Co half-life is only marginally long enough for integrating

over PFR irradiations (of v 60 days).~ The séFe reaction is preferable from this aspect

. . R . A . . 237
but its cross-section 1s somewhat less well determined. Fission reactions in Np and
238 . ‘ . . .
U, while much used as threshold detectors in low flux experiments, are less suitable
for high power reactor applications because of uncertainties associated with the build-up

and subsequent fission of 238Pg and 239Pu.

A reaction which has been much discussed for damage monitoring in power rqactors'is_the
. . I S L 93 b 9m ’
inelastic excitation of the 29 keV niobium isomer, Nb (n,n') mNb, which has a long hglf—
life (v 15 years) and a cross—-section believed, from integral comparisons, to be similar
5 103 vy 103, . ' . o g
to that of the analogous Rh (n,n') Rh reaction. The latter is extensively applied
to zero-power and shielding experiments since it has a spectral response b?aring some
resemblance (although by .no means identical) to that for iron displacements (see Fig. 4),

but the short half-life of 103

%lo EVENTS IN . R / ___.r—
00 1% Group 4 ' h 103001

Rh (56 minutes)renders it unsuitable for long-term monitoring.

. Fe (dpa)

' , I

[oXel} Ol i 10
NEUTRON ENERGY MaeV .

Fig. 4 Comparison of rhodium activation and iron displacement spectra in a fast reactor core
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Methods for counting the soft radiations from 93Myp, have been Gevelobed at Winfrith and
trial i;radiétioﬁs have been succeszully carried out in both FFR and SGHWR (Reference 7).
The main obstacle to its adoption is' the poor nuclear data, no differential cross-section
measuféménts yet having been made in the region of intefest.

In summéry, the highly-developed calculational framework for fast reactor neutronics
appears cépable of meeting most requirements for dosimetry of PFR materials-irradiation
experiments, assuming that an adequate procedure for absolute normalisation is eétablished.
Added confidence can be provided by the careful aﬁplication of in-core fluence monitors
although only a few suitable reactions have been identified. Some measurements of the

1. . . .
93Nb (n,n') 9“mNb cross—-section would be valuable in this context. Other nuclear data

54Fe(n,'p)saMn cross-section:

239

‘needs for dosimetry include a further improvement of the
and confirmation of the fission yields used for burnup measurements and Pu fluence

monitors. Better information on many of the (n,alpha) reactions responsible for gés

production in structural materials is also required for correlating damage phenomena.

4

1. Proceedlngs of the First ASTM-EURATOM Symposium on Reactor Dos1metry (Petten, 1975) EUR
5667 e/f (2 vols):

2. Proceedings of the Second ASTM-EURATOM Symposium on Reactor Dosimetry (Palo Alto, 1977).
NUREG/CP - 0004 (3 vols)

3. W.N. McElroy et al, ’Standardlsatlon of Dosimetry and Damage Analysis Work for LWR, FBR
and MFR Development Programs'. Reference 2, Vol 1, 17

4. J.E. Sanders, '"'The Zero-Power Basis of Fast Reactor Dosimetry". AEEW - R 1183

5. E.P. Lipincott, J.A. Ulseth "High Flux-Fluence Measurement in Fast Reactors"
Reference 2, Vol 1, 271
6. D.L. Smith, J.W. Meadows, NSE 58, 314 (1975)
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7. W.H. Taylor "Studies of the Nb(nn')93mNb Reaction". Reference 2, Vol 2, 831

8. M.J. Norgett, M,T. Robinson and J.M. Torrens, IAEA Meeting on Radiation Damage Units,
Seattle (1972)
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CINDA LISTINGS

PROG

—
ENERGY DOCUMENTATION
'ELEMENE QUANTITY | TYPE LAB COMMENTS
B MIN. MAX. |REF VOL | PAGE | DATE] i
Li 7IN, N o T |EXPT-{ 4.7+6 | 1.4+7 [UKNDC | P94 54 4/79|HAR | SWINHOE+ activation rel-
PROG ative to 27Al(n,a)
S 32 |DIFF “EXPT— 2.0+6 | 3.0+6 |UKNDC | P94 | 97 4/79{BIR | JANICKI+ graphs given com-
ELASTIC PROG pared with optical model
C1  35iN-PROTON | EVAL - - |UKNDC | P94 | 87 4/79|WIN | STORY data file prepared
Ca 40 |DIFF- EXPT-| 2.0+6 | 3.0+6{UKNDC | P94 | 97 4/79|BIR | JANICKI+ graphs given com-
ELASTIC PROG pared with optical model
Ar 40 N, GAMMA EVAL - - UKNDC | P94 87 4/79{WIN | STORY conversion of ENDL
: FLLB 7148 ’ i
T¢ 47 |N,PROTON | EXPT-| 4.7+6 | 1.4+7 |UKNDC | P94 | 56 | 4/79|HAR | SWINHOE+ activation rela-,
PROG tive to 27Al(n,a)
Ti  48|N,PROTON | EXPT | 4.7+6 | 1.4+7|UKNDC | P94 | 56 | 4/79| HAR | SWINHOE+ activation rela- |
) ) PROG tive to 27Al(n,q) |
Cr NAT|N,ALPHA |EXPT- . UKNDC | P94 | 57 | 4/79| HAR | COOKSON+ preliminary |
PROG +6 +7 measurement started |
i
cr 50|TOTAL EXPT- +2 +5|UKNDC | P94 | 42 | 4/79| HAR | BOWEN+ measurement com=
XSEC PROG plete analysis in progress
: |
Cr -50{N,GAMMA E AL - - |UKNDC | P94 | 87 4/79| WIN | STORY data file prepared
cr 52|TOTAL EXPT- +2 +5 |UKNDC | P94 | 42 4/79| HAR | BOWEN+ measurement com-
-1XSEC PROG 1 plete analysis in progress
Cr 53 |TOTAL EXPT- +2 +5|UKNDC | P94 | 42 4/79|HAR | BOWEN+ measurement com-
XSEC PROG : plete analysis in progress
Mo  55|N,GAMMA | EXPT- | 2.5-2 ~ |UKNDC |P94 | 88 |4/79WIN | TAYLOR obtained from
PROG check of detector system
Fe NAT|TOTAL EXPT- +2 +5|UKNDC {P94 | 42 14/79|/HAR | BOWEN+ measurements com-
. |XSEC | PROG ‘plete analysis in progress
Fe NAT|N,ALPHA |EXPT- +6 +7|UKNDC P94 | 57 |4/79/HAR | COOKSON+ preliminary
- PROG . . © imeasurements started.
Fe NAT!N,GAMMA |EXPT- | 2.0+2 [5.0+4 |UKNDC |P94 | 36 4/79|HAR | GAYTHER+ capture yield
PROG : data |
Fe NAT|DIFF- EXPT- | 2.9+46 UKNDC P94 111 4/79|EDG | ANNAND+ polarisation and
ELASTIC PROG differential XSECT
Fe 56 |TOTAL EXPT- +2 +5|UKNDC |[P94 | 42 l4/79 HAR | BOWEN+ measurement com-
XSEC PROG i | plete analysis in progress
i
{ :
Fe 56 |RES- EXPT- | 1.1 3 UKNDC {P94 | 36 {4/79 HAR | GAYTHER+ ‘parameters of the
PARAM PROG 1 o 1.1 keV i
)] . '
Fe 57 |TOTAL EXPT- +2 +5|UKNDC P94 |42  14/79|HAR | BOWEN+ measurement com-
J|XSEC- ' :

plete analysis in progress’
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CINDA LISTINGS

ENERGY DOCUMENTATION
ELEMENE QUANTITY | TYPE - - LAB COMMENTS
MIN. MAX. | REF VOL ; PAGE | DATE
Ni NAT|TOTAL EXPT- +2 +5 UKNDC | P94 42 1 4/79] HAR | BOWEN+ measurement com-
XSEC PROG plete analysis in progressg
Ni NAT|N,ALPHA | EXPT~ +6 '+7| UKNDC | P94 57 { 4/79]-HAR | COOKSON+ preliminary
PROG measurement started
Ni 58 |RES- EXPT- | 1.0+4 | 6.4+5 UKNDC | P94 42 | 4/79| HAR | SYME+ shape fit to trans-
PARAM PROG mission data
Ni 58 |N, EXPT- | 4.7+6 | 1.4+7 URNDC | P94 56 | 4/79 HAR | SWINHOE+ actiyation
PROTON PROG relative to 27A1 (n,a)
Cu NAT|DIFF=~ EXPT- | 2.9+6 - UKNDC | P94 111 | 4/79| EDG | ANNAND+ polarization and
ELASTIC PROG differential XSECT
Cu NAT |DIFF- EXPT- | 1.4+7 UKNDC | P94 110 | 4/79| EDG | BEGUM+ polarization and
ELASTIC PROG differential XSECT
Nb  93|N,2N EXPT- | 1.4+7 UKNDC | P94 91 | 4/79] NPL | RYVES+ work in progress
PROG ’
Rh 103[IN- | EXPT- | FAST UKNDC | P94 88 | 4/79| WIN | TAYLOR+ production of
ELASTIC PROG Rh~103 isomer -
Ag 107 |N,GAMMA EXPT- | MAX W UKNDC | P94 88 | 4/79| NPL | RYVES+ production of Ag
! PROG 108 isomer '
I 127 |DIFF- %EXPT- 2.9+6 UKNDC | P94 111 | 4/79| EDG | ANNAND+ polarization and
ELASTIC | PROG differential XSECT
; .
Ta 181|N,2N [ EXPT- | 1.4+7 UKNDC | P94 | 91 | 4/79|NPL | RYVES+ work in progress
- PROG ‘ |
1Ta 181 |N,GAMMA EEXPT— 2.5-2 UKNDC | P94 88 | 4/79| WIN | TAYLOR+ obtained from
| PROG check of detector system.
W  NAT|{DIFF- | EXPT- |2.9+6 UKNDC | P94 111 | 4/79| EDG | ANNAND+ work in progress
ELASTIC ' PROG :
I
Au 197 |N,2N { EXPT- ! 1.4+7 UKNDC | P94 91 | 4/79|{NPL | RYVES+ work in progress
‘PRQG
Au 197 |N,GAMMA EXPT- ;2.4+2 2.0+3| UKNDC | P94 33 | 4/79|HAR | GAYTHER+ data used in
PROG ! resonance analysis
Au 197 |RES EXPT- {2.4+2 | 2.0+3| UKNDC | P94 33| 4/79|HAR | GAYTHER+ shape analysis
PARAM PROG ‘ of capture data
Hg NAT|DIFF- EXPT- j2.9+6 UKNDC { P94 111 | 4/79EDG | ANNAND+ polarization and
ELASTIC | PROG ' differential XSECT
T1 NAT|DIFF- EXPT- §2.9+6 UKNDC | P94 | 111 |4/79|EDG | ANNAND+ work in progress
ELASTIC : | PROG - ‘ :
Pb NAT|DIFF- | EXPT- '2.9+6 | UKNDC |P94 | 111 |4/79|EDG | ANNAND+ polarization and
|ELASTIC ' PROG differential XSECT
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CINDA LISTINGS

ENERGY |
L

DOCUMENTATION; ,

i

: i
gLEMENz QUANTITY | TYPE - 7 LAB COMMENTS ]
MIN. | MAX. | REF | VOL | PAGE | DATE SECET
Pb NAT|DIFF- | EXPT-| 2.9+46 UKNDC | P94 . 111 { 4/79[.EDG |-ANNAND+ work in.prcgress
ELASTIC PROG
Pb  NAT|DIFF- EXPT- | 1.4+7 UKNDC | P94 | 110 | 4/79| EDG | BEGUM+ polarization work
ELASTIC | PROG .,-| in progress. -’
Bi 209 |DIFF- EXPT-| 2.9+6 UKNDC | P94 | 111 | 4/79|EDG | ANNAND+ work-in progress
ELASTIC PROG
Th 232]N, EXPT-| TR Up UKNDC | P94 48 4/79‘HAR SYME+ measurement com-
Fission | PROG ' ‘| plete analysis in progress
U  NAT |DIFF- EXPT- | 2.9+6 UKNDC | P94 | 111 | 4/79EDG | ANNAND+ work in progress
ELASTIC PROG
U 235N, T EXPT- PILE‘ UKNDC P94 75 | 4/79|HAR | MCKEAN+ tritium yield from
PROG ! : thermal fission
U 235|N,T EXPT- | FISS UKNDC | P94 75 | 4/79]|HAR | MCKEAN+ tritium yield
PROG from fast fission
U 235|N, EXPT- | 2.5-2 UKNDC | P94 | 88 | 4/79|WIN | TAYLOR+ obtained from
FISSION | PROG check of detector system
U 235|FISS- EXPT- | FAST UKNDC | P94 | 76 | 4/79|HAR | CUNINGHAME+ study effects
YIELD PROG ' ) - | of spectrum changes on
yields ]
U 235 |SPEC. EXPT- | 9.4+5 | 6.0+6] UKNDC | P94 | 102 | 4/79|BIR| OWEN+ spectrum of delayed
. FISS.N PROG ‘ o neutrons at given
incident reutron energies
U  235|SPEC. EXPT- | 1.045 UKNDC | P94 48 | 4/79|HAR | ADAMS+anslysis of data
FISS.N PROG . ‘ o taken at STUDSVIK.
U 238|N,2N “EXPT- | 1.4+7 | .URNDC | P94 91 | 4/79|NPL| RYVES+ work in progress
. ' PROG ’ ' : =
u 238 |[FISS- EXPT- | 9.0+5 | 1.7+6| UKNDC | P94 76 | 4/79|HAR | CUNINGHAME+ fission field
YIELD PROG of Mo-99 .
U 238 |[F1SS~ EXPT- | FAST UKNDC | P94 76 | 4/79|HAR | CUNINGHAME+ study effects
YIELD PROG ’ of spectrum changes on
- yields
Pu 239 |N,T EXPT- | PILE UKNDC | P94 | 75 ¢ 4/79|HAR | MCKEAN+ tritium yield
PROG L from thermal fission
Pu 239 |N,T EXPT- | FAST UKNDC | P94 | 75 , 4/79|HAR | MCKEAN+ tritium yield
. PROG : ; from fast fission
Pu 239N EXPT- | 2.5-2 UKNDC | P94 | 88 | 4/79|WIN| TAYLOR+ obtained from
FISSION | PROG l ' A check of detector system
Pu 239 |FISS- EXPT- | FAST UKNDC-EP94 76 . 4/79|HAR| CUNINGHAME study effects
YIELD PROG ; of spectrum changes on
yields
Am 241 |N, ;EXPT— FAST UKNDC AP94 82 4/79|HAR| GLOVER+ integral for
- |GAMMA { PROG : : fast reactor
Am - 241 [ALL JEVAL - UKNDC ~ P94 | 28 4/7¢|HAR| LYNN+ T.B.P. as AERE-
. ‘ R8:528
Am 243 |N, ' EXPT- | FAST UKNDC P94 | 82 4/79{HAR GLOVER+ products of Cm-244
% CAMMA { PROG ; ; i for fast reactor spectrum
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1. NUCLEAR PHYSICS DIVISION, AERE, HARWELL

(DiQision head: Dr. B. Rose*)
Intrqduction
Nuclear data.measurements in Nuclear Physics Division are diverse and are performed on
a variety of sources. Since the results obtained from the various Harwéll machines are not
easily classified according to the energy of the charged'beams, individual research items
are as before labelled with a single letter indicating on which machine thé experiments

were performed. These labels are as follows:

Cockcroft-Walton Generator ° V A
3 MV pﬁlsed Van de Graaff Generator IBIS B
6 MV Van de Graaff Generator C
14 MeV Tandem Generator D
45 MeV Electron Linac. . E
‘Yarigble Enefg§ Cyclotfon' , : : . G
'Synchrpcyclotrpn | ' H

In the contents pages there is a cross reference to the accelerator where a measure-

ment was mdde'(when this applies). o a
fhe material for this contribution is taken' from the chapter on N;clear Data and

Technology for Nuclear Power ia the 1378 Nuclear Physics Division Progress keport AERE

PR/NP 26 and is organised by subject material in the order: low energy neutrons and fission

[

to high ernergy neutrons and fusion.

% Acting division head in 1978:an.'J.E.‘Lynn‘
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1. NUCLEAR DATA AND TECHNOLOGY FOR NUCLEAR POWER

1.1 The new. machine for the electron linac laboratory (J. E Lynn, M. S. Coates,
P. P. Thomas and B. P. Cleafyf

o

It has not been possible to hold to the schedule outlined in PR/NP 25,p-9 and the
rev1sed éétimate for the start of experimental operatlon w1th the new 11nac is now the
early summer‘of 1979. |

Although allAthe new experimental buildings on thenllnac site were finished at the
expected time the linac test programme carried out at the R.D.L. works at Swindon has
taken longer than antiéipated. It is now nearly complete, with all four mgdulator units
successfully ﬁried, and only thé last of the 8 accelerator sections remains to be beam
tested. Three of the modulators and five of tﬁe accelerator sections have‘been delivered
to the Harwell site and installation is well under way. The remaining equipment will
follow when the work tests are finished during January 1979. The final stagesAof
installation and commissioning trials on the fully assembled machine will be carried out
during the early months of 1979.

Essentially all of the magnets and quadrupole elemenFs for electron beam handiing
are in position and ready for use with the exception of the pulse magnets needed for
simultaneous (multiplexed) target: operationm. Convenfional steadv field magnets have been
installed at the beam switching positions for the trial phase in the interest of simpli-
fying beam transport tests. Some technical difficulties have been encountered. however.
with the pulse magnets themselves. The field switching performance needed is proving
difficult to achieve and the problems may not be solved in time for the units to be
‘installed for the ‘initial stages of experimental operation.

Technical difficulties in another area have resulted in delays in the manufécture
of the tantalum targets for neutron production (see PR/NP 25, p 9).  Cracking occurred
in one of the faces of the beryllium containment vessel of the fast neutron target during
the final stage of manufacture. The cause of this is now thought to be understood and it
is hoped that the finished assembly will be delivered to Harwell during January 1979,
Difficulties with the condensed matter target were all relatively minor, and delivery of
this assembly is imminent.

Targets containing uranium are being.produced as spares for both the condensed
matter and the fast neutron cells. Metallurgy Division have overcome many of thg problems

(see PR/NP 25, p 9)‘connected with the production of Zircaloy clad uranium plates which
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will be used therefore in the spare condensed matter targét. -ﬁiffiéulties still remain,
however, in using tantalum as a cladding material and the spare fast neutron target will
be made up from uraﬁium plates inside helium filled tantélum cans. The'heligm is n;eded
on heat transfer grounds. This target will only be able to dissipate 5 kW of electron

beam power compared with 30 kW for an ideal target but most of the high resolution work
using electron pulse widths in the 5-10 ns range can be carried out without restrictions

(1

at this lower power level .

(1) M. 8. Coates, P. P, Thomas, B. P. Clear, R. N. Sinclair and J. E. Lynn, A new
electron linear accelerator at A.E.R.E., Harwell, paper presented at the IV National
Soviet Conference on Neutron Physics, Kiev, USSR, April 1977

1.2 Evaluation of differential nuclear data for 24]Am (J. E. Lynn, B. H, Patrick,

M. G. Sowerby and E. M. Bowey)

The evaluation of differential nuclear data for 2MAm has Eeen cémple;ed and the
file is now in the U.K. Nuclear Data Library. Documentation of tﬂe work exists in draft
form and will shortly be sent for publication as report AERE - R 8528, with the following
abstract.

'An evaluation of differential neutron data has been carried out forKZAIAm, the
result of which has been incorporated into the U.K. Nuclear Data Library as DFN 1009A.
The eQaluation covers the energy range from 10-5 eV to 15 MeV and includes the total,
capture, fission, elastié and inelastic scattering, (n,2n) and (n,3n) cross-sectionms, -

Vv and the_fission neutron spectrum. Also discussed are the half-life and decay of 24]Am,
the branching of the radiative capture cross-section to form the ground and isomeric
states of 2[‘zAm and resonance integrals. Where possible the eQaluation is based on
measured data but much use has been made of ﬁuclear reaction theory and systematic
behaviour of the nuclear parameters -of the actinides to calculate the required data
where no measurements exist. Uncertainties have been assigned at representative energies
throughout the range. Some of the results of the evaluation are compared with data from

other evaluations.'

1.3E Capture cross-sections of structural materials [Relevant to fequest numbers:
184-193, 212, 589, 1383, 13847

Preliminary results of neutron capture cross—section measurements made with a large

liquid scintillator on the structural materials iron, nickel and chromium have been



described in previous progress reports. During the past year much of the effort has -been
devoted to improving the methods of analysing the raw capture yield-dété‘and developing

(4), which has been adapted

the -computer program used for this purposel The program REFIT
to handle capture data and which is described elsewhere (p 23 ) in this report, is now
being used exclusively to obtéin the final neutron resonance parameters from the
measurements. Described'belpw are the calculation of two important properties of the
large liquid scintillator required in the analysis and some examples of resonance

parameters obtadined.

