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F R EWORD

Recent reactor safety investigations have accentuated the

importance of fission products and intensified the need for

detailed studies of their nuclear properties. This led the

IAEA, under the guidance of its International Nuclear Data

Committee, to convene a Panel Meeting of specialists to review,

for the first time, the requirements for fission product nuclear

data (FPND) in the light of present knowledge. The size of the

meeting which was attended by more than 60 participants from 17

Member States and three international organizations illustrated

the importance and magnitude of national efforts spent on FPND

research. Sixteen internationally coordinated review papers

distributed to participants before the meeting covered all aspects

of use, status and requirements of FPND. They formed the basis

for stimulating discussions between users, measurers and evaluators

of PPND and led to numerous recommendations regarding future FPND

work.

The proceedings of this panel are published in two parts.

Part 1 consists of two volumes and contains all the review papers

presented at the panel; the sequence of the paper numbers does not

correspond to the sequence of their presentation (see panel

programme). The historical development that led to the holding of

this meeting and the scope of the panel are set out in detail in

the "Introduction" (review paper no. la). A detailed summary of

the panel's observations, conclusions and recommendations is given

at the end of volume 2 and is followed by detailed tables in which

required and achieved data accuracies are compared (Appendices A1-A5).

Part 2 of the proceedings (volume 3) contains selected contributions

to review papers. This part is being distributed only in a limited

number of copies. The individual contributions are referred to at

the end of review papers.

The scientific secretaries wish to express their deep appreciation

to the panel participants for their very efficient cooperation during the

meeting as well as thereafter during the preparation of the proceedings.
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Rev. Paper No. la

I ' ODUCTION

M. Lammer

Nuclear Data Section, Division of Research

and Laboratories

IAEA, Vienna, Austria

It is the purpose of this introduction to review briefly the historical

development which led to the present meeting.

The original idea to convene a specialist meeting on the subject "Fission

Product Nuclear Data" (FPND) was borne by Professor Benzi and Dr. Walker at

the occasion of the Second IAEA Conference on Nuclear Data for Reactors at

Helsinki, 1970. Recognizing the importance and timeliness of this subject

the Agency took up this suggestion and envisaged to convene such a specialist

meeting in 1973 provided that enough interest of Member States could be found.

At its Fifth Meeting in 1972 the International Nuclear Data Committee (INDC)

endorsed the Agency's plan and in the second half of 1972 the Nuclear Data

Section (NDS) sent a circular letter to more than 200 users and producers of

FPND soliciting their opinion and detailed comments on such a meeting.' More

than 100 replies were received, often representing collected opinions of

several scientists or groups. The replies demonstrated a high interest of

both FPND users and producers and provided important background information

to a preparatory consultants meeting which the Agency convened in December

1972 at its headquarters in Vienna.

This meeting was attended by the following scientists:

Dr. R.H. Flowers from AERE Harwell, UK, representing FPND users;

Prof. V. Benzi from the Centro di Calcolo, Bologna, Italy,
representing FP microscopic data;

Dr. M. Bustraan from RCN Petten, Netherlands, representing
integral FPND measurements;

Dr. S. Valente from NEA/CCDN Saclay, representing compilations
and evaluations.
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Apart from the scientific secretary, Mr. M. Lammer, and other members of NDS the

meeting was also attended by other Agency members representing FPND interest in

the fields of nuclear safety and environmental protection, reactors, life

sciences, safeguards, INIS and physics.

The main task of the meeting was to develop a programme for the FPND Panel

Meeting and to suggest appropriate ways for its preparation. It agreed on the

following main objectives of the Panels

- The panel should bring together users and producers of FPND.

- Users of FPND should specify their nuclear data requirements and their
priorities in detail as a prerequisite of the panel's discussions,
conclusions and recommendations.

- The status of knowledge of microscopic FPND should be reviewed together
with a critical corparison of existing evaluations and compilations.

- The testing of microscopic FPITD by integral measurements should be reviewed.

- The panel should identify and discuss further measurements, compilations
and evaluations required to satisfy the needs of FPND users. It should aim
at specific recommendations and measures for coordination of future work.

In order to meet these objectives and at the same time cover the discussion

topics adequately, the preparatory meeting recommended the following organization

of the Panels

a. The body of the Panel should be formed by 16 comprehensive review papers
covering the full scope of use, status and testing of FPND and forming the
basis for the discussions of the panel. In order to use the available
meeting time most economically individual contributions instead of -:being
reported separately should be included in the review papers with the
additional benefit that the review papers represent the international
state of the art in each topic.

b. In order to achieve maximum efficiency the Panel, further to the review
papers, should devote its time to discussions on open questions and to
deriving recommendations for further work.

c. The panel should discuss FPND of the following catagories most important
for practical applications.

- yields;

- neutron cross sections;

- decay data;

- delayed neutron data
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Because of the scope of the FPND to be discussed within one week, no FP data

other than specified above should be discussed at this Panel. The Panel should

therefore leave out problems and results of fundamental fission theory and

experiments, which were dealt with by the Agency's Third Symposium on the

Physics and Chemistry of Fission held at Rochester in the United -States in

August 1973. By the same token other data of importance to the nuclear fuel

cycle which were mentioned in several answers to the aforementioned cir'cauLr

letter should be excluded from the Panel's scope such as transactinium isotope

production data, data on physical and chemical states of FP and others.

d. In accord with user needs, fission products of the following fissile

and fertile nuclides should receive first priority:

Th-232, U-233, U-235, U-238, Pu-239, Pu-240 and Pu-241.

Second priority should have fission products of the following nuclidess

all other more important heavy isotopes occurring in nuclear fuel

cycles and more important spontaneously fissioning isotopes such as

Cf-252.

Having fixed these main objectives and organization of the Panel, the Preparatory

meeting then developed the programme for this Panel and defined the titles and

contents of the review papers.
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Review Paper No. lb

LIST OF COMPILATIONS, EVALUATIONS
AND COMPUTER CODES OF F.P.N.D.

S. Valente
OECD/NEA/CCD N

B.P. 9
91190-G if-sur-Yvette

France

Abstract

The paper lists the compilations, evaluations
and computer codes available at the time of the Fission
Product Nuclear Data Panel (Dolopna, November, 1973).
It covers fission product yields, neutron reaction
cross-sections, half lives, decay schemes, delayed
neutron data and gamma-ray spectra.

1. Fission product yields (independent and cumulative) as a
function of incident neutron energy or incident neutron
spectrum, including binary and ternary yields.

2. Neutron reaction cross-sections of fission products as a
function of neutron energy, in the following sequence of
priority:

(a) Capture : sigma (E) and resonance integrals
(including also capture cross-sections for
destruction of long-lived fission products such
as Sr-90, 1-129) ;

(b) Inelastic scattering 

(c) Elastic scattering;
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(d) Others such as neutron and gamma-production
cross-sections.

3. Half-life data for fission product ground and metastable
states.

4. Decay schemes, including:

(a) -ray and conversion electron energies and
intensities ;

(b) p mean energies and intensities

(c) Decay branching ratios;

(d) The total + y energy yield.

5. Delayed neutron data as a function of incident neutron
energy, including:

(a) Yields, half-lives energy spectra of delayed
neutrons and average data for delayed neutron
groups;

(b) Yields, half-lives,and emission probabilities of
individual delayed-neutron precursors.

6. y -ray spectra of fission products from neutron reactions
(capture, inelastic scattering, etc.) as a function of
incident neutron energy.

7. Computer codes for processing fission product data.

NOTE: The data types I, 2 (a), 3 and 4 (c) are basic for fuel
inventory and are referred to in working papers as
'Inventory data'.
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1 . Fission product yields

S. Katcoff

R . L . Ferguson et- al .

Yu , A. Zysin et al .

C .A . Anderson

I.F. Croal!

G . Cenacchi

E .A .C . Crouch

J . Bessis et al.

A.C. Wah!

USA

USA

USSR

USA

UK

Italy

UK

Nucleonics 18/11(1960)201 1960

OR N1-3305 1962

Fiss. Prod. Yields and their
mass distribution - Consultants 1964
Bureau. New York 1964

LA-3383

AERE-R-5086

(RT/FIMA(68)4
(CEC(68)6

AERE-R-6056

France CEA-N-1180(1), (2), (3)

USA SM-122/116

1965

1967
1968
1968
1969

1969
1969

out of date

out of date

out of date

out of date, Includes interpo
lated and calculated yields

out of date

difficult to obtain

purely calculated yields
(fractional independent yields)

difficult to obtain

only U-235 thermal yields,
independent yields evaluated,
cumulative yields are selected
values but not evaluated

H .R. Von Gunten Switzer. Actinides Rev. I.(1969)275 1969



CO

P. Hofmann

E.A eC« Crouch

K,Fa Flynn et al.

D,RS Mathews et a!.

W.HS Walker

tE8 Meek et al.

E,W. Sidebotham

Crouch

FRG KFK-EXT-BER-6/70-2

UK AERE-R-6642

USA ANL-7749

USA GULF-GA-B-1207!

Canada (CRRP-9J3
(CN-26/3
{AECL-3037 Part II
(SAEA/SM-170/34

USA (GEAP-5356
(GEAP-5505
(APED-5398 A
(NEDO-12154

UK 7RG-2I43(R)

UK AERE-R-7207
SAEA/SM-170/94

1970

!970

1970

1971

I960
1970
1972
1973

1967
1967
1968
1972

1972

J972
1973

difficult fo obtain

not freshly evaluated from
original experimental data

thermal yields only

compilation and evaluation

purely calculated yields: yields
were taken from other evaluations
and readjusted by calculation

compilation and evaluation
(thermal and pile yields)

E 0 A C C 4 Crouch UK AERE-R-7209 1973



C . Devillers

M . Lammer, et a! ,

E .A .C . Crouch

France IAEA/SM- 170/63

Austria IAEA/SM-170/13

UK AERE-R-7394

1973

1973 only evaluated data

1973 fasf- yields



2. Neutron rgoction cross-sections of fission products

G.D. joanou e t a ! . USA

j .R. Stehn et al.

G . Cenacchi

J . Bessis et ai,

H .D . Ferguson

A . R , de L. Musgrove

Y. Liu

J . L . Cook

E . K . Rose

(GA-2451, vols. 1,2,3
(GA-4132
(GA-4265

USA BNL-325 2nd edition sup.2

Italy (RT/FIMA(68)4
(CEC(68}6

France CEA-N-1180(1), (2),(3)

Australia AAEC/TM-520

Australia (AAEC/E198
(AAEC./E 198-1

FRG Juel-678 RG

Australia AAEC/TM 549

Australia AAEC/TM 587

W . K . Bertram et a!. Australia AAEC/E-214

D.R. Mathews et a!. USA GULF-GA-B-12071

1962
1963
1963

1965/66

1968
1968

1969

1969

1969
1970

1970

1970

1971

1971

1971

Description of GUNIA code

description of computer library on !y
(contains also resonance para-
meters at 30 KeV).

graphs of cross-section versus
neutron energy calculated frcm
exp. and eval. data

description of computer libraries
only

description of computer libraries
only

group cross-sections



A.Z . Nagy et al

V. Benzi et ai.

L . Stewart et al .

V . 8enzi et al .

NNCSC

AAEC

S . lij ima et al .

E . Clayton

F.W. Walker et a!

Hungary Journ . Rad . An. Chem,
7 (1971) 365

Italy

USA

I t a l y

(CEC(7)9
(RT/FI(72)6

(LA-4901
(LA-4918

Bologna library

USA (ENDF/B-III
(ENDF/8-1V

Australia Australian f iss. prod, cross-
sect , library in UK format

Japan
(JNDC-
JAERI)

Unpublished

Australia AAEC/TM-619

USA 11th Edition of the
GE-NR Chart

1971

1971
1972
1972
1972
1972

1972
1974

1972

1972

1972

1972

((for gamma-ray heating)

supplementing australian library
above 10 KeV. Data available
at CCDN{Sac!ay) / NNCSC(BNL)
and NDS(Vienne)

data available at CCDN(Saciay)
and NNCSC(BNL)

data available at CCDN(Saclay),
NNCSC(BNL) and NDS(Vienne)

tabulated thermal cross-sections
and resonance integrals calculated
from the austrajian library of
evaluated fission product point
cross-sections.



W.H. Walker Canada AECL-3037 Part

J. Krebs, P. Ribon France Unpublished

H. Matsunobu

C. Deviiiers

(CEN
Saciay)

Japan Panel of F.P.N.D.,
Bologna, 26-30.11.73

France IAEA/SM-170/63

O. Eder, M. Lammer Austria IAEA/SM-170/12

W. Seelmann-Eggebert
eta i . FRG

G. Lautenbach Nether-
lands

NUKLIDKARTE
4th edition

RCN-I9I

1972

1973

1965-
1973

1973

1973

1973

1973

thermal, resonance integrals,
pile (includes ail exp. data)

description of computer library.
Data available at CCDN (Sacicy),
NNCSC(BNL), NDS (Vienne),

freshly evaluated, updated and
estimated cross-sections

available only in March, !974



3. Hqjf-nfe do^o for fission product ground ond metastqble states.

M.R. l ye re ta l . India AEET/HP/TH-16

J . Lindskog et al.

R.J . Bullock et al.

T ,R . England

N.R, Large et al.

Y. Liu

A.Z , Nagy et al.

D .R. Mathews et al.

A.H . Wa pstra et al

Alpha, Beta and Gamma~
ray Spectroscopy, vol.11
P. 1599. North-Holland/
Amsterdam

UK AERE-M-2058

USA Thesis for Ph.D. at
University of Wisconsin

UK Nuclear Data Tables A7
(1970)477 ——

FRG JUEL-678-RG

Hungary Journ.Rad. An. Chem .
7(1971) 365

USA GULF-GA-B-12071

Nether, The 1971 Atomic Mass
lands Evaluation, Nuclear Data

A9(!971) 265

1964

1965

1968

1969

1970

1970

1971

1971

1971

tabulations of selected data
from other evaluations/superseded
data.

supersede R .J .Bullock et al.
AERE-M-2Q58

selected from other evaluations

C . Meixner FRG JUEL-813-RX 1971 source of data cf. JUEL-811-RX



F 8 W. Walker et al. USA Ilth Edition of the 1972
GE-NR Chart

QJ. Eder, M. Lammer Austria IAEA/SM-I70/I2 1973

A.Tobias UK CEGB-RD/B/M-2669 1973 recommended values after
survey of original publications

W. Seelmann- FRG (Nuklidkarte 1968
Eggebert et al. {Nuklidkarte 4th Edition 1973 available in March , 1974

D.J. Horen et al. USA Nuclear Data B Con-
Nuclear Data Sheets tinuing

M.J. Martin USA ORNL-4923 1973

CO



4. Decay schemes

Landolt-Bdrnstein

B.S, Dzhelepov et ol. USSR

B.S, Dzhefepov et al. USSR

R«U Heath USA

CeM. Lederereta l . USA

E 0 W, Sidebotham UK

G. Cenacchi Italy

R. De Tourreil

B . Barre et aJ.

T,R. England

France

France

USA

Energy Levels of Nuclei : 1961
A = 5 to A = 257, edited
by A.M. Heliwege and
K.H. Hellwege

Decay Schemes of Radio- 1961
active Nuclei. Academy
of Science Press, Moscow,
1958. English translation
Pergamon Press, New York,
1961

USSR Academy of Science 1963
Press, Moscow, 1963

iDO-16880-1-2 1964
T1D-4500, 31st edition

Tables of Isotopes 1967

FYAWP(68) P.I! 1968

(RT/FIMA(68)4 1968
(CEC(68}6 1968

CEA-N-1023 1968

CEA-N-II9I, 1193 1969

Thesis for Ph.D. at 1969
University of Wisconsin

(for decay heating)



to
0

I.P. Selinov

M.J . Martin et al.

G.R. Crocker

D ..J. Horen et ai

A.Z . Nagy et al.

D.R. Marr et a!.

C. Meixner

1. Costa et aj.

A.H. Wapstra et al

M.A. Wakat

J . Blachot et al.

USSR Izdatelstvo "Nauka", 1970
Moscow, 1970

USA Nuclear Data JA 1-2 1970
1970

USA AD-659980 1970

USA ORNL-4627 1970
ORNL-4730 1971

Hungary Journ. Rod. An. Chem. 1971
7(1971) 365

USA HEDL-TME-71-27 1971

FRG JUEL-8U,812,813-RX 1971

France (J . Nuct. En .25(1971)285 1971
(J. Noel. En.26(1972)431 1972

Nether- The 1971 Atomic Mass 1971
lands Evaluation, Nuclear Data

A9{ 1973)265

USA Nuclear Data 8A (5-6) 1971

France (CEA-N-1290 1971
(CEA-N-1526 1972

pure levels schemes without
indicating transitions

tabulations containing not
original evaluated data



F.W. Walker e ta ! .

M. Sakat

J. Mantel

J. Krebs, P. Ribon

C . Devillers et al,

O .J. Eder and
M. Lammer

A. Tobias

USA

Japan

USA

France
(CEN
Sacloy)

UK

W. Seelmann-Eggebert FRG
et ai.

11th Edition of the
GE-NR Chart

Nuclear Data Table A10
(1972)511

Int. J . Appl.
Radiation Isot. 23(1972)407

Unpublished

France 1AE A/S M-170/63

Austria I AE A/S M-170/12

(CEGB.
(CEGB-
(CEGB-
(CEGB-
(CEGB-

•RD/B/M1551
•RD/B/M2058
•RD/B/M2453
•RD/B/M2356
•RD/B/M2669

D.J . Horen et al. USA

(Nuklidkarte
(Nukiidkarte 4th edition

Nuclear Data B
Nuclear Data Sheets

1972

1972

1972

1973

1973

1973

1970
1971
1972
1972
1973

1968
1973

Conti-
nuing

collective bands of levels for
even-even nuclei

data available at CCDN(Saclay),
NNCSC(BNL) and NDS(Vienne)

data available as printout from
SGAE (Seibersdorf) Status 1971

available in March 1974



R. j, Bullock at at.

R4U Heath

UK

USA
(Idaho)

V , Sangiust et ai.

M,J. Martin

Italy
(Milan

Polytechnic)

USA

AERE-R-7213

AEC Catalog of Gamma
Rays of Fission Product- Data

Gamma spectra for Fission
products (short iived)

ORNL-4923

1973 not yet published

Con- contains pure decay
tinuing gamms spectra

In pre-
paratio?i

1973

CO
CO



5. Delayed neutron data as a function of incident neutron energy

to
CO

G.R. Keepin

P. Del Marmol

S. Amle!

A. Evans et at.

L. Tomlinson

F, Manero et al.

USA Physics of Kinetics
Chapter IV. Addlson-
Wesley, Reading, Mass.

Nuclear Data Tables A6
P.HI ——

Israel Proceedings of Second
Symposium on Physics &
Chemistry of Fission,
IAEA, Vienna(1969), P.569

USA LA-DC-72-561

UK AERE-R-6993

IAEA Atomic Energy Review,
vol.10, Ni'4, P,637

1965

1969

1969

1972
(Conti-
nuing)

1972

1972



CO

6. ^y-roy spectre of fission products from neutron reactions

E. Der Mafeosian e ta l . USA BNL-605(T-!77)

G.A, Bartholomew et af, Canada (Nuclear Data A3 no,4,5,6
(Nuclear Data A5 no.1,2

R . Gunnink et al.

L.V, Groshev et a!.

J ,B. W i J h e l m y

R.H. Ff lbx et al.

K 8 H f i Appelman et ai.

j.R, Bird et al.

J.S. Story

USA UC1D-CMM-1969

USSR Nuclear Data A5 no.3,4

USA Dissertation, Univ. of
California, Berkeley

USA Washington State Univ,
report WSUNRC~97(2)

Holland (RCN-72-004
(RCN-72-005
(RCN-72-037
(RCN-72-038
(RCN-72-123

Australia Nuclear Data All no. 6

UK UKAEA Library
(Winfrith)

I960

1967
1968

1969

1969

J969

1970

1972
1972
1972
1972
1972

tables and graphs of capture
gammas.

lab. Livermore

tables and graphs of capture
gammas

High-resolution gamma and
X-ray spectroscopy on
unseparated fission products.

gamma spectra of fission
products ; infernal laboratory
reports

1973 tables and graphs of capture
gammas

Con-
tinuing



7. Fission product codes

AIMFIRE

CINDER

CURIE

FISP

FISP 2

Atomics International Multicycle Fuel Inventory
Reprocessing Economics. Developed for estimation
of fuel cycle costs.
(Atomics International)

A one-point depletion and fission product programme,
WAPD-TM-334, August 1962, rev.1964.
(Westinghouse Atomic Power Division)

Fission product inventory code developed for
evaluating its radiological hazards.
(Atomics International)

A comprehensive computer programme for genera-
ting fission product inventories.
(BNL/NNCSC)

A programme for the calculation of fission product
inventories, by R.H. Clarke and R.E. Utting,
RD/B/N- 1737, RD/B/N- 1427.

FISP 4 and
HYLAS 2

FISPRO II

FISSPROD

FP-DP

FP-y

FPIC

Updated versions of the computer programs for
calculating radioactive fuel inventories, by
S.M. Beynon, April 1973, CEGB Report
RD/B/N-2633.

A programme for the calculation of fast neutron
radiative capture cross-sections of fission products,
RT/FI(69)44.
(CNEN, Bologna, Italy)

G-20 computer program for calculation of fission
product absorption in thermal reactors, by F. Lane
AECL-3038 (1969) Chalk River, Canada.

A programme for the calculation of decay power
of fission products, by K. Tasaka and N. Sasamoto.

A programme for the calculation of gamma-ray
spectrum of fission products, N. Sasamoto and
K. Tasaka.

Fission Product Inventory Code. Developed for
Seating and shielding analysis.
(Lockheed Aircraft Corporation)
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FP-S A programme for the calculation of fission product
inventories, by K. Tasaka and N. Sasamoto,
JAERI 1198(1971).

GABS A code for treatment of fission products in burn up
calculations, using recent nuclear data applied to
graphite reactors, by Yosen Liu,
J UL-678-RG (1970).

HYLAS A programme for the calculation of fission product
inventories, by R.H. Clarke: RD/B/N 1722 heavy
metals.

ICON A programme for the calculation of fission product
inventories, by R.L, Faircloth and MJ. Hopper,
AERE-R-6242 (1970).

ISOGEN A computer code for radio ISOtope GENeration
calculations,
(General Electric, GE-HW)

KASCO A programme to calculate heavy metal burn up and
fission product yield in HTR, by R. Wagemann and D. Wahl,
AVR-Report T-1, H5-X1 (1972).

ORIGEN Oak Ridge Isotope GENeration. Originated as an
FBR-fuel code.
(ORNL)

PEPIN LE BREF A programme for the calculation of the activity of
PLUS PEPIN fission products, by R. de Tourreil,

CEA-N-824 (October, 1967).

PHOEBE A computer code for PHoton Energy and Beta Energy
calculations : bulk radioactive and thermal properties
of highly-enriched LWR-fuel.
(ORNL)

PICFEE II A programme for the calculation of the concentrations
and the activity of fission products,
C. Devillers et al., SERMA 1185 (January, 1973).

26



RIBD Radioactive Isotope Buildup and Decay.
Developed to evaluate biological Tiazards and
heating effects accompanying radioactive decay.
(United Nuclear)

SFP A computer code for estimation of Spent Fuel
Properties which influence reprocessing.
TORN L)

SOSUM SOurces and SUM, for shielding and heat transfer
at reactor fuel discharge.
(Atomics International).
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FISSION PRODUCT ITUCIfJR DrTA (FPND) AND ERVIRONEENTAL
ASPECTS OF NUCLEAR FUEL CYCLE

by

M.R.Iyer, D.N*Sharma & A.K. anguly
Bhabha Atomic Research Centre

Health Physics Division
Bombay 400085, India

ABSTRACT

The paper reviews the availability and incompleteness of

FPD that are important for the evaluation of environmental impact

of release of fission products from various operations in the

nuclear fuel rcle. The fields where relevance of FPN in environ-

mental investigation and safety are well established are listed.