1.3.1 Detector efficiency (R. B. Thom' and B. W. Thomas )

In the previous report (PR/NP 25, 'p 26) a method of determining the efficiency of
the large liquid scintillator for capture events was described which made use of the
shape of the observed pulse amplitude spectra. The method has now been developed using :
a more mathemaéically precise characterisation of the amplitude spectrum. We call this

characterisation parameter the fractional energy, EF’ which is given by:

where Ai is the number of events in chandel i correspondiﬂg to gamma-ray energy Ei,iand

L and U are the lower and upper amplitudg channel limits Qsed:in the data analysis. A
wide variety of amplitudé spectrum types, generated by.the gammé—ray Monte Carlo code
GAMOC (PR/NP 25, p 26) have been investigated and a correlation is found to exist between
the fractional éqergy and the required efficiency. One such correlation curve for an
excitation level energy of 8 MeV andriower amplitude limit of 3 MeV is shown in Fig. I.

The plotted points are well represented by a polynomiai fuhction of the type:-

3 - : €N
E, =€, + L — (RF > RO)

F ,0 N=1 (RF _ RO)N

where € 1s the efficiency,

- and R, are constants and RF is the fractional energy

€0,1,2,3 0
EF divided by excitation energy. The points marked Fe and Au on the figure apply to

spectra calculated by GAMOC from cascade schemes typical of a medium mass and a heavy

mass nucleus. The manner in which these schemes were generated is described in the

+Imperial College of Science and Technology
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both responses were found to be within 27 of unity.

previous report.

of this method to these complex spectra of

real nuclei is taken as an indication of its

validity.

Anotﬁer approach to the problem of
allowing for the energy dependence of the
efficiency makes use of a pulse amplitude
weighting technique first suggested by

(1)

H. Maietr~Leibnitz A channel weighting
factor, Wi, is sought which produces a
detector response of unity:

]
I A,, W. =1

i=g, 301
where, as before, L and U are ‘the ﬁulse
amplitude channel limits and A, is the
number of events in the i th channel for the
j spectrum type. Using the same set of
amplitude spectrum types as before, a set
of weighting factors, Wi, was derived.

were applied to the Fe and Au spéctra and

This method, however, suffers from

the disadvantage of being difficult to apply when admixtures cf spectra with different

isotopes are encountered.

1.3.2Neutron sensitivity of the large liquid scintillator (R. B. Thom+)

An essential property of a device whose principle of operation depends on the

detection of gamma-rays emitted promptly following neutron capture, is that it should have

a low probability of registering those events caused by neutrons scattered, rather than

captured,by the sample and subsequently absorbed by the materials of the detector and

its environment,

sections of medium nuclei where neutron scattering is typically three orders of magnitude

i

This is especially important in the measurement of capture cross-

The successful application

These

+Imperigal College of Science and Technology
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more prébable than neutron capture. In such measurements using the time-of-flight method,
one differeﬁtiates betweén>prompt neutron events which occur within the timing resolution
of the:system énd those detected later in time, usually after some degree of moderation
in the'detectipg medium. The.latter component contributes to é background which can be
determined.experimentally. The prompt component, however, is usually of small magnitude
and is not clearly distinguiishable from'legitimate capture. Care was taken at the.oufset
to construct the large liquid scinfillator from materialsof low capture cross—section and

2)

littleior no resonance structure below a few hund?ed keV neutron energy . Nénetheless,
when a‘sample of pure graphite was placed in the tank and exposed to a neﬁtfon beaﬁ which
had passed through an aluminium backgrodnd filter, élight but identifiable diég were
present in the time—of—flight'spectfuﬁ at the 'blaék fesbnance' energies_%n aluminium,’
Since capture in th;ﬂgréphite sample is negligible this indicates that a‘prompt background
compongnt was present. To substantiate these experimentai observations and to understand .
ﬁore f?ll& thezfésponse.of the defection system'to~neﬁtrons;'thé‘néutron transport code
(3

MORSE "7, originating‘from the Radiation Shielding Information Center at Oak Ridge; was

adapted to.meet the requirgments of thevproblem*; Based on 160 group cross-sections in .
ANISN,fd%@a},'tﬁe ééd%‘appiies fhevMoﬁte Carlo meth&d fq the gracing 6f individuél
,neutrdns'whiéh éfért ffoﬁ a sodrcg energy‘gfoup and whose hisfories ferminate either upon
absorption orﬁwhep the,pgrtic}e escapes from the system. The individual absorptions are
then sgmmed énd stéred_in.épp?opriately chosen time and energy bins for‘each geometric
‘rggion.‘ Thg'xespogse,of the System to ganma-rays from avparticular nu@leus_i; then
ldetermih;d'with the gamma;ray Monte Carlo code GAMOC. | " This type gf anaiysis was
performe@ for several neutron energies and the resulting curve of neutron seﬁsitivity.
(i.e. p;qbability of detectioﬁ per neutron scattered divided by an assumed average
* ‘capture proQﬁbility)‘fof tﬁe pulsé aﬁplit%de range used in ﬁost‘of the capture‘daga
analysis is,indicéted iﬁ Fig.'Z.' |
The neutroﬁ sensitiyity curve decreases smoothly with increasing neutron energy. as

expected owing to ﬁhe absence of struc;ure.inlthe créss—ée;tibnsnof the taﬁk materia}s,

The main contribution to the sensitivity arises from capture in the 30 cm long, 1.2 cm

. 10 . . : . ;
thick 0B sleeve which surrounds the sample at the centre of the tank. This sleeve was

*The help and gufdéﬁce of Mrn;J. G. Needham of Materials Physics Division in the
application of MORSE is gratefully acknowledged."

-31-



1072 —————r——y " e v ey
AN
W ‘\\
= 10-37 \‘~~ OAK RIDGE —
v 1 ~ TOTAL ENERGY DETECTOR ]
> - 4
: - // ) -
2 d 4
= F -
2 KARLSRUHE 800L
g r LIQUID SCINTILLATION 1
A TANK —
4 -4 '
5 10 -
e ]
x ]
a HARWELL 270L ]
=~ L!IQUID SCINTILLATION )

TANK i
1075 ) X e ] N
10° 10 107 103

.NEUTRON ENERGY {keV] . B

Fﬁg. 2 Neutron sensitivity Qf the Havwell large liquid scintillator as calculated by the
neutron transport code MORSE(4), comparéd with published calculations(5) for two other
detection systems recently engaged in capture cross—section:medsurements

originally installed fo protect the capture samplé from neutrons returning after
moderation in the scintillant. Although the principal absorption mechanism in {OB is
the (n,0) reaction, an estimated éne in eight thousand events will bé a neutron‘capture
with the subsequent release of ~ 11.5 MeV in gamma-ray energy. This fraction of neutron
‘captures is the ratio df the (n,Yy) to (n,a) cross—sections at thermal energy as given in
BNL*325 (tﬁird edition) ‘and is subject to an uncertainty of 407. It was assdmed'that
this ratio remains constant fofr neutron enérgies up to around 400-keV where sizable
resonances start to contribute to the IOB cross—-section. The only other non—negligibie
contribution fo the neutron sensitivity arises from the Be tube which passes through the
tank itself, but this is only significant at higher energies where the sensitivity.is‘
small, From the graphite sample experiments mentioned above a figure of 10;4, withfan
estimated error of 50%, was deduced for the neutron sensitivity in the 25-100 keV regionm.
This is somewhat higher but not in disagreement with the calculated sensitivity, Fié.-z
shows that the Harwell‘detector compares favourably with two of the more'importaﬁt_

detection systems recently engaged on similar capture cross—section programmes.



.3.3Resonance parameters of gold (D. B. Gayther, M. C. Moxon, B. W. Thomas, R. B, Thom
and J. B, Brisland) [Relevant to Wrenda- request number: . 5891, .

Capture cross-sections measured with the large liquid scintillator aré normalized
to the average capture cross-section of gold in the energy region 25 to BSiﬁeV (assuming
a value of 589 mb).  The measurements obtained with the standard gold sampleé whiéh
providé the normalization, have recently been analyzed with the shape analysié prégram
.REFIT(A) (see also p 23 of this report) to derive resonance parameters in the enéfgy
region from ~ 240 eV to ~ 2 keV. The parameters determined so far are in good agreement
with previously published data which were mostly derived from transmigsion‘megsurements
and hence, unlike the capture data, do not depend on aﬁsolute normalizaiio&. This
result provides a valuable confirmation of the measurement of the shape ofAthe neutron
spectrum incident on the sample and verifies assﬁmptions concerning the efficiehcf:of the
large liquid scintillator for detecting'capture'evehts. For .those resonances witﬁ neutron
widths greater than 100 meV,‘the radiation width can be accurately determined, and in
the energy region below 1 keV its average value is found to be 125 meV.

Figure 3 ;hows-examples of fits to the gold.capture yield.data. In Fig. 3(a) -which
covers the energy region from 1840 to 1930 eV, the present measurements are not‘capable
of resolving all the resconances given in the third edition of BNL-325. Nevertheless, by
determining only the resonance energies and the smaller of the two.partial widﬁhs,
reasonable fits to the data are obtained. 1In the well resolved resonance at 240 eV
(Fig. 3(b)) it.was found possible to determine the resonance energy and both neutron and
radiation partial‘widths from capture data on one sémple to statistical accuracies
approaching those of previously published parameters using multi-sample data.
Provisional resonance parameters found by least squares fits to the data of Fig. 3 are
given in. Table 1.

At the lower energies, clusters of data poihts are often found to lie above the
calculated curve, as for example %ﬁ the energy regions 236.5 to 237.5 eV and 244 to
245 eV of Fig. 3(b). Although the deviatipn of individual points from the curve may
not be statistically significant, fits to some of the‘élﬁsters produce, significant

neutron widths.

+Imperial College of Science and Technology
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Provisional resonance parameters in gold determined from-

Table 1

least squares fit to ddta shown in Fig. 3

'l

Resonance ~ Neutron Radiation 2 2 4
energy width width X WD* | X /DF
(eV) (meV) (meV)
1913.1 + 0.1 (1840) 123.6 + 7.9 | )
1 {1913.6 + 0.7} ;
1887.1 + 1.1 3.1+ 1.6 (124) ;
{1893.3 + 0.7} {6.1 +1.1} )

) :
"711883.0 + 0.1 (170) 155.7 + 14.9 | ) 27.8 | 30 | 1.46
- 11883.6 + 0.7} . | g

. 1860.2 + 0.2 80.6 + 13.0 (124) ;

- {1860.0 + 0.7} | {86.4 + 18.7} )

. )
. 1856.3 + 0.3 (1040) 137.8 + 20.0 | )
{1856.3 + 0.7} ' g
240.86 + 0.003 | 77.05 + 0.95°| 122.8 + 3.3 100.0 1.03
{240.5 + 0.5} {72 + 4} {100 + 15}

partial widths in parenthesis () are unchanged in the fit

the quoted uncertainties are from the least squares fit only

parameters in parenthesis {} are taken from the 3rd Edition of BNL-325

*number of data points

points minus the number of parameters
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1.3.4 Resonance parameters of iron (D. B. Gayther, M. C. Moxon, B. W. Thomas, R. B. Thom
and J. E. Jolly)

The capture yield data obtained with a 2 mm'samplé of natural iron have been analysed

with REFIT(A)

to obtain firét'vaiues for the parameters of the ﬁaiﬁ resonances up to a
neutron energy of 50 keV. Better values for the resonance parameters’are now being
determined from a simultaneous shape fit to ali,the~data obtained with the three sample
thicknesses. The resonance parameters inISéFe‘at 1.15 keV have important implications for
the Doppler effect in reaétor systems; the simultanecus fit for this résonance is shown
in Fig. 4 and the parameters are listed in'$able 2. Experimental uncertainties in the
parameters are given in the table. It was found that a change of 107 in the Doppier width
had a negligible effect on the partial widths ébtained with simultaneous analysis, but

such a change had a significant effect on the parameters obtained from the analysis of

data from a single sample.

Table 2

, . 56
Resonance parameters obtained for the 1.15 keV resonance in ~ ‘Fe

from a simultaneous shape analysis fit to capture yield data

obtained with three samples

m (2) (3) (4) (5)
Resonaﬁce energy (eV) 1152.69 | + 0,007 | + 0.0 +0.0| +1.2
Neutron width (meV) 73.93 | + 0.45 | +12.9 [ + 0.0 0.0

| Radiation width (meV) | 577.2 | + 5.9 * 8.9 | +2.0| 0.0

|

(1) the . values of the parameters determined in a least squares fit to measurements
on three samples with five sets of data covering a neutron energy range from 912
to 1530 eV

(2) the uncertainty obtained from the least squares fit

(3) the uncertainty in the parameters associated with a 157 uncertainty in the
normalisation of the original data

(4) the uncertainty associated with the resolution function. The pulse width and target
decay were determined from-fits to narrow resonances in the energy region between
5 keV and 50 keV, and errors in other parameters associated with the resolution
function were assumed to have a negligible effect on the resonance parameters

(5) the uncertainty of + 0.05 m in the length of the flight path produces an error of
+ 1.2 eV in the resonance energy and only a negligible effect on the other
- parameters

+ . .
Imperial College of Science and Technology
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(1) H. Maier-Leibnitz, private communication to R. L. Macklin and J. H. Gibbons
(Phys. Rev. 159 (1967) 1009)

(2) D. B. Gayther, Report AERE - R 8082 (1975)

(3) MORSE-CG, 'General Purpose Monte Carlo Multigroup Neutron and Gamma-Ray Transport
Code with Combinatorial Geometry', RSIC Computer Code Collection-203

(4) '"Neutron Data of Structural Materials for Fast Reactors", Proc. of a Specialists'
Meeting, CBNM, Geel, December 1977, K. H. Bockhoff (Editor) Pergamon Press,
Oxford, 1978

1.4 REFIT - A least squares fitting program for resonance analysis (M. C. Moxon and
D. A. J. Endacott)

i P . .
The program REFIT( ) has been modified during the past year to allow its use for the

simultaneous analysis of neutron capture yield and transmission data. Multi-level
R-matrix resonance parameters are adjusted so that the calculated transmission and/or
capture yield agree with the observed data within the limit of the errors. Fits to
several saﬁple thicknesses of different isotopic composition can be carried out at the
;ame time. The nuéléar cross-section for each spin of ea?h nucleus is calculated from
initial parameters using an R-ﬁatrix multi-level formalism. The cross-section is then
Doppler broadened assuming an ideal gas model with a given effective temperature. fhe
transmission for a given sample is then calculated from the cross-sections and given
abundances for the nuclei. When capture data are present, the capture yield includes the
effects of multiple collisi;n of the neutrons in the sample. Thé theoretical curves are,
folded into the resolution function and compared with the observed data. The Harwell
computer library minimising routine VAO2A is then used to deduce the parameters from the
best fit to the data. One of the main problems in extracting resonanée parameters from
neutron capturé data is the large amount of‘éomputing time required tovcalculate the
capture yield due to n;utrons which are initially scattered and then captured on
subsequent collisions. In REFIT, various simplifying assumptions are made in the steps
taken to calculate the contribution to the capture yield from neutrons which have
scattered more than once in the sample. As a result resonance parameters can be extracted
using significantly less computer time than with nominally more rigorous programs, without
any significant sacrifice in accuracy. The procgdures followed in REFIT are now outlined.
The capture yield from multiple interactions of neutrons in the sample is divided
into two parts. The first is due to neutrons initially scattered and then caétured on

the second interaction, and the second is the sum of capture events occurring in
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subsgqggqt interactions.

The escape probability for neﬁtroqs initially scattered is calculated as a function
of the scattering angle.. This calculation takes into account the effects of finite sample
size.and Doppler effepts.: ?hgﬂfractions of neutrons -that are e%ther captured or scattered
again are.calculated from the number of neutrons that interact for a second time in the
sample. Up to this stage the treatment is that used in conventional Monte Carlo programs

'

and is essentially exact.
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Fig. 5 Comparison of calculation of the capture yield for a resonance in 56Fe at
27.7. keV assuming a neutron width of 1.5 keV and a radiation width of 1.5 eV.
The sample diameter was 41.8 mm with a thickness of 13 mm (0.1 atoms/barn)

For the next pa}t of the calculation it is assumed that neutrons which scatter a
second time in the sample .(1) do so isotropically in the laboratofy system, (2) are
distributed uniférmly throqghohtfthe sample and (3) have an energy distribution covering
the range allowed by élasfic scatter. The probability of escape from the sample is then
éalcuiated from equation 6, page 23 of reference 2'using the appropriate cross-section,

and hence the fractions of neutrons captured and scattered in the sample at this stage are
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found. The process is repeated on this and following generations of scdttered neutrons
.until the f?action of neutrons remaining in the sample is less than 1% of "the capturé
yield. The total capture yield i; found by éumming the capture éqntriﬁutioﬁs‘(inéiﬁdiﬁg
of course the primary éapture yield) arising at éuécessive stages of ‘the full téi%ﬁlétioﬁ;
A resoﬁaﬁce:iﬁ-é6Fe has been'used to compére calculétibns carried out with three’
computer codes on saﬁples up to a thickness of 0.1 atoms/barn. The resonance was assumed
to'have an energy of 27.5 keV; a neutron width of 1.5 keV and a radiation width of‘]LS'eV."
Figure 5 shows result; obtained with REFIT, the Harwell Monte Carlo program; and the ﬁonte
Carlo program used at Lﬁcas Heights, New South Wales, Australia by Allen et a‘(3)‘fo¥‘a
sample of thickness 13 m (Q.]vatoms/barn) and 41.8 fm in diamete?,‘ All three calculations
‘are in good agreement even for this thickest sample wheremultiple scattering effects in

the region above the resonance energy are very large. Table 3 gives a comparison of the

areas obtained by summing the calculated data over the energy range 20 to 35 keV.

N ‘ . : Table 3

, . ‘Calculated capture areas

Neutron ‘Sample Capture area
Sample . .
Program radius beam thickness between
& (rm) radius 20 and 25 keV
(mm) (mm) (atoms/b) { = (b-eV)
Lucas Heights |  20.9 " 2009 13 0.1 ©200.9
Monte Carlo : '
Hafwell Monte if' " oo A " ‘ 198.9V:f~ 1.0‘3:
Carlo P g , . o
REFIT " . o " 196.5 + ~ 6.0
Py f ' - :
Harwell Monte 12,09 x 10§ 2.09 x‘IO6 i " " L 261.2 + ~ 1.5 y
Carlo - , | ‘ , C - N
REFIT . AP AR R o 263,24+~ 5
i I DU ' i i o T i

Resonance parameters assumed in all the calculations ER ='27.7 keV
S T = 1.5 keV
n
' =1.5¢eV
Y

The uncertainties on the Harwell Monte Carlo program are derived from the
statistical spread in the calculation and in REFIT from estimates of the
uncertainties in the various approximations made in the calculation.

'
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The computer times required to calculate .the curves shown in Fig. 5_age-40.sggondsg .
for REFIT, 123 seconds for the Luéas,Heights Monte Carlo program and 303. seconds. for..the. .
Harwell Monté'Carlo program.l
' . Figure 6 shows the REFIT calculation for the thickest sample carried out assuming
different sampie and neutron beam‘diameteré. Evidently the capture &ieid,deéendS»on
these paramefers as well aé the saﬁple thickness. ‘This suggests that in thé anai&sis of
capture daté, éspecially thick samples, effects dueAto sample sizé and‘nonfﬁnifarm4

illumination should be taken into account.

50 —_—m-
3 Sample- Nedtron Beam Sample’ - : :
| Radius(mm) Radius{mm) Thickness (mm) . - L i
| — 2:09x10% 2:09 x 106 13 ]
i 209 209 .13 |
n= 01alb
- 40F ER= 277 KeV RREE
[ T,= 15Kev ]

15 eV

30

20

Capture yield + Thickness (millibarns)

10

0 t . ' L ! 1 N X L 1 v-~| s ' L -c
20 25 30 ‘ 35

Neutron Energy (KeV)

Fig. 6 Calculation using REFIT with the same parameters as in Fig. 5 with a sample
diameter of (a) 4.18 = 106 mm and (b) 41.8 mm and a thickness of 13 mm

The program is used in the analysis of the neutron capture data for structural’

materials obtained with both the large liquid scintillators and the Moxon-Rae detector

(see p 18 of this report). Analysis of the capture measurements carried out on the
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gold sample used -as. the standard for the measurements on the structural materials has

already:- started and covers the neutron energy range from 200 eV to 2000 eV.

(1) M. €. Moxon, REFIT A least squares fitting program for resonance analysis of neutron
transmission data, Proc. Conf. on Neutron Data of Structural Materials for Fast
Reactors;  Geel, December 1977 Published as '"Neutron Data of Structural Materials
for Fast Reactors', K. H. Bockhoff (Editor), Pergamon Press, Oxford (1978)

(2) X. M. Case, F, De Hoffmann and G. Placzek, Introduction to the theory of neutron
diffusion, Los Alamos Scientific Laboratory (1953)

(3) B. J. Allen et al, private communication'(1978)

1.5.H Neutron transmission measurements on the synchrocyclotron (P. H. Bowen,
A. D. Gadd, G. D. Jones, D. B, Syme and I. L. Watkins) [Relevant to request
numbers: 154-8, 165-7, 208, 212-14, 222, 256, 261

&wenty transmission measurements on structural materials have been carried out by
neut?on time-of-flight experiments during the year. The basic parameters fof each of
these measurements are given in Table 1. It will be seen that the samp}es’measﬁred
include separated isotopes of Cr and Fe. These were obtained in a ﬁoint loan to Harwell
and CBNM from ORNL. Measurements were also made using samples of natural iron and
nickel in the preseﬁcé of a cobalt filter.designed to provide an in~-situ measurement of
the background. Similarly a sodium fluoride filter was used during two of the
measurements, on 50Cr 0, and 520r20 ‘

273 3°

a new way; now the transmission for each component runm is calculated and these are

Since September the data are being processed in

combined to derive the final value of transmission apd its internal error together with
an ekFernal,errorﬂdeduced from the variation from run to run. From run number 17 onwards
the data'ﬁave been taken with the Camac incrementing store (PR/NP 25, p 156). This has
removed the count rate limitation imposed when data were taken by means of a computer

programme with spectrum sorting in core and storage on disc.

1.6.H Resonance parameteré of 5§Ni from analysis of transmission data (D. B. Syme
and P. H. Bowen) [Relevant to request numbers: 256, 233-8]

1.6.1 Intfoduction

In support of the programme to determine the capture cross sections of the major
structural materials used in fast reactors, many neutron transmission data have been
obtained on the synchrocyclotron(]). Progress in analysis of these data for resonance

parameters in the case of the nickel isotopes was described in PR/NP 25, p 36. For the

.. 58, . . . .
main 1sotope, Ni, the upper limit of our analysis has since been extended from 300 keV
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‘Table 1

List of transmission measurements made in 1978

Sequence Sample - Thickness Path‘l) Ch?nnel Channel Run Pulses(3)
number material atom/barn (m) Ylgz? structure )| number (105)
3% | Per,0, 0.1189 50 5 a 7208 | 189.4
37 | *%er,0, 0.1189 100 2.5 b 8199 |  405.3
3B - >%x,0, 1 0.07773 100 2.5 b 8299 | 537.5
39 *%cr;0,(NaF) | 0.07773 100 | 2.5 ° b | 8294 147.8
40 520;203(NaF) 0.118 | 100 2.5 b . 8203 169.1
s *%,0, 0.03178 | 100 2.5 b . | 8298 | 300.7
w2 |P%er,o, 0 |0.03145 100 | 2.5 b 8297 | 195.1
2 e, 0.03145 50 5 ¢ 8296 | 147.1
4 SOC?zoé | 0.03178 50 | 5 c 8295 | 204.4
s *Tre,0, | 0.02077 50 5 c 8999 (4)
46 57Fe203 0.02977 50 5 c 8998 (4)
| 47 57Fe203 0.02977 50 5 c 8099 (4)
% 48 | 2mmFe(Co) 0.017213 | 5o 5 c 8065 (4)
; 49 éumFe (Co) 0.05164 | 50 5 c 8117 | (4)
g 50 | 6mmi(aF) | 0.5480¢3) | 5o 5 c 8149 (4)
st smwigan) | 0.2740 50 ; 5 ¢ 8150 @
52 .256Fe203 | 0.03032 50 5 c 8199 (4) !
53 %56Fe263(A1Mn) 0.03032 50 5 e | omiee | %
54 ‘%53Cr203 0.08877 ‘| 50 5 ¢ 1 8399 (4) g
55 ESBCréo3 0.004902 50 5 c . 8398 (4) ;
i i ‘4 i i ) i .
Notes

1. All 50m runs are taken with a 6Li-glass detector. All 100m runs are taken with
an NellO detector

2.  The channel structure implies a doubling of channel width at the following channels

(a) 13000, 23000
(b)  no doubling
(c) '16384, 2476

3. The.number of pulses is for the sample IN run only. The number of pulses in the
sample OUT run is adjusted roughly to equalize the total number of counts in the
two spectra. Experiments at 100m are performed at 800pps;  those at 50m are
performed at 400pps-

4. Processing for these runs is not complete and the run numbers given are proposed

5. Approximate thicknesses
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to 1000 keV, in order to increase the statistical sample of individual resonances and the

accuracy of average parameters. This work was reported at the September Harwell

(2)

conference , and some of the more salient points are given below.

1.6.2 Shape analysis for resonance parameters

Resonance parameters were obtained by shape énélysis(3) fof 62 % - 0 gnd 228 2 >0
resonances below 1000 keV. The accuracy diminishes above 650 keV dﬁe to computational
problems associated with the increasing number of visible levels, their‘inéreaging over-
lap and the need to treat a wide energy rénge because of resonance-resonance inﬁerference.
The analyses of these Qere carried o;t mainly to reduce edge (distant level) effects for
the 41‘2 = (O resonancés observed in the 10—640 keV range. Fits to the 290-375 ﬁeV and
594-678 keV regions are shown‘in Figé. 7 aﬁ&}S. The élear pagte;n of s-wave reéonances
of Fig. 7 have given &ay to a complicated picture of overlapping and interfering
components in Fig. 8 where thg quality of f;t is also limited by uncertainties in the

resonance parameters for regions of even higher energy.

1.6.3 Resonance parameter distributions and average values

The observed spacing graph for s-wave levels (Fig. 9) is linear in first order to
about 800 keV. ' The strength function plot

NUMBER OF RESONANCES X ENERGY (KEV) (Fig. 10) is linear to about 900 keV. The

* ; ; T - " apparent structure corresponds to the larger

resonances and is not significant under
statistical tests for intermediate structure.

the distribution of reduced widths in the

40

: ‘ 0-640 keV range (Fig. 11) follows{the
’ (4)

% expected Porter Thomas form (curve) with

an observeé mean of 4.31 eV and aBout 5
20 N

missed levels of low width.

NUMBER OF RESONANCES

With corrections for missing levels,

o 200 w00 00 500 To50 our average parameters are compared with

. ENERGY_KEV , (5)
. L (5
AVERAGE SPACING (KEV) 4 0.150639E 02 2 !
AVERAGE SPAC ING (KEV) -ZERD F1T, 0.163267E 02 those of BNL 325 and Frohner’s recent
LINITS OF FIT(KEV) . 0.361020E 02 10
0-636180F 03 . (6) : ;
INTERCEPT OF L.S.F. +-0.226812F 01 review in Table 4. Our mean spacing 1in

the 0-640 keV range is smaller than in the
Fig. 9 Spacing graph'for & = 0 resonances
observed in 98Ni transmission data 0-418 keV range where it agrees better with

Frohner's value. This is a manifestation of
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Fig. 11 Distribution of reduced widths for & = 0 resonances
observed in 98Ni transmission data. The curve is a
Porter Thomas distribution with 47 levels

-

Fig. 10 Strength function graph for % = 0 resonances
observed in °8Ni transmission data



the s11ght increase we observed 1n the den51ty of levels from 0= 600 keV . as expected ‘over

e
L 1

such a wide energy range. The gradual fall in dLﬂSlty above this energy is probably due
toginCreasing‘lossés of small’levels. The stréngth fuhctions aré all in satisfactory
'agreementu 2

Table 4 ' ! o

58 . s o
Ni: £ = 0 Stdtistical resonance parametérs .

Source '; Energy rangé No- of levels | - So - Do
T observed ~ (1078 {keV)

Presént work . 0 - 640 41 1 2.9+ 0.6 | 14.6 + 0.4

| Present work'i 0 - 418 23 3.1 + 0.9 1 15.5 + 0.7

Frotmer” ') | 0 = 4op 20 L 3.2 % 1.0 | 16.7 + 1.6
BNL_BZSES] H. 0~600 - 31 0 1 3.1 0.8 - (20)

O SN EY. ARSI CHR TR SO AP - —d
R T P R

1.6.4 - Future work . . ' . o , SR
. 43 , | o

. The presént analysis of “%5i will be. coplétdd soon and tHat''of the natural data will -

‘ cbntinuéL'fﬁevéibﬁmeﬁt of thelcomﬁuter'céde to handle 1arger arrays and 0f special inter-
. R l\ .
active programmlng to speed Job preparatlon w111 be necessary to cope w1th the vast amount

W

of data to’ be analysed 1n the 1sotopes of ‘the structural materlals.

. ‘ .\" o i ,.: ‘lu:‘ C : N ".! Co . : h. ‘. - o ' . g ‘
(1) G: D: Janég, D: B, Symé, P: H. Boweii; A. D, Gadd and I.'L. Wdtkins,' "Neutrodn Data of
Structural Materials for Fast Reactcrs", K. H. Bockhoff (Edltor) (Pergamon Press,
Oxford, 1978) o R o ; . \

(2) D. B. Syme and P. H. Bowen,nln "Neutron Physlcs and Nuclear Data", (NEA, Paris,,
1979) 19, e . e
»(3)4,M. C Moxon, in "Neutron Data of Structurai Materlals for: Fast Reactors lbid
‘(4)"C E. Porter and R. G. Thomas,'"Fluctuatlons of Nuclear Reactlon W1dths" Pbys' Réev.
_Vol 104, No. 2 (1976) 483
(5) S. F. Mughabghab and D I. Garber, "Neutlon Cross Sectlons Volume 15 Resonance ,
‘Parameters", BNL325 ThiFd-: Edltlon Vol 1y p28 [EANDC (usy 183/L INDC - (USA) 58/19

(6) F. H. Frohner, in "Neutron Data of Structural Materials for Fast Reactors " 1b1d
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1.7.4 Structure in the 232Th neutron, fission excitation function by dbservations .of -
fission neutrons (D. B. Syme,. G. D. James and M. C. Cooke*) [Relevant to request
numbers 617, 618, 620, 621] ) I i T R

Recent subthreshold fission cross—section data have indicated structures- character-

” . 9
232 4 h31Pa(1,;)

istic of rotational and vibrational states in Th an which may be associated .

with shallow third minima in the region of the second saddle point of the fission, barrief

(3

for the light-actinides We have attempted té confirm the existence of theé fine

. . 232 ﬂ ) . .. ‘ o
sttucture in Th by the alternative technique of fission neutron detection. This allows
large samples and hence long flight paths and good resolution in a néutron time of flight
spectrometer, although it is not the variation with eénergy of Of the fission cross=

;v, where v is thé number of néutrons

section which is observed, But of the product g

released per fission. We have cdmpleted an experiment of this kind on the Harwell
Synchrocyclotron using a natural thorium disc target at 97.48m from the pulsed source and
resolution of 0.lns m_l.

The data analysis is‘stiil in progress. At this stage we can confitm the broader
v structurésvpréviouély‘ébserved bit can not immediately verify all the préﬁiohﬁly ciéimed

fine structure.

(1) J. Blons, C. Mazur and D. Paya, Phys. Rev. Lett., 35 (1975) 1749

(2) A. Sicte et al, "Physics and Chemistry of Fission”, Rochester (1973) (IAEA, Vierna,
. 1974) Vol I, le ‘ o ‘ N

(3) P. Moller and J. R. Nix, ibid. pl03
35

1.8 Measurement of the fast fission neutron spectrum of 2
energy (J. M. Adams, L. Eriksson® and B. Trostell¥)

U at 0.1 MeV incident neutron

The completion of the analeéé of the gxpefimentél data obtained at Studévik
(PR/NP 25, p 43) haslbeen dela&e&.dué to the lack of available effoft.l The féSt‘fiSSion‘ x
nieutron time4of*£iigﬁt'speCtrum o%tained fér oné of the two identical détectors employed
for these measurements is sthﬁ‘in Fig. 12. A specially modified version of the Monté
' (1

qulo multiple scattering corréction code, MAGGIE' /; has been émployed to corréct the

data for the finite‘size of the 235U sample used. This has resulted in the magnitude of

+ ‘ . .
Queen Mary College, University of London .
Present address: Pléssey Telecommunications Ltd., Edge Lane, Liverpool

*AB Atomenergi, Studsvik, Sweden
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the correction not being as great below ~ 1| MeV as that predicted by a simple first order

(2)

analytical approach However, it has to be‘pointed out that this analytiéal~approach
is really only valid in situations where the overall correction is small which is not the
case beféw ~ 1 MeV. Although' a Watt description provides a,bettér representation of the
fast fission neutron spectrum as compéred to a Maxwell descriptiomn, there do still remain
/N(E)

"fluctuations' in the data when plotted as the ratio of N(E) as a function of

EXPT FIT

E, the fission neutron energy, where N(E) is the number of fission neutrons per unit
energy interval. In an attempt to obtain a better mathematical representation, further
fits to the data are in progress using a description which includes a simple'evaporation

“spectrum' term to account for the 'scission' neutron component.

(1) J. B. Parker,AJ. H. Towle, D. Sams and P. G. Jones, Nucl., Instr. and Methods, 14

(1961) 1 and J. B. Parker, J. H. Towle, D. Sams, W. B. Gilboy, A. D. Purnell and
H. J. Stevens, Nucl. Instr. and Methods, 30 (1964) 77

(2) M. M. Islam and H. H. Knitter, Nuc. Sci. Eng. 50 (f973) 108

1.9 A fission chamber for the intercomparison of fast neutron flux density measurement
(D. B. Gayther) ‘ '

A discussion group at the International Specialists' Méeting on Neutron Standards

6)]

held at the National Bureau of Standards' in March 1977 proposed that the international

cémpérisbn of flux dgnsity‘measuremeﬁté'drganized by the Bﬁreau International des Poids
et Mesures should introduce éross—section measuremenfs for use as trénsfer methods.

This would&allvaflux measﬁrements on tﬁé monoenergetic éources (such as Van de Graaffs)
éndvthe "white" spectrum sources (such as linacs) to .be compared. Suitable neutron
energies whiéh were‘suggested f&r the intercémparison were l44 keV, 565 keV, 2.5 MeV,

5.5 MeV, 14 MéV and‘25‘MeV, the lowest of which would enable reactor filtéred beams to be
' 23 ' ‘

included. The sU(n,f)rcross-section was' considered to. be the most suitable for the

238U(n,f) cross—section could be included

235,238

purpose, and it was later suggested that the

at the higher enefgies without much extra effort by making a back-to-back.

1

fission chamber. Nuclear. Physics Division, AERE; undertook to provide tHé detector and
the following ié a brief description of a proposed design.

The detector will consist of an ionization chamber of conventional design operated
with a csntinuous gas flow of argon plus 102 methane. fhis choicg was dictated by the

need for stability of performance and ease of operation. A timing resolution of 5-10 us

is readily achieved which is adequate for use on linacs and will allow some timing

/
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.

‘@isériniiation of unwanted events éh phléed monoenérgetic éources.

?Tff>5ﬁ‘acdurate determination of the fission cross-section is to be made the detection
.‘éﬁfiéféndf fdr-fiésion events should ideally approach 100%; ' corrections for such effects
as loss of fragments iﬁ thé fissile deposit and.scattering of incident neutrons from the
chaﬁber sttucﬁpfe'wduia-be‘éﬁall aﬁa ¢alculable. = To achieve realistic counting rates on
existing linacs in the required .energy range it is necessary to use a multiplate chamber
wigh'féils‘of'moderate thickness. The abové~corrections will not therefﬁre be entirely
trivial. The' chamber must consequently be fegarde& primarily as a transfer instrument
£6r thé 'intercomparison of neutfon fl;x ﬁeésurements. Howevef; in designing thé'detecgbr
and specifying its mode of opé;ation, the need fo'makg accurate determinations of the
efficiency correction factofs has been borne in mind and it is hoped tﬁat_it will be
possible to derive the fission cross-section with somevprecision from measurements taken
with the'chamber.

Two séparaté chémber;lﬁillibe_constfucteai one containing 2.‘35U foils and the other
éontaidiﬁglzsgﬁ.foils.v Thié_értaﬁéeﬁeﬁt is pféfefreavto.é‘siéple‘back—té—baék chamber-l

since with the muitiplate system it reduces the efféects of scatterihg in the foil backings

andiit‘alsd increases the fiésilegébntedt for the given éhémber 1éngth. 

 EacH chamber'wili coﬁtain'five plaginu@ plates, eaéh painted over a diameter of
76‘mm on'bothvsides'With.the fissile material tb”a tﬁickneés'of 415 ug/pmz. .fﬁé %éils'
are being preparéd by ﬁrs.'K. M. Glover of the Chemistry Division, AERE. Painting was
4coﬂs{déréd to be thg'pﬁly‘évailable technique capéble‘of pfoviding durable deposits of
the rgquirea thickness and diameter. Plétigum was éhosen for the Sacking material in
‘pfefere;ce éo aluminium ﬁhichlis often used for.crbés-seétibn:heasurements, mainly because
stfpdﬁﬂre‘in its'scatfefing'cross—seqtion,at thé 1owerjjeutfoﬁ‘energies underyconsideration
is not as pronéuﬁcéd; .Six,taﬁtélum c¢ollector platgs will cdﬁplete the electtode assembly
whiéh‘wiil-bé heid_togéther By'smaLl diameter nylon féds.aﬁd:sﬁacefs.. The assemﬁiy will
be mounted'cbncgnfricéily.in the cyiiﬁdricél Boay bf>the chambef wiéh 1ighfweight support
,struté.5<Th¢ Bo&y‘wfll be madénéfIStainléss steél and willfconfain thin éﬁdeihdéws fé
minimize scatfering of theAinqidént neutrons. The.déféiled design and construction of
the chambers will be supéfviged.by Dr. J..W. Leake of the Instrumeﬁtation and Applied
Physics Division,}AERE;

A consequéﬁcé‘of the ﬁropésgd deéign whén uséd in "oﬁéh"'(uncdilimated)'géoﬁétry is

a small contribution to the observed counting rate from neutrons scattered by the.chamber
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walls, end plates, etc. A design in which this effect would be negligible ygg}ggggi@ered
to be impracticable since the chamber must be sufficiently robust and compact f?F iFs
task. A valid intercomparison of flux measuting techniques on the monoenergetiq_and white
neutron sources will therefore only be possible if, in each case, an\ailowance for‘;he
wall contribution is made correctly. In using the chambers each laboratory will
accordingly be expected to either, : ‘ ,

(a) effectively eliminate the wall contribution by collimationf The neutron beam
required would be of uniform intensity across the foil sub-assembly and would
not stfike the main body of the :chamber. This condition will always apply to
the white sources. It could also be applied on the monoenergetic sources since
enough fissile material is'present in the chambers for them to be used at a
distance of several metres from the target. *

or (b) wuse open geometry but determine the wall contribution experimentally; for
example, by using a shadow bar which acts as the .exact conjugate of theiabove
‘col¥imator. , : L : S - ; - :

I't {Svhoped that the chambers will be ready for use by mid-1979. . . -

| .
' '

N

(1) Proc. of the International Specialists Symposium on Neutron Standards and
Applications, Gaithersburg 1977, NBS Special Publication 493 (1977)

1.10.H  Measurement of fast neutrons using nuclear track detectors (A. V. Hague* and
.C. B, Besant¥) '

The'properties of solid state track detectors for neutron measurements in High gamma
radiation fields are being investigated. The programme consists of 1) Designing a neutron
detector based on the tracks ffom recoil protonms, (n;u)hreactiohs or fission fragments;

?) Calculating thé,response of detec;ors'to‘néutrons,in‘éhe énergy fa;ge 0 t§_17‘MeV;

3) Veriﬁication of the caIculated(résponse'byymeasurgments using monoenergetic.néufrons;
4) Measuring the effect of a high gamma dose on the detector performance; 5) The
application of automatic track detectiou techniques. |

A measurement of recoil protons from neutrons in thé etergy range 0.1 to 17 MeV has

been carried out for cellulose nitrate. The measurements were made using the IBIS

accelerator and the Harwell Long Counter as an absolute measurement of neutron flux,

*Imperial College of Science and Technology . ) '
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Fig. 13 Sensitivity of cellulose nitrate as a track detector for recoil protons from
ineident neutrons as a function of neutron energy. The curve is an eye fit through
' the points

The results shown in Fig. 13 have been interpreted in terms of a simple model based on

" the (n,p) scattering cross section and a dégection efficiéncy for protons which‘inCreases
with energy. Thé agreement between experiment and theory is not yet satisfactory and has
lead to the realisation of a nﬁmber of fundamental differences between neutron and charged
particle deteétion in track recorders. These differences are 1) Neutron induced tracks
originate uniformly from within the body of the material. 2) Neutron induced tracks are
not readily observed on thé incident face because recoil protons are directed into the
bulk of the material. 3) In contrast with charged particle tracks, a chemical etch of

the back surface of the magerial will reveal tracks which are caused by charged particles
leaving the material, The characteristics of such tracks differ because the energy loss
of the emergent particle ip the material decreases as the etch penetrates into the
material. The emerging recoil protons from the back surface will pave a range of different
energies and direétions,‘eQen for monoenergetic neutrons.

. e e . . 238
Experiments on fission fragment tracks in Makrofol from (n,f) in U have to be



carried out and the effect of gamma rays on track recognition has been measured for doses
up to 24 M rads. Automatie track counting techniques, developed at Imperial College, are
being applied. to neutron induced track measurement and should pelp to overcome the
subjective nature of human decisions on the number of tracks seen in an etched foil.