It is emphasised that in every environmental and regional setting

the investigator is required to discover for himself the signifi-

cance of the presence of specific radio-nuclides in their respective

context. Possible global environmental consequences of fission

product releases are indicated as may arise from H-3, Kr-85,un-

fissioned fissile matter and neutron emission in nuclear explosions

and fuel reprocessing. It is observed that data on independent

yield in spontaneous fission or fission induced by fast neutron are

mostly not available. There is a dearth of information on radia-

tion from fission products at short times (upto a few seconds)

after fission. The data on fission products are mostly better known

only for three or four products next to the stable one in the chain.

As predicted by a model study, out of a total of 671 fission

products in the mass range of 80 to 156, approximately 333 remain
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to be identified. Dependence of teaasy fission yields specially

of H-3 on neutron energy is not well established. With the build

up of nuolides of low spontaneous fission half-lives in the reactors

and presence of these in waste streams from processing plants,

precise FPND data and neutron cross section data including multiple

neutron capture cross sections assume significance. Importance of

investigations on recoil chemistry of fission products and trans-

uranic elements and anger shower that determines the chemical state

of the nuclear species in the environment, has been emphasised.

Further, the paper discusses different possibilities of getting such

information and emphasises the need for refinement of systematics

and theoretical models for predicting FPND which are difficult to

obtain directly through experiments.

1, INTRODUCTIONt

In the present review we will draw a distinction between

Fission Fraegents (FF) - as those nuclear species that are

formed immediately after fission and

Fission Products (FP) - as those nuclear species resulting

after prompt neutron evaporation from the fragments,

Figel shows the limits of the neutron number of FP for each Z

formed in the neutron induced fission of U-235 /1.7 Similar

figures could be drawn for other fissioning nuclides also,

1*1 Release of Heavy Elements from Processing of
Fissile dan Fertile Materials

The nuclear fuel cycle starts with the mining and milling

of uranium and thorium ores and consideration of environmental

aspects has to take into account the release to the environment,

of long-lived naturally occuring alpha and beta emitters

like 
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Th-250, Ra-226, Pb-20CO Pa-231, Ac-227, Ra-228 and

some amounts of unrecovered U-238, UT-235, U-234,

Th-232 and Th-228

from the opened minerals, together with their comparatively

short-lived alpha and beta decay productso Reprocessing of

irradiated uranium matrix releases some unrecovered plutonium

and uranium together with a number of transuranic elements.

Moreover, reprocesaing of irradiated natural thorium matrix

from fast breeder reactor also releases some Th-232, U3-233,

U-232 and Th-229 together with a series of short-livwd alpha

and beta decay products, The technologE of breeding fuel is

gaining importance with time,

Local or global releases of such activities can be

estimated from the productfion figures of fissile and fertile

materials, The nurclear properties of these railo-nuelides are

well established for use in assessing the environmental aspects.

We will not consider these racio-nuclides in the present reviews

1.2 sources of FP

The largest gr~op of artificial radio-nuclides, viz PP

and transuanic elements, as possible cicntaninant and radiation

sources in the human environment, is produced by neutron induced

fission as a result of exploitation of nuclear energy by man.

FP disperse into thbiosphere as effluents or releases

principally fromas

operation of nuclear reactors,

operation of fuel reprocessing plants,

reactor accidents, nuclear explosions and
criticallty excursion of fissile. material
mass and

failure of FP containments.
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*3 khvironmental Aspects of FPND

In the environmental considerations and quantitation

f effects, one of the essential inputs is the basic nuclear

ata. of the .P. The relevance of FPND including neutron cross

ections and yields are well established in the fields of

ssessmont and investigations on:

reactor and criticality accident analyses and
releases,

accidents involving release of FP from
containments,

nuclear explosions and releases,

build-up of FP and transuranic elreents In
reactors,

radioactive waste, its management and
pennissible effluent releases,

radiation field and shieldjnp for protection
from contained ITP,

therm.al output from contained FP for disposal,
stora, . or ust,

radiation f'l ld froi effluent .and from 'P
dispersed or dinpersi.ig in the envrrolnmen't*

ener.,?y transfer parcneGtora: from disintea, athig
FP into the s.urroundinr maedia,

enrvlronmental. dist.r-buti on and ecoloi.ical
consequences of the presence of 'PP in the
differclt matrices and bio]loical s:.ysterns,

FP chainss s tracers for ,eochronolo,. i cal
cleraistry, biological uipt;ak'? disnersion,
tra.nsport and reconcentration pnrocs :e;
in the environment,

radiation er)osure of man and routis for the
appea-rance of 'P i hr-7lmmn nyrtem and

ac ivation of reantov core consti tunt.sna

Method.olocy for uttilinatio of FPPNM) .re ''uieid

and complemonta-y non-nu.clerx '-ta or infonmations required

in ;.he study are also extremely varied. Ninerous publicalt.ons
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of ICRP, TNSCARa and TIAA emlnently demonstrate the methodo-

logy and its complexity in the assessment of radiation doses

and resulting hazards from various sources to man. Stupendous

volume of publications are available dealing with the

environmental impaot of the presence of ?P and the resulting

hazards to man and eco-systems, Bazards of IP vary with the

environment and the extent and nature of its utilisation by

man, To cite an example, hazarcs due to the presence of Sr-90

in fresh water system is much different frm that due to its

presence in sea mwter, In every environmental and regional

setting including h.an habitation and habit, the imnesitgator

is required to discover for himself the significance of the

presence of different radionuclides in their ccxtext, Global

environmaetal consequence of radioactive r&sa.-ses a;r sing

fr'm utilisation of fission pbrocess by an had so far been

essentially from a

FP and nreutron vaporation therefosm,

PP and tunfissioned fissile materials in
atmospheric explos ions and

possible accu-ulation of Kr-85 and H-5
in the biosphere from reactors and fuel
reprocess lag plants,

1.4 Accuracy needeA for FPND in^ oautine Work

It has been stated with some Jstification that

available FPND have provided a.dequate infomiations aa needed

in radioactive waste maaigement work and for purposes of dose

predictions in the environment, Becavse of large uncertainties

ins

the escape of radio-nuelides from reactor
and containment systemtS

fractionation during radioactive waste
treatmaent and
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setting up perQiesible limits for releases
into the environment,

some authors are of the view that the data on FP yields need

only be known to within a factor of 2 of the true datat2J.

It is recommended by various authors that gross calculational

methods and good integral measurements under different practiaal

situations are only needed in routine radiation protection work

and in radioactive waste mana.gement. Precision data needed for

routine work ,'.' half-lives, decay schemes and decay energy

spectra of FPe

1,5 Scope of the present Review

In the present paper, we shall review the situation as

to the incompleteness of the waailable FPND and the connected

fission data of the fissile nuclides and their relevance for the

environmental assessment and. investigationse In nuclear reactor

operation, a series of other induced radio-nuclides are

formed, either in the fissioning matrix itself or in the

matrix surrounding the fissioning systemo Computation of

the produ ction and concentration of these induced radio-

nuclides in the matrices require informations on neutron

spectra, flux and activation cross sections for the spectra

obtained in these areas, Although, integral measurement

data are applicable to a particular system, discrete energy

data on the oe abo e are cessary for universal applicationo

Consideration of such nuclides in the anvirormental context

is important, however, the paper only considers those that

are fissile and have spontaneous fission half-lives low or

comparable to their alpha half=lives.
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and in fast reactor systems. Ecperimental results on the variation

of V with incident neutron energy are available~_8 7 Spectral

informations of emitted neutron except for thermal neutron induced

fission are not that precisely knownm-

2*2 Availability Status of FPND and FP yields in
Binary Fission and their Use

FP of major interest in the studies of environmental

aspects are those produced in binary fission. Global and local

estimates of the inventory of FP from:

nuclear explosions or excursions,

nuclear reactor operations and

spontaneous fission

are to be made frons

yield data of individual FP,

scale of use of fissile materials and

production of nuclides of low
spontaneous fission half-lives,

Thermal neutron induced fission is the most widely

studied and sufficiently accurate data are available on mass

yield, independent yield ~9 _7 and FP activities beyond a

few seconds of fission for U-233, U-255 and Pu-239. Limited

data on fission neutron or fast neutron induced fission are

available, though not with comparable precision. Somewhat

imprecise data on prompt and delayed neutron yields for fast

fission are known. While gross ? values are well established

(1-2%), 7(A) values even for thermal fission are not that

precisely known. FPND of discrete energy neutron induced

fission is gaining importance with the development of fast and

intermediate energy reactors, nuclear explosives and excavatorse

Precise data on pile neutron spectrum coupled with neutron cross

section data at discrete energr intervals or data obtained from
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2. PERSPECTIVE FOR UTILISATION OF FPM:

2.1 Basic YID and Use

Comprehensive compilations of nuclear properties of

FP and fissile nuclides are available in a number of publica-

tions ,3, 4, 5 _7 Precision data of relevance in environmental

and exposure studies such as:

Q values and nature of radioactive
disintegration,

decay scheme and gawma spectra,

radioactive e.d spontaneous fission
half-lives and

natural isotopic abundances

are available in these documents and in the nuclear data sheets

published (USA) from time to time, For the current Panel

Valente 7 _7 has prepared a comprehensive list of compilations

on various FPND. Extenasive use of such date. for settiug up

radiation protection standards for man was made in the ICRP

conrnittee-2, IUNSCISAR and in many national publications* The

absorption and elimination of aispersed radio-isotopes by man and

other living organisms and the concept of biological effectiveness

of different types of radiations (related to the linear energy

transfer rate in tissues) are used to develop the prescriptions

for pexmissible levels of FT in the environment and in the environ-

mental products used by man, Data on linear energy transfer rates

from beta particles of a given epectnra and heavy fragments like

FF in tissues are not available but FF range values are available

J7 .
Precise experimental informations on Vvalues for different

fissioning nuclides - spontaneous or induced by neutrons of

different energies or spectra - are of significance in the

assessment of activation reactions in nuclear explosionspexcumaions
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integral measurements are necessary in FP computational work.

Data on independent yields in induced fission by fast neutrons

are still mostly to be obtained empirically or by model computation*

The individual FP yield data together with the data on:

half-life,

decay-scheme,

branching ratio,

beta-decay energy and spectrum,

prompt fission ga~ma spectrum and
neutron spectrum and

conversion electrons energy and
output

are necessary for

calculation of FP inventories and
shielding requirsments,

evaluation of heat production,

identification and estimation of
individual FP,

assessment of chemical state,

assessment of mobility of recoiling
daughter species in the biosphere
and in biological system and

evaluation of the hazards from
accidents and explosions.

In addition to this, data on many of the short-lived

precursors of FP are not available (CfoFige2). Many solid FP

precursors are gaseous or volatile at short times after fission.

These gaseous and volatile precursors appear away from their

fission domain particularly in nuclear criticality excursions

or explosive reactions and as such their decay products appear

as fractionated nuclei, The ratios of certain FP activities have

often been used specially in fallout mieasurements for obtaining

information on the device< It has been attempted 1o07 in some

of the recent systematics to estimate the efficiency of an
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explosion from the ratio of certain FP and activation product activi-

tiet to the fissile material activity, whicn do not undergo signifi-

cant fractionation relative to one another in the fall-out. Precise

yield data on FP are of importance in quantitative understanding of the

fractionation and in the studies on atmospheric and environmental

transport phenomenon*

Dearth of data is keenly felt for integral analysis of radiation

exposure at short times after fission in nuclear accidents ana explo-

sions. It is known that total decay energy release from thermal neutron

fission product ganmas is aJmost equal to that from prompt gammaso But,

because of the fast time dependence of the former, the gamma exposure

at a point would be critically dependent on the tine of exposure. About

25% of the energy released from PP takes place within the first 10

seconds after fission and 40% in the first 30 seconds -11, 12_7.

2.3 H-3 Data in Ternary Fission

Amongst ternary FPSD, fission yield data on H-3 is the most im-

portant ~15_7 because of its biologicai significance and also its

usefulness as a tracer in the environmental dispersion study. H-3

yield data has relevance both for nuclear explosion and for reiu''. I'(s:itr'i

plants handling high burn-up fuel, H-3 yield data are also important

for reactors which use stainless steel cladding of fuel elements, be-

cause a significant fraction of the product tritima can diffuse through

the cladding into the primary coolant.

2,4 Data on Secondary Products and Spontaneous Fission

While considering the impact of FP on the biosphere, one

has also to take into account, the formation of secondary products

in the fissioning matrixo For this nuclear data are

required to assess the foraation and yield of transuranic

elements in reactors and in nuclear explosions, few of which

have relatively short spontaneous fission half-liveso In

the formation of transuranic elements, the cross sections
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for multiple neutron capture processes are of importance and

data are scarce in this area. In breeder reactors (n, 2n)

reactions are also of significance in the build-up of

secondary products.

With the availability of spontaneously fissioning neutron

sources and also presence of these in waste streams from repro-

cessing plants, nuclear data on spontaneous fission are of

importance in the environmental context. Eperimental data on

spontaneous fission half-lives are known with reasonable degree

of accuracy but independent yield data on FP are imprecise,

2.5 Recoil Chemistry of FP andL Transuranic Elements

The recoil chemistry of FP and transuranic elements in

the environment has not been studied in any detail. A daughter

nuclide immediately on formation can get displaced from its

location by virtue of recoil and the auger shower following

the process of transmutation, with or without significant recoil

energy, gives rise to a very sharp local change of the states

of the other chemical species or legands. The final valence

state of the daughter product is greatly determined by those

sharp changes and also on the chemical nature of the general

environment in which transmutation has taken place. The mobility

and fractionation of such nuclide in the environment, to a large

extent, is then determined by the chemical state in whicn it

finds itself as compared to the parent nuclide. The processes

of chemical fractionation of FP and transuranic elements in a

fluid environment are expected to influence profoundly the

migration of the decay products in the environment and in the

biological systems.
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3. POSSIBILITIES FOR OBTAINING NEW FPND)

3,1 IP Mass Yield and Charge Dispersion

In the absence of enough experimental data on FP inde-

pendent yields in fast fission, many compilers had to take

recourse to certain assumptions e.g. equal charge dispersion

width for all masses -9_7. This assumption is known to be

incorrect for the case of thermal neutron fissioh of U-235, but

has been in use for high eneray fission reactions. The charge

dispersion parameters of the fragments have some times been

assumed to be constant L14_7 but a model study 1]_ shows

that it does vary with fragment masso An appropriate chock

for a set of charge dispersion parameters would be to calculate

the total elemental yield and look for equality of yields for

complementary charges [ 17. Direct experimental detennination

of these parameters are difficult in the present state of

development in experimental techniques* Information on these

can come only through some empirical procedures or from compu-

tations based on theoretical models,

3.2 Beta-Gamma Activities and Half-Lives of
very Short-Lived FP__

In the absence of experimental data on individual FP

yields and gamma spectra, in the time region of a micro-second

to a few seconds after fission, recourse has to be taken to

integral measurements on FP activities. Some measurements at

short times after fission exist [-11, 15, 16, 17J7. More

detailed measurements, especially on gamma spectra for fission

induced by neutrons of different energies are called for.

The gamna energy release rate calculated from the publi-

shed nuclear date o? indi.viLut 1,2 is founld to be about two orders

of magnitude lower than the experimental values, for decay times
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less than 100 seconds L-117. Thi is attributed to the fact that

the nwlear data ws not adequately or completely available on

FP of half-lives less than a few seconds. It has been estimated

that the characteristics of about 100 FP, mostly short-lived

having appreciable yields, remain to be identified or studied

Z 182
The data on FP are generally knImo only for three or four

products next to the stable one in the chain. The order-

disorder model gives the limit of ?P chain fi7. ttts the

lowest possible charge for each mass can be obtained and it

gives an idea of the number of products for wich data are not

available. Fig. 2 (adopted from Fig.1) gives the chart of the PP

decay chains. Out of a total of 671 FP tabulated for masses in

the range 80 to 156 in the chart, ~ 333 remain to be identified.

If one arbitrarily assumes that PP having yields less than 1%

of the chain yield, are not of sigaifioance, then 243 mn-

identified EP would not have to be considered as important.

The thick line in Fig.2 shows the boun o of IP having yields

less than 1% of the chain yield.

The lower limit of coaposite fission product beta decay

half-life has been established as 0*2 seconds E'17J by integral

measurements. An earlier experiment wit FPP gamaas also gave

the lower limit of cposite gaaama-deoay half-life as 0,2

seconds L~197. One recent measurement has identified a FP

(In-132) beta decay half-life a s as .ho 12 seconds T20J.

For each mass chain, the half-lives of its unidentified pre-

cusors have been found by extrapolation on the basis of 0.2

seconds as the limiting half-life. The gross FP beta activity

calculated by including these extrapolated data is found to

agree with integral measurements for decay times dom to 1
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milli-seconds [21_, However, much smaller half-lives than

0,2 seconds for isoneric transitions exist and their identies

are yet to be established.

The maximum beta energy for composite FP at 0,096

seconds of decay has been found to be 5,7 Mev -17_. The

integrated PP gamma energy release upto one second after fission

was estimated to be 0,454 Mev/fission J11_7.

3.3 Ternary-Fission Yield Data

The rate of production of H-3 is around 1 atom per

1 x 104 to 2 x 104 fissions, in U-255 thermal neutron fission

5~22_. Spontaneous fission of Cf-252 gives around 1 atom

per 4500 (+ 900) fissions 5~235_7 A detailed compilation of

H-3 yielas mostly for thermal neutron induced and spontaneous

fission are reviewed by Cuninghame ~-24_. The 5-3 yield from

the fissioning nuclei is critically dependent on the incident

neutron energy ~25_. Data on ternary fission yield of E-3

as a function of incident neutron energy and fissile material

should be known precisely for fast systems,

3.4 Data on Spontaneous Fission of
Traxauranic Elements

Data on the formation cross-section of spontaneously

fissioning nuclei as a function of nletron energy is to be

knowa with accuracy for predicting their inventories, Integral

measurements on the foraation of these transuranic elements

under the situations obtained in different reactor systems wuld

be of validity in production and environmental investigations*

Nuclides like:

Cf-254 OCm-250, Cf-252, am-248

could be of local significance, as the spontaneous fission half-

lives of these are short and or comparable to their alpha decay
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half-lives. Pu-240 is present in considerable quantities in

high burn-up fuel. Although its spontaneous fission half-life

is much longer than its alpha-decay half-li e, because of its

presence in high relative proportion, the neutron output from it

can be of significance. Further, interest in Pu-238 is developing

because of its industrial applications. It has low spontaneous

fission half-life and as such its presence in environment also

needs consideration.

3.5 Multiple Neutron Capture Processes and (n, 2n)
Cross-Sections

The experimental difficulties are prohibitive for measure-

ments of the formation cross-sections of many of the transuranic

elements by multiple neutron capture process eog. as in the case

of nuclear detonations involving successive capture of several

neutrons during the life-time of the excited state of the com-

pound nucleua resulting from the previous capture. So, the

experimentalist has to take recourse to and improve upon the

integral techniques for measurements of the yields of such

nuclides, formed in nuclear detonationsand in high flux reactorsa

Further, especially for breeder system, build-up of heavy elements

by (n, 2n) reactions have to be computed from theoretical estimates

of the cross section [26, 277 in the absence of measured values.

3.6 Data on Recoil from radioactive Nuclides

Recoil energy of FP and transuranic elements and dispersion

of these in the environment can be assessed when the decay schemes

and yields are known with precision. Tabulated or graphical

representation of recoil energy spectrum specifically of light

FP and the alpha recoil of the transuranic elements would be of

significant use to research chemists and biologists. For this

purpose precise beta spectrum data of individual FP of interest
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are necessary Thers had been excellant compilations on the

gaa spectra of a large number of EP but no such compilations on

beta spectra are available*

3*7 Predictive Method for Primary Data on

It would be a long ttoie, if at all, that the experimental

parca data on individual WF end P could be obtained for all

the cases. Alternatively, it is likely to be more rewarding to

refine the eystematics and theoretical or semi-empirical models

for computational puposesB. Thep procedures that are now availa-~

ble ~'28J for calculating number of neutxns evaporated and the

spectra and various other pasatera need precise values on

atomic nasses and enutron binding energies. These are obtained

from masa formulae e.g. Zeldea et al (29] and the acouracy of

these in trnu depends on the experimental vales of atomic masses

used in deriving theseo, pstra at al (-307 giva a table of

precise atomic masses and such data on maor FP are necessary to

improve the accuracy of mass formula e This evisages availabi-

lity of good cmputer atone and retrieval facilities for FPND
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(UKAEA) for their communications and conments in the preparation

of this reviewa

* Published in these Panel proceedings, Vol. 3.

44



RFRENCES

ff17 IYER,M.R., GANGULY,A.K., Nuclear charge distribution
in fission fragments, Phys.Rev. C 3 (1971) 785.

~-2]7 ESWICK,T.C., Fission product nuclear data and
environmental aspects of the nuclear fuel cycle,
Personal Communication (1973).

L5]7 LaLDOLT-BORNSTEIN, Energy Levels Of Nuclei, A-5 to
A-257 (ELLaEGBE, A.., ELIaEGE,K.H., Eds) (1961).

[47 DZEELEPOV,B.S., PEKER,L.-., Decay Schemes Of Radio-
active Nuclei, Academy of Science Press, Moscow (1958),
English Translation, Pergamon Press, New York (1961).

5]7 LEZMBR,CM., HOLLANDER,J.T ., TPER ,, able of
Isotopes, Sixth Edition, John Wiley and Sons, Inc.,
New 'ork (1968).

[L6] 7 VALSNTE,S., List of compilations, evaluations and
computer codes of FPD, Paper No. lb, Current Panel.

Z]7 7 YlI'E,E.K., A Review Of Nuclear Fission Part One -
Fission Phenomenon At Low Energy, Rep. UCRL-9036-Rev.
(1962).

[8]- TERRELL,J., Prompt neutron from fission, First
Sympoesiu On The Physics And Chemistry Of Fission
(Proc. Symp. IAEA, Salzburg, 1965) .I, Vienna,
Austria (1965) 5.

9%7 IEMK,1'.E., RIDER,B.F., Compilation Of Fission
Products Yields, Rep. NiDO-12154 (1972).

10_7 VOBRAf,.G., MISHRA,U.C., SADASIVAN,S., Fallout
Studies On The Chinese And French Nuclear Tests
During 1964-69, Rep. BRC-549 (1971).

[11_3 IYER,'i.R., GAIGULY,A.K., Gamma energy release rates
from fission products at short times after fission,
Third United Nations Int. Conf. Peaceful Uses At.Energy
(Proc, Conf. Geneva, 1965) j., UNT, New York (1965) 155.

45



-12_7 IYR,M.R., Variation Of Gamma Energy Release Rates
And Radio Toxicity Of Fission Produots With Time,
M.Sc. Thesis, Bombay University, Bombay, India (1964).

'133 LASERM., MERZU,., Fission product nuclear data and
environmental aspects of the nuclear fuel cycle1

these Panel proceedings, Vol. 3.

[142 GORDON,G.E., ARAS,N.K., The energy balance in fission
and Monte Carlo calculations on prompt neutron
emission, First Symposium On The Physics And Chemistry
Of Fission (Proc. Symp. IAEA. Salzburg, 1965) II
Vienna, Austria (1965) 73.

153 ] WALTON,R.B., et al., Delayed gamma rays from photo
fission of 1-238, U-235, and Th-232, Phys. Rev.j4. B

(1964) 824.

[167 FISEHB,P.C., ENGLE,L.B., Delayed gammas from fast
neutron fission of Th-232, U-233, U-235, U-238 and
Pu-239, Phys. Rev. C 6 (1972) 2252.

[177 IER,M.R., GANGULY,A.K., Beta decay of Pu-239 fission
products at short times after fission, Journal of
Nuclear Energy, 24 (1970) 171.

['18j ARMBRUSTER,P., EIDENS,J., ROECKL,E., Separation of
fission produets from thermal neutron fission sources,
Ark. Fysik, 36 (t967) 293.

[197 IYER,M.R., GANGULY,A.K., Compilation and computation
of data on the nuclear properties of U-235 fission
products, All India Symposium On Radioactivity And
Metrology Of Radionuclides, (Proc. Sympi.BoBmbay,1966)
Bombay (1966) 460.

-20]J RUDSTAM,G., Status of decay data of fission products,
Paper io. 12, Current Panel.

r21_7 IYER,.R., Charge And Energy Distribution Of Fission
Fragments In Low Energy Fission And Their Neutron
Evaporation And Beta Decay Characteristics, Ph.D.Thesi,
Gujarat University, Ahmedabad, India (1971).