5

1.11,A,D Measurements of MeV neutron cross-sections by activation (M. T. Swinhoe* and

C. A. Ut Lle_}f)

Neutron cross-sections relevant to reactor dosimetry and fusiop reactor data
requirements have been measured between 4.7 and 14.1 MeV\osing the Tandem and Cockcroft—
Walton accelerators. The irradiations.on the Tandem were carried out using the Dfd,n)3He
reaction with 2 10 cm deuterium gas cell filled to 2 atm. The maximum neutron euergp for
the measurement of a cross-section was limited by the condition that the edrrection to the
induced activity from break-up neutrons was less than 10%. Absolute cross seitions were
measured on the Tandem' generator using the NE 213 liquid scintillator which was previously
calibrated_rn terms of absolute efficiency from 1.5 to 25 MeV neutron energy by the

.

associated particle metﬁod (PR/NP 25,up‘43): The.cross—sections measured on the Cockcroft-
Walton accierator at IA;I‘MeV were reletire to the 27Al(n,OL)ZANa cross-section of

122 + 2 wb. Tﬁe history,of each irradiation on the Cockcroft-Walton eccelerator was
monitored by observing the alpha particles emitted from the titanium tritide target, and
the samples were Lontalned in 2 1 mm thlck éadmium can for all the measurements.

As reported prev1ously (PR/NP 25, o] 44) the pr1n01pa1 measurement was the 7Ll(n n at)
cross—sectlon i which the -induced tr1t1um act1v1ty ‘was determlned by B counting. The
lithium samples chosen for the measurement were 1 gm. compacted discs of LiOH (99.997 7L1)
enclosed in a thin case of the same materlal to compensate for 1oss of energetlc tritons.
ThlS compound mas-preferrred to Li CO3 because no binder is required Chemical analyses

I3

have shown a negllglble concentratlon of monobydrate in the samples. It has also been
established that the labile fraction of tritium stored in LiOH is 99.32(]): However the
effect of this and other possible causes of loss of tritium during tﬁe preparation of the
irradiated samples for B counting can be determined py e\thermai.reaetor irrediation to

: -1 6. L " IR
measure the 2200 m sec = value of the Li(n,ot) cross—section. TFor this purpose samples

of LiOH containing<0.6% Li6 have been prepared gravimetrically,

*Physics Department, University of Birmingham

i
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Fig. 14 The cross—section for the 7Li(n,n'dt) reaction. The black points are the (various) previous data (obtained from
the NEA data bank, Saclay). The open squares are the present measurements.



Thé measﬁrgd cross—sections between 4.7 and 14.1 MeV are shown in Fig. 14 and
compared with .other previous measurements and the ENDF/B 1V évaluation. Only a few of
the earlier data were direct measurements of tritium activity. The present data are well
represented by the dashed curve which is 262 lower than the ENDF/B IV evaluation. A
measurement of the 2200 m sec_1 value of the 6Li(n;at) cross—-section by cadmium.difference
has been carried out on the GLEEP reactor and a préli@inary value of 900 i_so barns has
been obtained.. Further work ig in progress to investigate the effect of flux depression
and self shielding and on the mass spectrometry of the»Samples.

* Thin foils of aluminium and natural titanium were also irradiated concurrently with
the lithium samples at mosf energies. The Values of the Al(n,a) and the 47Ti(n,p) and
48Ti(n,p) cross—sections are given in Table 5'whicﬁ includes a measurement of 58Ni(n,p)
relative to Al(n,a) at 14.]1 MeV. The high cross-section for 4 Ti(n,p)47Sc at 14.] MeV
of 220 + 5 mb coméared with the accepted value of 120 mb fo; enriched 47Ti samples is
explained by‘the contribution from 48Ti(n,np)47Sc.} The natural isotopic abundances.of
48Ti and 4-7T,i are 73.é62 and 7.297 respectively ;ﬁd the obs;rVed Valﬁe of 220 mﬁ
ééiresponds to a'crOSSféection for 48Ti(n,np)“Sc of:- 9.9 + 0.5 mb‘in‘agreemeﬂt with the

(2)

vaiue of 9 + 2 mb obtained by Qaim and Molla at 14.7 MéV. The activities induced in
the metal foil‘samples in these irradiations werebmgasured by the Actiniae Analysis Group
in Chemistry Division and the tritium activity by the qu—1e§e1 Tritium Measurements
Laboratory in Industrial Physics Group.

Table 5 : ' N !

Threshold reaction cross-sections

Neutron I : Reaction-?ype;

Enﬁzsy ‘Al(n,u)" é7$i(n,p) Iasfi(n,p) 58Ni&n,§j
14.1  [@22 +2) | 220 +5 63 42 382 + 15
14.0 1241 +0.7] - 68  + 2.6
11.8 117.0 + 3.7« 53,7 + 2.2 |

9.8 | 88.4 % 2.2 | 1445+ 4.2 33.2 + 1.0
7.5 25.4 + 0.6 1~17.013..5 10.9 + 0.5

5.8 o 83.1+3.9  0.71 +0.14 | :

(1) Hiroshi Kudo, Kichizo Tanaka and Hitoshi Amano. Journal Inorg. Nucl.—Chemistry 48 ——
(1978) 363 ‘ _—

(2) S. M. Qaim and N. I. Molla, Proc. of the 9th Symposium on Fusion Technology,
Pergamon Press p 589(1976)
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1.12.A

(n,a) cross-sections (J. A. Cookson, M. Langton* and C. Wise%)

[Relevant to

request numbers: 1369-71, 1394-96, 1417-19]

We aim to measure (n,® cross—-sections for Fe, Ni and Cr, which -are components of

stainless steel, at energies of interest for fusion and fast reactors. The initial phase

Allphu Energy (MeV)
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Fig. 15 The energy spectrum of the alpha

particles emitted from the natural

Ni(n,a) reaction with 14.7 MeV neutrons,

after background subtraction.

1.13.D

(0,n) yields from light eiements (D. West and A. C. Sherwood)

was reported last year (PR/NP 25, p 45).
Since then considerable progresé has been
made using a detector telescope consisting

of 4 proportional counters and a CsI
scintillator. Preliminary angular and energy’
distributions of the aléhas from natural
Ni(n,®) with 14.7 MeV neutrons from the
Cockcroft;Walton accelerator Have been
obtained (Fig. 15). When the 14.7 MeV data
on all three of the elements of interest is
complete, measurements at lower neutron

energy will be started using the tandem

accelerator.

[Relevant to

request numbers 19,53,59,1525, 1526, 1528]

The large polythene moderator for measuring neutron yields independently of their

energy (PR/NP 25, p 46) was 'installed at the Tandem generator together with its electronics

in January. Fig. 16 shows a photograph of the moderator in place on its trolley. A first

run took place in February and data taking runs have been carried out at monthly intervals

since then. Apart from a few initial tests, concerning the sensitivity of the system to

(a) position of the target along the axis of the detector and (b) misalignment of the

beam with respect to the axis of the detector, measurements started at once. The

conducting targets Al, Mg, C, Si and Fe were first measured.

*Physics Department, Uni?ersity of Birmingham

’
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Fig. 16 Shielded polythene moderator (1 m right cylinder) with nine counter holes,
shown withdrawnm from the long Faraday cup which supports the target. In the
foreground on the left is the Rutherford scattering chamber for beam energy measurement

1.13.1‘ Method
Some limitations and necessary changes in procedure soon becaﬁe apparent. These

were:

1) The need for a theodolite permanently set on the axis of the detector and beam pipe
for aligning the beam.

2) A single energy measurement ﬁsing Rutherford scattering from a thin Au foil could be
used for neutron yield measurements with several targets in succession on the same
day provided the beam intensity was not altered. Even so, check inspection measure-
ments of the Au scattered a-particle peak position were needed after each yield
measurement (approximately one hour's du;atfon). As expected from preliminary trials

the beam energy could not be reproduced on successive days to better than 10 keV.

Over a period of three months the observed mean departure from nominal energy was

~58~- .



only - 6.6 + 2,5 keV but tbelstandard deviation of any single set;ing of the energy
was 10.7 keV, the accuracy of-méasurement being 1-2 keV. ‘

Methods were developed of measuring the thickness of Au and the dead layer on the Si
detector by inclining it to the direction of incident particles and it was also found
necessary to determiné the thickness of the Au foil scatterer and its C backing.

This was done by interposing the foil between a 244Cm o particle source and the
detector and measuriné the reduction in energy of thé o particles. An absolute
determination of the intensity of the Au—scatéered-peak (using the Tandem o particles)
then enabled both the C and Au thicknesses to be deduced. The growth of carbon .
deposited on the foil from pump oil c¢ould be measured and allowed for. It amounted
to about 10 ugm/cm2 fof a foil used throughout three runms. |

3) With a Si target some‘irreproducibility of yield was first observed which was thought
to have been due to the effects of channelling of o-particles with the single crystal
target used. As similar effects may occur with rolled metal targets the procedure
was adopted of inclining all targets with their normals at 6° to the beam axis.

4)  The neutron counting system was satisfaétory and stable with a very low background.
Prior to each machine run, a single set of neut%on calibration runs was taken using
the calibrated Am-Be neutron source. Neut;on counting rates from the light element
targets were kept below values at which Counging losses were significant, This may‘
well not be possible with the more prolific neutron producers (Be, B, Li and F). We
_are therefore considefing a change from the type 2126 discriminators to type 2133
which have é well defined d;adtime. An increase of degdtime from its present mean
value of 2.7 Usec to 10 ﬁsec will result.

5) = No yield meésurements ﬁere possible for o particle energies below 3.6 MeV where
stable operation of the Tandem became impossible,

1.13,2 Results
The yield measurements we have made to date are plotted aé individual values in

Fig. 17. 'They include dagé taken for the inéulating material UO2 which presented no

special problems in practice. The continuous lines in the figure are previously available

(N

data cited and/or derived from thin target data by Liskien and Paulsen ‘. Our plotted
~values of yield are not yet corrected for the neutron leakage from the system during

calibration with the Am-Be source. A preliminary value for this leakage derived from

two computer models is 0.5%. Neutron absorption with the calibration source both in the
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source itself, which is expected to amount to 0.2%, and in the beam pipe will e allowed
for when details of measurements of gold foils irradiated in the moderator aré-réceived
from N.P.L. The plotted values are.alsoc not corrected for any'neutrOn producing %
impurities discussed below.

The measured yield values agree well' with previous determinations especially for Al

and C. The data for Si and Ug, on the other hand show considerable divergences from

2
previous data. Work on the materials mentioned is now essentially finished. Other targets
available in convenient solid form are Be, B, UC and stainless steel. There remain targets
such as Na or Li, which require special handling arrangements, and thé~gaéeous'targets D,
N, O and F which will require considerable target development work. There is also interest
in studying the yields of compounds of elements whose individual neutron yiélds have been

measured. UC is one such case.

1.13.3 Neutron producing impurities in the targets

All the targets used above, which were of high nominal purity, have been examined by
studying the Y-ray spectra under a-particle bombardment. The Y rays arise .predominantly

(2).- The

from (a,n), (a,ﬁ) or (0,0') reactions and ¢haracterise the target material

analysis of the large amount of data collected hés not been completed., Some definite

results have however emerged already. |

(a) A stainless steel target of reactor grade material which gave a neutron yield very
much higher than that from Fe was shown to contain an appreciable quantity of Al
.identified from its y-ray spectrum. It was shown to be a surface contamination.
introduced during rolling particular samples and was removed by grinding off a
surface layer several thousandths of én inch thick. Another constituent of reactor
gréde stainless steel, Si, was detected and éorresponded in amount ‘to the chemical
analysis, 0.347 by Weight. This would dominate the rather small neutron production
at energies below ;bout‘6 MeV.

(b) The uo, sample gave identifiable y-ray lines from o-induced reactions in C, Al and’
Si. If confirmed, these would contribute the followiﬁg.percentége neutron yields
for 7.5 MeV a-particles: 'respectively, 0.7%, 0.9% and 0.5%. The quantities of
materiél presént are very much smaller than the percentages of éeutrons produced
from them but are roughly consistent with the specified impurity levels for reactor

grade material.

(c) With iron the situation is complicated by masking of the three most prominent oxygen
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"Y-ray lines at.0.3505 MeV, 1.3951 MeV and 1.9822 MeV and the two most prominent
. silicon: lines at 1.2661 MeV. and 1.7789 MeV by radiations dué to Fe itself. However
. . . 18 21 :
by using other Y radiations namely the 1.1200 MeV line from O (a,n)Ne” , the
. .28 31 . - 13 16
2.2338 MeV line from Si“ (a,p)p” and the 6.1304 MeV line from C ~(a,n)0 = the
following neutron contamination from the Fe target is to be expected at 5 MeV:

10 neutrons/a

from Oxygen < 1.6 x 107
from Silicon < 3.1 x 10--]2 neuﬁrons/d
from Carbon < 2.9 x 10~ neutrons/o.
These values are to be compared with the measured yield which is in the region of
10-10 neutrons/a at 5 MeV. - The rapid variation of the yield from Fe with energy soon
makes these possible contaminations unimportant at highef energies. -
(d) A uranium metal target, used in unravelling the y ray spectfum from'UOQ, itself had

a considerable and unexpected oxygen content. It is to be re-examined after grinding

off the surface layers.

(1) H. Liskien and A. Paulsen, Atomkernenergie, 30 Lfg 1 (1977) 59

(2) E. W. Lees and D. Lindley, Annals ‘'of Nuclear Energy, 5 (1978) 133

1.14 The calculation of thick material (o,n) yields (B. W. Hooton and A. R. Talbot)

There are many situations involving plutonium or other actinides where the yield of
neutrons from o activity is required. "The neutron yield can be calculated by integration
of the differential cross-section as the alpha particle loses energy. This is a cumbersome
célculation requiring a detailed knowledge of the differential cross-section and an
approximate method which is simple to use would be useful, particularly since the o
activity can be present in a wide variety of host materials.

The yield from N(I,J) atoms of a nucleus I in a material J is given by

E .

m .

Y(I,) = N(I,J)f L™ (3,8) o(1,B)dE m .
0

where E_ is the maximum energy of the a particle, L (J,E) is the specific energy loss for
the material and o(I,E) is the (a,n) cross—section. The integrand depends on J but.if‘

L(J,E) is a slowly varying function of energy then the yield can be approximated by,

E
m

Y(1,1) = N(I,J).L'](J,E)/ o(I,E)dE o : 2)
0
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The integral is now a constant, for a given value of E - The ratio of yields from

nuclei .of type I in two materials is given by

Y(I,1) _ N(I,D) RS
YOO ya, 1 ®,E

Calculations on the validity of this approximation have been carried out using a constant
value of L(J) equal to the specific energy loss at,O.SEm. The results for a variety of

materials containing oxygen are given in Table 6. The absolute values agree with

(N

Liskien ° for O2 but are about 177 higher for UO,. This difference can largely be

attributed to differences between the values of L(J,E) used by Liskien and those used in

(2)

the present calculation The results show a good agreement in absolute yield at
5.0 MeV and that the ratio.of yields can be predicted to within 37. The approximation can

be used to predict the yield Y(I,J) in any material relative to the experimental value in

one standard material.

Table 6

Neutron yields from oxygen per 108 élpha particles

Yields are calculated according to equations (1) and (2)

E = 5,0 MeV - E = 4.0 MeV
m X m
Eq. (1) Approx. Eq. (2) || Eq. (1) | Approx. Eq. (2)
Y ' Y Y Y
/ . / / /
Y Y ' Y Y Y Y Y N
(vo,) (poz)’ (vo,) (UOZ)
? 02 3,77 2.83 3.78 2.84 1.40 2.70 1.33 2.64
E HZO 2,50 1.88 2.51 ©1.89 0.925 1.78 0.877 1.74
g UO2 1.33 1.0 1.33 1.0 0.519- 1.0 0.504 A 1.0
iUOZ(Noa)GHZO 2.34 1.76 2.35 1.77 0.878 1.69 0.834 1.65

(1) H. Liskien and A. Paulsen, Atomkernenergie 30 (1977) P59

(2) L. C. Northcliffe and R. F. Schilling, Nucl. Data Tables 7 (1970)

-63-



1.15.E Neutron production from (0,n) reactions in actinide oxides (E. W. Lees)

As described in PR/NP 25, pp 50-55, the neutron yield from (a,n) reactions on ]70 and

18O inal2g 241AmO sample has been measured to be (2.78 + 0.40)x 103 n/s/g 241Am; this

2
1

work is now publiéhed . The relatively poor accuracy of the measurement (~ 15%) was due
to the presence of a small F impurity in thé‘sample wﬁich contributed approximately half
of the emitted neutrons from the 19F(ot,n) reaction. The présence of the F impurity was
deduced by studying the gamma-ray spectrum of the 12 g AmOz sample and domparigg_it to
those resulting from alpha-reactioms on light elements; the gamma-ray spectra‘wére
obtained using a 80 cﬁ3 Ce(Li) detector. The number of néutrons from JgF(a,n) reactions

was estimated by relating the gamma-ray and neutron intensities of the 12 g AmO, sample

2
and commercial Am/F sources whose neutron output had been previously calibrated. However,
this correction decreased the original 47 accuracy in the knowledge of the total péutroﬁ
éutput of the sample.

Clearly, it would be &esirable to repeat the measurement with a "pure" 241AmO2 sample
and work this year has concentrated on finding such a sample. Three samples have been
investigated and the gamma-ray spectra ffom 2 of these are shown in Fig., 18, The 0.5 g
sample (Fig.18a) contains F in an eveﬁ greatervcoﬁcentration than.that found for the
original 12 g sample. The 3 g sample_spectruﬁ illustrated-in.Fig. 18(b) is the only one
investigated to date which appears to show little or no F contamination; in addition to
the 6000 and 40K<room background lines, there is evidence for the presence of a 154Eu
impurity in this sample.

At present, the 3 g samplé has been returned to TRC Amersham for repacking in a
standard X2 source container whose geometry and construction is well specified. It is
hoped to perform the neutron yieid measurements during 1979. It is also planned to make

measurements of the neutron yield from a fuel pin prior to irradiation in order to check

the theoretical estimates.

[

(1) E. W. Lees and D.-Lindley, Ann. of'Nucl. Energy 5 (1978) 133
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Fig. 18 The gamma-ray spectra from 0.5 g and 3 g 241Am02 samples are shown in (a) and
(b) respectively. Note the presence of reaction gamma-rays from both F and 17,180
in the 0.5 g sample and, the dominance of the gamma-ray spectrum from the 3 g
i sample by the 154Eu impurity
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1.16 A model for studying coincidence systems used in plutonium assay (B. W. Hooton
and E. W. Lees)

(A

.Coincidence systems used in detectors for plutonium assay have been studied by a

Monte Carlo model which assigns a time coordinate‘;o each neutron (PR/NP 25, p 60). This

’

model has been developed further by includingnthe effect-of an extended dead time in the

t

neutron discriminator. The system now contains two dead times in series: an extended

'

dead time in the discriminator T,, and a non-extended scaler dead time T when the model
is appiied to the Variable Dead¥time Counter (VDC). The effect of an extended dead time
is to modify the time distribution of random neutrons into a non-Poisson form by

forbidding pulse separations of value.less than T It is useful to define an effective

x
deadtime for the system in terms of that required to satisfy the usual equation for

counting losses under a Poisson distribution situation, namely

T, = l/Co -1/Cc

‘where Co is the gross count rate generated‘by the diseriminator and C is the measured

rate in the scaler with dead time T.
' ‘ ' ' ‘ 1o (D

The effect of two dead times in series has been derived using the theory of Muller

and it can be shown that the effective dead time is given by

T =T-T, ° ' :
e ‘ 1 ,

This relationship has been verified using the model.
The model has been used to simulate VDC experiments with input parameters specified

‘ - . 240
to state a) the amount: of spontaneous fission from -

Pu, b) the intensity of random (a,n)
neutrons and c) an' amount of fission multiplicatioﬁ. The fission ﬁultiplication parameter
was detérmined by a separate neutron Monté Carlo code MONK and the médel.parameters were
intended to reproéuce the Euratom vﬁc develop;d at iSPRA. fhe detection effiéiency was
taken as 0.062 and the neutron die—away:chéracteristics asja rise time of 2.5 us aﬁd an

exXponential’ decay of 33'us.  The results are given in table 7 in terms of two parameters

intended to measure fission intensity. The parameter X is defined as

¢

and is clearly shown to be inadequate, for the value of X for 100g and no multiplication
is clearly léss than the proportionality value of 285, It is interesting to note that

this weakness is disguised when multiplication is present to the extent that the value
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Table 7

AP Calculated variation of parameters X and Y (see téxt) supposedly

. .. . . . 240
proportional to fission intensity, versus mass of Pu

|
Lo 2800 o 260, 100g 24%py
'8 v & | With multiplication
X | 2.85 +0.04.| 232+ 24 264 + 20
Y | 2.86 + 0.04 | 289 + 24 334 + 22
S

rises to 264. The true value with multiplicétién should be 332 showing that the parameter

Y is a much better representation of the true situation. The parameter Y has been defined

(2)(3)

by Stanners and includes more detailed consideration of couﬁting logsses. The Y.
valueg g{ven in table 7 were obtained using a value of 23:pslfgr the Stanners parameter q.
This value is related to the die éway timé:éoﬁstant of'33‘ﬂs in a manner which is n;t yet
" fully @nderstodd and it h%é Eeen‘rééomﬁénﬁéd by4Sténnef§,és'tﬁe'emﬁificél value of q which
gives éhe béét‘agréemént with ﬁeaéurea data. The modef“will'contihue to be applied‘to the
-VDC and will be developed to examine the shift tégibtef techniqués for meésuginé pulse
spacingg.l ' RN | ‘ o “ o |

s

(1) J. W. Muller, Nucl. Inst. and Methods 112_(}9?3).47l

(2) W. Stanners, Directorate of Euratom Safeguards, Luxembourg. (Private communication)

1

(3) E. W. Lees and B. W. Hooton, AERE-R 9168 (1978)
1.17 calculations of deutron multipiication and its effect on the response of neutrou
colncidence counters (E. W. Lees and B. W, Hooton)

- T
[ '

We have‘cohtinuedlour calculations of the effects of neutron multiplication on the
response of Neutron Coincidence Counters (NCC) used in Saféguards work. A report on such
calculatidns specifically for the Euratom Variable Dead-time Counter (VDC) has been’

published(l).

Figs. 19 and 20 are taken from ref. 1. Fig. 19'i11ﬁstrétes the.calculated'respohse

o, ‘ : .. : . 40 -
(Y) of the VDC as a function of 240Pu mass for Pu0, containing approximately 207 2 OPU
. . . . . . - 24 . .
arranged in spherical geometry; clearly for the same nominal mass of OPu one obtains

results dépendent on the density of the sample and always in' excess of the zero
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.o . . . 240
multiplication response where the response is proportiomal to the mass of “Pu present.

As one would expect, isotopic and chemical compositions, geometfical arrangements and

density are important criteria in determining the extent of neutron multiplicationm.

1250 — : . ] -
PuO, SPHERES : : _
239/260/241 is 07687/1995/-0318 - : —_— . . ,
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Fig. 19 Theoretical estimate of Y - Fig. 20 Comparison of experimental data
ineluding fast fission from spontaneous for mixed oxide samples (PuOp/U0gy = 30/70)
fisston and {a,n) reaction neutrons as of large mass with the present calculations.
a function of 240Py mass; the two curves The Y value per gram of 240Py has been
correspond to two choices of material plotted to accentuate the effects of
density (See text for further. details) . neutron multiplication (see text  for

further details)

~
'

Fig. 20 illustrates a comparison of the present calculations with experimental

240

+ medsurements .on mixed Pqu'/UQ samples. The detector response (Y) per unit"graxﬁ of Pu

2
has been plotted to illustrate more clearly the effects of neutron multiplication since
the former should be a‘cons;ant'iﬁ the absence of ne;tron muipiblication. Although the
theoretical estimate i too high in absolute magnitude, it does repfoduce the observed
trend of the results. The discrepancy is probably due to uncertaintie$ in the packing
density and geometry and also possible due to a choice of the material density being
higher than the actual value.

Indeed, the major problem encountered to date in comparing experiment and theory has

been the lack of detéiled knowledge regarding the geometry and density of the doubly
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sedled samples., At present,:a batch of samples whose geometry and density are well define&
is being prepared and we hope to carry out a series of collaborative e§pgrimentslpn‘tbese
with NMACT. Additionally, the theoretical calculations of neutron=mﬁltipii;g;}dﬁJwill be
adaptedvto permit the theoretical response of the shift register systgﬂﬁgfu;ﬁélysis(z) to
be predicted. Again, 'these predictions willAbe compared difecﬁi§j£5;%ﬁéyrgsu¥;g obtained.

»with the well defined standards.

(1) E. W. Lees and B. W. Hooton, AERE - R 9168 (1578)
(2) K. BBhnel, KFK 2203 Karlsruhe (1975)

(3) R. Berg et al., EUR 5158e (1974)

1.18 N.M.A.C.T. portable neutron 'coincidence counter (PNCC) (E, W. Lees and -
F. J. G: Rogers (NMACT))

NMACT have now received their own PNCC the design of which is based én the Euratom
inStrument(]). NCC instruments are used in Safeguards work for the passive, non-

. L o . , . 240, L s
déstructive assay of Pu mass by measurement of the " "Pu contenit; the other Pu isotopic

(5)

ratios can be .determined by gamma-ray spectroscopy . The basic layout of such a
detector is shown in Fig: 21 and consists of 6 units (each containing three 3He tubes)

arranged in a hexagon around a well in which the sample to be assayed is placed. The

(2)

)

analysis method illustrated in Fig.. 21 is of the Variable Dead Time form ~~ and is based

~on the fact that since the neutrons from spontaneous fission are correlated in time, then

‘after the usual dead time cortrections are performed, onme is left with 4 residual propor-~
) i

tional to the number of correlated neutrons, i.e. proportional to the number of spontaneous

fission events.

C

b= ] -~ cd

Mou0

where b is the true count rate and.c is the count rate measﬁred iﬁ a scaler with non-
extending dead time d. Other. analysis systems have.beeﬁ employed(3fé), but all urilise
the fact that‘Spoﬁtaneous fission usually results in 2 or moré neutrons being released
simultaneously, i.e. they all essentially measure the neutron multiplicity during the
fission event.

It is important to understand fully the response of any imstrument used in Safeguards

work in order to assess its limitations and also to have confidence regarding its deploy-

ment in the "field'. Consequently, we have been calculating the theoretical response of
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Fig. 21 Block diagram of a NCC detector with a Variable Dead-time form of analysis

NCC at Harwell (this report, pp 51 and 52). However, it is necessary to have accurate
knowledge.of certain physical properties'of the instrument in order to pfoceed with the
theoretical calculations and a measurement programme was undertaken on ‘the NMACT PNCC.
The most important properties measured are listed below: .

“1.18.1 . . Intrinsic system dead time -

'
i

The minimim resolving time between successive neutron pulses was determined by two

independent techniques to be 4.8 us for each six sub-sections of the detector. Since the

‘six are processed independently (see Fig. Zl),,then the overall effective dead time’is

0.8 us. This value is much longer than one would prefer and is due to the high pressure

He filling in the detectors; the use of ]OBFB counters would reduce this dead time by

about a factor of eight butat the expense of detection efficiency.

.[.18.2 - Efficiency as a function of neutron energy -

24

The efficiency has been measured at different locations using calibrated ]Am(u,n)

sources; the response is non-linear and rapidly increases at low neutron energies
(Table 8), ThiS‘implies_fhat any spectrum shifts due to sample mdterials will distort the

l

. 2600 N
detector response from the 'bare' %u source calibration.
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. L . o Table 8

NMACT PNCC efficiency as a function of neutron energy

The larger errors associated with the measurement on 25th July, 1978 ‘

are due to the much larger neutron background at location A

Average | Effic{enqy'(Z)

“Source Neuttron

Energy 25th July, 1978 | 3rd November, 1978

(MeV) | 1location A location B
Am/Li | 0.45 | 8.68 + 0.19 8.32 + 0.04
Am/F 1.25 | 6.84 +0.10 6.73 + 0.03 °
Am/B | 2.7 ©5.21 £ 0.11° 5.19 + 0.05
Am/Be | 4.2 | 4.94 + 0.17 4.87 + 0.05
1.18.3 Die away. time

The neutron capture probability distribution as 'a function of time after the fission

. ; . . 252 ..
event was measured using the detection of a 3 Cf fission fragment as the START pulse for
v == > : i S

a time to ampiifude'gonverter (TAC); the detected neutrons were used as the STOP inputs,

8 n ,‘I — =T - vrg T ,-.r 1 — T ~— T
: NMACT. PCNC '
" ‘ ~ © NEUTRON DETECﬂON PROBABHJTY AFTER FISSION 1
5[ A 1
: N X B . !
T i o
T ~\% —— FITTED WITH 7 =39us ]
— X N\ - — =
" | % E | : EXTRAPOLATED (7=39us)
— 4fx —
Zz
=)
o X
[&]
~ F 1
W
4
o |
0 1 : 1 1 '. 1 1 -1 ! 1. J 1 1 1 1
"0 10 .20 30 40, .50 . 60 . . 70

" TIME FROM FISSION (us)
Fig. 22 The neutron eapture probability distribution as a funcetion of time after the

fission event. After 25 us the probability can be fitted by a sangle exponential with
mean life (die away time) of 39 us
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The response obtained (Fig. 2) does not £61low any single exponential behaviour until
after 25 us. The valhe'of 39 us obtained frdm-the}éxfonential behé&iour of the cur;e is
longer than the 34 us ﬁhat one would obtain with a éiﬁgle-shot TAC wﬂich:{; incapable of
dealing with more- than 6ne‘neﬁtroh per épdntaneoué”fission event. |

"1,18.4 Time distribution between neutrons from the same fission event

. . T 252 g ' .
This was again measured using a > f source and TAC, but the analysis is as yet
incomplete.

1.18.5 Reproducible response to Pul, standards

2

This was measured over a period of months, during which time the PNCC had been

.dismantled and reassembled, in order to assess its long term stability and reproduci-

bility. As.is shown in Table.9, this appears to be satisfactory.

Table 9

NMACT PNCC consistency checks using Pul

5 standéyds;

Y. is the,response of the instrument

ZAOBU mass - - _ | Y: : f." e ﬂ"
() | 31st. August, 1978 | 7th September, -1978 | 16th November, 1978
9.0 30.2:+ 0.8 EEETRE 29.3.

18.0 se k2| 607 |

27.0 89.5 + 2.5 L L sz
361 | 1‘1914,‘ B AR 1

651 | 157+ 6 e | 47

54.1 183 46 o1

63.0 214 + 8 I ) 200

723 co257 %790 o 249 . ’
81.2° 273 + 12 . . | b 2670
éo‘;4"‘ S sewa2 | 323 ‘ |
99.4 . 337 413 | 333

108.5 402 + 18 380
117.5 , 404 + 20 431 399
L ;
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A joint exercise with the IAEA to compare the 'practical usage of the NMACT :NCC and
their own NCC has just been completed and the results are awaited with interest.  Finally,

(3).

- the extension of the pulse processing to the shift registexr’ method has not proved
possible due to malfunctions of the associated electronics 'and to the inherent pulse rate

limitations of the existing design. It is hoped to correct this in the near fiture.

(N R: Berg et al, EUR 5158e (1974)

(2) E. W. Lees and B: W. Hooton, AERE - R 9168 (1978)
(3) K. BBhnel, KFK 2203 Rarlsruhe (1975)

(4) E. J. Dowdy et a1; TAEA-SM-231/69 (1978)

(5) M. F. Banham, AERE - R 8737 (1977)

1.19 Fuel cycle studies (M. G. Sowerby)

. Yo ’ . ! .
¢ . . . ; .
A number of paper studies on topics involved with the nuclear fuel cycle have been

carried out durihé tﬂé ﬁaét‘year inyresponse to requests for information from a number of
. ' o ! ‘ o s Y ' .
ééurces.‘AMoét gf the work hés.been related_to one or more of the following topics;
(i) the amounts oflaiffefent ngclei produced in and discha;ggd.ﬁrom reach;sland.
their associated aetivities
(ii) alternative fuel cycles
.(iii) 'noﬁ—proliferation

A paper entitled "Non-proliferation and Nuclear Data" was presented at the International

Coﬁferenée bﬁ "Neutron Physics an&'Nucléér Détakfor Regctors“and Other Applied Purﬁoses",
Harw¢11;<Septémbefsl978. ‘Thé abstraét was: "A feview is mﬁde of the problem of Ehe
brolifef;tion df.nucleé; weapons with particular emphasié on prbliferation and nuclear

. ; : : i ' , ,
poﬁer, Some indications of the nuclear data requirements associated with methods of ,
reducing Proliferétidn risks are presented.”

1.20 Status of the fissian pfoduct inventory code FISPIN at Harwell (B. W. Thomas
and D. A. J. Endacott) » .

Since the previous report (PR/NP 25, p 71) considerab}e effort has been made to
generalise and étreamline the reading of data libraries from a range of input devices
(i:e. cards, disc, tape). Some difficulties have arisen due to the existing structure of
.the code but versatility has been improved and 1imitatidns can be sbecifiéﬁ.

Some: minor restructuring of the code has taken place and a few remaining errors have
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"been eliminated, 'Modifications have been made so that the code can now be used to read
:-1ibrary data from tape in the ENDF/B IV form.

**A range of data libraries for different reactéfliypésfis now available and these

" ican'be ldaded in card image form using the Panvalet library system. These will ée

available as data sets on a direct access device (disc¢) in the near future.

1.21 Assessment of activation and transmutation in fusion reactor first wall and
structural materials (0. N. Jarvis)

In the previous report (PR/NP 25, p 72) the adaptation of the fission reactor code

ORICEN(])

to fusion reactor applications was described and t@e sources of data suitable
for inclusion in a nuclear data 1ibfary to be accessed by ORIGEN were listed. The past
- year has seen the completion of ‘a nuclear data library which can be used for general
studies with some confidence. There will, nevefthgless, be a continuing need to upgrade
the library as new experimenfgl measurements and evaluations become é&ailabie. Also, a
much improyed and extended version of the’ORIGEngode will become available shortly ana
this should be adoptgé asiit will,corrgét‘certain deficiencies which‘havé become apparent
‘in the preseﬁt cpde; J .
A review paper on Nuclear D;ta Requirements for Transmutation and Activation of
Reactotr Wall.and Structural Materials was prepared’for an IAEA advisory group meeting
held in Vienna during December 1978. This papér is a sﬁortened account of a‘report(z) in
which the sources of nuclear data for activatioﬁ/tranémutatiqn calculations are detailed
and.the‘pgblished 1iteréture on activa&ion/trqngmq;ation assessments‘reviewéd. Also the
reiiabili;y of such calculations is ésseséed by rebrbducing (satisfactorily) certaiq~

extensive published studies and finally, the particular nuclear reactions which contribute

significantly to the activation, transmutation and gas brodpction in several potential

vt

structural materials are identified.’

(1) M. J. Bell, ORNL-4628 (1973)

(2) 0. W, Jarvis, AERE-R 9298 (to be published
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2. CHEMICAL NUCLEAR DATA

2.1 INTRODUCTION

Chemical nuclear data experiments and evaluations are coordinated by the Chemical
Nucléar Data Committee (Chairman: J.G. Cuninghame). This committee, which is also the
Chemical Sub-Committee of the UKNDC,‘is made up of measurers, evaluators and users of
chémiéal'nuclearhdata and is able togadvise on measurements and to .consider in detail
reports of work on the COmpiiation and evaluation of data in this field. The preparation
of the CNDC nuclear data file is under the cogtrol of the Data File Sub-Committee (DFSC)
whose chairman is Mr. B.S.J. Davies (CEGB, BNL). The main comﬁittee held two meetings
and the‘Sub-Committee three meetingsxin 1978. The request iist published early in 1977
is now being revised.

Work is in progress om: very nearly all items on the list but often on a long time
scéle and with little prospect of early completion. Data File work has now reached
the stage where data'is available to the user and the status of the file is indicated
in the table below.

The efforts of the committee to reduce the duplicationvwork have been successful and
the objective of effectivé'international cooperation in thé data field is being pursued.

This section brings togéther reports on the chemical nuclear data work being done
at Harwell (AERE), Winfrith (AEEW), Aldermaston (AWRE), Dounreay (DNPDE), Windscale (BNFL)
and Berkeley ZCEGB) under tée headings:
2.2 MEASUREMENfS'
2.2.1 Fission Yiel&s
2.2.2 Neutron Cross-Sections
2.2.3 Half-lives
2.3 EVALUATIONS AND COMPILATIONS
2.3.1 Data File Sub-Committee
2.3.2 Fission Yields
2.3.3 Related Compilation Studies
2.2 MEASUREMENTS

2.2.1 Fissgion yields

(1) Tritium yields‘in thermal and fast fission (I.C. McKean and E.A.C. Crouch (AERE))

The method developed is being applied to samples of_235U and 239Pu in dilute

nitric acid solution. These have been irradiated in polythene containers in the GLEEP

3
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reactor and after a suitable cooling period the tritium @ill be separated and measured.

| For the fast fission measurements samples of pure metallic 235U and 2-3'9Pu have been
prepared and sealed into containers made 'of -Superpure Aluminium (99.9999% Al) ready for
irradiation in ZEBRA. Blanks"will be irradiated at the same time including some containers
made from Aluminium of a composition-equivalent to reactor grade Aluminium to check whether
this easily available material will be suitable for containers in any further irradiationms.
The 23SU wire used has been produced by a method which involved contact with a heatiﬁg‘
medium of‘pptassium, sodium and lithium carbonates as an intermediate step. Analysis
for lithium contamination of the 1 mm diameter wire indicated a content of only 0.2 ppm
lithium. It is expected that thé-ifradiations in ZEBRA will take place in April 1979.

240
Samples of Pu and 241Pu have been ordered from the USA for future irradiations.

(2) Fission yield measurements at Dounreay (W. Davies and V.M. Sinclair (DNPDE))

Irradiation of the capsules of the PFR fission yleld experiment commenced in June
1978 (the work for this experiment was ‘outlined on pages 43-44 of UKNDC (75)p7l - the
progress report for April '74 to March '75).

(3) Absolute fast fission yields of 99M0 and other nuclides in 238U fission
(J.G. Cuninghame and H.H. Willis (AERE))

'

The measurements made so far have been at 900 keV neutron eﬂergy (3 runs) and
1700 kéV (2 runs). Further runs at 1300 and 2000 keV are planned but the work is at a
halt due té staff‘shortage. . . o .
(4) Development of a method for the simultaneous measurement of fission yields of a

large number of fission products from a low flux irradiation of nuclear fuel
(J.G. Cuninghame and H.H. Willis (AERE))

The method depends on highly accurate y-spectrometry of un-separated or only
partially separated fission product sources using Ge(Li) detectors accurately calibrated
for efficiency. Tests have now been successfully completed and we are using it in

the measurements reported in the item below.

(5) ZEBRA-BIZET experiments to 'study the effect of change of reactor neutron spectrum
of fission yields (J.G. Cuninghame and H.H. Willis (AERE)) ’ :

Four irradiations have been made for each of two 235U, two 238U and 239Pu metal

beads of 100 mg weight. Two were iﬁ the inner core and two in the outer. One of the
samples of each of the fissile materials was counted directly, while the other was
dissolved and used to prepare purified samples of certain fission products present
at very low yield viz. As, Ag, Cd, Sn, Sb, and Rare Earths. l |

" Provided ‘the total number of fissitns in the target material is accurately

known, absolute fission yields can be obained from the y-spectra by the method mentioned
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S in the item above, but -even if it is not,
© « Measured points .

X @ Mirror points

L " semi-absolute yields-can-be pfoduced“ﬂy
normalisation of the whole yield, curves
to 200%.

More irradiations still have to be

_performed and we are yet some way from

b
? L being able to determjne thg npmbgr.oﬁ
% i fissions properly but prelimina;y results,
[ exemplified by Fig'. 1 are "enc'ouréging.
ro (6) Development of a version of the'GAMANAL
ol computer programme':/ for analysis of

y-spectra, primarily for fission yield
studies (Jill A.B. Goodall (AERE))

Continued development of the pfoéfamme

now gives the following options additional
. NS RN WU S TR NN SN N SN UM SR S R T
70 80 90 100 1m0 120 180 140 150 160 . R ' o
Mass number A to those mentioned in last years report

(UKNDC (78)P88,p91).

Fig. 1 Fission ylelds for fission of **U irradiated in an

(a) Addition or subtraction of spectra
inner core position of the Zebra-Bizet reactor .

from each other.
(b) Oﬁtput of.the detailed calculations by which GAMANAL estimates the back-
ground and the fit_to the peaks.
(¢) Use of a pulse generator .peak to estimate live time.
Extensive testing of ﬁhe programme leads us to believe that it now provides
one of the most ‘accurate means of analfsis of y-spectra évailable;is simple to use and
is superior to either DIODE or SAMPO.

(7) Development of software to allow a PDP-11 computer to perform as four independent,
automatic 4~K pulse height analysers (J.G. Cuninghame and J. Venn (AERE))

The original software (written by a commercial concern) has been extensively
modified to ‘ ,
(a) Allow dumping of spectra'on floppy discs as RT-11 files,
(b) Convert the proéramme from "stand-alone" to an RT—ll‘file,»
(c) Alter the maths package and the routines for aécurate off-line spectrum
analysis
(d) Introduce a user—construqted_RT—l} file containing ;pectral data for
oq—line identification o% nuclides giving rise to pegks which the

programme has found.
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(8) Absolute calibration of X-ray and y-ray detectors (J.G. Cuningﬁamé and H.H. Willis)
(AERE)) ‘ : -

We have fixed a standard geomeﬁry for liquid X- and #+ray sources consisting of
6 ml.of solution in a plastic vial.  Using a series.of such absolutely standardised
sourtes we have prepared efficiency curves for three Ge(Li) and oné Si(Li) detector at
various distances. The Gé(Li)‘deteonrs are calibfated from 100 keV £o 2 MeV and the
Si(Li) detector from 5.9 to 136 keV.
41“(9Y’ ‘Excitation functions and isomer ratios;in the reactions 93Nb (o, xn) (Jill

. A,B, Goodall (AERE), C.L. Branquinho; S.M.A. Hoffmann, G.W.A. Newton,
" 'Vv.J. Robinson, H.Y. Wang, I.S. Grant (Manchester University ))

93, 94, 95, 96

\jtiEXcitatipn functions and isomer ratios for Te from the reactions

ﬁ?qNb (g,;}n)'have been medsured .radiochemically for energies from 16 to 72 MeV produced

by the Harwell VEC and the Manchester Linac. The excitation functions can be satisfactorily
explained by a hybrid model which combines compdund nucleus and pre-equilibrium processes,

while the addition to this of the spin distribution arising -from the initial interaction

30 ' - T T
o (e, 2n)
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I::-:——'—\\
’ ~
) /’————-—-—-——u\ .
20 L . . ’,_._____“_;;_._3\\ : —
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Isomer f—————————
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Eiaqb MeV
Fig. 2 Example, for the (a,2n) reaction, of the comparison between experimental isomer ratios (©"= VEC, x = Linac) -

and those calculated (hatched area) from the combined compound nucleus/pre-equilibrium_model with added spin
distribution ‘
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gives a. fit to the observed isomer ratios; this is illustrated by the example for the

(a,

Relative cross-saction

21) ‘reaction shown as Fig. 2.