46



[22J7 ASIJNSIUS,E.L., O1DKREJEIN,R.S., Nuclear fission
produces tritium, Nucleonics, 189 (1960) 100.

E23_7 WATSON,J.C., High energy alpha particles from the
spontaneous fission of Californium-252, Phys. Rev.121
1 (1961) 230.

-24]7 CUNINGHAlE,J.G., Review of fission product yield data
for fast neutron fission, Paper No. lb, Current Panel.

~25J FLUSE,M.J., DUDEY,N.D., MLEWICKI,R.L., Tritium and
alpha particle yields in fast and thermal neutron
fission of U-235, Phys. Rev. C 6 (1972) 2252.

r-26j HARI SI GH, Effective (n, 2n) reaction cross sections
for fission neutrons, Nuclear Physics Symposium (Proc.
Symp. Bombay, 1963) Bombay, 27 March (1963).

27-7 SCBMIT,J.J. , Neutron Cross Seotions For Fast Reactor
Materials, Rep. KFI-120 (1966).

f287 IyEB,M.R., GANGULY,A.K., Neutron evaporation and
energy distribution in individual fission fragments,
Phys. Rev. C 5 (1972) 1410.

r29J ZEIDES, N., GRONAUI., LEB,A., Shell-model semi-empirioal
nuclear masses, Nucl. Phys. §6 (1965) 1.

~3j0_7 WAPSTRA,A.H,, GOVE,N.B., "The 1971 atomic mass evaluation",
Nuclear Data A 9 (1971) 265.

47



CO

FtS.T

FISSION FRAGMENT FORMATION SCHEME
(MASS80 TOJ56)

NEUTRON HUMBEROf FIS«ON FRAGMENT-



flG.2.: FISSION PRODUCT DECAY CHAINS
(ACCORDING TO FORMATION SCHEME ADOPTED FOR ORDER DISORDER MODEL)

CO

59 S*



FIG.2: (cent.)

37 38 39 40 41 42 43 54 53

•

52 51 50

z
4fl



Review Paper No. 3

THE IMPORTANCE OF FISSION PRODUCT NUCLEAR DATA IN THE

PHYSICS DESIGN OF POWER REACTOR CORES

J. G. Tyror

United Kingdom Atomic Energy Authority

Atomic Energy Establishment

Winfrith, Dorchester, Dorset

ABSTRACT

The paper reviews the effect of fission product poisoning on the in-core
physics performance of fast and thermal reactors. The main impact is on fuel
reactivity although differential effects associated with temperature and
voidage are important as is the effect of Xe-135 on thermal reactor kinetics.

The sensitivity of fission product captures to yield and cross-section
data is discussed. Target accuracies on fuel reactivity lifetime are set and
from these the associated requirements on fission product data are deduced.

1 INTRODUCTICO

For the reactor physioist ooncerned with nuclear core performance, the most
important feature of fission products is that they capture neutrons. Such
captures represent an absolute loss of efficiency in the neutron cycle and are
truly parasitic. The effect of such neutron capture by fission products is
generally referred to as fission product poisoning.

The most direct impact of fission product poisoning is on the fuel cycle. The
presence of fission products in reactor fuel reduces the reactivity cycle
length for a fuel of given enrichment or alternatively requires to be'ooerooe
by an increase in enrichment in order to maintain a givenj cyle length, . i' This
increase in enrichment typically adds 15-20% to thermal reactor fuel cycle
costs (0.3 - 0,4 milllih). In fast reactors the overall impact is smaller
and is worth perhaps 0.1 mills/dEh. It is nevertheless a significant fraction
of the fast reactor fuel cycle cost.
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But it is not only the nagnitude of the poisoning effect which is inportant -
the way in which the neutron captures take place is also significant. Thus
the energy dependence of captures influences neutron spectra in the reactor and
this impacts on differential effects such as reactivity coefficients. The
time dependent nature of the capture processes may also be of aajor sinificance
in terms of reactor dynamics and stability.

These points illustrate the fact that fission products have a significant impact
on reactor design and fuel cycle costs. It follows that it is inportant to
have a good, quantitative understanding of the various fission product effects
and that in particular fission product data of appropriate accuracy are
required. The present paper attempts to quantify these requirements.

2 POISONING FFECT cP PISSIC PRODUCTS

In general there are 3 potential sources of a fission product N

a direct fron fission

1 ^ E5 f a+ y f dE + *.. (1)

b from precursor decay

S2 = Np 1p (2)

o as a result of neutron capture in another fission product

s3 ; ecjbdsd (3)

There are 3 potential removal routes

d as a result of neutron capture

R1= N f o. (4)

* as a result of radioactive decay

R2 = (5)

f by physical removal or leakage diffusion from fuel

Thus, in general

(6)d S + 82 + S 3 - R1 - 2 et(6)

In these equations the symbols have their normal meanings. In particular,
y is the yield, X the decay constant, oc(E) the microscopic capture cross-
section of the fission product of atomic density N and $(S) the neutron flux
at the fission product. To simplify what is only intended to be a broad
indicative discussion, we shall henceforth drop the explicit integrals orer
energy and write simply

RB = N % d etc (7)

so that appropriate energy averages are to be assumed. We shall ignore
capture products (ie set S3 0), assume a constant fission rate (ie SZ r
constant) and ignore fission product leakage in order further to sinplify the
treatment.
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We then firdA that the preuoraor product satisfies the equation

2 _yz Z 5 .p X (8)dt yp p p

and hence

N £'L (1 - e~Xt) (9)
P

P

Y-» ^ if the precursor decay is rapid. (10)
p

The equation (6) for N now becomes

a : y Zf . y+ p YE fi - HN( + o; ). ()

ThusN= + ' )t (12)
o

and the fraction of neutrons captured in the fission product N is

cP c--- (13)
sa

where a is the abaorption cross-section of the reactor lattice,

We can now use the equations (12) and (13) to make some general observations
about fission product captures in the period t ( T where T is the fuel dwell
time in the reactor,

S stoinFiioa _Products

For (X + cSQ %)t >> 1, ie for fission products with rapid deoay (of little
interest) or high cross section

(; +r yp) r 7 ) (zf)
C a

and the neutron capture saturates at this level, The capture is seen to be
directly dependent on total, cumulative yield but is less strongly dependent on
capture cross-section. Indeed if

,c >> X (C.Lt

then

' = (y + p) ()
a

and neutron capture is independent of cross-section.

Such high values of ao do occur for isotopes with resoances in the thermal
region (eg Xe-135, Pam-47r Sm-149) and account for up to half the fission
product captures in thermal reactora. They do not ooour at energies of
concern in fast reactors, The saturated fission produot is thus a concept
strictly relevant to thermal reactor design only.
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Two saturating fission produots are. rorty of' apseif'.e ention. The capture
oros-se-otion of LX-1!35 i thke theEza, energy r-ange is enorous with a
reonaonme t abetut 0.1 eV and a 2320 %/as cross-section value of about 2.7 10
barns, This. isotopes th.erefore satutrates very rapidly. TalAng values of

.K1 2.1 10 5 saso'1

y+y P 0.065 (for U-235 fission)

0.6
a

gives

(Xe-s155) -- 0o,040 a&s f -0 x

and at more reasonaa le power renctor flux levels

F(Xe-135) 4 0,02,5

'he isotope Sm-149 also hai a high capture oross-section for thermal neutrons
with a 2200 g/zs value of 538 104 barns and furthermore i i is stable. Hence
k = 0 aand equation (15) it always satisfied. The yield of this isotope
is about 0,011 (for U-255 fission) so that the traction of neutrons captured in
this fission product soon saturates at a typical Talue

P(Sm-1.9) 5 0.0075e

Non::tauratijn, Fission Products

et~huni3g now to equations (12) and (15), we see that if

(-k + ao )T << 1 (16)

ie for fissaion products which are stable (or long lived compared with the
reactor dwell time) an. of small cross-section, then

w (y + y 7 ) % t (17)

and the neutron captture increases linearly with time. This is the situation
with fission products in fast reactors and with a large number of modest
contributors in thermal reactor systems. The neutron capture is seen to be
directly proportional to both yield and capt.ure crots-eotion.

To.tal FissionPiroduct Neutron Cature

In a real reactor situation the evaluation of fission product capture is a good
deal more complex than is i.plied by the equations given above. Variations in
fission ate, contributions from bifferent fissioning species, and forced decay
by neutron capture Amust be taken into account. Nevertheless the expressions
given above provide a satisfactory broad pictureo We note that the total
fraction of neutrons which are captured in a reactor operating at steady power
increases with time - roughly linearly in a fast raeator, but in a more complex
manner in thernal. reactors. The average fission product capture fraction in
fast reactor fuel is typically 3,5 with abhout twice this value in fuel at the
end of life. In a typical, enriohaed thermal power reactor, the avera.ge total
fission product capture fraction is 10% and in a fuel element immediately prior
to discharge, the value can be over 15,
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Tar ets ccuracoes

As stated above, the prime impact that fission product captures has on core
physics design and performance is on fuel cycle length or fel enrichment,
The 1967 IAEA Panel 1] set a target of +.% for the prediction of fuel
reactivity lifetime in thermal reactors, and the 1971 IAEA Panel [2]
suggested even tighter targets, at least for light water reactors (LWRs).
Major components of such uncertainties arise from errors in modelling the
reactor burn-up process and uncertainties in heavy isotope and moderator
nuclear data. The contribution from uncertainties in predicting fission
product captures must thus be kept small. On this basis it seems reasonable
to set the target accuracy on fuel reactivity lifetime due to fission products
alone at +2.

In natural uraniium reactors the position may be somewhat different since neutron
economy is of greater importance and the reactivity lifetime is small. This
situation, however, is not investigated in the present paper. Similarly, the
position as regards reactors with circulating fuel [3] may be very complex
but since they are relatively unoommon we will consider them no further.

In a Pu-oxide large fast reactor (FR), the presence of fission products convert
what would otherwise be a small variation of reactivity with time to a
significant decrease. The net effect is a loss of typically 7% reactivity at
100,000 MWd/t. An appropriate target would appear to be to be able to predict
the effect to +l(0%

THERMAL RACTOBS

3 BEPRESENTATICK OF FISSION PRODUCTS

Several hundred different fission products arise as fuel burn-up proceeds and
it is necessary to evaluate the amounts produced and the resulting neutron
captures in all of them to appropriate accuracy. It is possible to identify
3 types of approach [4]:

a A fully explicit scheme in which all products for which data are
available are represented. This would involve a few hundred
differential equations (eg representations in the Canadian code
PISSPROD [5]).

b A partial scheme in which those products, about 30, contributing over
90% of the total fission products are represented explicitly. The
remaining, relatively unimportant products are lumped together as a
single pseudo product.

c A pseudo scheme in which all fission products, apart from the
important, rapidly saturating ones, are represented in terms of 4 or
5 pseudo products (eg the Nephew [6] and Walker [7] schemes).
The data for the pseudo groups are obtained by fitting to results
obtained from an explicit scheme and are clearly as good as the
matching involved.

In general it appears that the detail of a above is not required for physics
purposes and that the value of c above is too limited, although a recent scheme
involving 7 explicit groups and 3 pseudo groups (representing rapidly
saturating, slowly saturating and non-saturating products) is of interest [8].
Thus the type b approach is the one frequently adopted.
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The first order, non-linear equations for the fission products are solved,
together with those reprenenting destruction and production of heavy isotopes,
in a stepwise manner with occasional re-evaluation of the neutron spectra and
criticality search. The WIMS code [9, 10] is typical of the approach
followed. Here the basic code data library is in 69 energy grnoups, the 42
thermal groups below 4 eV being so spaced as to give an adequate representation
of the cross-sections of the principal nuclides involved, including the
resonance of Pug-240 at 1 eV, Appropriate multi-group data are available for
33 fission products. One of these is a pseudo-product which is intended to
account for the, 5, (approx) of fission product absorption not treated explicitly
by the rest of the scheme. The product Pm-147 is, in practice, treated as 2
separate products which produce respectively the ground and aetastable states
of Pm-148. Table I presents a list of the WIdS fission products together with
their WIISI identifiers, capture and decay products, yields from fission, half
lives, 2200 m/see cross-sections and resonance integrals. The fission product
chains are illustrated in Pig 1.

It has been suggested that the above scheme could be improved by the inclusion
of more precursors (notably Zr-95, Nb-95, 1-131, Xe-133 and Pr-143) and that a
few of the existing products which are represented explicitly (eg In-115 and
1-127) could be shifted to the pseudo products. The adoption of these
suggestions would bring the scheme into closer alignment with that recommended
by Walker [11] for the E;DFB; however, the changes would not be expected
to affect the total calculated fission product absorption rate by more than
about 1%,

Compeittion beteen nuclei for nautrons of thermal ncrfrarg suh as, for example,
the effect of the presence of Pu-240 on captures in Pa-147 and (s-l5l (which
have resonances near to the 1 eY PuF-2O resonance, see Fig 2), is well
represented in this type of approach. At higher, slowing down e.rargies, the
effect of broad flux depressions in the fuel is inoluded but not the detailed
interaction between individual resonances of the various absorbing species.
As we shall see, fission product neutron capture in the slowing down region is
quite significant and increases to about 30' at high burn-up. There is thus
a modelling uncertainty associated with the detailed interaction effect, but it
is believed to be small compared with the broad target of the previous section.
Undoubtedly the major sources of uncertainty in approaches of this WIMS type
are in the nuclear data.

4 INDIVYiDUAL FISSICI PRODUCTS

The WMQfS scht referred to abov baa been used to evaluate the fission
product captures in typical natural uranium [12], LWH [13] and HTGCE [12]
reactor lattices. The variation in the fractional capture F for the LWB
lattice is shown in ?Fi 3 in terms of total fission products and for the major
individual contributors, Tha differing characteristics of the saturating and
non-saturating products may bo cl.arly soon* For this caso, fission products
account for 12.5 of all absorptions at 40.000 MuA/t Such capture has a
significant effect on the neutron speetrum both in terms of a general hardening
and from local resonance effects. These spectrum effects also contribute a
loss in reactivity so th.t at 40,000 ME/t the presence of the fission products
is found to reduce reactivity by 16%.

In Table I we compare the captures in the various reactors at a typical mid-
irradiation point and order the important isotopes according to their relative
captures. The importance of the Xo-135 contribution, especially for the low
irradiation natural uranium case, is clear. It is also olear that the ordering
of the isotopes is not very Sensitive to reactor type and although the use of
alternate iata sets might give some variations in the numbers, there can be
little doubt that the isotopes spocifically listed are ameongst the 12 most
important and account for about 70% of all captures,

59



0-1

020o

'018

*<---4 - TOTAL

iaa

I

@
e.

o

e II 24 32

BURN-UP (THOUSANDS) MWD/Te

FIG. 3 FRACTIONAL FISSION PRODUCT CAPTURE IN A TYPICAL
LIGHT WATER REACTOR LATTICE

60



I�-··OIID·I*··�UL�P·Is�-·l�·LI�---L·--·-
.3 T - --- ( 6 0' 0 53 m, T / t LU8

Low Xnritdod Tt?-235
(20,000 Ado/t)

Natural U
(2,250 XMs/t)

- o a F Totle To4% Of y 01% o % Or
fTotl £ Ttal To Total

_

Xe-135

sm-149
Nd-143

Rh-103

PM-147

Xe-131

Cs-133

Bm-151

Sa-152
2o-99

etc

TOTAL

0.021

0.008

0.006
0,005

0.005

0.004

0.003

0.103

20

8

9
8

6

5

5

4

4
3

0.021

0.007

0.017

0,007

0.007

0.007

0.0080,008

0.004

0.004

04124

Qooz

OobJp

o*Z~ap

17

6

14

6

6

6
6

3

.9

0.021

0.008

0.007

0.006

0,005

0.004
0.004
0,005

0,003

0.002

0.083

ooof2

OD@43

25
10

8

7

6

5

5

5
4

2

0.014
0.005

0.003

0.002

0.001

0.001

0.003
0.001

0.001

0.037

38

34

8

5

3

3

3

8

2

1

TABIUSB I Fracotioal neutron capture by fission prodocts
in typical reactor latties

Bnler= Onr aenc e of Neutron o CaPure

The energy dependence of the neutron captures in fission products is of soam
interest in assessing data requirements. The energy variation of total
fission product captures is how n Figs 4 and 5 relative to a (i/v)
dependence. The peaks around 0o1 eV due to Xe-135 nd Sm-149, around 1.5 eY
due to Sm-l51, Pm-147 am Rh-105 and that in the 4-10 eV group due to a variety
of resonances, are clear.

In Table IlI the fractions of captures oocurring in fission products at thermal
energies (BE 4 ev) are given. The effeot of the softer spectrum in the
natural uranium case is noticeable. The energy dependence of fission product
capture is also ahown in Figs 6 and 7 where the reactivity contributions from
captures below and above 0,625 eV are shown for LWR fuel at 20,000 MWd/t on
both U and Pu earichment [14]. Captures above 0.625 eV contribute 38% of
the reactivity effect of fission products for U02-ftuelled IMR and 45% for the
PuO? case. These values bcome 56% and 6$ if we exolude Xe-135 and Sm-149.

Target Acursacies for Nuclear Data of Individual FPission Products

Having obtained an indication of the contributions of individual fission
products to neutron captures, we are now in a position to assess the data
accuracies implied by the lifetime target of 2% quoted earlier. A degree of
judgement is necessary both on account of variations in data sensitivity with
reactor type and because of the large amount of data involved - some of them
correlated [ 15].
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HTGCR
(60,000 mn6/t)

Natural U Reactor
(2,250 ad/t)

4

Xe-135

Sm-149

Nd-145

Rh-103

Pm-147

Xe-131

Cs-133

Sm-151

Sm-152

To-99

TOTAL

100

100

96

99

27

31

24

26

32

73

100

100

99
99
45
47

43
99
44

53
91

-- ~~ ~ I-'--- - - " -- -

TABLE III: Peroentage of fission product
the thermal (E < 4 eV) energy

captures in
rang.

The approach adopted here is to produce broadly consistent targets for the yield,
average thermal cross-section and average resonance cross-section for individual
fission product nuolides. In general terms the reactivity lifetime target is
related to targets on these individual data items by an expression of the form

p2= E a2 r2
i

(18)

where the o0 represent target accuracies for yields and cross-sections and the
a? are weighting coefficients determined by the relative neutron oaptures in

the various nuclei. For a given value of p there are many combinations of
ci values whioh will satisfy equation (18). We require a set which is sensible
in terms of practical achievement and we have therefore chosen solutions of the
type

a= (-ai)
(zt)

(19)

as discussed in Appendix I, This expression associates the greatest accuracy
to data for those isotopes which capture most neutrons, but the square root form
of the variation modifies the demands at the top of the list.

The data targets obtained from equation (19) are discussed in detail in the
Appendix and are presented in Table IV. The target uncertainties on oe are
interpreted as flux weighted averages over energy. The yields refer to total,
cumulative yields and refer strictly to those from U-233, U-235 and Pu-239
thermal fission.

5 SFFECTS OF TEMPERATURE

The change of lattice reactivity with temperature is of direct concern in con-
siderations of reactor safety, variable load operation and reactor shutdown.
The change in reactivity with temperature is due to a number of factors amongst
which are:
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a the effects of Doppler broadening on self-shieldeda reasroincemi and

b changes in thermal spectrum shape due to moderator temperature changes.

For fission product nuclides, the densities are always low, Their resonanoes
are thus unshielded so that no significant Doppler broadening effect arises.
The variation with energy of fission product neutron capture, however, is
significant, as we have seen. We may thus expect the fraction of fission
product captures to vary as moderator temperature (and hence thermal spectrum
and the balance of neutron competiiti.a) is changede

The effect for the IITGCR lattices discussed above is shown in Table V where the
variation of F for a unit temperature change is given. As expected, the effect
is dominated by t;hose nuclides with large thermal component captures. The
magnitude of the overall effect is quite signifioant - fission product eaptures
decreasing from 1o0. of total absorptions to 9.g9 in raising the lattice
temperature of the low enriched HTCR by 100°C, The fission products thus
contribute a positive component to the lattice temperature coefficient of
reactivity. For this particular lattioe in fact the coefficient is
-6.4. 10-5/oC an in the absence of fission products, the value would be
-10.0 10'5/°C The target accuracy on temperature coefficient is about
.0.5 10-5/°C and in the present, probably extreme example, this is consistent
with knowing the fission product component to +10C.

The Xe1535 contribution is the most significant, accounting for about half this
effect. We thus take the target accuracy for this Xe-135 component itself to
be about 10,% The yield target of Table IV is clearly well within the figure
but the real implication of the temperature effect is the requirement on the
shape of the cross-section curve, This is impossible to quantify simply un

1

Xe-135

Sm-149

Nd-11l3

Rh-103

Pr-147

Xe-131

Cs-133

Sm-151

Sm-152

Tc-99

etc

Yield
Y

Thermal
Cross-section

&c 1*
_ -T----------

5

8

6

6a

7
8

8

8b
911

11

8
(20)

6

6

15

1-5

15

8

20

20

I

Resonanoe
Cross-section

RI

(100oo)

30

(5o)
8

10

10

40

10

15

1 - -- - . . 111 -. A .Il

Notes: a Yield is effectively that
b Effective yield including

capture yield

of Ru-103
decay and neutron

TABLE IV: Target accuracies (in percentage of value) for
fission product data in thermal reactors
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view of the complea nature of the temperature offect, but clearly the position
of the Xe-135 resonance and the energy variation of the associated capture
cross-section is required to an accuracy consistent with the above 10% figure.
It is probable that the 8% target accuracy of Table IV, interpreted now as
applying at all energies in the range 0.05 - 0.2 eV is sufficient. From
similar considerations we may also derive a need for information on the shape
of the r(B) variation for other isotopes. For Sm-149 we assess the requirement
at +20% in relative values over the energy range 0,06 - 20 eV,

1 - '-"111- 11-~~~--------

Low Enriched U/Th

X 10 5/0c % of Total x 10 l 5 C % of Total

Xo-135 1.90 46 1.20 71

Sm-149 0.65 16 0.34 20

Nd-143 0.38 9 0.10

Rh-103 -0.07 -0.21 -12

Pm-147 0.03 0

Xe-131 0.07 0.02

Cs-133 0.05 0.03

Sm-151 0.39 10 0.29 17

Sm-152 0.03 0

To-99 0.03 0

TOTAL 4.1 1.7
i j J

TABLE V: Change in fractional fission product capture with
temperature for HTGCR lattices at operating
temperature and at an irradiation of 60,000 MWQ/t

6 KINETIC £ND STABILITY E BFECT3

The time constants associated with the production and removal of Xe-135 are
measured in hours so that variation in the density of this poison may have an
impact on relatively short term reactor kinetics. The presence of this poison
and its delayed production have a destabilising effect on reactor power since,
for example, any increase in power leads to burn-out of Xe, a gain of reactivity
and further power rise before the effect of increased precursor 1-135 production
is felt. The reactor design implications of (uncontrolled) unstable behaviour
are significant and extend into the control and instrumentation areas.

The question of xenon instability has been much discussed in the literature.
The contribution made by Xe-135 to the reactor stability criterion is approx
(see [16])

(YI+ C) ( 2Y) 7Y
Q .- ,_ I X, -- (20)
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where suffices x and I refer to Xe-135 and 1-135 respectively. In practice,
of course, sophisticated computer codes are used to evaluate stability thresholds
and associated transients. The data requirements of such models may, however,
be assumed to be such that the parameter Q (which at high flux depends only on
yl) should be capable of evaluation to about 10%. This is well within the
targets set previously on fuel reactivity oriteria.

Variations in power level lead to variations in Xe-135 density and hence in the
reactivity held by this poison, and such variations need to be overcome by an
appropriately designed control system. The maximum effects are those associated
with changes down to zero power level. In these circumstances the reactivity
held by Xe-135 rises to a maximum in about 10 hours and then decays away to sero
on the Xe-135 decay period. In fact we find

*»fv^ ixc +1 x t -1 t) Y00o0c -x t" i /P(Xe-135,t) = (5-) ( -I ) + e x 
a L r x X c (21)a

where y = yi+y is the cumulative yield of Xe-135 and ,0 is the flux level
prior to shutdown. Thus, as well as depending directly on yield and (\-X1 ),
the value of P is also strongly dependent on cr, even at high values of 0o,
Typically F(t) may rise to twice its normal value so that if it is desired to
start up the reactor at this point in time, a control system capable of compen-
sating for an additional Xe-135 reactivity effect of 2-3% is required. Design
of such a system requires a knowledge of F(t) to about +10%. Given the yield
and cross-section targets of Table IV, this requirement implies a need for
values of X and . to a target accuracy of +5.