~

1

A paper on this work has beén submitted to J. Inorg. Nucl. Chem.

(10) Spallation cross-sections in the system
79Nb (a, xn) (Jill A.B. Goodall (AERE),

C.L. Branquinho, S.M.A. Hoffmann,
G.W.A. Newton, V.J. Robinson, I.S. Grant

(Manchester University)) -

Excitation functions were measured radio-

chemically for six radioactive products formed

(a, p3n)
in reactions of 93Nb with “He ions produced by

the Harwell V.E.C. A fair fit to the data is

E.

found by using a model which combines compound

7| nucleus and pre-equilibrium nuclear emission.

1 i
70

60

1 .
50 Fig. 3 is an example, for the (a, p3n) reaction.

Eyp MeV i
‘A paper on this work has been submitted

' Fig. 3 Excitation  function for the reaction :
e calculated to J. Inorg. Nucl. Chem.

SNb(a,p3n)93mMo. The broken line shows th

Sfunction
208

An igyestigation of angular momentum of primary fission fragments of Po*
and ““‘Ac* by radiochemical measurement of isomer  ratios (J.G. Cuninghame,

Jill A.B. Goodall (AERE), J.E. Freeman, G.W.A. Newton, V.J. Robinson, J.L. Durrell,
G.S. Foote, I.S. Grant, M. Rathle (Manchester University ))

(1)

We have measured by radio-chemical means isomer ratios of Br and Sb isotopes

produced by bombardment of Pt, Pb and Bi targets with 4He and L C beams from the Harwell

V.E.C. and Manchester Linac -and leading to 08Po andIZZlAc compound nuclei. We have

developed a model for the angular momentum distributions of the primary fragments assuming

that the compound nucleus can be treatedas a Fermi gas, calculated the isomer ratios from

this model and compared the results with our measured ones. Fig. 4 shows this

comparison and indicates reasonable aéreement between the calculated and measured ratios,
although the latter seemed to be systematically high. . In this figure the label denotes
the 1interacting nuclei and ‘the observed fragment (ex C + Bi; 126Sb). 'The dashgd liﬁe

Sb case is the calculated curve if the change in fragment spin

for the C + Bi; 126
84 .
Br cases the dashed lines

during de-excitation of the fragments is neglected. 1In the

are the calculated curves, assuming a value of 4 for the trapping efficiency parameter

of the isomer for the fragments.

A paper on this work has been submitted to J. Phys.
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(12) Mass distribution and charge dispersion in 208Po* fission measured BV fédioéhemical

means (Jill A.B. Goodall (AERE)J G.W.A. Newton, J. Hemlngway, v.J. Roblnson
(Manchester University)) ’

The practical measurements on the V.E.C. are now complete and the ‘data are being

assessed.

(13) On-line measurement of variation with energy and .angular momentum of total kinetic
energy and pre-neutron .emission fragment masses in fission of “VOpo*
(J.G. Cuninghame (AERE), J.L. Durell, G,S. Foote, I.S. Grant (Manchester

University ))

This work is now complete and is being written up for publication.

- (l4) On-line measurement of variation with energy and angular momentum of total kinetic
energy and pre-neutron emission fission fragment masses in fission of highly
fissile compound nuclei (J.G. Cuninghame (AERE), J.L. Durell, G.S. Foote, and
I.8S. Grant) (Manchester University))

This work is about to restart after being held up because of other commitments
of the staff concerned.

(15) Thenmgasuremént of V as a function of fission fragment mass and energy in fission
of “77Po* (J.G. Cunlnghame (AERE) J.L. Durell, G.S. Foote, I.S. Grant (Manchester
University)) j T

v

This work is now complete and is being written ﬁp for publication

(16) . The measurement of v as a function of fission fragment mass and energy in
fission of highly fissilé compound miclei (J.G. Cuninghame (AERE) J.L. Durell
G.S. Footelfl S. Grant (Manchestar Unlver51ty))

This work is about to restart afte1 belng held up because of other commitments

of the staff concerned.

. ! L . I . : .. - 208;
(17) Measurement of elastic scattering and fission cross sections for fission of Po*

(J.G. Cuninghame (AERE), J.L. Durell, G.S. Foote, I.S. Grant (Manchester
University)).

- - ' SN : 12,
We have made measurements of these cross sections for the reactions of ~ C on

l96Pt and l60 on 19 Os but we intend to make them also for 4He on 204Pb before writing

up the work.
(18) The competition between fission and neutron emissions in Po compound nuclei

(J.G. Cuninghame (AERE), J.L. Durell, G.S. Foote, and I.S. Grant (Manchester
‘University)).

~ We have now measured the excitation functions for the 6+4+2+0 cascade of the

L. 12
even-even isotopes 20[‘Po and‘zozPo for the reaction "~ C + 196Pt in addition to the

L. .o . . . 0,‘ . R
measurements reported in UKNDC (78)P88 for 4He + 2 6Pb. We intend to extend the

16 192 C
measurements to include the reaction G + Os before writing up the work.

)

(1) R. Gunnick and I.B. Niday, UCRL 51061 Vols 1,2,3
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Fig. 4. Comparison of measured isomer ratios with values calculated using the Fermi gas model developed during this
work. For explanation of the dashed lines see the test. The label on each figure refers to the reacting nuclei then the
JSfragment actually observed (ex C»Bi:'*5Sh)
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2.2.2 Neutron Cross Sections

(1) Measurement of neutron cross-sections in PFR (E.A.C, Crouch, I.C. McKean,
J.G. Cuninghame, H.H. Willis (AERE) with W. Davies, D.J. Lord, V.M. Sinclair
(DNPDE) and N.R. Daly (AWRE)) =

Some progress has been made in the past year on the work outlined on pages 53-55

of the UKNDC Progress Report for April 1974 to March.1975 - UKNDC (75)P71. 1Irradiation
of some?of the capsules containing the high-power experiment has been completéd —"these

§

are now awaiting dissolutions and analysis. The sub-assemblies containing all the remain-

ing experiments, except. the low-power experiments, are still being irradiated.

242

(2) DFR irradiation of “'“Pu (V.A. Proudler, W. Davies and V.M. Sinclair (DNPDE))

There has been little progresé during the year, owing to shortaggs'of effort

' 242 ‘ |
and facilities. Analysis of the dissolved irradiated Pu for isotopes of Pu, Am and
Cm 15 ‘still in‘ hand.

(3) Integral capture cross-section of 241Am and 243Am in Zebra (Kathlene M. Glover,

R.A.P. Wiltshire (AERE))

Work has continued pn”Ehe measurement of the integral (n,Y) cross-section of

2 , 243 ) :
43Am during this period. Three ' Am samples were irradiated in aluminium capsules

in the BIZET CFR type core in the ZEBRA reactor at Winfrith. The three samples were

processedfindividually. In each case the sample capsule and contents were dissolved

and 244Cm produced in the irradiation was separated from the aluminium, fission products

and americium by a combination of precipitation and ion exchange techniques. The 244Cm

content was determined’ by alpha spectrometry. The experimental work is now complete and
the results await final evaluation.

This data is of world wide interest.

: 24
%) Integral capture cross sgection of

'pm and ?*2an in PFR (Kathlene M. Glover,
and R.A.P. Wiltshire (AERE))

Samples are currently being irradiated in. PFR.

2.2.3 Half-lives
(1) Half life of 2'39Pu (Kathlene M. Glover, M. King, R.A,P. Wiltshire, D. Brown
(AERE)) ) :

We have nearly completed a final evaluation of the results on the redetermination

of the half life by accurate specifié.activity measurements on samples of Cs,PuCl

239P

2 6°

prepared from 99.1% enriched u. This will be published as:
'A redéfermiﬁationiof the half life of'piﬁtonium'239 by specific'activity measﬁrements;'

D. Brown et al, AERE-R 9270 (1978).
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purified and samples have been provided for y intensity measurements.

(2) Half life of 23

7Np (Kathlene M. Glover, B. Whittaker,

R.A.P. Wiltshire with

. M.F. Banham, D. Brown, A.J. Fudge (AERE))

.. Preliminary work on the redetermination of the alpha half life of 23

specific activity measurements on CéZNpOZCl4 is in progress.

7
Np by-
The material has been

Investigations

of the effect of Cs on source uniformity and thickness are in progress.

2.3 EVALUATIONS AND COMPILATIONS

2.3.1

Files has been published together with another

activation products of reactor materials.
P - . : . : :

Data File Sub-Committee (B.S.J. Davies (CEGB), Kathlene

M. Glover (AERE)

-~ - M;F. James, A.L. Nichols (AEEW), J.R. Parkinson (BNFL), A. Tobias (CEGB),

D.G. Vallis (AWRE))

" A report by Nichols

(1
(2)

deécribing the contents of the Chemical Nuclear Data -
which lists the decay data for

. A paper describing the data files was presented

to the International Conference on Neutron Physics and Nuclear Data for Reactor and

Other Applied Purboses, Harwell,

September 1978.

Table 1 - UK Chemical Nuclear Data File

Status Table, November 1978

Data

Present Status File Development
1. F.P. ) Exists as UKFPDD/1. Derived Revised data for about 100
Decay Data from merging Tobias 1973 data nuclides available. Final check-
with US ENDF/B4 ing in decay heat calculations
‘ required.
2. '‘Activation. Available in:ENDF/B4 format for |[None planned.
Products of 91 nuclides. '
Structural
-Materials Decay
Data
{ . e
3. Heavy Element None in file. Evaluation for 119 nuclides
and Actinide ' being done by Nichols
Decay Data (AEEW) in ENDF/B5 format.
68 complete so far.
4. Decay Data for
Other Nuclides None in file No effort available
5. Fission Yields Available in ENDF/B4 format, Further round-of adjuétment

based on Crouch's second round,
for 7 fissilé nuclides. Data
refers to fission product ground
states only.

under way, based on revised
criteria. Data for isomeric
states of fission products
being evaluated.

. Delayed Neutrons

Tomlinson data are still recomm-
ended

New evaluation by Crouch under
way

~-83-



Nichols is currentlyJevgluating decay data forvaqtipides and ‘heavy élgment;.
Except for spontaneous fission data, the evaluation process héé’been camplétéd for
68 nuclides out of a target 119. Thesé data are in ﬁNDF/BS férm;; in éfdéf to accommodate
data related to spontaneous fi;sionf | |
Revised data for abpgt 100 fission product'nuclides Eavé been providéd'by

‘Davies and Parkinson.

The status of this data.file at fhe end of 1978 is shown in téble one.

(1) A.L. Nichols, AERE R-8904
(2) A.L. Nichols, AERE R-8903

2.3.2 Fission yields

@9)] Fission product yields: assessments and consistent sets (E.A.C. Crouch .(AERE))

Although experimentqlly determined fission product’ chain and independent:yields
are regorted in the literature at a steady rate, and the fission produgt 1ibfary’is
steadily updated, there are still not enough experiﬁe;tal‘daté évailable to give direct
estimates of all the fission product yiélds of iﬁterest té reactor physicists. The
method used to p?ovide‘the ﬁecessary infdrmagion on the basis of what is known consists
of finding adjustments to chain.yields,(interpélated or extrapolated as neceésary)'and
to independent yields.de&uced by esFimating parémetersifrom the'known indeﬁendent‘Yields.
The adjustments are derived by apﬁlications of fﬁysical conéefvation laws ané are not
based on any particular model. Using the results of this method very good agreement

was obtained with experimental values for the after-heat in power reactors _ However,
further coqstraints have been applied by means of Dr. J.R. Reid's (of Computer Science
and Systems Division, AERE) sparse matrix techniques and with his programming help. It is
hoped to fest fhese results soon. The method is now bgsed on minimising xz.as described
‘previously (UKNDC 78 P88,p99) with the‘added constraint- that the sum of the yield of
complementary eléments must be equal.

The constraints do not include the effect of delayed neutron emissions nor that of
isomeric yields. Delayed neutron emission is currently being studied and a paper on isomeric

yield estimation has been submitted to the chemical Nuclear Data Committee for an opinién

on the method of calculating isomeric yields in the absence of direct experimental results.

(1) The U.K. Chemical Nuclear Data Files: An evaluated set of radioactive decay data for
Reactor Applications. - B.S.J. Davies, E.A.C. Crouch, M.F. James, A.L. Nichols, J.R.
Parkinson, A. Tobias and D.G. Vallis :
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(2) 1Int. Conf. on Neutron Physics, Neutron Data for Reactors.and. oéther applied purposes.
Harwell, September 1978

2.3.3  Related compilation studies w ) o
(1) The CASCADE programme (G Evangelldes (Imperlal College) and D G. Vallls (AWRE))
o The computer programme CASCADE 1nterprets evaluated decay schemes 1n terms of

RV

radigeion data sets. The obJectJve of thlS work is to expand’ and 1mprove the cede and to
providelé data Laéé for‘input te the code. . |

All the maJor modlflcatlons toAthe‘orlglnal version have ndw been compleéed and
the programme is being tested ‘in all 1ts optlods R

The code can now handle any §ize problem provided the core limitation of the
coﬁputer being“uéed ievpot exceeded.llfhie.is‘dede‘sessibie by the use of va;iable

R ) * R
dimension format. If however the core required exceeds the core available ehe programme -
will automatically reduce the probled Siee according to preeetvparameters.till iefdoes‘fit
the core available. Any nuciide requi;ing more core will be skipped and the next nuclide
studied.

The ﬁrogramme can now fully evaluate proton and neutron emission and nuclides
decaying by‘sponteneous fissiop. X-rays and anihilation radiation as well as conversion
and Auger electrons can also be freated and results are now produced in the ENDF/B-IV type
format. - |

An error in thevcalcu;ation ofythe intensity of requested sets of coincident

emissions has now been corrected. A subroutine is Beihg developed to automatically

‘ .
calculate all the major combinations of coincidence emissions of the radiations emitted

t

by any nuclide.
The inpue data base_ie ﬁrovided for the CASCADE programme from NSDF/ENSDF compilations.
The programme for this cofpeets for cereain systemetic errors in the origidal ﬁSDF
coppiiations and‘adds a header section to the data for easier evaldatiob for CASCADE
input format. | '
The oriéinal CASCADE input format' has been slightly modified. A daughte? nuclide
description has been added as dell as a normalisaﬁion_factor; fhus enabling CASCADE
to correctly evaluate intensities of nuclides with any number of decay modes. The
secondary transition data can now be p;oduced in a condeﬁsed format.‘ That is if the

i) . - . ] K] 3 : ol s ‘.‘- '
valueg for the various emission possibilities are all zerc then that transition can now

be excluded except for the transition of the last level to the last but one level which
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-denotes the.end of the-secondary .transition data.

L

The internal conversion coefficients of Band et al are being written to a direct

‘access device in a similar manner to the Haée; and Seltzer internal conversion coefficients
(2).and Will be obtained via the same subfoufine in CASCADE which has alréady been médified
-t(; do lth;i.s. | ‘

‘ fﬁevSORf/MERGé routines‘have now been cémbined into one which will also convert the

‘0ld CASCADE radiation catalogues to the same format as the new ones which include both

-

end point and average energies or recoil energies in the case of alpha, proton and neutron

emission. A couple of extra parameters have also been added to the catalogues.

(1) I.M. Band, M.A. Listengarten and M.B. Trzhaskouskaya, Internal conversion coefficients
for atomic numbers Z < 30, LIYA F-235 (in Russian) (1976), INDC(CCP)-92IN (1976),
ADNDT 18 (1976) 433

(2) R.H. Hager & E.C. Seltzer, International conversion coefficient tables. I: NDT A4(1968)
.1 and' II: NDT A4 (1968)397 ~ : '
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3. REACTOR PHYSICS DIVISION, AEE, WINFRITH
_ (Division head: Dr. C.G. Campbell)

3.1 Activation cross—sectiog evaluatiens for the UKNDL (J.S. Stety)
As pert of a study of aetivation products in Advanced Gas-cooled Reactors, nuclear

data files have been produced for the 4OAr(q,y),“SoCr(n,y) and‘35Cl(n;p) reections.

40 Ar(n,y) Thls,ls a straightforward conversion of the capture data in the ENDL tile
No.7148, which tabulates theicrose—section at 72 points between 0.1 MeV and 20 MeV. These
data were taken ovet withoutjchange, although a change in the-interpolation rule between
data“poihts is invoived; it is felt thatvthe log x log interpolation rule usedvin the

UKNDL ts'hore realistic ih thie pa}ticular application. The cross-section of 0.66 barns

at 0.025 eV is reasonably eohsistent with the thermal eross—section.gdven in BNL-325 (1973);
on the‘other hand the data file gives a relatively low reeonance integral ot 0.306 befhs,
as compared with 0.41 + 0.03 barns id BNL-325. For a more realistic file a careful
study of the‘tesbnaﬁce ﬁarameter data weuld be necessary;
Egpr(nz§). CtoSs—sectiQn data for this'reactién have been obtained ditectly from the graph
. shown in BNL-325 (1976) between‘2.9 eV and 57 keV, at energies close enough for e good
representation with the log x log interpolation rule. A cross-section of’15.9<batns at
0.0253,eV was;included; and the fi;e theh extended to cover. the range O.l.MeV.to 20 MeV
by'aésuming al/v vatiétion below 0.0255 eV and ebeve 57 keV, It is ;roposed to merée

the new files with the (n, Zn), (n,p) and (n a) cross-— sectlone already tabulated in DFN-936.
3 Cl(n!E . Cross sectlons for thls reactlon were obtained directly trom the graph in
BNL-325, (1976), whlch covers the range 0.025 eV to 8 keV; at O. 0253eV the cross-section

was taken as 0.49 barns Data above lO keV were obtalned by tabulatlng the group cross-
sectlons from- the RSIC data set (Rw ‘Roussin. and DW Mulr, ORNL DLC 33 (Nov. 1976)) ‘at the

mid lethargy p01nt of each gtqup. A f1$51on spectrum averaged cross-section ef 19mb Wwas
celculated froh thevfile, wheteas Cal;mand (IAEA technical report eeries ﬁom 156, p 2735 gives
a value of 78 mbb It.is(felt that the latter value mey include the (n,pn) reactioh as well
‘as (n}ﬁy). The new tabulatlon,‘from 0. 1 MeV to 14 2 MeV w1ll be added to the ex1st1ng

(n o) compllatlon in DFN 231

3.2 AEE Countlng Laboratoty

3.2.1 g-Power from fast neutron f1351on of 239Pu and Z%SU (W.H. Tayior,‘M.F. Murphy,

D.W. Sweet and M.R. March) -

The final results of the determinations of the B-power from the fragments friom

the fast neutron fission off239Pd and 235U are given in AEEW R1212
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3.2.2 Thermal cross—-sections (W.H..Taylor, M.F. Murphv and M.R. March)

Measurements primarily aimed at conflrmlng the absolute detection efficiencies

of y-ray spectrometers also gave values of the thermal cross section (o

220
235 181;

om” .g) for the
239 o
reactions "“"Pu (n,f), “U.(n, f), Mn (n,y), Ta (n,y). These results showed

discrepancies of only 1.5%, 1.2%, 0.8%, and 0.5% respeeitvely with the ptesentl&

preferred best values; for'the'two fission cross-sections these were selected by

J. S Story from the data given in the two papers by H.D. Lemmel (1, 2)

" This work is .
fully reported 1n RPD/WHT/P333. C .

3.2.3 Cross-section for 103Rh (n)n')lOBmRh (W.H.,Taylor, M.F. Murphy and M.R. March)

: R . : : 1 . N
The value of the cross-section for the lPBRh (n,n'") Osth reaction has been

tested by comparing the results of reaction rate determinations in Zebra with the values
calculated using collision probability methods. The details of this comparison are

given belcw.

Reaction Rate ‘Rh "'l‘ ;,‘ Fg ‘ N Fg - ..
Ratio . F8 . 'f; . L =
_ 5 -
Calculated Value (C) 3.45 | 0.02763 ‘ 1.045
Experimental Value (E) 3.57 + 2.9% | 0.02652 + O. 3%R ©1.045 + 0.2%R
co L ‘ 0. 6%S : 1.0%S
C/E 0.97 1.042- 1.00
where Fy = 238 L6y, Fy = 2% @,n, F s =23 (n,£) and &h = 1%3Rh (n,n") 0%k ;

The good agreement obtained for the f1sslon rate ratio indicates that the methods of

calculation are adequate. The C/E value of 0.97 for Rh/F8 is a confirmation‘that

the cross-section data and thé experimental method are'accdraté.‘ The X-ray Spectrometer
. 103, 103m .

was calibrated using a Pd - Rh source whlch was callbrated by the I.A.E. A using

a 4me-X-ray coincidence method whicn is essentially 1ndependant of the branchlng ratio

for K-Xrays; and the DFN94 cross section data for Rh was used in the ealculations
: ! i ! . - . . A

(averaged with fission-spectrum weighting:above 0.82 MeV and with 1 Weighting from below

. . E
0.82 MeV down to the threshold for the reaction). It is relevant to note that the
value for the total number of K X—raye produced per lOO disintegrations ef‘lOBmRh

of 6.76 + 0. 05 obtained by the I.A.E.A. (3)15 in good agreement w1th the value of 6. 97 +

103

0.28 obta1ned by Butler .and Santrv (4) when they measured the Rh (n n') cross sectlon
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The presently accepted value for this parametér is 7.7 +29%(5)‘_
- - - : -22%

-
%

(1) H.D. Lemmel, Washington Conference of Nuclear cross-sections and Technology,
NBS Spec1al publication 425 l 286 (1975) :

(2) H.D. .Lemmel NBS spec1al publlcatlon 493 28 (1977)
(3) K.H. Czoek I.A.E.A/RL/26 August (1974)
(4) D.C. Santry- and J.P. Bulter, Can. J. Phys. 52 1421 (1974)

(5) A. McNair, private communication, December 1976
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4. DIVISION OF RADIATION SCIENCE AND ACOUSTICS, NATIONAL PHYSICAL LABORATORY

(Superintendent: Dr. ‘W.A. Jénnings)~
Various methods’ of measuring néuEronyfiuehce‘rate are béipg‘déVéloped, employed and

intercompared as a means of improving the accuracy of the existing standards.

4.1 Neutrons in the 1-1000 eV energy range (E.J. Axton and A.G. Bardell)

| As reported last year, no further progress has been made in thg provision Qf a low
enetgy neutron source based on the Van deuGragff aqcelepétqr‘gs the @;ching hgs,no; been
available for this work. '

Measurements to determine Ehe importance of the contribution of neutrons in this
energy range to the total dose eqhivalent.in a &ypical power station location have been
completed. The measurements were made using polyethylene spheres with gold foils at thev
centre. The efficiencyvmatrix for the spheres was determined by Monte Carlo calculations
usipg‘ENDF/B4 neutron cross-section datd, supported by calibratioﬂs'at a few neutron
enetgies. The same detectors were exposed-in the slowing-down neutron spectrum from the
NPL tﬁermal column.

In order to determine the neutron spectrum the measurements ﬁere expressed in terms
of Fredholm inequalities, viz:

|

B, - AB, < I¥ ¢
i, i

¥ e < By + AB,
j 3 ij 1

‘where B; is the gold foil capture rate in the i-th sphere, Wj is the neutron fluence

rate in the j-th energy bin aqd Eij is the meutron capture rate in‘the gold foil of

the i—tﬁ‘sphere for unit neutron fluence in the j-th energy bin. The 'tolerance' AB,

is introduced to’také account of uncertainties in the Valués of €44 and Bi' The flueﬁoe
rates in bins‘COntgining tHe energies of the prinqiﬁal-capture resonances of gold and
mangéqése were determingd from cadmium - ratio measurements with gold and manganese foils,
and varidus'smocfhing éonstraints were applied which iéd to Qnique aﬁd plausible solﬁtions
for the remaining thirty—four unknown energy bin‘fluence rates per unit lethargy. Tﬁe
results(l):demohstratedjthat the spectrum of the‘NPL fhermal column and thaf produced

by a l/E-éHapéd spectrum terminating at about 6 MeV were equivalent in terms of dose-
equivalent. On the other hand, the ﬁeutron spébtrum at the nuclear power sfation location
is much ‘softer; no more fhan one Ehifd of the dosg equivdlent can be attributed to neutromns
of‘energy above 100 keV. -

v

The need for neutron standards in the energy fange below 100. keV is clearly demon-

strated.



(1) E.J. Axton and A.G. Bardell, ''Neutron standards available at the National Physical
-+ Laboratory and' the need for low energy standards', -Proceedings of an Advisory
group meeting on Neutron Reactor Dosimetry, I.A.E.A. Vienna, 13-17 Nov. 1978. To be
“‘published - : - .

14
4.2 Intermediate energy neutrons (J.B. Hunt)

The measurement of neutron detection efficiency of the NPL standéfd long'couﬁter and
of a De Pangher long counter at 920 keV, 727 KeV and 582 KeV, using the associated target
activity technique has been‘éompleted and.published(l).

The efficiency of a De Pangher long counter has al;o been measured at 2 keV and 25 keV
using tﬁe reactor filtered beams available at Physikalisch-Technische Bundesanstalt (P.T.B.),
West Germany. The result at 25 .keV apﬁears to be 22% higher than that obtained‘using

an absolutely calibrated SbBe (y,n) spurce.v The possibie‘reésons for this discrepancy

are being investigated.

(1) J.B. Hunt &nd R.A. Mercer, Nucl. Instr. Meths. 156 (1978) 451 o ’ '

4.3 . Fast Néutron‘Enérgies (T.B. Ryves, K.J. Zieba and P. Kolkowski)

The cross;section.measurements for the reactions 14N(n,2n)13N, 19F(n,Zn)lsF,
27, '

5

4Fe(n,2n)53Fé, Al(n;p)27Mg and 27Al(n,u)24Na»betﬁeen 14.7 and 19.0 MeV have been

(1)

completed and published

Further activation cross-sectiocns are now being measured, ‘including the (n,2n)

. 238 . L . -
reactions on Nb, Ta, Au, and .U. An attempt will be made to measure the branching

}08mTa{

v

ratios in the decay of

'

(1) T.B. Ryves, K.J. Zieba and P. Kolkowski, J. Phys. G. 4 (1978) 1783

A Thermal.neutronvcapture cross-section for the production of losmAg(T,B;,Ryyes)

108

In‘reacﬁor deéomissibning calculétions, the production of 127y rr}Agfroin trace
amouqts.of silvef in the stainless gteel structure of the reaéfor is very significant:
The thérmal (ZZOOmsnl) neutron capture cross-section of.lO7Ag for the production of
metastable 108mAg Has been méasured as (0.366 + 0.065)b, where the uncertainty at
approximately 99% confidence limit$ is nearly all dﬁe‘to the half;life. The previously

published value in BNL 325 third ediﬁion-was (3.0 i_l.S)B, which is an order of mégnitude

largef. In many practical instances,’the operational life;”T, of the reactor will be
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" build-up of Ag is proportional to.oo{l—e

much less than the 8mAg half-life, and in these cases the estimated unsaturated activity

‘ S 10 . .
108m _Ar}zgoxT where 2 is the L SmAg_deeay constant.

Due to the correlation in cur experiment, the product OOK has been measured far more
accurately'thén the cross section, to about * 5% uncertalnty

-1 ) .
The ratios of the reduced resonance 1nteorals to the 2200ms ~ neutron capture cross-

108m 110

section were also determined to be (3.0 t 0.5) for Ag and (15.5 £ 0.8) for " TAg.,

4.5 Neutron source calibrations (E.J. Axton and A.G. Bardell) F,

Improvements in analytical techniques have demqnstrated the presence of some hitherto °
undetected but significant impurities in the manganese sulphate bath solution. The main
contaminants are small traces of lithium and cadmium. The solution is being replaced

by higher grade material in time for the measurements which will form part of the

forthcomlng 1nternat10nal comparlson of neutron emission ratesorganised by the Internatlonal

Bureau of Weights and Measures (B.I.P.M.) over: the perlod 1978~ 1980 Eventually sources

previously measured at NPL will be,reyalued upwards by an amount between 0.3 .and 0.5%

. . ' .
! o . .o .

4.6' International comparison of neutron fluence rate

The international comparison. of neutron flux density arranged by the International

‘Bureau of Weights and Measures (starting in ‘late 1974) ié,now formally cioéed, and a

1

report of the results has been publlshed
A further intercomparisorn was proposea in 1977 to takg‘place from 1979 enwards,

the interim two years being devoted to a study of transfer methods. Unlike the’

'previous intercomparison, the 1979 exercise is planned to include '"white spectrum linac"

- - ) . | !
_neutron sources as well as mono-energetic. neutron from Van de Graaff accelerators.

. ‘ t . 1
To this end a.suitable fission chamber is being designed and built at A.E.R.E{ Harwell.

1. V.D. Huynh, NBS Special Publication 493 (1977) 244

4.7 Photoneutron production in High»energy electron and X-ray beams used for radiotherapy
(E.J. Axton and A.G. Bardell)

Measurements are in progress to measure the photoneutron contamination of the
SL75/20 linear accelerator (made by the M.E.L. Equlpment Co Ltd) at Addenbrookes Hospital,
Cambrldge, by means of the multi-sphere technlque described earlier. The measurements

should yield spectral information which would allow a more accurate assessment of the
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.neutron dose-equivalent received by a:patient undérfgoingﬁpreatment_fhan was possible

286 [IL v

. . . . ‘ o ¢!
in previous measurements on :the: Brown  Boveri Betatron at St.: Lukes Hqsp;tal Gu;ldﬁgndf ).
. . N R TV Ut S I T N

T

(1) E.J. Axton and A.G. Bardell, .Phys. Med..Biol. 17 (1972) 293

4.8 Reference standard for fast neutron dosimetry (V.E. Lewis, E.J. Axton, D.J. -Young,
I.W. Goodier and J.L. Makepeace)

Using the purpose built Doéimetry acceierator, collimated beams of 14.7 MeV neutrons
have been produced with dose rates of.up to 70uGy s‘} at the calibration position. A
duoplasmatron ion soutce capable of increasing this by a factor 4 is being tested.
Calibration of the neutron fields witﬁ ionisation chambers and Geiger—Mﬁller dosemeters is
in progress. (1 Gy = 1 Gray = 10OR: Editor)

The neutron sensitivities for different cavity ionisation chambers (of tissue equiv-
alent plastic, graphite and magnesium) have been measuréd for energies froﬁ 13.6 to 14.7
MeV in the low gamma component d + T neutron field produced in a_low-scattér environmen£
using the SAMES accelerator;

A dual thermoluminescent phosphor system for the méasureﬁent of gammé dose components
of mixed fields, not dépendent on the use of another neutron sensitive dosemeter, has
been tested aﬁd shows potential as a transfer device. The activation of small niobium
ingots as a technique for the measurement of the pffmary COmponeﬁt of collimated d + T
neutron beams has beeh‘found very‘useful, and has'potentialvés a transfer standard.

ihermélly stimulated exb*electfop (TSEE)" dosimetry is being investigated as a

method for measuring the neutron and gamma-ray components of a mixed radiatiom field.

4.9 Nuclear decay scheme meésuremenfs (,P; Christmas, D. Smith, M.J. Woods, R.A. Mercer, .
P. Cross and S.P. Brown)

-A high pressure proportional counter has been constructed!for_incorpofation into a
‘ ‘ 55
£ ‘ ;

kY for Fe, by

separately measuring the K X-“ray emission and the absoluté disintegration rate., This

4mR-y coincidence system. A preliminary value has been obtained for P

method promises to give a final value considerably more accurate than any previously

available.

‘

4.10 W-value measurements (P. Christmas, M. Burke, D.J. Thomas and I.R. Brearley
(Birmingham University))

'

At Birmingham preliminary results have been obtained for protons of energy between
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0.75 and 2.5 MeV in argon, méthane and nitrogen. ‘The precision of these results compares
favourably with that of earlier measurements elsewhere, despite some difficulties
asébciated_with some as yet unresolved systematic effects. The Birmingham work has
ceased for the present due to the departure of Dr.. Brearley, but the NPL programme will

continue.
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5. CEGB RESEARCH DIVISION, BERKELEY NUCLEAR LABORATORIES
(Section head: Dr. B.M. Wheatley)

5.1 The inventories of actinide and fissiod product isotopes in spent nuclear fuels:
results of calculations using RICE (J.H. Mairs and S. Nair)

The Reactor Inventory Code RICE‘has been used to make comprehensive calculations of
the actinide and fission product arisings in irradiated fuels from Magnox, AGR, PWR
and Fast B;eeder Reactors. | Fuel invéntories for Magnox, AGR and CFR (LMFBR) type reactors
have been generated using ﬂewly derived neutron cross-section data sets. The WIMS and
ARGOSY reactor la£tice codes were used for the e&aluation of the cross-sections for Magnox
and AGR reactors, respectively.

Studies have. been made of the actinide and fission product activity contributions for
spent magnox fuel cooled for both short and long -(geological) periods and for the
radioactive waste arisings with and without uranium and plutonium reprocessing. The
dépendence of the 134Cs/l37Cs activity ratio on irradiation conditions was studied in
detail for the maénox reactor. The dependence of the actinide build-up on increasing
irradiation was_a;so studiéd; pgitiCularly the build-up of the americium and curium
isotopes. Similar calculaﬁions for AGR and CFR have been compared with the results
for the Magnox casé. Addifionaliy, for CFR, studies were made of the dependencglof the
‘actinide a heating from thé spent fuel on the shelf-life of the fresh fuel prior to
irradiétion in CEﬁ. The dependence of the spent fuel actinide inventories on the
source of plutbnium used in the fresh fuel was also studied for plutonium priginating
from Magnpx, AGR and equilibrium CFR cycles.

One PWR inQentory has been listéd but the HTR was not considered since this system
is of marginal interest to the CEGB at present.

It is anticipated that a comprehensive inventory listing and discussion of the

information mentioned above will appear as a CEGB report in the near future.

5.2 Magnox fuel inventories: experiment and calculation using a point source model
(S. Nair & J.R. Harvey)

The results of calculations of Magnox fuel inventories using the RICE code, based
on a simple point source model, and associated Magnox reactor data set have been compared

with experimental measurements for four samples of spent Magnox fuel spanning the burnup

]
range 3000-9000 MWd/Te. We considered the actinide isotopes 234’235’236’238U,

238’239’240’;41’242Pu, 2‘41’243Am and 242’ZM}Cm,and the fission product isotopes

142,143,144 ,145,146,150 95 134'137 144 4
S0 ’ i > ’ Nd, Zr, ’ Cs, Ce and daughter 1 4Pr. The neutron



emissions from a further ﬁwo samples were also measured and compared with RICE predictionms.
The uranium isotopic compositions determined by calculation and experiment are in

good accord. The plutomium isotopic‘compositiohs differ.by léss than 14%, while the:

241,243 o 242,244 )

Am predictions agree with experiment, within the errors. The Cm prédiétions

and the neutron emission do not differ by more than 25% for the samples.with burnué ’
exceeding 7000 MWd/Te. However,‘lagge; disgrepégcies are observed for theAsamplé'wi;h
burnup around 3000 MWd/Te. Good agreement was obseryed between experimént éné calcula;ion
for the fission products considéred in the present study. The results of tﬁe cémparisop
were considered to be such as to justify the use of the code RiCE.in providing source
terms for envirommental impact studigs, for ;he”isotopes.considgred in the present work.

The work has been written up as CEGB report RD/B/N4349. A companion report, AERE-R-9212,

describes the experimental techniques used by Foster et al. to analyse the samples.

5.3 A preliminary assessment of.the waste dispoéal problem for magnox steels (S. Nair)

A methodology has been described which can be used to assess Fhe relgtive radiological.
toxicities of activation products over geological timescales. A computé;ycode; célled'
STRUMP, has been -written to assist in this assessment. The methodology has been applied
to an evaluation of the radiological implications of the waste disposal problem for
decommissioned fixed steel components in Magnox reactors. The stddy concluded
‘that for timescales up to 400,000 years the rédiotoxicity of the activated.steelé was

59Ni. An attempt was made

to estimate toxicity levels corresponding to the activity limit of lO-ll

dominated, to a varying extent, by the isotopes 63Ni and
-1

Ci gm below

which radioisotopes may be considered '"stable". The study indicated that steels activated

in conditions typical of those encountered by large mass components in the core mid-plane.

of the core restraint structure may be considered "stable" and thus disposed without .

restriction only after about a million years.

This work has been written up as CECB report RD/B/N4291.
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6. THE UNIVERSITY OF ASTON TN BIRMINGHAM, DEPARTMENT OF PHYSICS -
(Head of Department: Professor S.E. Hunt)

. 0 2
6.1 A study of the . elastic scattering of 2 to 3 MeV neutrons by 4 Ca and 3 S using
an associated particle time of flight spectrometer (M.C. Janicki & A.J. Cox)

1) Summary

An dssociated particle time of f;ight spectrometer based on the D(d,n)3He reaction
" has been aeveloped using thinjdeuterated polythene targets. The’éomﬁéting D(d,p)3T
reaction was used to monitor the neutron output. The sﬁectrometer has been used to' study
the elastic scattering of 2-—3 MeV neutrons in 4OCa and 328; in each case the differential

elastic scattering cross-sections have been measured. v
t

In the angular range 20° - 100° in the laboratory frame of reference, the results
have been compared with an optical model analysis. Values of xz per point of 3.46

40¢ and 3ZS‘respectively.

and 2.84 were obtained for
(2) Introduction

In the present Vork an associated particle time of flight spectrometer is described
which enables differential elastic scattering cross-sections for 2 to 3'M¢V'neutréns‘to be
made. Neutrons were produced using the D(d,n)BHe reaction, the deuterons being accéalerated
in the 3 MeV dynamitron at the Joint Aston and Birmingham Universities' Radia£ioﬁ Centre.
The deuterium'target_consistéd of a thin film of deuterated polytheﬁe’{o‘reduge'the iﬁtensity
of scattered deuterons and prevent the detectors saturating. The spectrometer'has beeﬁ
used to study the elasticiscattering of 2-3 MeV neutrons by Cargnd S in an angulaf range
20° - lQOO, These two elements were chosén aé only lhnited publi;héd data was available
and because. the separation of the ground states and the first excited states énabied any
inelastic cont;ibptiqn to Ee eliminated., In theAcaée of palcium, e}astic c?oss—sections had

D)

‘been measured at neutron energies of 2.83 MeV (Abramson et al) and 3.29 MeV (Reber and

(2)

‘Branderburger) but no pptiéal model analysis had been performed for the former energy.
For sulbhur there was an absence of both published data on the differential cross-sections

for neutron energies below 2.4 MeV and of an optical model analysis.

(3) Experimental détails

Neutrons with energies of between 2 MeV and 3 MeV were produced via the 2H(d,n)SHe
reaction using 1 MeV deuterons incident on thin deuterated polythylene tafgets. The
deuterons were accelerated by a 3 MéVlDyhémitron and a maximum target thicknéss of 2um

was employed to reduce the intensity of deuterons scattered into the charged particle
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detector. The 3He particles associated with neutron production and used to give the
zero-time signal, were detected by a silicon surface barrier detector with a sensitive
depth of 100um. The detector was used in conjunction with a charge sensitive preamplifier.

The effective neutron energy was changed by altering the angles of the neutron and

charged particle detéctors with respect to the incident deuteron beam. The neutron
beam associated with the detected "He particles was incident on to a flat plate scattering

sample placed at a distance of 30cm from the deuterated polyethylene target. Scattered

neutrons were detected by a detector placed at 50cm from the sample. The detector

'consisted of'a cylinder of NE 102A 5cm thick, 10cm in diameter, mounted on to a 56 AVP
‘photomultiplier tube via a conical—shaped perspex light;guide.. The photomultiplier tube
was screened‘from stray magnetic fields by a u-metal shield and from spurious'neutron'
and other,radiation by a concentric cylindrical shield of paraffin wax and boric oxide.

The calcium scattering sample was made by compressing natural calcium granules into
a rectangular tin‘plated mild steel container of wall'thickness 0.5mm, The enclosed
sample measured 13cm by.lScm and was 5cm thick. An identical empty container was used

for background measuréments. The sulphur scattering sample was natural sulphur moulded

into a slab 12 5cm x 9.5cm x 2.8cm. X-ray examinations showed an‘absence of voids in both

the samples.

Tlme of fllght spectra were obtalned using a standard electronlc gating system shown

in Figure 1. Signals from the charged particle detector, after suitable amplification and
shaping were used as the start pulses for the time- to—pulse height converter (NE 4670).

The stop. pulse was obtained from the neutron detector after suitable shaplng and
discrlmination. The total number of neutrons, at an energy of 2,18 MeV, incident on to.

the scattering Sample of sulphur was calculated from the number of 3He particles detected
: ' ¥ 4 :
This was p0551ble because for a neutron energy of 2 18 MeV the assoc1ated 3He particles

§

were well resolved from other charged partlcle groups and a simple electronic w1ndow

across the 3He energy range gave the number of neutrons incident on to the scattering

sample. At a neutron energy of 2.99 MeV however, the associated 3He particles were

not resolved from deuterons' elastically scattered from carbon in the target. To overcome
. - i .2 3 . | ‘ ‘
this the protons produced in the competing “H(d,p) H reaction were countéd and related
. 3 i U . '
to the yield of "He partlcles by the reaction cross-sections. The output of the tlme—

"3

to—pulse height converter was proportional to the time dlfference between the He particle
v " . v ' !

signal and the neutron signal. The resulting coincidence resolution curves had a full

width at maximum of 65ns and 31.4ns for neutron energies of 2.99 MeV and 2.18 MeV respectively.
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Fig. IN The ‘:n'me o flight electronics

The efficienqy of thg neutron detector for 2.18 MeV and 2.99*ﬁeV neutrons was measured
using the direct neutron beam.  The centrg of the face of the neugron detector was positioned
30cm from the target centre;,aﬁ Oo, to éoméletely encomééss the defined cone of associated
neutrons. - The efficiency of tﬁe neutron detector was then calculated as the ratio of the
totél number of‘coincidences to the total numbe; of ﬁeut;bns inciégﬁt on éhé degector,

as measured by the charged particle detéctor.