Other fission products have a much smaller impact on neutron kinetics. The
Sm-149 level increases after shutdown as Pm-117 decays, ie

F(t) =(o) (i + , (- e-6p))

but even after a long shutdaownr the increase in P is only about 20%. The
effects need to be taken into account but they make no new demands on nuclear
data.

The importance of delayed neutrons is discussed in Appendix II.

PAST RESTOHS

7 IRESnTATIC OP ISS13 PW DUCTS

Commercial Fast Reactors are being designed using fuel which is required to go
to high burn-up - typically 100,000 Md/t. This burn-up implies the fissioning
of 10% of heavy atoms and hence the fission products produced will total 20% -
an amount greater than the amount of fissile material present. The quantity of
fission products present in a fast reactor will thus be significant. However,
the cross-sections of these fission products at neutron energies of interest are
low. Typically the cross-section of an average fission product pair is only
about 10C of the Pu-239 fission cross-section at 100 V,. The amount of
fission product capture and its effect on reactivity is thus relatively small.

In Section 3 on Thermal Reactors we noted that individual representation of
several of the most important fission products was required in view of their
saturating and resonance capture characteristics. This is not the situation
with Past Reactors. Here, the low cross-section for fission products implies
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non-saturation, and there are no dominating resonance effects. Furthermore,
the present high level of data uncertainties associated with individual fission
products does not readily justify a detailed, individual representation. In
these circumstances, it is fairly common practice to use a single pseudo fission
product or a lumped cross-section model. In this model an average microscopic
cross-section over all products is used to characterise a single pseudo product
and this cross-section is assumed to be independent of burn-up. The cross-
section is represented in a multi-energy group form in a manner consistent with
the overall scheme of data and neutron spectrum representation.

The lumped crosz-section model imrplies no variation with time in the relative
concentrations of individual fission products. In practice changes will occur
due to P-decay, neutron capture and perhaps even fission product gas leakage.
The most important P-decay chains appear to be those involving atomic numbers
103, 131 and 133. A study of the overall effect suggests that an increase of
about 5% in the lumped cross-section over a burn-up of 300 days is strictly
required on this account. The position on neutron capture is rather similar.
Those fission products with the highest cross-section do experience (n,y)
conversion and the burn-up of these products at 100,000 MWd/t can reach 50%
[17]. However, the new product is often itself a direct fission product
and in any event there is no major variation in cross-section from isotope to
isotope.

Comparisons between results obtained from the lumped cross-section model and
detailed individual product representations [18] suggests that the former is
uncertain up to about 5% in total fission product captures and this needs to be
borne in mind when assessing data requs'ements. It is clear, however, that
the detailed representation model is available for use as and when the needs
arise and for this model the major uncertainty is in the fission product data.

8 IDIVIDDUAL FISSION FRODUCTS

With Thermal Reactors we saw that the requirements for fission product data
were largely set by their contribution to fuel reactivity changes with burn-up.
The same is true for Fast Reactors. In the absence of fission products, the
reactivity of a fast reactor changes little with burn-up due to the Pu breeding
capability. The effect of fission product poisoning leads to a marked decrease
as illustrated in Fig 8 [19] for a 600 MW(E) fast reactor using Pu02 fuel
of MWR isotopic discharge composition. The effect of the fission products at
100,000 MWd/t is to reduce reactivity by 7% and the effect in a batch fuelled
reactor is about 5% in reactivity. As with thermal reactors, a knowledge of
this value is important in fuel cycle and control design features. We shall
take as our target the need to evaluate the effect of fission products in a
reactor to within 0.5 of reactivity, ie to ±10% precision.

This target accuracy of 10% in fission product captures is looser than the
assessed accuracy of the lumped cross-section model, Thus continued use of this
model implies the need for fission product data which contributes no more than a
further 8% uncertainty to the magnitude of the total capture fraction P. This
implies an accuracy of 8% for the lumped cross-section and this is not inconsis-
tent with Greebler's 1975 goal [24]. On the other hand, use of models in
which the most important individual decay and capture chains are explicitly
represented would lead to a small relaxation in the data requirements.

The total fraction of fission product captures increases roughly linearly with
irradiation. At any particular irradiation the relative contribution from
individual isotopes is approximately determined by the product of yield and
cross-section averaged over the neutron spectrum and more precisely determined
by explicit representation models. In Table VI t20] the fission products
are listed in decreasing order of contribution for a large 1,000 MW(E) Pu02
reactor using Cook's cross-section file [21] and Meek and Rider yields
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Percent
pisin No o of Total Piesion Products in Order of
Product lFemt ission Decrasiag Manitude of

Group P Product Isotope Capture
. Caturea

I 13 60 Ru-101, Rh-103, To-99,
Cs-133, Pd-105, RB.102,
Pd-107, 1X-131, Nd-143,
Pa-147, Sn-149, Sm-151,
uo-97

I1 13 22 Mo-95, Cs-135, Nd-,145,
Mo-98, Ag-109, Ru-104,
Bu-153, Pr-lU, Xe-132,
Mo-100, Sm-152, Bu-15k,
Zr-93

_ . r

31I 13 8 Sm-147, Nd-Ut8, Ru-103,
Pd-106, La-139, Nd-144,
lu-155, Nd-16, Xe-134,

1-127, Pd--lO4., I-129,
Pd-108

IV 13 4,5 Ru-100, Zr.96, Co-131,
Ce-142, S3a-150, Zr-91,
Ru-106, Kr-3, Nd-150,
Ce-l,4 4 Ce-140, Cs-137,
Sa-U8

V 13 1,9 Cd-111, Rbb85, Sm-154,
Cd-156, Gd-157, In-115,
Gd-155, Br-81, Sb-125,
Nb-95, Pr-143, Zr-94,
Zr-95

- ' , , -i i.~ ..... _ 1 ..-

TOTAL
1

65 96.4

VI 113 3.6

TOaL 178 100
m - - I ._ ' I

TABLE VI: Grouping of Fission Products according to their
relative neutron capture contribution in a
typical Fast Reactor
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[22]. Similar information is given in Table VII [17] where fission products
are ordered for their capture contributions in the LMFBR benchmark (ZPR-6,
Assembly 7) spectrum using ENDF/B III cross-sections and the yield data of Plynn
and Glendenin [23]. The magnitudes of the per-atom worths given in Table VII
may be compared with values of about 80 for Pu-239, 5 for U-238 and 0.3 for Na.

The ordering of the individual isotopes is broadly similar in the two oases and
whilst different data sets and spectra will produce somewhat different lists,
we shall base our evaluation of the data targets for individual isotopes on the
values quoted in Table VII.

Mas s E nt % of Per-Atom Worth
No Captures (Arb Units)

- I _ ,- 

101
103
105
133

99

102
147
151
107
131

14U3
97

135
149
95

104
100

98
106
141

145
139
153
109
137

152
155
157

Ru
Rh
Pd
Cs
To

Ru
F!/Sn
S/Bu

Pd
Xe

Nd
Mo
Cs
Sn
Mo

Ru
Mo
Mo

*A
Cs

8m
IGd '

Gd

8.2
7.8
7.2
7.0
5.9

5.0
4.3
4.3
4.1
3.7

3.7
3.6
3.5
3.5
3.2

2.8
2.5
2.4
2,4
2.3

2.3
1.9
1.8
1.7
1.7

1,1
1.0
0.8

1

13.0

14.0
11.8

6.6
28.0
65.1
11,9
10.3

10.2
6,1
5.1

36.2
6.5

3.0
2.3
3.0

4.4

9.3
2.2

52.2
11.7
1.1

24.7
63.3

I
TABLE VII: Fission product isotopes ordered

by yield-reaction rate product
in a Fast Reactor
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Data Target Accuracies

We noted in Section 4 that a considerable quantity of data in the form of
differential cross-sections and yields is involved in evaluating the total
fission product poisoning effect. We shall focus simply on the yield and
average capture cross-section for each nuclide. The relationship between the
uncertainty in the total poisoning, F, and uncertainties in the data associated
with the ith fission product is given by

(f)2 - (Fi) 2 ((dO)2 + ( i)2) (22)

This is of the same form as equation (18) and, as with the discussion of thermal
reactor requirements, we select the form of solution given by equation (19)
using as an overall target

Fa = 0.08. (23)

The data accuracies derived using equations (19), (22) and (23) are given in
Table VIII. It will be seen that for no isotopes are the yield (from Pu-239
fission) and cross-section required to better than 20%. It should be emphasised
however that this distribution of target precisions between the isotopes of
interest is but a plausible one and many others are possible, It assumes that
it is preferable to aim at modest (20-30%) precision for several isotopes rather
than high (approx 10) precision for a few. The views of measurers and evaluators
on this point are clearly relevant.

It is interesting to note that of the two 'top ten' lists of Tables IV and VIII,
no less than 6 isotopes (Tc-99, Rh-103, Xe-131, Cs-133, Pm-147 and Sm-151) are
common to both. The yield accuracy requirements are, however, significantly
tighter for the requirements of thermal reactors. The cross-section values and
their targets in Table VIII refer strictly to per-atom reaction rates in a fast
reactor neutron spectrum and are thus to be interpreted as appropriately energy
averaged values.

9 THE EFFECTS OF FISSION PRODUCTS IN FAST REACTORS

In the previous section we discussed the effect of fission products on reacti-
vity in a fast reactor and set out data targets on this basis. The presence
of fission products, however, has other effects which stem from the fact that
the poisoning effect is energy dependent. The fission product captures thus
influence spectrum slightly and, more important, any change of spectrum leads
to a change in fission product capture. This is particularly significant in
the case of the sodium voiding effect. The presence of the Na coolant in a
fast reactor has a major influence on the general shape of the neutron spectrum
due to its slowing down power. If the Na is lost, then the spectrum is
hardened considerably and the fractional capture in fission products is reduced
since most capture takes place at low energies (see Fig 9). The loss of Na
thus leads to an increase in reactivity, a considerable proportion of which is
due to fission product effects, and a knowledge of the magnitude is important
in control and safety arguments,

Typical values of a number of parameters for a typical 600 Mw(E) PuO2 reactor
at mid-lifetime irradiation of 50,000 MWd/t are given in Table IX [193.
The effect of fission products on the reactivity coefficients associated with
Na voiding and temperature change are seen to be significant but for other
parameters the impact is small. In particular, there is no analogy in fast
reactors with the kinetic effect of Xe-135 in thermal reactors.
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I
Typical Values Target

Isotope Chain Yield [24] Cross-section Precision
% Arbitrary Units

.~~~~~~~~~~~~~~ h
Ru-101

Rh-103
Pd-105

Cs-135

To-99

Ru-102

Pm-147

Sm-151

Pd-107

Xe-131

Nd-143

Mo-97

Cs-135

Sm-149

Mo-95

Ru-104

Mo-100

Mo-98

Ru-106

Pu-U14

Nd-145

La-139

Eu-153

Ag-109

Cs-137

Sm-152

Eu-155

6.9
5.8
5.7
6.9

5.9
7.0
2.0

0.8

3.7
4.1

4.3

5.5
7.5
1.4

4.8

6.8

6.8

5.8

4.7

5.1

3.0
6.0

0.5
1.6

6.6

0.7

0.2

40

44

42

34

33

24

69

167
37

30

22

22

16

85
22

14

12

14

11

15

25

10

126

34
8

52

161
L

20

20

20

20

20

25

25

25

25

30

30

30

30
30

30

30

35
35

35

35

35

40

40

40

40

55

55
- ,_ 55

TABLE VIII: Typical values and target accuracies in percen-
tage of value for fission product data in fast
reactors derived assuming:

a total fission product captures required to +8;
b allocation of targets between isotopes inversely

as the square root of isotope capture
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The results given in Table IX suggest that the reactivity held by fission
products in an equilibrium, mid-lifetime core reduces from 3.5% to 2.8% as a
result of complete Na voiding. ile require to evaluate this change to about
0.2% reactivity, ie to obtain the change in fission product captures to about
30%. The effect is determined by the energy dependence of fission product
captures at low energy in the shAe of the cross-sections in the energy range
0.1 to 100 KeV. The target accuracies of Table VIII appear adequate for this
purpose. Values of Doppler temperature coefficient are less sensitive to
fission product capture and whilst the effects are important, the fission
product data requirements are less onerous than those of Table VIII.

~~ Ra - p ---- 

With Without
Fission Fission
Products Products

Na voiding (Reactivity ) 1.3 0.6

Doppler Temperature Coefficient (J&) -0.013 -. 016

Internal Breeding Ratio 1.011 1.010

Effective Delayed Neutron Fraction 0.00381 0.00383

Mean Neutron Lifetime (10- 7 seas) 4.0 4.2

TABLE IX: Effect of the presence of fission products
on fast reactor parameters

10 SUMMARY AND CONCLUSICOS

The in-core physics requirements for fission product data are set by reactivity
considerations in both fast and thermal reactors. These requirements have been
quantified against plausible targets and the results presented in Tables IV and
VIII.
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APPENDIX I

TARGET UNCERTAINTY ANALYSIS

For thermal reactors we consider a low enriched reactor, such as an LTR, in
which reactivity falls linearly with burn-up, ie

k = ko - S -t-apt

where

ko = initial lattice reactivity

S = reactivity worth of rapidly saturating fission products

a = rate of loss of reactivity due to fuel depletion, etc

ap = rate of loss of reactivity due to non-saturated fission products.

The reactivity lifetime T is given by

k = ko - S ( + )T

where k1 is the lattice reactivity at end of cycle, ie

k - S - k
T=- - (A.l)

+ap

Variations in fission product effects thus produce a variation in reactivity
lifetime given by

a decaT S ( -
T (k - ( ) (A.2)

W0 ke/ P P

Typical values for an LWR might be

k = 1.25

S = 0.03

a = 0.055 per 10,000 MWd/t

ap 0.035 per 10,000 IWd/t

k1 = 0.95

ie saturated poisons account for about 10% of the reactivity loss during
burn-up and the build-up of fission products accounts for about 40% of the
slope of the reactivity variation with burn-up,
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f E0.12 -S O.i 2 (A.3)
T =0 o.l2T- + o. P

The saturated poisons of interest are Xe-135 and Sm-149. Thus

S = Ay) + Bys (A,4 )

with the Xe-135 term accounting for about three quarters of 5, and typically
px = a2x. Thus we have roughly

= ()X 135 + 1 (/)dle-135 + 9 (A.5)

For the non-saturating poisons

ap = Yi (Y i J1 + (RI)i J2) (A.6)

where we have separately identified thermal and resonance fission produot
capture, and summation is over all relevant fission products. Thus

- = ( )i fi ) + i 2( (A.7)

where fil, f (fi1 + fi2 = fi) are the fractional contributions to ap from
captures in tHe ith fission product at thermal and resonance energies
respectively.

We may now use equations (A.3), (A.5) and (A.7) to relate uncertainties in
fission product data to the target lifetime uncertainty. Assuaing no
correlation mv have

(T )2 [0.12_ .x ._135] + [0.12 x. 1 ( .xIe-35] 
) = [&Y Xe^13 4 eXe-13

o* j ( 2- + (A.8)
. [0 ._ i ( ] 2... (A.8)

This equation is of the general form

P2 a= a2 <r (A.9)
i
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For a given value of p, there are manya combitions03 of cji values which will
satisf'y equation (A,.9)o One .w cb soluotin, in which alt terms on the RHS of
equation (A.9) are equal (ie all. uncertainty components oontribute equal
variance) is given by

(A3.0)

where N is the number of terms. There are typically of the order of 100 data
ite*as in an approach of the WIMS type so thAt

i 10 a 

This is aa oerfeotl.y !egitimate and oomwonly adopted solution which has the
desirable property of associating tne rsate.+- precision mth those isotopes
which capture mgost neutrons, The p.re)oision raquired of ih.e isotopes aiy,
however, be unduly severe and thus very expensive to obtain, Indeed . we
agsume that the cost of achievinsg a prelsio.iTn i is inversely propo-tiorIml to

, then the total cost of archievig our data bargeta is

c A £ -E (A.12)
ia 

and we should search for solutions of equation (A.9) which minimise the value
of c, .ollowing noraal minimisation procedures we have

, 1[A 4 p2 + a P 0 (A3)

so that

a (in a'>

This is an alternative solutiona to that given by equation (A,11) and again
associates greatest precision with the most important isotopes although the
weighting i les l severe, The e-prssion gtiven by equation (A,14) is the one
used throughout this ;paper to derive values of o-i. For thermal. reactors

dTp = , = 0.02

and the fi values. of equation (At8) are obtained from the LW1 results discussed
in the paperr The associated values of cr obtained from equation (A.14) are
given in Table IV where the yield referred to is the net,, cumulative yield.
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AP1DIX II

DELAYED NEUTRONS

Delayed neutrons arise during the decay process of certain fission products and
play a well -ecognised and important role in reactor kinetics [16]. In
power reactor kinetic and safety studies many physical processes need to be
represented - initiating m echanisms, control responses, temperature changes,
reactivity feedback - as well as the delayed neutron effect. Knowledge of these
processes is often not good and the modelling of the event may also be associated
with considerable uncertainty. Furthermore, detailed representation of the
delayed neutron phomeenon is only required for vesy rapid transients which are
extremely unlikely to occur. In all these circemstances, knowledge of the
delayed neutron effect is not required to high precision and it is judged that
existing data are of adequate accuratcy.

The more onerous requirement for delayed reutron data precision occurs in reeo t or
physics experiments where period measuremfents are made and require to be inter-
preted in terms of reactivity Such. experiments are performed in zero or low
power reactors where it is required to evaluate, for design purposes, the
reactivity changes associated with various materials, reactor states, etc.
Review Paper No 14 reviews experimeAnts of this type specifically aimed at
measuring the effect of fission product poisons. The interpretation of flux
period in terms of absolute reactivity for direct comparison with prediction
depends directly on a knowledge of the total delayed neutron fraction. For the
cleanest situations, the overall precision associated with measurements of this
type may be limited by uncertainties in p. Thua the interpretation of control
reactivity worth in the fast ZBRA reactor has recently been significantly
improved by adopting newly evaluated p-values. For those concerned with absolute
reactivity measurements, the precision target on the thermal p-values for U-235,
U-233 and Pu-239 and the fast t-values for U-235, U-238 and Pu-239 is set at
.5% and thus is consistent with requests submitted to the BNDA list.
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Review Paper Nc. 4:
T~~~~~ -__ ^ i i - - - - , .* --

IMPORTANCE OF FISSION PRODUCT NUCLEAR pATA

FOR ENGINEERING DESIGN AND OPERATION OF REACTORS

C. DEV1LLERS

SeAvice d'Etudes de ReacteuWt

e2t de Mathematiqu.e Applique

CENTRE DWETUES NUCLEAIRES DE SACLAY

Ab^tact : Fis4ion pnoduct lucleeat data and accukacy reqwiAemfents atre

Aeviewed in the dollowing field6 of teactort de&ign and operation :

- fission prtoduct telease. and contaminatiou n o treactot componen;t6

- fuel fail-ue detection and .?oca-tion
- fia.4ion ptoduct heating aftev shhutdown

SeverCL powex, ireactor types akeQ consideLed and their parutical aeotuwzu

withe. Aespect to i6sion poaduct empha6sized.

1 - INTRODUCTION -

This paper is devoted to review the requirements for fission product

nuclear data in the three following fields of engineering design and operation

of reactors :

1. fission product release and contamination of reactor components

2. fuel failure detection

3. fission product heating after shutdown
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The two first questions are very similar in that respect that

fission products are important not only in function of their nuclear

properties, fission yields, half-lives, y-ray emission, but also in function

of other factors, which may be different from one reactor type to another,

and which govern their transport from birthplace to the appropriate parts

of the reactor where their activity is to be predicted or measured. We will

therefore rely upon the experience of reactor designers when deriving sets

of important fission products without extensive justification.

For the question of fission product heating after shutdown on the

contrary, given cooling time regions where the heating function has to be

known, one can in principle derive lists of important fission products from

complete fission product data files and relevant computer codes as some examples

will illustrate below.

In addition to the relative importances of the different fission

products which may be helpful to set up priorities, we have tried to situate

their absolute importance compared to other competing radiation sources in

order to justify accuracy requirements.

Before speaking about the adequacy of present fission product

nuclear data status of knowledge it must be realized that the first problem

engineers have been faced with was to collect and to select nuclear data,

starting from the existing compilations, and that there has been an

efflorescence of home-made libraries. Sometimes engineers could afford being

helped by nuclear physicists as we did, sometimes not. It is therefore

difficult to appreciate the status of knowledge of fission product nuclear

data through particulate libraries.

However we will give some examples of sensitivity studies based

on our own codes [l] [2] and associate library [3] in order to help further

discussions.

- FZSSION PRODUCT RELEASE ANp CONTAMINATION OF REACTOR COMPONENTS

The up-to-date question of reactor contamination raises as how to

predict and to control the distribution of fission products escaping a

certain fraction of the fuel volume and how to design the plant in order to

keep the man-power pool within radiation exposure limits. To-days typical
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design fuel failure rates range from 10-4 for HTGR, 10- 3 for LMFBR to 10-

for PWR and BWR ; this results in a continuous leakage of fission products

into the coolant circuit. In addition, fission products may diffuse through

the cladding like tritium in stainless steel. Fission products released from

the fuel spraid in the circuit where they accumulate either in the coolant

or on the circuit wall. The circuit activity is usually limited by cleaning

up a fraction or even the totality of the coolant flow. Other operations such

as renewing water for boron control in PWR, removing radiolyse gases for

example, transfer radionuclides outside the circuit.

There they create another problem because they must be retrieved

and stored before being released outside the plant ; these environmental

aspects are treated in paper n°2.

From the point of view of contamination problems inside the reactor

building, fission products can be classified in two groups :

1. The first group will contain short-lived "volatile" isotopes which can leave

rapidly failed fuel rods (or particles) ; these are noble gases with half-

lives greater than 1 minute and iodines 131 I, 133 I the latter giving rate

to 133 Xe.

They represent roughly 10 % of the total fuel activity during operation and

they will be responsible for radiation level in case of leakage of the

circuit in accessible areas of the plant (in particular in case of accident).

The case of the lOyears half-life 85 Kr can be regarded more as an

environmental problem than a contamination's one.

2. The second group contains isotopes with half-lives greater than 10 days, high

cumulative fission yields ; they or their daughter nuclei are hard gamma-

ray emitters, some are very long-lived beta emitters.

Some of them have low yield values but can be produced by neutron capture on

stable or long lived nuclides :

109 Ag (n, y ) 110m Ag

133 Cs (n, Y ) 134 Cs

135 Cs (n, y ) 136 Cs

147 Pm (n, ) 148 m Pm

148 Pm

85



Those of the second group isotopes which will succeed in leaving failed

fuel and plating out before being submitted to cleaning up will be

responsible for contamination of reactor components ; 131 I which has been

already mentioned as belonging to the first group can also be regarded as an

important nuclide for reactor component contamination.

In table I are reported for illustration, results of measurements of

important fission product activity in the circuit of the CNA 250 MWe PWR

during constant power operation [41 [5].

Increasing the accuracy of fission products nuclear data cannot

be justified to-day from the point of view of a better knowledge of the

consequences of hypothetical accidents because :

1. the quantities of fission products released in case of accident and the

way they distribute are by far more uncertain than their nuclear data.

2. even in case of pessimistic assumptions on the release, the risks that

accident represent for plant personal are less than the hazards they are

exposed to during normal reactor operation.

A large fraction of radiation exposure limit is delivered to man-

power pools in light water reactors during refuelling or maintenance outages ;

e.g, last 1973 outage of CNA costed 150 man-rem [7]. When the circuit

is opened on the storage pool for refueling, within a few days after shutdown,

main radiation and body contamination sources come from short-lived nuclides

of Table I, especially 131 I and 133 Xe. A thorough investigation of fission

product release rates after shutdown is being done [5] [81 which might justify

predictions of fuel inventory to within + 50 % accuracy for important isotopes.