4) ~ Experimental procedure & results

Edch sample was placed 30cm from the centre of the deuFeraped"pGiyethyléﬁg target
at an angle of 450 to the incident beam:direciion éh& With;iﬁs:yertiéai é*is1péipehdiéﬁlar‘
to the horizontal plane in which the nedtrons were obsefved. With this geometry, time-of-
flight spectra were ;ecordgd_for labora;qry gcattering angles in the‘réngelZOO to 100°.
Background corrections were applied by makipg glternate measgrementslwith the sample in
position and then Qith the samp}e removedi ‘In each case a qprmalverro? distribupion‘

was fitted to the elastic scattering peak. . ) . ) .
{ : . ' ) ’ ' o
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The differential elastic scattering cross«séctibn 0(8) in the iébpréﬁory system is

given by . .
N(8)

o ®) =3 nI@X,) b 0 ()

where N(9) is the neutron detector count, ¢
is the total number of neutrons incident on

to the sample, n is tﬁe number of nuclei/cm3

1000

of scatterer, A @ is the solid angle subtended
by the neutron detector at the sample and

e(En) is the detector efficiency as a function

800

of neutron energy. Z(rixi) is the weighted
average sample thickness taking account of

the neutron.beam divergence in the sample

600

calculated using the reaction kinetics, ry

defines the ratio of the area under the
400 neutron beam profile curve in a small angular

interval to the total area under the curve

and Xy denotes the sample thickness in the

Differential cross-section (mb sr-1)

i th angular interval. The differential

1200

elastic scattering cross-section results

3
°

“are shown in figures 2a and 2b.

] N | 1 I
08 06 04 02 0O

Cosine oﬁf the cénti‘e-of-musé dngle " ‘dictions of the optical model using the

The results were compared to the pre-

‘computer code RAROMP after first removing

S the compound elastic contribution to the
Fig. 2a Differential cross-section for elastic scattering from
calclim. The full curve is the optical-model prediction data. The compound elastic cross-sections
corrected for compound elastic scattering; O Reber and ) ) : (3)
Brandenburger; 4 Abramson et al - have been found by Wilmore and Hodgson ™"

ek " to be fairly isotropic in the energy region
under consideration with values of 84mb/sr and 50 mb/sr which were subtracted from the
experimental data for calcium and sulpﬁ;r respectively. The differential cross-sections
for both calcium and sulphur were then calculated Qsiné the'optical model parameter

“)

values of Becchetti and Greenlees
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The comparisons of the experimental data

600+

-~ and thebretical predictions'show that the pre-

dictions are acceptable giving a value of X2/

500 o o 5

point of 3.46 for calcium’ and 2.84 for sulphur.

400 In view of the experﬂheﬁtal uncertainties and
the fact that the parameters of Becchetti and

Greenlees represent parameters that are

200

applicable to a large range of nuclei, it is

felt that these give useful optical model

100

Differential cross-section{mb srl)

0 comparisons.

1 L1 P
08 06 04 02 0 -02-04-06 o ,
: ‘ : References . . P
Cosine of the centre-of-mass angle —— — : : Pt
' ‘ o (1) D. Abramson et al; EANDC(E)- -149 (1971)

. . S (2) J.D.:Rebér'and J.B. Brandenburger,

Fig. 2b  Differential cross-section for elastic Scattering from Phys. Rev., 163 (1967) 1077

sulphur. The full curve is the optical model prediction ' : . :

corrected for compound elastic scattering; O Holmgvist and (3) D. Wilmore and P.E. Hodgson,
Wiedling - ~. .. Nacl. Phys. 55 (1964)673

(4) _F.D. Bécchetti and G.W. Greenlees,
Phys. Rev. 182 (1969) 1190
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7. BIRMINGHAM RADIATION CENTRE, UNIVERSITY OF BIRMINGHAM

(Director: Professor J. Walker)

uv7%l _Delayed neutron energy spectra (J.G. Owen, D.R. Weaver and J. Walker )'fRele%antjto
' requests: 765-6] o ‘

BT A . 4 . B
The delayed neutron energy spectrum following fast neutron induced fission of 23§U
has been measured usiﬁg a gridded 3He-ionisation chamber of the Shalev type employing pulse

@

rise~-time analysis

5
3 U

The uranium was‘in the form of a 104 g metallic cyiindep, enriched
Jité;9é:542 2 , and kindly loanéd By AERE, Harwell. Suitable primary neutron fiuxesﬁhave
béééiprodﬁéed by bomSardmenfhof tritiated or deuterated targets by either a proton or
deuteroﬁ beam produced by the Bi}mingham Dynamitron Accglerator. The beam was pulsed 0.8
seconds on, 1.0 secénds off to generate a near quiliﬁriuﬁ’distribution of thé'delafed

. neutron groups, with counting occurring for 0;8 seconds duriﬁg the beam off périod.

Four primary neutron energies, 0.940, 1.440, 1.760 and 6.0 MeV, have been employed, and '
the reSuLts éfe i}lustra;ed in Figures 1 and 2.

Eiéu;e 1 shows the three lower emergy fiésion éases; whilst in Figure 2' the

6.0 MeV spectrum is compared to that obtained at 1.760 MeV. Over the mid-energy range

i)

typical uncertainty of * 77 exists on each energy group, but this increases to between

1+

15 and + ZOZIOn the high energy tail. Also shown in Figure 2 is the delayed neutron
ébgctra'fé;lowing thermal fission predicted by SAPHIER et ar(?

The overall shape of the spéctra measured in this work remains reasonably constant,
?ut Ehe rélative intensifies‘bf several peaks, or grdups of peaks, does vary considerably
betweeﬁ the differeng-fiSSion cases. It is belieQed that these variations reflect |
'chanées in the.fission‘yields>of the'deléyed neutron précursors with fission energy

‘A considerable fraction of.the delayed neutrons are seen to have energies below
‘lOQ keV; in general agfeementvwith the work of ECCLESTON and WOODRUFF(3) (Fig. 5 ),
althodgh in diéagréémeht with the méjérity of pre&ious work. Whilst the possibility of
o peut}oﬁ‘contaminatioﬁ ip these low energy groupé‘és a result oflséattering in the ‘material
surroﬁnding the detéctor canno;‘cdmpletely‘be ruled out,it seems unlikeiyithat such a
c6r£ection will substantially change Fhe shape of the spectra. Work is currently underway
to assess the magnitude. of this contribution.

Many delayedineutrons are also observed above 1 MeV. It is believed thét this
i§ the result pf thé inélﬁsion of significant yields from the shorter-livéd delayed

neutron groups, coupled with the use of a detector able to respond to neutronsin this
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Fig. 1 Delayed neutron spectra for 940, 1440 and 1760 keV neutron induced Sission
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Fig. 2 Comparison of measured and prédicted delayed neutron spectra
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energy region. These conclusions seem to be at least partly verified by the work of

EVANS and KRICK(4).

(1) J.G. Owen, J. Walker and D.R. Weaver, "Energy Speétra of Delayed Neutrons from
Uranium Fission'. . Proc. Int. Conf. on Neutron Physics and Nuclear Data.for
‘Reactors and Other Applied Purposes, Harwell, Sept. 1978

(2) D. Saphier, D. Ilberg, S. Shalev and S. Yiftah, "Evaluated Delayed Neutron
Spectra and their Importance in Reactor Calculations", Nucl. Sci. Eng. 62 |
(1977) 660

(3) 'G.W. Eccleston éqd ngz‘Woogggff;zﬂ”Measured Near—Eﬁuilibrium'Delaye&ANédirbn“
Spectra Produced by “~°Th, ~>-U, 227U, 238y and 23%u", Nucl. Sci. Eng. 62 (1977) 636

(4) A.E. Egans and M.S. Kriﬁk, "Equilibrium Delayed Neutron Spectra from Fast Fission of
235y, 238y and 23%u". Nucl. Sci. Eng. 62 (1977) 652 : '

10°,
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>
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w 10T
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O
102 - by : N
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Fig. 3 Comparison of the delayed neutron spectrum measured in this work with that of Eccleston & Woodrufff
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8. UNIVERSITY OF BIRMINGHAM, DEPARTMENT QF PHYSICS
(Professor of Applied Nuclear Science: J. Valker)

~

1

8. Experlmental neutronics studies for CTR blankets (M C. Scott, B.R. Guy, R. Koohi—fayégh,
J. Perkins and B.Y. Underwood)’

(i).ANéutrOn X}eld determination from a (D,T) source
“ Th; continuous flow nanadium bnth measurements of the néutron yieid per alpha

particle‘detected for a T(d,n)AHe source with associated particle monitoring has been
re—analyséd and some new measnrements made. In particular, the gamma background in the
sodium iodide detector mon%toring the build up of 56V activity has been studied in some
’Hetailftéldeternine (a) the contributibn from the"lGO(n,p)l6N reaction in the vandyl
sulphate solution, ‘and (b) the machine induced prompt gamna ray background froﬁlneutron
capture in the room walls and the sodium_indide shie1aing. The latter, (b) proved to be
significant, wheréas it has been negligible with lower energy and radioisotope neutron

'

7 . sources. The final results are shown in

-

figure 1, where it can be seen that there is

- : :
' : [ : now agreement within the experimental errors.
5 ™ 1 s ¢ In particular, the systematic component of
z) L L i B ' the error, arising from data uncertainties
poe ) in the vandadium bath analysis, is the same
LL. 3 r— R | PR y $ : .
- e as the discrepancy between the vanadium bath
2 r— ‘ { . Calculation ‘ neasurement and the calculated neutron yield(l) .

(2) Anisotropic yield and emergy dependent
. ‘studies for the lithium fluoride integral

1~ % Measurement

: . "assembly

0 . I ,

200 - 300 - l.OO 500 ’ Even with low energy deuterons (ie. ™
E( keV) : : 200 keV) there is a significant'angular

Fig. 1 Comparison of calculated and measured neutrons. dependence of the emitted neutron energy and
per alpha particle detected F ' .
,; : o o . a4 néutron yield anisotropy. Since the use of

a one- dlmen31onal transport code (e g. the disCrete-ordinates, Sr’ code ANISN and its
'y

derlvatlves ) is convenient and efflClent for general studles, the way in which such a

@)

code could be run to represent the actual experlmental condltlons has been 1nvest1gated
. . . + . !

An exact 3=dimensional réprésentatibn of the LiF experimental assembly and the target

characteristics was used with the Monte Carlo code MORSE, the neutron flux being determined

as a function of position and angle with .respect to the deuteron beam pn the target.
. . {

The source used for the ANISN derived code XSDRNPM (P7’Sl6) which was found to give good
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agreement with the MORSE cadlculation dependingon the éngle; for measurements along a
;aéips %;kg»p%ptipula: aﬁgle the .source spectrum required was that of thg target in that
- direction, i.e. the effect of‘neutrons emitted at other éngles could be neglected. This
is, of course, due to the strong for&ard scattering at these energies. An example of such
a comparison is shown in Fig. 2.
The effect of an NE2i3 scintillator in producing perturbation in our lithium fluoride
(3)

assembly has also been investigated .. For a 5 cm x 5 cm cylinder of scintillator it was

shown that, the difference between the true spectrum and that determined from the scintillator

fl

10_Lt»' |f1 valllllrl o 1 r[ L l]lllilll]ll T 17

Lt

T T T7T
|

|

L XSDRNPM ----=- .

v

Cy

-—
S,
n

| I | ll

‘Neutron flux (N'euitron's';, cm~2 01 let_hargyj__‘, s:bur,-ce[jrieutron;‘i

107 =
. :

- -
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0L 0608, 2 4 6 8., 20

Fig. 2 Comparison of predictions of neutron flux in a LiF experimental assembly from a one-dimensional transport code
(XSDRNPM) with @ = 75° and an exact 3-dimensional Monte Carlo simulation (MORSE)
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was < 2% over the energy range from 0.5 to 14 MeV at a radius of 46 cm in our iZ%JEﬁ
diameter sphere of LiF. For the miniature detector uséd in most of our vork (174 em'x 1.4

cm cylinder) the pértufbation is therefore coﬁplefely negligible.

(3) Lithium proportional counter studies

With the possibility in mind of using it fqr tritium prodUCtionvmeésuféments in
integral assemblies, scme preliminary studies have been conducted iﬁto the construétion
and characteristics of a lithium proportional counter. ﬁ;cause no suitable gaseous form
of lithium existed and because.(n,n) and: (n,p) reaction cross sectioné were high in many
of the atoms forming lithium compounds, a natural lithium metal coating was used on-the
inside of a cylindricél proportional coun;er shell ﬁilled with argon. V

The response of a thinly coated ;ounter to tﬁermal ;eutrons is show;;in‘figufé 3,
where it can be seen that the triton peak from the 6Li(n,a)T reaction is %ell reso;;ed:
in a two parameter display of the same data (with pulse rise time and enefgy dépos}%ed
as the parameters‘concerned) the separation of thé tritons and alphé particles is a;ite
distinct in rise time too. Studies of the respénse to high‘engrgy nedtroqs, whicﬁ'is
much more complex because of (i) non tritium producing reactions 1116Li.and'7Li, an&'(ii)
(n,a) a@d (n,p) reactions in the walls, are still continuing, so¢ that it is too eafiy

to say what the utility of the counter, if any, will be.

1. N.L. Evans, I.R. Brearle§ and Malcolm

5 C. Scott, Nucl. Inst. and Meth. (1979) .
00 _ : (in press) .
2. B.Y. Underwood, Internal Report,’Depart—
ment of Physics, University of Birmingham
(1978) - :
in- T ’
c o vf;¢’ \%z o - 3. B.R. Guy, M.Sc. Project Report,‘Univérsity
S . i o ' of Birmingham (1978) o
© k
o
>
L
o
m
o
o
0
‘ Pulse height

Fig. 3 Pulse height spectrum produced by thermial heutrons
on a proportional counter with a thin wall coating of lithium
. . metal
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9. UNIVERSITY OF EDINBURGH, UEPARTMENT OF PHYSICS
(Head of Department: Professor R.A. Cowley)

9.1 A multiparameter- investigation of the ternary fission of 2520f (D.E,.Cumpstey.and

D.G. Vass)

A multiparameter study of the ternary fission of > Cf has been carried out using the

x¥enon gas proportional scintillation detector for fission fragments whose development

1

has been reported in earlier editioms Analysis of the profile’of a scintillation

pulse from this detector proQided informatiohiabout the kinetic enefgy'sf ‘the fragment
emitted from the front surface of the 252Cf source and also about the orientation .of its
track in the xenon gas relativé to thé axis.ofAthe‘detector. *The, light charged particles
accompanying fission were detected, aéter passing'througﬁ the Ni backiné of‘the.ZSZCf

source and a layer of xenon gas, in a' conventional AE x E telescope consisting of two

_ semiconductor. radiation detectors mounted on the axis of the system.

30
S . -¢Present
2 22 Measurements
>
3
1]
U
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Fig. 1 Most probable energy versus angle of emission Jor ‘He

For each termary event, the type‘of light charged particle (e.g. iH;3ﬁ,4ﬁe or 6He)

was determinéd, the total kinetic energy of. the particle wés calculaéed (with corrections
" for ;he energy losses in the Ni foil and xenon gas), the kineti; energy oflfhe fission

frégment wés recorded and the angle bétween the direction of the light particle énd the
light fragment computed. Tﬁe.light and heavy fragment.directions ére not collinear
because of the recéil momentum imparted by the iight charged particle and so corrections-
were made, where necessary, to enable-all anélés to Ee referred to the light fragment
direction. -

Data collected continuously over a period of a month with frequent calibration checks

have been analysed to provide the energy spectra of 3H and 4He particlés at 19 angles
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of emission. A Gaussian curve was fitted to each of these spectra and the most

probable energy and the width of the distribution:determined in each case. The variation

of the most probable energy with angle of emission for QHe‘is shown in figure 1, where
(2,3)

previous measurements are also plotted. Gross energy distributions (over all angles)

and gross yields (over all energies) as a function of angle have also been obtained.

(1) D.E. Cumpstey and D.G. Vass, U.K. Nuclear Data Progress Reports,
~U.K.N.D.C. (78) P88, (1978) 124 and U.K.N.D.C. (76) P86, (1977) 55

(2) M.J. Fluss, S:B. Kaufmann, ‘E.P. Steinberg, B.D. Wilkins, Phys. Rev. C7 (1973) 353
-(3) K. Tsuji, A. Katase, Y. Yoshida, T. Katayama, F. Toyofuku, H. Yamamoto,

Physics and Chemlstry of Fission II (Proc. Int. Sym , Rochester N.Y.), IAEA Vienna
- (1974). :

9.2 The Polarization and differential cross-section for the elastic scattering of 16 MeV
neutrons (Amena Begum and R.B. Galloway)([Relevant to request numbers: 169-172, 174,
559]

It was reported last year (UKNDC (73) P88,pl21) that measurements of the angular
dependence of the polarization of 16.1 MeV neutrons elastically scattered by Fe, Cu, I, W,
Hg, and Pb showed a clear difference around 20° from calculations based on 'global'
optical model parameters.. Fﬁrthef measurements have confirmed this difference. The
experimental data is now being used to search for optimum optical model ﬁarameters. An
account of the first measurements (on Cu and Pb) which showed the '20'0 discrepancy' has

W

been accepted for publication

(1) R.B. Galloway, and A. Waheed, Phys. Rev. C. (December 1978)

9.3 The polarization of 14 MeV neutrons due to elastic scattering(Amena Begum and
R.B. Gallowaz)

In view of the 51gn1f1cant discrepancy between the measured and calculgted.polarlzatlon
values for the elastic ‘scattering of 16 MeV neutrons through 20°, referred to above,
measureﬁents on 14 MeV neutrons are also being made. 14 MeV neutrons from fhe 3H(d,n)qu
reaction are unpolarized and so a double scattering measurement is being cafried‘out, fhe
.measured asymmetry in the second séattering béing equal to the square of thé polarizafion.

Measurements on 20° scattering by Cu and by Pb are consistént with the 16 MeV polarization

values.
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9.4 The polarization and differential cross-section for the elastic scattering of 2.9
"MeV neutrons (J. Annand, Amena Begum and R.B. Galloway)

i .

‘ﬁggsuféments 6f the'éaéﬁlar de;endence of polarization due to elastic scattering
and?ﬁf ﬁﬂé elastic'differential cross—-section fo; 2.9 MeV neutrons over the angular range
20° - 160° for samples of Fe, Cu, I, Hg, and‘Pb ha;e b;en comp;red with the, results of
combining optical model and Hauser—Eeshbach calculations. The optical model calculations
were performed using 'global fit' parameters as well as with parameters suggested previously
for the particular nuclei. The Hau;er—Feshbach calculations were pérformed both with and

1

without the level width fluctuation.correction It is clear that the calculations made
without the levei width fluctuation correction provide a better fit to the data for Fe,
Cu, I and Hg and only for Pb does iﬂclusion of the level width fluctuation provide a
better fit." These optical model parameter sets are not very successful in fitting both
differential cross-section and pola%izatioh data. Searches have been made for optmum
parameters. This work has béen preﬁared for publicatioﬁ in Nuclear Physics.

To extend this investigation measurements have also been made on W, Tl, Pb, Bi and U
and tﬁese are now subject to anaiysis.

An improved neutron polariméter has been completed capable of making measurements

at 11 scattering angles simultaneously and it should come into routine use shortly.

(1) P.A. Moldauer, Phys. Rev. 135B (1964) 642

9.5 Neutron polarization in the 7Li(d,n) 8Be reaction (R.B. Galloway, and A.M. Ghazarian)

" The 7Li(d,n) 8Be reaction is being studied with 450 keV incident deuterons as a

possible useful source of polarized 14 MeV neutrons. Polarization detérmination is by

(1,2)

elastic scattering by 4He as used in other recent studies Neutron polarization

valués of about 0.2 .to 0.3 have been found and the angular dependence is being determined.

‘(1) A.M. Alsoraya and ‘R.B. Galloway, Nucl. Phys. A280 (1977) 61

(2) B.S. Bains and R.B. Galloway, Nucl. Instr. and Meth. 143 (1977) 295

2
9.6 The polarization of neutrons from the H(d,n)3He reaction and neutron elastic
scattering by Pb (R.B. Galloway and R.M. -Lugo)

o
. A small angle Mott-Schwinger scattering fast neutron polarimeter has been used to

. - . . 2 . :
determine the polarization of the neutrons from the H(d,n)3He reaction for deuteron

energies from 100 to 500 keV.  The results are in excellent agreement with recent n—aHe
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scattering measurements. Incidental to these measurements, the ‘tOtal cross-section and the
. . . A ; - o

differential elastic cross-section for scattering by Pb through 3.65° + 1.85" have been

determined for neutrons from 2.2 to 3.14 MeV. An account of this work has appeared

in Nuclear Instruments and Méthods, 158 (1979) 153.
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