Deposition of long-lived nuclides on pipes, valves pumps and heat-exchangers is

now responsible for 80 % of the radiation exposure for inspection work at the

CNA although the actual fuel failure rate is far from the 10- 2 design value.

In sodium cooled fast breeder reactors a fraction of the volatile

isotopes migrates towards the argon circuit, over the sodium pool ; 133 Xe,

135 Xe will govern the biological hazard in case of argon leakage in accessible

areas whereas 87 Kr, 88 Kr will impose the shielding requirements [9]

around the argon circuit (2000 tons concrete in Phenix).

the annual radiation exposure limit is 5 rem
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For fuel failure rates of 103 it is estimated that long-lived

fission product deposition will contribute to dose rate with about the same

magnitude as corrosion products such as 54 Mn, 58 Co, 60 Co [6J [10].

TABLE I

RELATIVE ACTIVITIES OF FISSION PRODUCTS IN

THE COOLANT OF THE CNA250 MWe PWR

: : : :

ISOTOPE HALF-LIFE RELATIVE ACTIVITY

85 m Kr 4.4 h 3

88 Kr 2.8 h 4

131 I : 8.05 d : 0.7

132 I : 2.3 h : 1.4

133 I : 21 h : 2.5

134 I : 52,8 m : 1.1 

135 I : 6.7 h : 0.8

133 Xe : 5.27 d : 67

135 Xe : 9.2 h : 17

138 Cs 32 m 3

95 Zr 65 d 23

103 Ru 39.6 d 17

134 Cs 2 .19 y 28

137 Cs 30 y 32

CNA : Centtaee Nuc£airAe des Atdennes
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In helium cooled high temperature reactors one can expect that

fission products will be dominant in contamination problems due to the

absence of metal structure in the core, important isotopes being 90 Sr, 131 I,

134 Cs, 137 Cs.

Summarizing the very similar lists of fission products which are

recognized as important, by contributors to this paper, gives the following :

1. volatile isotopes of half-life ranging from 1 minute to 10 days :

noble gases : 85 mKr, 87 Kr, 88 Kr, 89 Kr

133 Xe, 135 mXe, 135 Xe, 137 Xe

iodines : 131 I, 133 I

1.a : to this list must be added 135 I, precursor of 135 Xe affected

by neutron capture

2. isotopes of half-life greater than 10 days :

noble gases : 85 Kr

solid isotopes : 90 Sr, 95 Zr, 103 Ru, 106 Ru, 110 m Ag,

125 Sb, 129 mTe, 134 Cs, 136 Cs, 137 Cs, 140 Ba

To this list must be added three types of related nuclides :

2.a : stable or long-lived precursors by neutron capture :

109 Ag -110 m Ag

133 Cs 134 Cs

135 Cs _ 136 Cs

2.b : short-lived beta decay gaseous precursors which may govern the

transport of solid isotopes :

90 Kr - 90 Sr

137 Xe _ 137 Cs

140 Xe - (140 Cs) ,140 Ba
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2.c : daughter nuclei of half-lives lower than the parent half-lives and fed

by them :

90 Sr 90 Y

95 Zr __ 95 Nb

103 Ru , 103 m Rh

106 Ru _ 106 Rh

110 m Ag )110 Ag

125 Sb > 125 m Te

129 m Te . 129 Te

137 Cs _ 137 m Ba

140 Ba __ 140 La

The

isotope lists

types of nuclear data which are requested for each of these

are indicated in table II.

TABLE II

TYPES OF NUCLEAR DATA NEEDED FOR EACH ISOTOPE LIST

* Lat CumuNwative, Ha4-tide Naton . Y-Ay Decay 'Neittn Captute

:ie: d Yabot : : tton p: .64pc~nh : bancing catunching

* .o-ecti- oni.c .tratio 6iom 'c.Aoha4-Aection: tatio /htom
*~~: : : : :pa:ent patent 

: : : : : : : : :

1 + + + + +

~~: ~~: : :(135 Xe) : (135 Xe) 

1-a + +

2 + + + + + + 
(137 Cs, (110 m Ag,
* 40 Cs, 134 Cs,
140 Ba) 136 Cs)

2-a + + +

2-b + +

2-c + +
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Setting up accuracy requirements for these nuclear data is rather

a matter of opinion subject to discussion, some arguments being :

1. large amounts of fuel failure make equipment maintenance extremely difficult

and expensive if the plant is not designed with normal crud build-ups and

fuel failures and the resulting high background radiation levels anticipated.

2. covering a factor of 2 incertitude by additional shielding is not expensive

when designing the plant unless weight limitations as in large handling casks.

3. uncertainties in the mechanisms and parameters of fission product release

and transport are always sufficient to-day to make predictions of coolant

and reactor component contamination in error by a factor of 2.

4. people who are just trying to understand mechanisms and to measure parameters

of fission product release and transport need small errors coming from the

nuclear data side.

R.H. Flowers proposal is that we should be satisfied with fuel inven-

tories calculated to within a factor of 2 leading to the following typical re-

quirements :

a) the cumulative yield to within a factor 1.5

b) the half-lives of the nuclide and its significant precursors to within

± 10 %

c) the neutron absorption cross-sections of the nuclide and its significant

precursors with an accuracy which allows the term (X + ac) to be known

within ± 10 % in total fluxes of 101 and 5.1015 n.cm .s for thermal

and fast systems respectively.

Specifying that the errors quoted above are two standard deviations

leads to yield requirements to 20 % standard deviation and other terms to 5 %

standard deviation.

In addition to these accuracy requirements for fuel inventory

calculations, y-ray spectra (energy, abundance) must be accurate enough

to permit a positive recognition of a given isotope in the presence of

roughly equal amounts of the other contaminants or to enable gamma transport

and dose rate calculations to within a factor 1.5 behind shields that attenuate

the total dose by factors up to 103
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TABLE ll1-b

LONG-LIVE FISSION PRODUCT DATA

a ~CumLative Ytied (1) EneAgy E4 i.on (MeV)

l.ootope Ha<g-tide __ato _1_

235Uh 235 U 2388 Ud 239 PRt 239 Pu6 .33 Ut^ y

85 Kr 10.59 + 0.25 y 0.29 (1) 0.32 (4) 0.17 (32) 0.14 (2) 0.14 (4) 0.49 (2) 0.22 0.002

£90 Kr) 32.3 + 0.09 a 4.83 (4) 4.56 (64) 3.22 (64) L.80 (64) 1.76 (64) 4.23 (8) - -

90 Sr 28.5 + 0.8 y 5.94 (2) 5.24 (64) 3.28 (8) 2.12 (2) 2.09 (2) 6.48 (2) 0.17 0

[90 Y] 100 0.92 0.004

95 Zr 65.2 + 0.3 d 6.50 (2) 6.27 (4) 5.58 (4) .89 (2) 4.59 (4) 6.19 (2) 0.11 0.73

[95 Nb) 100 0.05 0.77

103 Ru 39.6 + 0.2 d 3.11 (4) 3.22 (4) 6.40 (4) 6.97 (4) 6.53 (4) 1.80 (4) 0.06 0.49

[103 IRhl 99 0 0.04

106 Ru 369. t 8 d 0.39 (2) 0.97(16) 2.83 (8) 4.25 (4) 4.52 (16) 0.26 (2) 0.01 0

[106 Rh] 100 1.42 0.20

[109 Agl stable 0.027(16) 0.12(16) 0.27 (8) 1.38 (8) 1.62 (16) 0.039(16) - -

11 mAg 255. t 6 d 0.07 2.67

ll10 Agl 13 1.18 0.05

125 Sb 2.73 + 0.lly 0.025 (4 0.072(16) 0.11(1) .1(16 0. (16) 0.11(16) 0.08 0.45

125 iTe,] 21 0 0.14
1 29mTe 33.3 + 0.1 d 0.10 (4) 0.50(16) 0.22(16) ).28(64) 0.33(32) 0.29(64) 0.21 0.10

[129 Te__ __64 _ 0.52 0.07

(133 Csl stable 6.77 (1) 6.60 (4) 6.47 (4) 6.84 (1) 6.82 (2) 5.96 (1) 

134 Cs 2.08 + 0.1 y 0.16 1.58

[135 Csl 3.106 y 6.73 (4) 6.45 (4) 6.67 (8) 7.22 (2) 7.45 (2) 6.10 (4) 

136 Cs 13.65 + 0.28 d 0.0068 (4) 0.0052(64) 0.011 (16: 0.10 (8) 0.15 (9) 0.082 (4) 0.10 1.86

(137 Xe 3.8 m 5.94 (4) 6.14 (641 5.95 (64) 6.05 (8) 5.78(32) 5.90 (8) 

137 Cs 30.1 + 0.5 y 100 6.23 (1) 6.19 (2) 5.95 (4) 6.53 (1) 6.62 (2) 6.56 (1) 0.17 0.

[137 m Ba 93.5 0. 0.66

[140 Xe] 13.6 + 0.1 s 3.83 (8) 3.16 (64 5.59 (64) 1.73 (4) 1.65 (64 1.35 (8) -

[140 Cs] 100

140 Ba 12.83 + 0.04 d 100 6.30 (2) 5.90 (4) 5.95 (4) 5.49 (2) 5.14 (4) 6.13 (4) 0.29 0.15

440 La 100 0.50 2.23

, , .
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TABLE IV

NEUTRON CAPTURE CROSS SECTION

FOR DIFFERENT REACTOR SPECTRA

CROSS SECTION a/ (ban)

ISOTOPE PWR HTGR LMFBR
= 2.5 103 = 3. 1013 = 4.3 

-2 - -2h 2 -1 -2 -: .cm . : n.cm .A n.cm . :

6 6

: 109 Ag 670 c/ 395 d/ 0.747 c/

: 110 m Ag 82 d/ 82 d/ 0.

133 Cs : 194 c/ : 120 c/ 0.51 c/

: 134 Cs 140 d/ 140 d/ 0.

135 Cs : 29 d/ 21 d/ unknown

a) for PWR and HTGR capture cross sections are given relative to the flux

at 2200 m/s ; this flux is defined as yielding the actual absorption

rate on 235 U when using (a = 680 b

b) the capture branching ratio between 110 m Ag and 109 Ag has been assumed

spectrum independent and equal to 3.8 % [31

c) from [14]by averaging on the reactor spectrum

d) from [15 by using r = 0.3 in PWR, r = 0.2 in HTGR

-~~~~~~~~~~~ 
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Energy resolution of the kev order and intensities to within + 10 %

for the few most intense y-rays is sufficient. Gamma transport calculations

need less accurate energy resolution but average group spectra to within + 20 %

for group intensities ; typical group structures being as follows :

A E = 100 KeV between 0.1 and 0.5 MeV

A E = 250 KeV between 0.5 and 1.5 MeV

A E = 500 KeV for E 2 1.5 MeV

In order to illustrate the incertitudes which occur in fuel

inventory calculations, we have reported below three examples of such

calculations corresponding to three typical power reactor conditions :

PWR , HTGR, LMFBR.

Table III shows the nuclear data used :

- cumulative yields come from Rider and Meek [13]

- the other data are taken from our library [3]

Neutron cross sections reported in Table IV were derived either

by averaging point cross sections from Benzi [14l on reactor spectra or

from Walker [15] thermal and resonance integral data ; in that case

epithermal over thermal flux ratios were set equal to 0.3 for PWR and

0.2 for HTGR.

Capture branching ratios were taken from [15]. Although we have

checked that for thermal reactors spectrum averaged cross sections from

Benzi were consistent within 20 % with cross sections derived from Walker,

we believe that the accuracy of the effective capture cross section is not

better than + 30 % in thermal reactor. In fast reactor we have assumed an

error of a factor 2.

The activity calculations have been made with the following assumptions

concerning the irradiation conditions :

1. PWR : - irradiation time : 900 days

- power distribution as function of irradiation time as follows (%) 
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: Period 235 U 238 U 239 Pu

(day)

: 0-300 76.5 6.5 17

: 0-600 65 7 28

: 0-900 55.5 7.5 37

900 30 9 61

2. HTGR : - irradiation time : 4

- power distribution :

years

235 U

233 U

years

235 U

238 U

239 Pu

3. LMBFR :- irradiation time : 2

- power distribution :

60 %

40 %

2.4 %

11.8 %

85.8 %

Results from calculations are given in Table V.

TABLE V-a

ACTIVITY OF SHORT-LIVED FISSION PRODUCTS

FOR DIFFERENT REACTOR TYPES

(CulZe pe' Kzouwatt]

ISOTOPE 85 m Kr 87 Kr 88 Kr 89 Kr 131 I 133 I 133 Xe 135m Xe 135 Xe 137 Xe

Reactor

PRa/ 6.8 13. 18 22 30 58 58 6.4 9.1 52

HTGR 14.1 28 39 45 27 56 56 5.9 13.9 52

LMFBR 5.4 9.6 12.5 15 34 57 57 6.5 61 52

a/ the activities quoted correspond to the composition of the fuel after 900 days irradiation.
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The results in table V illustrate the sensitivity of activity

calculations to different fissile species and different neutron spectra

as present in different reactor types and in variable proportions as in

PWR cores.

Some crude assumptions have been made in case of fast reactor

fission yields :

- fissions in 241 Pu have been regarded as 239 Pu fissions

- the average of thermal fission and "fast" fission yields has been taken

as "fast reactor" fission yield.

These assumptions plus the uncertainties of the basic nuclear

data result in errors in the calculations that have been evaluated for

both reactor types in the case of the most irradiated fuel.

The following statistical rules have been used :

- error on cumulative yields ;

wherever cumulative yields have been calculated by an expression of

the form 

y = £ a. y.
i 1 1

to account either for neutron energy or for repartition of fissions

between different fissile species, the fractional standard deviation has

been estimated by : 2 ]l/2

22 {"yi yiJy L . i Yi

i

- overall error :

activity being calculated under the general form 

A = F ( x, x2 ..... n)

where the xi's are various nuclear data, the fractional standard deviation

has been derived from the formulae :

[E ( /F JX \ 2 1/2
AA x=i

A F (x i)
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In case of fast reactor other incertitude factors may have been added :

a/ when significant difference was encountered between thermal (yth) and

"fast" (yf) yields, the error was multiplied by :

max (yth' Yf

0.5 (Yth Yf)

b/ when contributions from 241 Pu fissions could modify the average yield value

(on the basis of differences observed between thermal 239 Pu and thermal

241 Pu fission yields) another factor was added representing the effect

of 20 % fission in 241 Pu.

Results from this analysis are presented in Table VI.

From Table VI we can draw the following conclusions, bearing in mind

that all accuracies stated are one standard deviation :

1. When known and if reliable the errors on half-lives have practically no

effect ; errors on half-lives should be obtained for 87 Kr, 89 Kr,

133 I, 135 m Xe, 137 Xe

2. Error on short-lived isotope activity is due to cumulative yield error

except for 135 Xe where it arises from capture cross section uncertainty ;

however these errors are acceptable.

3. The accuracy of long-lived isotope activity when directly produced by

fission and not influenced by neutron capture is determined by yield

error ; this error is in general lower than + 10 % except for 125 Sb

in fast reactors where both energy at which fission occurs and 241 Pu

fissions introduce uncertainties and 129 mTe in all reactor types due

to large errors on cumulative yields from 239 Pu and 233 U. Important

gaseous precursors 90 Kr, 137 Xe, 140 Xe have accurate half-lives but

not enough accurate yields for 239 Pu and in general for fast fission.

4. The error on 110 m Ag, 134 Cs and 136 Cs is in most cases governed by

the incertitude on the neutron capture cross section of 109 Ag, 133 Cs

and 135 Cs respectively ; the capture cross section of 135 Cs for fast

reactor spectra is unknown. They are little influenced by errors in their

own neutron absorption cross section because the term a ( is not dominant

in (a -+ X). For fast reactors the 109 Ag yield is very much influenced

by 241 Pu fissions ; in addition, the effect of neutron energy on the

capture branching ratio is not known.
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TABLE VI

ERRORS ON ACTIVITY CALCULATIONS [%)

(one 4tandatd dcvittion)

: Iotope . A :ttotal total
,=: : : :aLO : :eLO: eAYtO:: : ( ) : : : ): :. y

85m Kr: 1 6 6 6 6 28 : 34

87 Kr U 33 33 31 31 37 43

88 Kr 41 31 31 36 36 37 42

89 Kr U 9 9 6 6 2835

131 I 1 2 : 2 3 3 2 5

133 I U 4 4 3 3 7 8

.133 Xe 41 4 4 : 3 7 8

135mXe U 11 : 11 16 16 20 20

135 Xe <1 2 30 3 30 29 29

137 XeU 8 8 4 4 16 17

85 Kr 2.3 1 3 1 3 12 12

90 Sr 2.8 2. 4 2 4 7 8

95 Zr 2 2 2 2 3 4

103 Ru : 1 3 3 3 3 3 6

106 Ru < 1 3 3 2 2 8 12

llOmAg 2.3 (109) 8 20 : (109)11 20 (109)50 100

125 Sb 4 11 12 12 13 50 50

129mTe : 1 50 50 42 42 37 37

134 Cs .8 (133) 1 26 : (133) 1 25 (133) 2 100

. 136 Cs 2 (135) 4 30 : (135) 3 30 (135) 3 >100

137 Cs 1.7 1 2 1 2 2 3

140 Ba <1 2 2 3 3 8 8

:~~~~~~~~~ 9 5 Z*:<1 : 2 : 2 
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It should be desirable to limit the errors for these three important fission

products to + 40 %.

5. Although no mention has been made of this, the eventual effect of other neutron

reactions such as (n, p) and (n, 2n) reactions should be investigated.

Tritium production by ternary fission

This question has been left apart because tritium contamination

although important in effluent release monitoring, has not been yet clearly

identified as an important risk for plant personal health. However we will

try to briefly situate the contribution of ternary fissions compared to other

tritium sources in various power reactors.

As far as we know there has been much more tritium yield measurements

for the thermal fission of 235 U [16-21] than for the other fission types

f20, 21].

From the published 235 U ternary fission tritium yields considered

equal weight we derived an average value of (0.10 + 0.02) 10- ; the relative

standard deviation for one measurement was found to be + 50 % which was

arbitrarly used to characterize the incertitude of isolated yield measurement

on other fissile species. Table VII shows the tritium yield values that

we have used for estimating tritium generation in various reactors.

TABLE VII

TRITIUM TERNARY FISSION YIELDS

Fisile NeutLon Tit Rei6etenc

1otope Energy yield

-3
235 U thermal :(0.10 + 0.02)10 : (16) to 

: :(21):

-3
238 U 2.5 MeV : 0.14.10 : (20)

-3239 Pu thermal 0.23.10 : (20)

-3
239 Pu 1 MeV 0.25.10 (20)

241 Pu : thermal 0.26.10- 4 (20)

233 U thermal 0.11.10-3 :(
: 233 U : thermal : 0.11.10 : (20) :

: : : : :
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In a PWR core at equilibrium with fission distribution 235 U (66 %)

238 U (7 %), 239 Pu (27 %) one obtains an effective tritium yield of

(0.14 +0.04).10 3.

The year tritium production by ternary fission in a 1200 MWe

PWR would then be 19000 + 5000 Ci.

Assuming a 2 % release rate from the fuel to the coolant

(1 % through zircalloy cladding plus 1 % from failed fuel) makes the

fission contribution ( m 400 Ci) still dominant compared to other tritium

sources ( ' 350 Ci) from boron and lithium of the water.

However the error quoted above seems to be acceptable for

tritium contamination evaluations inside the reactor building.

In a HTGR with fission distribution 235 U (60 %), 233 U (40 %),

the effective tritium yield would be (0.10 + 0.03) 10- 3 ; however it is

expected that ternary fission tritium production will not be the major source

of contamination for the coolant, given low design fuel failure rates.

In a LMFBR on the contrary, ternary fission is the most important

tritium source because of tritium diffusion through stainless steel cladding.
-3

From values in Table VII, effective yield should amount to about 0.2 10 

Although the actual uncertainty of this figure is not known and

should be checked it is anticipated that the accuracy requirements will be

more severe for environmental problems than for contamination problems

for which an incertitude factor of 1.5 might be acceptable.

3 - FUEL FAILURE DETECTION

There are in fact two problems under this item :

1. the question of fuel failure detection which raises differently from a

reactor type to another depending on safety arguments

2. the question of failed fuel location more related to contamination and

environmental aspects.
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In gas-cooled reactors and LMFBR there must be a thorough surveil-

lance of both bulk coolant activity and individual channels whereas in light

water reactors and HTGR only the mean coolant activity is monitored.

The principle of burst can detection in gas-cooled reactors as

R.H. Flowers says, is the measurement of krypton and xenon fission products

released into the coolant gas, emphasis being placed upon isotopes of half-

life smaller than the primary circuit circulation time in order to optimize

channel discrimination. The gamma spectra must be known in sufficient detail

to allow positive recognition of Kr and Xe isotopes of half-life greater than

one second ; the cumulative fission yields of the gases should be known to

within a factor 1 .5, the half-lives to within + 20 %.

The measurement of bulk coolant activity is used as an early

warning of can failure. For this purpose, a long lived gas such as 133 Xe

or 135 Xe or alternatively a group of neutron-emitting fission products

is generally used. The delayed neutron precursors have the merit of giving

good sensitivity in locations of high background V-radiation ; an accuracy of

+ 20 % in fission yield of the gases and in group yields of delayed neutrons

is quite sufficient for the purpose.

In a sodium-cooled reactor direct V-counting of the coolant is

an insensitive method of detecting failed cans because i-emission from 24 Na

is a very intense background ; however the possibility appears to be a

counting of Kr and Xe stripped from the sodium immediatly after it leaves

the channel ; the demands for nuclear data are rather similar to the gas

cooled situation with the difference that individual and cumulative yields

from typical mixtures of 235 U, 238 U, 239 Pu, 240 Pu, 241 Pu, 242 Pu and

for typical fast reactor spectra should be known to within + 20 %. The

isotopes of interest are 88 Kr, 89 Kr, 90 Kr, 91 Kr, 138 Xe, 139 Xe, 140 Xe,

141 Xe ; their half-life should be known with an error leading to less than

+ 20 % incertitude after up to 1 minute decay time. This arises from the need

to know the threshold for detection for the safety argument.

Another possibility is a delayed neutron count on sodium from

individual channels : K.W. Brindley points out that the delayed neutron

detection system is establishing itself as an important safety channel

for protection against sub-assembly faults at powers that are potentially

hazardous. Transit times as low as 3 secondes are being considered, so

delayed neutron precursors of half-life greater than 1 second, as those

reported in Table VIII, are important for fast reactor fuel failure detection.

102



TABLE VIII

DELAYED NEUTRON PRECURSORS

Half-life

85 As

87 Br

88 Br

89 Br

90 Br

93 Rb

94 Rb

137 I

138 I

2.03 s

55.7 s

15.9 s

4.55 s

1.63 s

5.89 s

2.67 s

24.4 s

6.8 s

: Noutona
· emision 
: ptobabilUty

Pn (%)

23 +3

2.62 + 0.05

4.7 + 0.4

8.8 + 0.9

13 + 3.5

1.50 + 0.14 

10.3 + 1.3

5.1 + 1.0

1.9 + 0.5

All neutron

Although these neutron

yield data come from [23] except 85 As [22].

yields appear as rather accurate the fission yields

of the isotopes are much uncertain according to [13] and it is anticipated

that their half-life too has not the required accuracy.

The justification for asking data on individual neutron emitters

rather than delayed neutron groups where more precise measurements and

universal six periods sets seem to exist [24],could be a discrimination process

during transport from fuel to counter between different precursor species. As

far as we know, a detailed description of delayed neutron spectra is not

necessary when counting is based on neutron slowing down followed by thermal

flux measurement.

A new method of failed fuel location in course of implementation

on fast reactors in based on tagging fuel elements by a unique isotopic

mixture of noble gases [34] like 78 Kr, 80 Kr, 82 Kr or 126 Xe, 128 Xe,

129 Xe.

If a failure occurs, the analysis of the escaped gas tag

identifies the ruptured element ; the method of analysis is in fact more

complex because of the event of simultaneous failure ; in addition the
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effect of the flux on all gas ratios must be evaluated. Capture neutron

cross sections for these isotopes are therefore required, especially for

fast reactor spectra.

In HTGR, as pointed out by H.J. de Nordwall and J. Brisbois

there is no necessity for a rapid fuel failure detection because the

risk of fast and extended fuel melting is very unprobable. Detection

of failed fuel requires only a relative measurement of coolant activity,

preferably that associated with a single rare gas. For location of failed

fuel, the proposed methods depend on recognition of a short-lived rare gas

or delayed neutron emitters by an array of gas samplers. A short-lived

activity is necessary to avoid confusion being caused by recirculation.

To design such a system, H.J. de Nordwall says, one must be

confident that suitable isotopes will be released from the core and that

changes in concentration can be recognized against the appropriate background

Since the measurement is relative, precise decay schemes are unnecessary and

half-lives within 20 % are probably adequate. The principal uncertainty is

the efficiency with which the signal-generating nuclides can be attenuated

by the fuel sleeves since this could determine sensitivity.

In light water reactors there is a tendancy towards real-time

isotopic assay providing quantitative identification of isotopes important

for both operational and effluent monitoring requirements, as those mentioned

in part 2 of this paper. This would make use of on-line gamma-ray spectrometers

with automated computer analysis and should require decay information for

each isotope including gamma-ray energies to within 1 KeV, abundancies to

within 10 % and half-lives to within 5 %. However, the use of radionuclide

standards such as 137 Cs or 85 Kr could solve at the same time the problem

of the detailed knowledge of the isotope gamma-ray spectrum and the question

of detector calibration.

Failed fuel identification in light water reactors is presently done

during refuelling outage by submitting each fuel element to the so-called

"sipping" test which consists in measuring iodine isotopes released by failed

rods into stagnant water. From experience and statistical evaluations people

know the signal-over-background ratio to which one or more failed rods correspond:

the need for nuclear data is then limited to those permitting to recognize

the isotopes in question against the background.

104



In conclusion, the requirements for fission product nuclear data

for failed fuel detection and location could be summarized as follows :

1. 20 % accuracy on half-lives and cumulative yields from typical fuel

compositions and for relevant neutron spectra for noble gases :

85 m Kr, 87 Kr, 88 Kr, 89 Kr, 90 Kr, 91 Kr, 133 Xe, 135 m Xe, 135 Xe,

138 Xe, 139 Xe, 140 Xe, 141 Xe.

2. 20 % accuracy on periods and yields of delayed neutron groups or

preferably of individual delayed neutron precursors of half-life greater

than one second from typical fuel compositions.

3. Capture cross section within 10 % for 135 Xe and stable noble gases that

are used in gas tagging.

4. 5 % accuracy on half-life, 10 % on gamma-ray yields, gamma-ray energy

resolution of the KeV order for intermediate and long-lived fission

products important for contamination inside and outside the plant (see

chapter 2).

4 - FISSION PRODUCT HEATING AFTER SHUTDOWN

We will confine ourselves to cooling times between 0 and about

10 seconds corresponding to the period of time between reactor shutdown

and fuel transport towards reprocessing plants, the questions of spent

fuel transportation itself, chemical processing and waste management being

treated in other papers.

The knowledge of fission product energy release rate may be

important in :

- reactor safety

- decay heat removal loops dimensioning

- fuel handling

- fuel storage

The relative importance and the accuracy requirements for the

above topics are extremely reactor dependent.

In light water reactors, the assumption that a break occurs in the
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primary coolant system piping would result in the rapid expulsion of a large

fraction of the primary coolant into the reactor containment. Although the

fission chain is stopped by loss of moderation, the fuel still generates about

7 % of the heat generated during power operation. The ability of the

Emergency Core Cooling System to remove this heat in order to prevent clad

melt and to garantee the core amenability to further cooling is evidently

dependent upon the knowledge of fission product heating within the first

few minutes after shutdown. H.J.de Nordwall points out that several BWR plants

in the United States have recently been "derated" as a result of a new

recognition that densification of U02 fuel, early in fuel life, can affect

the results of the Loss-of-Coolant Accident Analysis, causing somewhat

higher peak cladding temperatures to be calculated. It would appear that some,

if not all, of these deratings would have been unecessary if the allowance

for uncertainty in fission product after-heat (an allowance which is included

in the licensing criteria) were appreciably less than the + 20 % presently

postulated in the criteria. For example, a 35 % increase in after-heat

function would result in a BWR 125] in an increase of 192°F in the peak

fuel cladding temperature reached about 130 seconds after theonset of the

accident. While relief might be found by reduction in uncertainties at several

points in the analysis, it is undoubtedly true that an appreciable reduction

in uncertainty in the afterheat function (e.g. to + 5 % or less) would

contribute significantly to the avoidance of costly restrictions on power

plant operations.

When analyzing accuracy requirements on fission product afterheat

one must bear in mind the other sources of heat released after shutdown ;

for a light water reactor this can be reduced to :

- residual delayed neutron fissions which depend on the

magnitude of the negative reactivity at schutdown

- 239 U and 239 Np decay energy which depend on the

fuel enrichment and neutron spectrum

Table IX illustrates the fractional contributions of the different

heating sources in a three core region PWR at end of cycle with 4 % negative

reactivity at shutdown [26].

From Table IX one can observe that the residual fission term is

dominant within the first 10 seconds and it should be desirable to know, from

reactor kinetics and delayed neutron group errors of paper 13, with which
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TABLE IX

CONTRIBUTIONS TO AFTER HEAT FUNCTION IN A PWR (%)

Time adten : Reidual : 239 U - Fision 

shutdown (A) fis ion : 239 Np produeAt

0.1 60 2 38

1 : 60 2 : 38 

10 : 49 3 :48 

100 0 : 10 : 90

1000 0 : 12 : 88

accuracy this term can now

as quoted in Table X.

be calculated for typical distributions of fissions

The accuracy of the 239 U - 239 Np term is probably better than

± 10 % and this has no effect on the total heating error. If we would assume

that no errors come from the other terms, a + 10% accuracy on the total

heating for example could be obtained with errors on the fission product

heating term of ± 25 % below 1 second, ± 20 % at 10 seconds and ± 10% at

100 seconds cooling time onwards.

TABLE X

DISTRIBUTION OF FISSIONS IN

FUNCTION OF BURN-UP

A PWR FUEL IN

(%1

Buwtn-up 235 U 238 U 239 Pu.

: (MWd/T) :

: 11 000 63 7 30

: 22 000 44 8 48

: 33 000 30 9 61
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From table X it is apparent that both 235 U and 239 Pu afterheat

functions must be known with the same accuracy while 238 U afterheat could

be three times less accurate.

The theoretical approach to this problam consists in calculating

the detailed inventory of fission product activities and then of individual

energy releases starting from the largest number of fission product nuclear

data. Even if we confine ourselves to the case of long irradiation times,

which is the case of interest, where short-lived fissions products contribute

less than for example in the case of a burst, present calculations underestimate

the energy release because they dont take into account the energy from fission

products with unknown nuclear data ; those with half-lives of the order of one

second and less.

For example, Table XI shows a comparison between some recent

calculations from Tasaka et al [28] and ourselves and the evaluation of gamma

plus beta fission product energy release during reactor operation from James

[30] for 235 U and 239 Pu thermal fission.

In the case of 235 U, calculations from England-Shure [33]

and results of an ANS-5 Subcommittee work [31] based on a previous evaluation

of Shure [32] have also been reported.

From this comparison it appears that calculations underestimate

the energy release at zero cooling time by quantities that amount 4 to 24 %

for 235 U and 9 to 34 % in the case of 239 Pu. If these figures could be

confirmed, they almost should be considered as acceptable, as pointed out

above.

The ten years old evaluation from Shure [32], based on old experi-

mental measurements in that cooling time range, seems to ideally fill the gap

between 0 and 1 second cooling time whereas it agrees with both evaluations

to within 10 % for times ranging from 1 to 1000 seconds. The Shure's evaluation

is given, for times below 1000 seconds with an incertitude of + 20 %, - 40 %

which might seem pessimistic with regard to consistency of table XI-a results,

but probably still reflects the wide dispersion of experimental results presen-

tly available. However, Tasaka and Sasamoto mention that their calculations of

gamma energy release are consistent to within ± 10 % with measurements between

10- 2 and 10 seconds.

We therefore need bechmark afterheat experiments for 235 U and

239 Pu samples submitted to constant thermal fission rates during various times
2 3 4 5 5

(10, 10 , 10 , 104, 10 seconds) and considering cooling times from 0.1 to 10
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TABLE XI-a

ENERGY RELEASED Y 235 U THERMAL FISSION

PRODUCTS AT SHORT TIMES AFTER SHUTVDOWN (MeV/fi4ion)

(iLvadiation -time 1 year)

Cooling England :ev Tka. Shuxe Jame

:'me ()+ Sa amoto:Sharee : ::
t

0 :14.2 +1.4:
* : : : :

0.1 12.2 13.9

: 1 : : 11.5 : 11.3 : 11.8 :

: 10 : 9.3 : 9.2 : 9.1 : 9.9 : :

: 100 : 6.6 : 6.1 : 6.3 : 6.7 

1000 : 3.9 : 3.6 : 3.7 : 3.5 
: : : : : : :

TABLE Xl-b

ENERGY RELEASED BY 239 Pu THERMAL FISSION

PRODUCTS AT SHORT TIMES AFTER SHUTDOWN (MeVl/isi4on)

{iAauLdi tion time - 1 year)

Cooling :Devilltet : Traaka Joame
t: im (:)

: 0 :12.5 + 1.6

: 0.1 : 9.8

: 1 9.6 : 9.3

: 10 8.1 8.0

100 : 5.5 : 5.8

: 1000 3.2 : 3.4
: : : : :

seconds. The case of 241 Pu thermal fission should also be considered in the

event of plutonium recycling. On the other hand we need evaluated data files

including errors on individual data. Comparison of sensitivity calculations

to experimental results would permit first to check the errors quoted on
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data and secondly to determine whether or not it should be necessary to take

into account new fission products or alternatively to derive heating functions,

corresponding to lumped short-lived fission products, directly from measurements.

In our opinion, theoretical evaluations of fission product energy

release have much progressed in the last few years thanks to new evaluations,

compilations and measurements on fission yields, half-lives and Q values

which have permit to increase the number of fission products that we can

introduce into the calculations from about 300 when we were limited to

half-lives greater than one minute to about 600 now, including half-lives

of 1 second or less. We feel that given the large number of isotopes which

contribute significantly to the heating function at short cooling times

(roughly 20 chains including 100 fission products), a high accuracy on

individual isotope energy release is unnecessary ; a factor of 2 would probably

be sufficient to reach an accuracy of + 10 % on the total heating.

One of the most important field in our opinion where it could be

paying to reduce the uncertainties is the fractional cumulative yields from

235 U, 239 Pu, 241 Pu thermal fission, for fission products of half-life lower

than one hour and yield values above 1 %.

Concerning the half-lives it could perhaps be sufficient for the

moment to evaluate their uncertainties.

As long as the knowledge of the energy distribution between beta

and gamma radiations of different energies is not concerned in the design

of ECCS, we need each isotope decay scheme just enough detailed as to

permit a calculation to within 30 % of the mean neutrino energy E it emits

per desintegration, unless nuclear models reveal to meet this requirement.

The effective energy release per isotope decay is then calculated

by E = Q - E , Q being the decay energy which should be known to within

+ 10 % 

The other factor which might influence the heating function is the

effect of the neutron flux ; this effect has been checked using the methods

and data described in [1] [3] and the fission product neutron capture cross

sections from Walker [15] and wherever possible spectrum averaged cross sections

derived from Benzi [14].

Table XII illustrates the magnitude of the effect in function of

cooling time for 235 U and 239 Pu irradiated 900 days.

110



TABLE XII

EFFECT OF NEUTRON CAPTURE ON 235[ AND 239 PU

THERMAL FISSION PRODUCT ENERGY RELEASE

(ixAadiation time = 900 dayt ; thermal flux = 2.5 1013 n.cm-2. 1-

235 U 239 Pu
Cooing 

* 4.me ({\ ·Fraction of opeating Fraction oad op ting

: : pouweA :Deviation: poweA :Devation:
: _________(%) :___ % :

: Without W: Without With : :

capture ctaptue capture captuArhe

0 -2 -2 -2 -2
10 5.97 6.00<1 4.86 4.92 1

1 -2 -2 -2 -2
10 4.77 4.80 <1 4.08 4.14 1

2 -2 2 -2 -2
10 3.16 : 3.17 <1 2.80 2.82 1

10 1.86 1.872<1 1.652 1.672 1
4 . 3 3 . . 3 3

10 9.17: 9.27 1 8.01 8.19 2

: 5 .. . .-3-3 -3

* 6 -3 -3 3 -3

: 1 4.77- 2: 4.80 -2: <1 : 4.008 4.143 16

10 2.18 2.31 7 2.01 2 2.182 9
7 4 -4 4 4 

10 6.36 6.94 9 6.57 7.17 9

The energy released from fission has been assumed 30 192.9

and 198.5 MeV for 239 Pu.

MeV for 235 U

The effect of neutron captures appears to be negligible within

the first hours after shutdown, reaches 5 % after one day cooling time,

when fuel unloading takes place, and 10 % after three months cooling time,

at the end of the fuel storage period. These figures are upper bounds of

the effect because we have considered the most irradiated fuel. On the other

hand, the effect of the flux in that range of cooling times is only due to

134 Cs generation through capture. The error on that term due to an assumed

30 % error on the capture cross section may be evaluated to 26 % (from results

of chapter 2), which introduces at 107 seconds cooling time an uncertainty

of 2 % on the total heating of 235 U fission products (this error could reach

5 % after 1 year cooling time). For 239 Pu, the situation is very similar.
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For cooling times between 102 and 107 seconds, we do think that

sensitivity calculations starting from errors (to be evaluated) on individual

data would be able to provide a good garantee on theoretical calculations ;

as paper 15 will show, the confusing situation of experimental integral data

does not give any mean for deriving error factors to be applied to the

calculations. Special mention must be made however of calorimetric measurements

by Lott et al [35) which have had the merit of providing the total energy

release from 235 U thermal fission products. These measurements seems to

indicate that calculations are accurate to within 10 % for cooling times

between 100 and 10 seconds. Such experiments should be repeated in other

laboratories and extended to the 239 Pu and 241 Pu cases.

In the case of gas cooled reactors as K.W. Brindley points out,

thermal reactor specialists accomodate to uncertainties in decay heat such as

+ 20 %. In the loss of coolant accident, the sensible heat in the fuel,

which amounts to 11 full power seconds in AGR's, dominates the safety issue so

only a low accuracy on decay heat is required.

In HTGR, Gulf General Atomic Company has investigated the sensitivity

of their core-cooling analysis to uncertainties in decay heat [36]. They find

that HTGR cores, because of their large heat capacity, are relatively

insensitive to uncertainties in the afterheat function. They compared calculated

peak temperatures versus delay time before startup of the Core Auxiliary

Cooling System (CACS) following a loss-of-Main-Loop-Coolant Accident, for

their nominal after-heat function and for an alternate function that was

20 % higher than nominal for t _103 sec. and 10 % higher than nominal

for t > 10 sec. The time within which the CACS must be started up in order

that no critical safety temperature limits should be exceeded was reduced

from about 40 minutes to about 26 minutes. This is probably not a really

significant difference, since there is no question that the CACS must function

sooner of later. Nonetheless, H.J. de Nordwall feels that it would probably

be helpful to HTGR designers if the uncertainties were reduced to ± 5 %.

The opinion of J. Brisbois is that an accuracy of ± 10 % at cooling times

from 10 minutes to a few days could be sufficient for HTGR designing.

Remembering that in HTGR cores 60 % of fissions are produced in

235 U,and the remainder in 233 U makes at cooling times of 100 seconds onwards

at least 60 % of the afterheat accurate to within ± 10 % as observed previously.

Concerning the after-heat resulting from 233 U thermal fissions, different theo-

retical evaluationsagree to within ± 10 % between 102 and 107 seconds as paper

15 will show. However no integral measurement exists that can warrant this
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TABLE XIII

CONTRIBUTION OF DOMINANT 233 U FISSION PRODUCT
TO AFTER- HEAT (%)

TIradia.tion time : 4 yewu

Opeating powel : 1 watt

CooLing time : 103 .econdd

ISOTOPE BETA HEATING GAMMA HEATING

0.5475 10 1 0.6554 1011 Mel/40.54?5 10 MeV/./

87 Kr 2.9

88 Rb 8.2 2.4

88 Kr - 5.2

89 Sr 2.4 

91 Sr 2.4 2.1

91 Y 2.3 

92 Sr - 3.8

92 Y 5.6 

93 Y 4.8 

94 Y 4.4 

95 2.0 

95 Zr 2 2.3

95 Nb - 2.4

97 Zr 2.3 

132 I - 5.2

134 I 2.2 6.6

135 I - 3.9

138 Xe - 2.4

138 Cs 3.6 5.9

139 Ba 3.1 

140 La - 7.6

142 La 3.2 7.1

143 La 2.1 

144 Pr 3.3

Rest 39 i39
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accuracy ; here again calorimetric measurements should be profitable. Turning

to the sensitivity aspect, let us attempt to derive an estimation of the error

of the after-heat calculation for 233 U thermal fission, as an example of what

could be done if we had error files available. Let us consider for example the

fission product heating after a 4 years irradiation of 233 U and a decay time of

103 seconds corresponding roughly to the first cooling time of interest for

HTGR. The total heating function is the sum of individual heating from about

50 isotopes ; Table XIII shows the contribution of the most important of them

(contributions greater than 2 % of either beta or gamma heating have been repor-

ted).

The following simplified assumptions have been made for estimating

the error :

- errors of half-lives are negligible against the others

- errors of cumulative yields are those quoted by Meek and Rider [13]

- errors of the energy emitted by each isotope is assumed constant and

equal to ± 20 %, resulting for example from ± 10 % on the desintegration

energy Q and ± 30 % on the mean neutrino energy E.

- the total error is calculated as

s - (4 s Pi 12
_s =

P P

2|-- ~- 1/2

with si 2 i) 
iS i _1E

Pi Yi Ei 

Pi being the heating due to isotope i, Yi its cumulative

yield and Ei the energy emitted per decay of isotope i

(correlations between isotopes belonging to the same chain

have been accounted for)

The error calculated as indicated above is + 11 % ; this figure

must of course be considered as illustrative because of the crude assumption

we have made but it givesan idea of the order of magnitude the uncertainties

in data should reach to meet the accuracy requirements. Based on more

reliable errors such calculation would provide good estimates of

calculational errors.

The effects of neutron captures on the after heat functions

have been checked as shown in Table XIV, by the same method as used in

the case of PWR.
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TABLE XIV

EFFECT OF NEUTRON CAPTURE ON 235 U AND 233 U

THERMAL FISSION PRODUCT ENERGY RELEASE

ltadiation time : 4 yeauL

TheAmam elux x 13 .m-2 -13.1 10 n. erm 

· 235 U 233 U

Cooelng Fhaction od ope'atoig Faction of ope a tng
time: .: pouweA :Deviation: power :Devition:

* {tec)

Weithout : With totWth
: Cl: capt Le. cptetue

10 5.98 .0-2 2 -2 5.00-2 5.14-: 2 

101 4.78- 2 4.822 1 4.40- 2 432 2 1

* 2 3 -272 -2 . -2
10 3 .17182 1 3.14 3.15 1

: : : : : : : :

10 187 1.82 882 <1 1.92 1.94 2 1

104 9.253 9.40-3 2 9.68 3 9.84-3 2

5 -3 :3 -3 :: 10 4.373 4.54 3 4 4.4534.65 4

106 2.25 -3 2.41 : 7 2.27 3 2.40-3 6

: 7 -4 -4 : -4 -4
10 : 7.01 7.74 10 6.56 7.31 11. . _ . .... . . ..~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The energy

190 MeV for 233 U.

released from fission were 192.9 MeV for 235 U and

Again the effect is due entirely to 134 Cs with similar conclusions

as in the case of PWR concerning its influence on the error.

In fast breeder reactors the accuracy requirements, as expressed

by K.W. Brindley are the following :

- propagation of melting in sub-assemblies requires an accuracy of + 20 %

in decay heat for decay times of 1 minute onwards.

- failure of all forced circulation requires data to calculate the start-up

of natural convection to a lower accuracy (e 30 %) for 1 minute onwards

because of uncertainties in the hydraulics.
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- decay heat removal loops are sized on the decay heat arising several

hours after shutdown, after allowing the sodium temperature to rise. The

integrated decay heat is therefore important and it is required to an

accuracy of + 15 % over 0 to 24 hours for pool reactors

- reactor fuel handling requires an accuracy of + 10 % for transfer of fuel

from the core to a store outside of the reactor from 8 hours onwards.

Penalties for having to extend this because of errors in decay heat

arise because of the cost of replacement electricity and also the extra

fuel inventory. In the long term it might be possible to justify + 5 %

accuracy.

Here we are faced with a new problem which is the influence

of neutron energy on fission yields from 239 Pu and 241 Pu, the latter

contributing up to 20 % of the fissions in future stations.

First of all we have examined this influence by comparing

after heat from 239 Pu thermal fission to after heat from 239 Pu "fast" fission

using the relevant yields from Meek and Rider.

This influence has been found to be 1 % or less in all cases; similar

results have been obtained by K. Tasaka et al [281. The effect of neutron

energy can therefore be considered as smaller than the calculational errors

in the case of 239 Pu. For 235 U it would be higher ; for 241 Pu it cannot

be evaluated.

As paper 15 will show, recent calculations of 239 Pu afterheat

are consistent to within 10 % between 102 and 107 seconds cooling time,

for long irradiation time. Integral experiments are scarce; some confirm

beta heating calculations at short times to within 10 % and more often 5 %

like measurements of Mac Nair [37] whereas others show desagreements as

large as factor of 2 in the gamma heating 138]. The present lack of measurements

and the dispersion of the available ones does not permit to warrant any accuracy

although we feel that we are not far from + 10 % for the decay times considered.

The effect of neutron capture has been evaluated as shown in

table XV by only accounting for the isotopes considered in the cross

section evaluation of Benzi [14].

As in thermal reactors the effect is due to 134 Cs ; an incertitude

of a factor 2 in the capture cross section of 133 Cs would for example intro-

duce an error of 4 % in the afterheat at 107 seconds.
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TABLE XV

EFFECT OF NEUTRON CAPTURE ON 239 Pa FAST FISSION PRODUCT

ENERGY RELEASE

Ithadiation time : 2 yeau

Totat leux :4.31015n.cm -2.s 

239 Pu

: CooLng Faction of openating o:: :o~eig Devi.at,.on
t: tme :Powe ::
(sec) * W:o : : ~U: CJWithou.t W ith:

capture capture

10° 4.812 4.832 1
1 -2 21 :

101 4.05 2 4.072 1

2 -2 -2 
10 2.79 2.80 < 1

3 2 2
: 10 1.64 1.652 < 1

4 . . -3
: 104 7.90 8.00 1

* 5 -3 -3
* 10 4.03 4.11 3 2

6 -3 3
106 1.95 2.00 3 3

7 -4 -4
10 6.17 6.40 4

: : : : :

In conclusion, the accuracy

after-heat, as expressed by designers,

requirements related to fission product

can be synthetized as follows :

1. only long irradiation times are of interest : this makes the knowledge

of very short lived fission products not so stringent (irradiation

times of 10 seconds or such are infinite for them)

2. fissile species of primary interest are :

233 U

235 U

239 Pu

thermal fission

thermal fission

thermal fission
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3. of secondary interest are :

238 U fast fission

241 Pu thermal fission

239 Pu and 241 Pu fast fission in the event of non negligible

effect of neutron energy contrary to that has been observed

for 239 Pu

4. the decay times of interest start from 0 for 235 U and 239 Pu, from

10 seconds for 233 U

5. an accuracy of + 10 % should be reached at each decay time of interest

with + 5 % as a long term aim.

6. error files are required for cumulative yields, half-lives, branching

ratios, desintegration energies, neutrino energies, capture cross section

of 133 Cs in order to evaluate calculational errors

7.to check the calculational errors, benchmark experiments (calorimetric

measurements if possible) are requested especially for decay times below

105 seconds.
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Appendix:

LISTS OF FISSION PRODUCTS IMPORTANT FOR AFTERHEAT

The contributions of important fission products to the total afterheat
have been calculated for the following 5 typical oases:

case table fissile neutron MeV per irradiation
no. isotope spectrum fission conditions

Al A-I 2 U thermal 192.90 theal flu

A2 A-II 239u thermal 198.5 2.5 x 1013 n.cm2s -2

A3 A-III 23 3J thermal 190.0 years thermal l
2 35t 4 years, thermal fl2x:

A4 A-IV 2 35 U thermal 192.9 3.1 x ol1 3 n.cm-s 

23 A2 years, fast flux:
A5 A-V Pu fast 198.53 05 n.cms 2

4.3 x lO15 n.cm-Es-2

The total power was 1 watt in
products that contribute more than
descending order of importance for
Since the headings of the computer
translation is given below:

all cases. In the following tablesfission
1A to total afterheat are listed id
cooling times of 1,l1l102, ... , 10 seconds.
printouts are in French, their English

temps dd refroidissement - cooling time

puissance - power

contributions a la puissance residuelle totale -

- contribution to total residual power
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Table A-I: 35U thermal fission, case Al

T TEMPS DE REFROIDISSEMENT= O.ICOOE 01S I
I I
I PUISSANCE TOTALE= 0.3752E 12M1EV/S I
I PUISSANCE BETA = 0,1946E 12MEV/S I
T PUISSANCE GAMMA = 0.1806E 12MEV/S I

T ! I
I CONTRIPUTIONS A LA PUISSANCE RESIOUELLE TOTALE () I
I I

…Cs
T NUCLITF I P.TOTALE I P.BETA
: -------------- ------- --- ---- --- -- 

T Y 96
I Cf14n
I PB 91
I T13"F
T 1134F
TRB Q?
T CS13PF

cR qnF
T LA142

I KRP S
I XF13R
T Re 89
T 9R 92
I PR 8P
T T137
I V 94
T t A144
T RB 9
T TFl3'

I 113P
CS.1 3

T y 98
I KR 9g
T SR 95
V y cQ

I PP 98
CS141

T I13 
I XFI3Q
TI 813?F

I 2.11
I 20n7

I 1.92
I 1.91
1 1,89
I 1.R9
I 1.871,q79
I 1.65
1 1.56
I 1.51
I 1,41
I 1,40
I 1.40IY.o4
! 1,39

T 1,37
1,37

I 1.36
I 1.34
I 1.o30f
I 1,29
I 1.?7
I 1o26
I 1.22

I 1.1321.')3
I lMo2

1,nl

1 1.09
* I 1 o ~g

I 1.44
I 0,85
I Co42
I 0.99
[ C,64
I C.85
I r.45
I C.27
I 1.12
I C.54
I re29
I C.46
I C¢63
I C.71
I C.57
1 1!05
I . 89
I C.63
I C.43
I 0.64
I f0 190
I C 58
I (.49
I C,44

I C,81
1 C.81
I C.22
I C.78
I 0.46

I P.GAMMA I

l 1.03 I
I 0.99 I
I 0.56 1
[ 1,07 1

1.L49 
1 0,90 I
I 1.25 I
I 1.03 I
I 1.20 I
I 1.29 I
1 0.39 I
I 0.87 I
I 1.11 1
1 0,94 I
t 0.76 I
I 0.67 I
I 0.80 I
I 0,32 I
I 0.47 I
I 0.71 I
I 0.86 1
I 0.66 1
I 0.38 I
I 0.69 I
1 0.73 I
I 0.76 1
1 0.26 I
I 0.29 1
I 0.22 I
I 0.81 I
I 0.24 I
I n.55 I

------------------ ------------------------- --.--
T PESTE(T) 1 53.31 I 2c.44 I 23.87 1

…C:
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Table A-I: (cont 'd)

: --- :

T

T

I

TEMPS OE REFROIOISSEMENT= OilCOOE 02S

PUISSANCE TOTALE= 0.3000E 12MEV/S
oUISSANCE BETA = 0.1510E 12NEV/S
PUISSANCE GAMMA = 0.1490E 12MEV/S

I
I
I
I
I

T------------------------------- ----------------- _ --

T I
T CONTRIBUTIONS A LA PUISSANCE RESIDtELLE TOTALE (%) I
I I
:------------------------------------------

T MJCLTOE I P.TOTALE I P.BETA I P.GAMMA I
:-------------~-----------~-------- ------ ~------:

T Y 96
I CS14n
TI 134F

T CS139F
I RB 91
T RB 90F
I 136F
r LA142
I tA14T
i PR 89
T XF139
T Sp 9»
I KP 39
I Y 94
! CS139
! lA144
! Y 95
T PB 88
I 1137
I T13=
I KR 9n
I SRP32F
T XF137

T1132
I PP 4q
I SR 95
I TF133F
I TF135
I fnlI-1
I Y 92

XF 139
T NR 99F
T Y 9P

T TC l2F
T R 94
T SR133
I C5S41

1 2.54
I 2.46
1 2.?39
1 2,37
I 2.35
I 2033
I 2.28
I 2.n06
1 1695
I 1.75
I: 1.74
1 1.7?
I 1.72
I 1.71
I 1,59
I 1.56
I 1.47
I lo37
I 1.37
I 1.28
I 1.?7
I 1*22
I 1.29

I 1,17
T1 18

1 1.16

I tol7
I 1.11
I 1, 7

I t

£ 1.03

I 1.30
I 1.29
I C.52
I (, 80
I 1.69
I 1.05
1 1.01
I C.56
I 0.34
I C,57
I C.36
I C,78
I C 66
T 1,31
I 1.12
I 1.02
I 1 14

1001
lI C0.57

I C27
I C051

I C.55
I 1.11

I C,23
I 0C61
I , 43
I 0o 45
I C.39
IT 0.23
I r, 5
I C.85
I r1.02
I 0.49
I C.67
I .C42
I C.18
I C.81

1 1.24
I 1.17
I 1.86
I 1.56
I 0.66
I 1.28
I 1.27
1 1.50
I 1.61
I 1.17
r 1 38
I t0.94
I 1.06
I 0.40
1 0.47
I 0,54

0,.32
1 0.36
! 0.80
I 1.01
T 0.76
I 0.66
I 0.09
I 0.95
I 0.57
I 0.75
I 0.72
I 0.77
I 0.93
I (g0.16
1 0.26
I 0.06

0,.58
I 0,39
I 0.62
I 0.85
I l0.22

I

I

1[I
I
I
I

I
I
I
I
I
I

I
I
I
I

I
I
I

I
I:

I
I
I
I
I
I
I
I
I

I

I

T RFSTF(%) I 42.76 I 19.71 I
:--------------~----------------------~---- ---- :
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Table A-I: (cont' d)

,------------------------------------------------

r TEMPS DE REFROIDISSEMENT= PolCOE 03S 
I I
T PUISSANCE TOTALE= 0.1981E 12EV/S I
I PUISSANCE BETA = Oq391E ll1EV/S 
I PUISSANCE GAMMA = 0.1042E 12EV/S I

I I
I CONTRIBUTIONS A LA PUISSANCE RESIDLELLE TC7ALE i%) I
I I
:------------------------------------------ ----- --- 
T bUCLIDE I PTOTALE I P.eETA I P.GAMMA I
: …

I T134F I
I C13RF I
I LA142 I
I L3 14r 
T RP 99F I

I Y 94 1
I Y 96 1
T XF13 I
I SP 93 
T rS139 I
I PR 8P I
I v 95 I
! 713 I!
I KR 89 
1 1132 F
I I136F I
* TE133F I
I Y 2 I
T wmnIl T
I CS14n I
T TC112F I
r XF137 T
T SR 92 1
T PA 41 I
T Kp 8p I
T PR14f I
T Y 93 

J 1 143 1
I CR 91q 
I SB132F I
T PA142 
I T133 I
T NP 97F I
T PA139 I
r sP13? I

I R---TE--) I
1 RESTET)I 1

3.60
3,57
3.11
2,96
2.72
2.61
2.52
2,45
2.45
2.26
2,23
2,08
2. 15
1,93
1,88
1.79
1,78
1,71
1,69
1,64

1,48
1,47
1c45
1.42
1,42
1,35
1.35

l 4

1.28
1,25
1,24
1,20
1,14
1.12
1.11
1,03
!,'t2

I C.79
1 1,21
I C.85
i r0.52
1 e1.23
I 0,86
I 1.94
I o1.26
I f.51

1.02
I 1.57
I 1 , 54
I 1,60
I s(41
I C.72
I C,35

C.79
C.o66

i 1.45
C*.32

I 0, 81
I C.93
r 1.36
I C.21
I C,92
I c.?n
I .C44
I 1 te25
I .92
1 1.25
I r,60
1 r.54
I C.42
I lC.45
I .C,45
I C.98

0, 17

I 2.81
I 2.36
I 2.26
t 2.44
I 1.49
I 1.75
I 0.59
I 1.19
I 1.94
I 1.24
I 0.66
1 0.55
I 0.45

1,52
T 1.16

I 1,44
I 0.99
I 1,05
I 0.25
1 1.32
I 0.73
I (10.55
I 9.11
1 1.24
1 0.50
I 1.22
1 n.91
I .010
t 0.36
I 0,0
T 0.63
I 0.65
I 0.72
I 0,67
T 0.66
I 0.05
I 0,84

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

i
I
I
I
I
I
I
I
I1
I
I
I
I

I
1

- 31--- 191 15---------.17--- 
31.n7 1 I.9 1 I 15.17 I

:-------------------------------------------
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Table A-I: (cont 'd)

I TEMPS DE REFROIDISSEMENT= OC1COOE 04S I
I I
I PUISSANCE TOTALE= 0.1170E 12MEV/S I
I PUISSANCE BETA = 0.5246E 11MEV/S I
I PUISSANCE GAMMA = 0,6452E 11REV/S I
-----------------------------------------
I I

I CONTRIBUTIONS A LA PUISSANCE RESIDLELLE TOTALE (% I
I I

IT UCLIDE I P.TOTALE I P.BETA I P.GAMMA I

I 1134F I 5.81 I 1.28 1 4*54 1
I CS138F I 5.41 I 1083 I 3.58 I
T tA14 ' I 5.n1 1 C.88 I 4.13 I
T LA142 I 50o0 I 1*37 T 3.64 I
T qe 88 I 3.45 I 2.55 1 0.91 I
T 1135 T 3o19 I C.67 I 2.52 1
1 113? I 3.03 1 C.59 1 2,44 1
T V 9? I 2,86 I 2.44 1 0.42 1
T V 94 T 2.62 1 2.01 I 0.61 I
T PR 89 1 2060C I C.85 1 175 1
T sP 92 I 2,31 I C.33 1 1.97 1
T Y 93 I 2,27 I 2.09 I 0.17 I
T KR 88 2[ 226 I C.32 I 1.94 1

CR 91. 1 2 ,*5 I 1,00 1 1.05 I
T PR146 I 2onn I C.65 1 1.34 I
1 E 13R I l*9 I C .42 1 1.58 I
1 I133 I 1.89 I C.76 I 1.14 1
I Nh 97F I 1,R88 I C.77 1 1,12 I
I PP144F I 1.67 1 1.63 1 0.04 I
I A 13q I 1.65 I 1.57 I 0.08 I
T LA141 I 1o59 1 1.54 I 0.04 I
I 7R 97 1 1.54 I 1.15 1 0.39 1
T ZR 5 1 1 .53 1 C20f 1 1.33 I
IT M 95F I 1,44 1 CC8 I 1.36 I

T TP133F I 1*41 I C,54 1 0.87 1
T V'0l1 T 1,39 1 0.27 1 1,12 
I KQ 87 1 1,37 I C.85 1 0.52 1
I PA141 1 1.36 I 0.88 I 0,48 1
I y 95 T 1.32 1 1rn3 I 0.29 I
T CS139 I 1.20 I 0.85 1 0.36 1
T CE143 1 1l20 I C.64 1 0.56 I
T Nh 97M I 1,n4 I C.n I 1.04 1
I TC112F 1 1,01 1 C.64 1 0.38 1
I TE13A I 1 C.39 i 0.62 1
I LA 143 I 1.e1 I 1.31 1 0.0 I
V TF133M I leo 1 Co21 1 Oe79 1

I RPSTFUI} I 2,o63 1 1C.56 1 10.07
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Table A-I: (cont 'd)

T TEMPS DE REFROIDISSEMENT= n..1OCE 05S 
I I
T PUISSANCE TOTALE= 0.5794E 11MEV/S 
T PUISSANCE BETA = 0.2634E 11EV/S I
T PUISSANCE GAMMA = 0.3160E 11MEV/S 

T I
COnNTRIBUTIONS A LA PUISSANCE RESIOLELLE TOTALE () I

TI 

I NtCL ITE I P.TOTALE I P.BETA I P.GAMMA I
:-,-------------------- :-------------

t t A14' I
1 1132 I
I Y 92 I
T 113 I
T RR I3 I
T Y 93 I
I NB 97F I
T 1133 1
I SR 91 I
T I134F I
T DR144F 
I LA142 I
I ZR 95 1
T NB q5F T
I ZR 97 
T KR 88 I
T SR 0? T
1 CF143 I
I LA141 I
T Y 1F 1I
T mn 9q I
1 N\ 97M I
I PAl4n T
I SR 89$ 
I Y 91M I
I PR145 T
T PR143 I

-- ----------
T RESTF(,% I

10.11
6.05
5.)2
4. 97
3.93
3.86
3.59
3,56
3.46
3,41
3,37
3.09
3. 8
2 91

2.46
2.45
2.31
2.15
1.97
1.91
1.90
1.62
1.49
1.20
1.12
2.o5

I 1.77
1 1.17
I 4.29
I 1.05
I 2.90
I 3.57
1 1.46
I 1.42
I 1.69
I 7.75
I 3.29
I C.84
I Co40
I C 17
I 2.C9
I C.35
I C.35
1 1,?2
1 2.09
I 1.96
I 1.27
IC.O
I 101,
I e1.49
I 0.0

I 1.05

I 8.34
I 4.88
T 0.73
T 3.92
1 1.03
1 0.29
1 2.13
I 2.14
I 1.77
1 2,66
I 0.08
I 2.24
I 2.68
I 2.74
1 0.72
1 2.11
I 2.10
I 1.08
I 0.06
I 0.01
I 0.64
I 1.90

00.60
0.0

I 1.20
T 0.02
1 0,0

I
I
I
I
I
I
I
1
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

15.17 T1 .72 1 8.45 I
-------------------------------------------
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Table A-I: (cont 'd)

----* -----^--- ------------------ ------------

I TEMPS DE REFROIOISSEMENT= o01COCE 06S I
I I
I PUISSANCE TOTALE= 0.280?E 11EV/S I
I PUISSANCE BETA = 0.1174E 11EV/S I
I PUISSANCE GAMMA = 001628E 11MEV/S I

I I
I CONTRIBUTIONS A LA PUISSAhCE RESIDLELLE TOTALE () I
I I
:------i-- ---------------------- -------- 
T P0CLIDE I P.TOTALE I P.BETA I P.GAMMA I
:----- ----------------------------------

I tA14"
1 1132
I PR144F
I ZR 9S
T Ke 95F
I Y 91F
1 1133
I PA 140
I WO 99
I SP 89
I CF143
TI N 97F
T PR143
J ZR 97
T RUIV'!
I FU156
1 T131
I CF141
T Y 93
I NR 97M
I XF133F
I CS134F
T TE137
T SR 91
1 n9147

I 20.53
I 10,13
I 6.o94
I 6.29
I 6,02
I 4, 4
I 3.23
I 3,16
I 3. '5
I 3.93
1 2, a1
I 2o69
I 2.14
I 22.17
T 1,91
I 1.62
T 1.60)
I 1,51
I 1.44

I 1,36
1 1.33
I 1,26
I 1o15
I 1.31

1 3,60
I 1.96

[ 6.78
I C.81
I C.35
I 4.02
I 1.29
I 1,98
I 2*02
1 3.03
I 1o149
I 1.10
I 2.14
I 1. 54

C.22
I C.38
I C.53
I 1.04
I 1.33
I c,n
I C,75
I C.12
I C.23
I C 56
I C.57

1 16.93
1 8.17
t 0.17
1 5.48
I 5.67
1 :0.02
I 1.94
1 1.18
I 1.02
1 0.0
I 1.32
I 1.60
I 0.0
1 0.53
1 1.69
1 1.24
I 1.07
I 0.48
I 0.11
I 1.40
I 0,61
I 1.21
I 1.03
I 0.59
I 0.43

I
I
I
I

.1
I
I
I
I
I
I
I
I
I
I

I

I
I
I
I
I
I
I
I

T PFSTF(S) I 8,27 I 4,05 I 4.22 I
: :a---------- W--*---------------------
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Table A-I: (cont'd)

T TEMPS DE REFROIDISSEMENT= 01.COCE 07S
I I
I PUISSANCE TOTALE= 0.1442E 11EV/S I
I PUISSANCE BETA = 0.6395E 10MEV/S I
I PUISSANCE GAMMA = 08023E 10MEV/S 
--------------------------------------- --------

I I
I CfNTRIBUTIONS A LA PUISSANCE RESIDUELLE TOCALE () I
I I
*-------- ----------------------------------

I NUCLIDE I P.TOTALE I P.BETA I P.GAMMA I

I LA140 I 24.52 1 4.30 I 20.22 1
I PRI44F I 13.15 1 12.84 I 0.32 I
I NB 95F I 11.55 I C.66 I 10.88 1

I ZR 95 I 10n94 I 1.41 1 9.53 1
I V 91F I 6.95 I 91 I 0*04 I
I ?P 89 1 5.13 T 5.13 I 0,0 1
I EA14' I 3.50 I 2.19 I 1,30 I
I RU1l3 I 3.10 I 0.36 I 2.74 1
I PR143 I 2.60 I 2.60 1 0.0 I
I CS134F I 2.57 I 0.24 1 2.33 I
I CE141 1 2.37 I 1.62 I 0.75 I
I 1132 1 2.12 I C.41 I 1.71 I
I EU156 1 1.96 I C.46 I 1,49 I
T 1131 I 1.27 I 0.42 I 0.85 I
I CF144 I lo16 I C.86 1 0.30 1
I PH116F I 1.14 I 1.00 I 0.14 I
T ND147 I 1.o2 I C.58 I 0.44 I
T T--T------ 4.96 -------- 2.36 ------------ 261 -----------
T PFSTFt9 I 4.96 1 2.36 1 2.61 I
:---------------------------------------
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Table A-I: (cont'd)

-------- ------ -------------------------

I TEMPS OF REFROIDISSEMENT= C.1COOE 08S I
T I
T PUISSANCE TOTALE= 0,4336E IQ0EV/S I
T PUISSANCE BETA = 0.2480E 10MEV/S I
I PUISSANCE GAMMA = 0.1856E 10MEV/S I
*-----------------------------------------

T 1
I CCNTRIBUTICNS A LA PUISSANCE RESIOtELLE TCTALE (C> I
I I
:------------------------------ --- -------------------

I NUCLIDF I P.TOTALE I P.BETA 1 P.GAMMA I

I PR144F I 33.93 1 33.11 1 0.81 1
I NP 95F I 19.95 1 1.15 1 18081 I
T Zp c; I 11,98 I 1.55 I 10.44 I
I CS134F T 7.80 I 0.72 1 7,08 1
T Y 91F I 6,77 I 6.73 I 0.04 I
T SR 9q 1 4.25 I 4.25 I 000 I
I RH1n6F 1 3.11 I 2.73 I 0.38 I
I CF144 I 2.99 1 2.22 1 0.77 I
I Y 9'F I 2,32 1 2.31 I 0.01 1
I RU1'3 I 1.66 I C.19 1 1*47 I
T PA137M I 1.56 I C.O I 1.56 I

T PFSTE({) I 3.66 1 2.23 1 1.43 I
: …
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Table A-I: (contld)

I TFMPS OE REFROIOISSEMENT= 0, COOE 09S 
I I
I PUISSANCE TOTALE= 0 , 4q14E S0ME/S I
I PPUISSANCE BETA = 0.2890E 09MEV/SI
T PUISSANCE GAMMA = 0.2024E 09MEV/SI

-----------------------------------------

I I
I COPTRIBUTIONS A LA PUISSANCE RESIDLELLE TOTALE %) I
I I

1T MCLiTDE POTOTALE I P.BETA I P.GAMMA I
: - - - - - - - - - - - - - -:-- - - - - - - - - - -

I CS134F I 27.92 1 2,57 1
I PR144F 1 23.60 1 23.03 I
I Y 9^F I 19,09 I 19.00 I
T EP137M I 12,93 1 0 .0 
I PHle6F I 3.84 1 3.37 I
I CS137 I 3,65 1 3.65 
T SR q9 T 3.58 1 3.58 I
I CE144 I 2,08 1 1.54 t
I FM147 T 1.23 1 1.23 I
I EU154 1 1.23 1 0.18 I

T tESTE({) I .87 1 C,66 I

25*35 1
0.57 I
0.09 1

12.93 I
0.47 I
0.0 1
0.0 1
0.53 I
0.00 I
1.05 1

0.21 I

T TEMPS OF REFROIDISSEMENT= ,.ICOCE 1OS I
T I
T PUISSANCE TOTALE= 0.c826E 08MEV/S I
I PUISSANCE BETA = 0o6473E 08MEV/S I
I PUISSANCF GAMMA = 0.3352E C8MEV/S I
:-----------------------------------------

I I
I CONTRIBUTIONS A LA PUISSANCE RESIDUELLE TCTALE (%) I
I I

N UCLTDE 1 PTTAhLE 1 PoPETA 1 PoGAMMA 
--- ~---------- ~_--------------------- ---------

Y qrF 1 47,25 1 41*02 1 ),23 
I PA137M P 33,45 1 coo 1 33*45 
T CS137 1 g*45 1 9,45 1 000 
1 sp r, 1 8*86 1 e,86 1 oor] 

T RFSTE(T) 1 1)199 1 c*55 1 0*44 
:--------------------------------------------
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Table A-I: 239 thermal fission case A2Table A-II: Pu thermal fission, case A2

TFEMPS DE REFROIDISSEwENI= O,1COCE 01S 
I I
r PUISSANCE TOTALE= 0o3076E 12MEV/SI
T PUISSANCE BETA = 0.1586E 12PEV/SI
I PUISSANCE GAMMA = 0,1490E 12MPEV/SI

I I
T CONTRTBUTICNS A LA PUISSANCE RESIOLELLE TOTALE %) I
I I

T NCLIDE I P.TOTALE I P.BETA I PGAMMA I

T 1134F 1 2.25 1 f,5f I 1.76 i
T 113: I 2,23 I C.99 I 1,24
I CS14" I 2.10 I 1.10 I 1,00
I Y 96 I 1.91 1 C.98 1 0,93 i
T C513)F I 1.88 1 0,64 1 1.25 1
iT l1r3 I 1,87 1 0,<49 1 1.37 I
I LtA4l I 1.63 1 0.29 I 1.34 I

I t a14 I 1,63 I Ce44 I 1.18 1
I TC1n4 1 1,61 1 C,72 0.89 I
T hPlQoF I 1.60 1 1.19 I 0O41 I
T T137 v 1,46 I C,61 I 0.86 I
I rC!n2F I 1,44 I C.91 1 0.53 X
I 1132? 1.40 I ,C27 I 1.13 1
T 9p 5 T 1,36 I Co 50 I 0.86 1
T fS139 I 1,35 I Co95 I 0.40 I

I XF13P 1 1.32 ! C,28 I 1, 04 I
I fnlll I 1,31 1 C.26 1 1.04 1
T 1135 I 1,29 1 (,27 1 1.02 I
I Tl 16 I 1.28 f 1.09 1 0.19 I
T tCI'5 T 1.27 I Z.37 I 0.91 I
T TF135 I 1026 I Co4? I 0,84 1
T CP13?F I 1.25 I C.57 I 0.68 I
! XF137 1 1.21 1 1.11 I 0*09 I
t P 92 ,19 1 C62 0.57 1
I Y 95 I T,* 11 C ei5 I 0.24 1
T Y 94 T 1.q8 1 f,83 1 0.25 I

T Mf]i5 T 1.o8 I C,34 1 0.74 1
T t&144 I 1.n6 I C.6q I 0o37 1
T RP 9'3 T 1.,16 1 f.50 I 0.56 I
T PB 91 I 1.13 I C,74 1 0,29 r
I 'l 1 1.n2 1 C,89 I 0.13 1
T ?Q 93 I 1,00 1 0.45 [ 0.55 1

! RFSTE(l I 54.48 I 3C,7n 1 23.78 I
- - - - - - - - - - - - - - - - - - - - - - - - - - -
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Table A-II: (cont ' dc)

T TEMPS DE REFROICISSEMENT= O.lIOCE 02S I
I I
T PUISSANCE TOTALE= 0.2584E 12MFV/S I
I PUISSANCE BETA = 0,1294E 12MEV/S I
T PUISSANCE GAMMA = 01290E 12MEV/S I
:-------------------------------------------- :

T I
I CONTRIBUTICNS A LA PUISSANCE PESIOLELLE TCTALE (% I
I I

T MhICLnE I PTOTALE I PeBETA I P.GAMMA I
:------ --- ----------------- -------- :

I T134F
I T136F
I CS14n

CS 13nF
Y 96

I tA14 e

T LA142
I TC 112
T TC1'P2F

I C13nQ
T F138

I TC^15
T BR137F
T XF137
I T137
I TC1'6
T y 9F
I Y 94
i TR 95
I SR 93
I TF133F
T RB ql
I tL144
I PA141
1 Cr1 ' 1
I NP 9PF
T TFlI3
T XF13C

T 2.68
I 2,50
1 2.33
1 2*24
1 2,19
I 2on?

1.94
I 1,94
I 1.92
I 1.71
I e167

I 1.56
I 1 054
I 1,54
I 1.51
T 1,43
I 1,42
I 1.37
1 1.34
I 1,30
T 1.29
1 1.27

I lol1

[ 1. 1
I 1,15
1 1.14

I 1t,14I 1o10
1 1.08
I 1,"07
I1«>

T C.o59
I a1,11
I 1.22
I C.76
1 1.12

0. 53
tIf C.34
I C.53
I Co86
I 1.08
I C,32

I 1.12
I C.33
I C,30
I C.32
I C.43
I Co65
T 1,31
I C,57
I 1.14

1.01
I C.99
T C.46
I C. 53

o0.45
.", 83

I ro74
I r.72
f C.35
i 1 1,02
1 S0.36
I 0,78

1 2.09
I 1.39
I 1.11
1 1.48
I 1.07
I 1.48
I 1.60
I 1.41
I 1.06
! 0.63
I 1.34
1 0.47
I 1.23
1 1.24
I 1.21
I 1.07
1 a0,78
I 0.11

o0.80
I1 0.20
I 0.29
I 0.30
I 0.81
I C.65
I 0.72
I 0.32
1 o039
1 I 0.39
I 0.76
1 0.06

I 071
f0.,24

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

I
I
I
I
I
I
I
I
I
I
I
I
I

1

T RESTF(% T 49e71 1 27.20 1 22.51 I
---- --- -------------
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Table A-II: (cont 'd)

t TEMPS DE REFROIOISSEMENT= O0.COCE 03S I
t I
T PUTSSANCE TOTALE= 0.1765E 12EV/S I

! PUISSANCE BETA = 0,8252E 11MEV/S I
T PUISSANCE GAMMA = 0,40A3E 11fEV/S I

T I
T CCNTRIBUTIONS A LA PUISSANCE RESIDLELLE TOALE (%) I

: I

T NUCLTDF I PTnTALE I PBETA I P*GAMMA I

I 134F
I CS.38F
I LA14`
T LA142
I TC114
I 1132
T TCII2F

T Y 91
I TCIf5
I Y 94
r T136F
! V 95
T XF137
T TE13.F
T Pa141
r R q3

C qE14n
I SP1'2F
I 8 131

1 133
PR 146

T sR 97F

1 PB 9nF
tIA141

I RU11O
JI PM16F

I 3,?1
1 3.27
I 2.84

2.q31 2* 93
I 2. 73
I 2,44
1 2.29
T 2,25
I 2.16
I 2.12

2ollI 2,11
I 2.04I 2,no

2.o00
I 1.85
I 1,82
I 1,75
I 1.66
I 1o63

I 1 33
t 1.29
1 1.23
I 1.22
! 1.14

I 1.06
I l..2
T 1,04
I 1,r02

I Ce86
I 1.11
I (.5f0
I Cf77

1. 22
I 0.47
1 1,44
It r47
! 1.52
1 C.44
I C,42
I 1.05
I C 57
I 1,42
I CO81
I 1,37
I 1. 54
I CC63

1.00
I C.68

C.172
I C,61
1 'X38
I C,49
I C.40
I Co46
1 C,29
I C.48
I « 1.02
I C.39
I C.90

I 3.05
I 2.16
I 2.34
1 2.06
I 1+50

1.97
1 30.85
I 1.77

0*64
1 1.68

I 1.70
I 1.00
1 1.43
I 0.43
I 1.01
I 0.39
I 0.13
I 1-.00
I 0.55
I 0.82
I 0.65
1 0.72
I 0.91
I 0.74
I 0.82
1 0,67
I 0079
I 0.58
T 0.03
T 0.65
I 0.13

I
I

I
I
I
I
I
I
I
I
I
I
I
I
I
I:
I
I

I
I
I
I
I
I
I
I

I
I

FSTF---------------- 4--43 -- 2--------------- 4----43 2 2 2------11 I

T RFSTE(T) 1 42,43 1 22.32 I 20.11 I
…-- - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - a
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Table A-II: (conrt 'd)

T TEMPS OF REFROIDISSEMENT= n.lCOCE 04S I
I I

PUISSANCE TOTALE= 0.1044E 12MEV/S I
I PUISSANCE BETA = 0.4483E 11MEV/S I
I PUTSSANCE GAMMA = 0.c558E 1MEV\/S I

r I
I CONTRIBUTIONS A LA PUISSANCE PESIDUELLE TCTALE (i) I
T I

T IUCLI E I P.TOTALE I P.BETA
-- ---- --- -- - -- --- --- ---- --- -- _ ---- ---- 

T 134F
I CS13PF

L tA 14'

T LA142
T 1132

T 1134

T P 97Fr lP 97F
Y V 94

! '0111
I PR146
J LA141
I XF138
r PU 1 I RUlVnk
1 H 1I6F
T ea R39
I TC1n2F
I ?7 17
I y 12TY q2
IPa141
I Y q3
T 5R131
1 PP 8P
I TF133F
I E131F
I PRI44F
I TC1ll
T 7R 95

TF 133w
I <R 92
I hB 9SF
r CS13C
T PU1')3
T Y 95

iT 7k 97
T N3 97M

T 6.18
! 4.89
T 4.80
I 4.51
T 4.12
I 3,70
I 2.66

2.n08
I 1.92
1 1.92
T 1.78
I 1~.77
1 1 ,75
I 1e72
1 1,72
I 1.70
T 1.59
I 1.57

1. 56
I 153
1 1048
I 1.47
1 1*40
1 1037
1 1.34
I 1.33
I 1o26
1 1.26
1 1.25
I 1,24
I 1.74
I 1.18
I 1.16
! 1.14
I 1,13
T 1 I1
I 1.05

1 1.36
lo 65

I C.84
I 1,23
I C.80
V C.78
I 1,19

I C.83
I C.78
T 1.47
I C.35
I C.58
1 1.70
1 0.36
I C.64
1 1.49
I 1. 51
1 C.99
1 1.16
1 1 30

C. 95
1 1.36
I C.41
T 1.01
I C.51
I C.67
I 1.23
I C.71
I C. 16
I C.26
I c0.18
I C.07
1 C.82
I 0.13
I C 88
I C.74
I 0.0

I P.GAMMA I
.-------------- r

1 4.82 1
I 3.23 I
I 3.96 I
I 3.28 I
I 3.32 I
! 2.92 1
1 1.47 1
I 1.25 I
I 1.14 I
1 0.45 I
1 1.43 I
I 1.19 I
I 0.05 I
I 1,36 I
I 1.07 I
I 0.21 I
I 0.08 1
I 0.58 1
I 0,40 1
I 0.22 I
I 0.52 I
I 0.11 I
I 0.98 I
I 0.36 I
1 0.82 I
1 0.63 I
I 0.03 I
I 0.55 I
I 1.09 I
I 0.98 I
I 1.06 I
I 1.11 I
I 0.34 I
I 1.01 I
Y 0.25 I
I 0.37 1
I 1.05 1

- ----FSTF --) - 2-----5 11.8 13.35 
T PESTF(T) T 25.15 I 11.80 I 13*35 I
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Table A-II: (cont'd)

t TEMPS DE REFROIODSSEMENT= 0.lCOOE 055 I

I

T

PUISSANCE TOTALE= 0.5120E llEV/S
PUISSANCE BETA = 0.2183E 11MEV/S
PUISSANCE GAMMA = 022937E 11MEV/S

I
1
I
1

T I
T CONTRIBUTIONS A LA PUISSANCE RESIDUELLE TOTALE (1 I
I I

T hUCLIDE I P.TOTALE I P.eETA I P.GAMMA 
: … 

I LA14.
! 1132
I I135

1133I I133
I NB 97F
1 RH 1)6F
I I134F
I ZR 97
I LA142
! Y q2
I PR144F
T 7R 95
I Y 93
I NP 9q5F
I LA141
I pUln'
I PUl' i
T Pv 99
I NP 97M
T CE14 3

T EU156
T PB 88
I SR 91
T PA14'
T SP 92
I T131
I 58129
I TE132

I 9.77
I 8.28
I 5.83
I 3.95
I 3.67
I 3.46
1 3,46
I 2*86
1 2.80
1 2.72
I 2*56
I 2e255
I 2.53
I 2441
I 2,39
1 2.39
I 2a32
I 2220f
I 1,94
J 1.88
I 1.81
1 e158
I 1.57
1 1,56
I 1.34
1 1.30
I 1.^9
I 1.03

T 1.71
I 1.60
1 1.23
I 1.58
1 1.49
T 3.04
I C.76
I 2.13
I C.77

2.32
1 2.50
I C.33
I 2.34
I 0.14
1 2.33
I C,89
I C.27
T 1.46
I C.O0

1.00
I C.43
I 1.16
I C,77
I C.98
I C.19
I C.43
I Co23
I rC.19

I 8*06
1 6.68
I 4.60
1 2.38
T 2*18
I 0.43
I 2.70
1 0.73
I 2.04
I 0.39
I 0,06
I 2.22
1 0.19
I 2.27
I 0.07
I 1.49
1 2.05
I 0.74
1 1.94
1 0.88
I 1.38

0.41
I 0.80
I 0.58
I 1.14
I 0,87
I 0.85
I 0.85

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
1
I
I
I
I
I
I
i

T PESTE I 18.73 I 1C.36 I8,38 
…:* 5-5 
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Table A-II: (cont 'd)

I TEMPS DE REFROIOTSSEMENT= 0.1COOE 06S 5
T I
I PUISSANCE TOTALE= 0.2717F 1lEV/S I
t PUISSANCE BETA = 0.1094E 11MEV/S 
I PUISSANCE GAMMA = 0.1623E 11?EV/S I

I !
T CONTRIBUTIONS A LA PUISSANCE RESIDUELLE TGTALE (%) I
T I
: ------------------------------------ -- ---
T MJCLTDE I P.TOTALE I P.BETA I PoGAMMA
:--------------------------------------- 1

T LA14p I 18.09 I 3.17 I 14.91 I
1 1132 I 12,56 I 2o43 1 10.13 I
I PH106F I 6,51 1 5,71 I 0.80 I
I P 144F I 4.82 1 4.70 1 0.12 1
T 7R 9S 1 4,75 I Cf61 1 4.14 
T [B 95F I 4.54 1 0,26 I 4.28 I
I PUl^3 I 4.30 I C.50 I 3.80 1
I 1133 I 3,27 1 1.30 I 1.97 I
I EU156 1 3,25 I 0.77 I 2,48 I
I mC 99 1 3,20 I 2,13 i 1,07 1
I FA14l I 2,79 1 1,75 1 1,04 I
r NR 97F I 2.50 1 1.02 1 1.48 1

I1131 1 2.25 1 0.75 1 1.50 1
I CF143 I 2,09 1 1,11 1 0.98 1
T 7R 97 I 1.92 ! 1.43 1 0.49 I
I Y 91F I 1.66 1 1.65 1 0.01 I
V PP143 I 1,59 1 1,59 I Oe0 1
T Tc132 I 1.56 I Co28 I 1,28 1
I CE141 1 1.54 1 1.06 I 0.49 I
V XE133F I 1,37 I C.76 1 0.61 I
T CS134F I 1,35 I C.12 I 1.23 1
T hN 97M I 1.30 I cO I 1.30 I
T SR 99 T 1,05 1 1.05 I 0.0 I

I PESTE(t) 1 11.73 I 6,9

---------------- 
I 5.64 I

:------------ ------------------------
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Table A-II: (cont' d)

: - - ---------- - ----- : -- - - -- - -- - - -- -

I TEMPS DE REFROIODSSEMENT= 0.1COOE 07S I
I I
I PUISSANCE TOTALE= 0.1362E 11EV/S X
T PUISSANCE BETA = 0.5845E lOMEV/S I
! PUISSANCE GAMMA = 0.778E 10MEV/S I
: --- - --- -:---------------------------------------

I I
I CONTRIBUTIONS A LA PUISSANCE RESIDUELLE TOTALE (1) I
I I

1 NUCLODE I P.TOTALE I P.BETA I P.GAMMA I
*------------------ ------.-- ------ --- -------------- 
I LA14O 1 22.18 I . 89 I 18.29 1
T RHO16F I 12,74 I 11*17 I 1.57 I
I PR144F 1 9.37 I 9,15 I 0,23 1
I NB 95F I 8.94 I 0 51 I 8,43 I
I ZR 95 I 8,47 1 1009 I 7,38 1
I RU103 1 7.15 1 0,83 I 631 I
I FU156 I 4.03 I C.96 1 3.08 1
t Pe140 I 3,16 1 1,98 1 1.18 I
I Y 91F I 2.q4 1 2.92 1 0.02 I
I 1132 I 2,69 I C,52 I 2,17 1
I CS134F 1 2,67 1 0.25 t 2.42 I
I CE141 I 2,47 1 1.69 1 0.78 I
I PR143 I 1.98 1 1,98 I 0,0 I
I 1131 I 1o84 1 0C61 I 1,23 I
T SR qQ I 1,83 I 1,83 1 0.0 I

I RESTF(T) I 7,53 1 3.52 I 4.01 1
: ------------------- --- -

I TEMPS OE REFROIDISSEMENT= 01.COCE C8S 1
T I
T PUISSANCE TOTALE= 0,448CE ICMEVIS I
T PUISSANCE BETA = 0.2727E 10MEV/S I
T PUISSANCE GAMMA = 01753E 10MEV/S I

} I
I CONTRIBUTIONS A LA PUISSANCE RESIOUELLE TCTALE (%) I
I I

NUCL IDE I P.TOTALE I P.BETA I P.GAMMA I

TI H116F I 31.82 1 21.91 1 3.91 I
I PR144F I 22.11 1 21.57 I 0.53 I
7 NB 95F I 14.13 1 C.81 1 13.32 1
I ?R 95 1 8.4 I1 1.09 I 7.39 I
I CS134F 1 7,42 1 0,68 I 6.73 1
I RU1)3 1 3,51 I 0.41 1 3.10 I
I Y 91F I 2.62 1 2,60 I 0.02 1
I CE144 I 1,o4 1 1o45 I 0.50 1
T E.A 137M I 1,54 I Cf.O 1 1.54 I
I Sp 89 I 1,38 I 1*38 I 0.0 1

T PESTE(T) I 5.14 I 2.95 1 2.09 I
:-------------------------- -------------- :
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Table A-II: (cont'd)

! TEMPS DE REFROIDISSEMENT= 0.1COCE 09S 
I I
T PUISSANCE TOTALE= O.5639E 09MEV/S I
T PUISSANCE BETA = 0.3354E 09MEV/S 
I PUISSANCE GAMMA = 0.2285E 09MEV/S I

----------------------------------- ----

I I
T CONTRIBUTIONS A LA PUISSANCE RESIDOELLE TOTALE l) I
I I

I MJCLIDE I P.TrTALE I P.BETA I P.GAMMA 

I PH116F I 35.35 1 31.00 I 4.35 I
V CS134F I 23.89 1 2.20 I 21.69 I
I PR144F I 13.84 1 13.51 I 0.33 
I 8A137M 1 11.46 C.O 11.46 I
T Y 9OF I 5.82 I K .79 1 0.03 
IT S137 I 3.24 I 3.24 1 0.0 I
I EU154 I 1.81 I C.27 1 1,54 I
T CF144 I 1.22 I 0.91 I 0.31 I
I SR 91 1 1.09 1 1.09 1 0.0 
:-------------------------------------------------

I RESTE(<) I 2.29 I 1.48 1 0.81 I

------:------------------------------------- »*-;

I TEMPS OE REFROIDISSEMENT= C.COCE 10S I
T I
I PUISSANCE TOTALE= O.C23E 08MEV/S I
I PUISSANCE BETA = 0.2900E 08MEV/S I
T PUISSANCE GAMMA = 0.3423E Q08EV/S I

I I
I CONTRIBUTIONS A LA PUISSANCE PESIDLELLE TOTALE () I
I I

I NUCLIDE I P.TOTALE I P.BETA I P.GAMMA I

I PA137M I 52,88 I C*O I ;2.88 I
T Y 9rF I 25.68 I 25 56 1 0.12 I
I CS137 I 14.94 I 14.94 1 0.0 I
1 SP 90 I 4.82 1 4.82 I 0.0 r
T FU154 I 1.30 1 0.19 1 111 I

I RESTEM%) I 0.38 I C.35 I 0.04 
: …
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Table A-III: 2U thermal fission, case A3

r TEMPS nE RFFRoiniSSFMENT= 0.l0nnF O1S 
I 
T PI]TSASMCF TnTAl. F= .3?nOF 127FV/S r
T nlf SANirfF RFTA = n. 166F 17MFV/S I
I OlUTrA^FTrF CGAMMA = ,.1574F 12Mrv/S T

T T
T fONTRTRIlTTlONS A LA PIJTSSANCF RFSrnItFLLF TOTALF (91) 
T T
:--------------------------------------_____ _______

I NItC.l TnE I P.TOTAI.F I P.RFTA T P.GAMMA I
,-------------------*------------------------------__

I RPR c I ?.45 T 1.77 I O.69 T
T PR qO T ?2.44 T O.O T 1.64 T
I KR R9 T ?..? I n.qR T 1.43 T
T PR onF T ?.?7 T 1.0 T 1.74 
T CSlT0O T 2.17 T 1 .1- T 1.^ T
I 1? T .1 4 I n,.g T 1..h T

T C S IRF I 2. T 0.71 T 1.30 T
T T13^F T ?. 1 T n.o r 7 .12 
T PP qn T .Q9 1! 1,44 T nO.1 T
I 1 A140 T 1. a T 0.34 T 1.;Q0 T

v Q6 I 1.92 T I.qo0 T O.o T
I RP AR I l o? n.0 O. T
I T 134F I 1. q T 0.42 T 1 .48 T
T Y 04 1.6 '.?7 T 0 .3o T
I PR o? T 1.65 1 o.RA I O.7R T
I sP 903 l.n T I O.AR T O.a? 
I PR P7 1 1.40 T 0.77 .6 T
T XFI'P I 1. T Q I O.?0 I 1.10 T
T Crl3o 1.38 T n.o7 T 0.4l r
T R RhA T 1.3 T 0. 67 T 0.68 1
I KR R 1 .?2 I n.1 I 1.l! T
T T13? 1 1.31 V 0 .? T 1.06 T
T v Q; T 1.?0 T1 .1l T O.1? T
T KP QO T 1,2 0.q0 1 0.7TR 
T XF I'7 T 1.1 J 1.10 I T.Oq T
TI 1A144 r 1.19 T 0.77 T 0.41. T
T 113'7 T 1.1S T 0.4 I 0.6R T
T V 0 I 1 .'o r n.q6 t 0.1 6 T
T NR1OOF 1 1.l11 n. R3 T 0.70 T
I r 1q I 1 e05 T 0.?? I n.nf3 r

I PFSTF('') TI 5.19 T 27.17 T 2.01 l
:…_-_ _ __-_ _ _ _ _ _ __-_ _ _ _ _ _ _ __- _ _ _ _ _ _ _.
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Table A-III: (cont 'd)

*---- ------ ------ - - --- - «--W---f-- -- -- ------ -- , - - - - ----- - - -- - *

T TEMOS OF PFFRnTnISSFMFNT= nO. OO1r OS r
T r
T PIlTSSAMIrF TPTAI E= n.?770F 12m V/S T
T OD'rTSSRtcrF FTA = n.inRiF 1?MCV/l T
T PtJS)SSAMF C.AMMA = n.13RQF l?M'V/S T
: ------------------------------------- _,

T r
T C'^lTRTPTrIITT'.S A LA PTIITANEF RFSintJFLtF TfTAl.F (w) T
T r

: P.TTAF I --------------------------------------- A 

r NIfr TnF r P.TnAI F J p. q FTA P.r MMA T
:--------------------------------------:
T PR po
T PR 01
T KP QQ
T PR ooF
T 1 A147
I r(IPF
T r i 4 F

r PR P0
I A1 4
T T134F
T TI'36F
T Y Of
I Y 04
T SQR "

I XF11P
T Cr.S1 3
I VP RP
I 11"
T IR Pl

I RP R6
r RP p7

XF1 37

T R1P 4M
I VP?
T Y 90

T 1137

I V973
i Y 33

7. 91
T ?. 61
T ?. A1
T 7.4R
r ?.44
J 7. 3?
I 2.2
T 2.2?

I ?.lq
I ?.1

T 1. 0

TI.54

I 1. 7I l,60

T 1.51
I
I 1.T1
T 1.40
I 1.4R
I t.l

T I.??
r 1.71
I !.1 
I 1.21T .On
T 1.10

T 1.0

T 1.n04
I 1.04
I 1.03

T 0.03
T 1.PP
I 1 .00
T 1.17

T I . 2 7
T l.^1
I 0.10

1 1.,)n
r 0.47
T 0.7

T 1.1?
T 0.2??

0n.74

T 1.17T I .29
T 1.12
T n.7f

0.37
T n.47
I 7n.6Ih
T 0.4R
I n.^
T O.ft7
T 0.41
! .~0,

1 1 .o
0.73

1 1.1
T 1.4?

r 1.81
I 1.10
T o, 0

T 1 .7?
r 1.??

T r .4 7
r (t.ntT 0.47
T 0.04
i 1.77
T 0.47
T 1.31
T 1.73
T 0.73
r n,

T n.75

T n.1 

r 0.09
T 0.4?
I 0.70

I T.o 6

T 0.40
T 0.37
T n.61
T 0.OR

T

T
I
T

T

T

T

T

r
T

T

T

T
T
T

T

r
T

T

T

T
T

T
T

T
T

T
T

I
I

: ---------------------------- ----- --
1 prsTmF(X r 41.S6 T 72.73 r 19.'1 T

: -- "-l""r---------------------------
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Table A-III: (cont 'd)

T TFMOS nF PFFRTinTSSFMFNT= O. 100C 03S T
r T
T PtJTSSANCF TnTALF-- 0.170OF 1?MCV/S T

IT o0!TSSAINCF RFTA = OCItPF 1IMFV/S T
T PUTSCAh'TPF rSA MM = n.lO37F 1?MrV/S r
: -_-_-__-_------------------ _--- ---- ------

T T
T CrnTPTRUT)TInN A LA PIJTSSAN(1 PFSITnFLILLE TnTALF (') T
T T

-----------.------------- ------ -- --- .
I NICLT InE T PPTnTALF T p. RETA I P.GAMMA T
:--------------------------------------- _
T PP R9
1 1 AIl?
I CS1R8F

RR PR

T I1'4F

T KP RO

11y 2

I SP 8o

I Y q?
T Y of
IY 07
T R I.4
T SP Q?
T T136F
I XF1 37
I KP R7

T PA. 41

T LA141

T PP140TJ Pplln

IT ^R o7F
T RA14?
T T133

1 3.91
T .,,48
Tr .4]
T 3.17
T 3.14
I ,.07
T 2.76
T ?.A~
I 2.h7I ?2.6?
T 7.14

T 2.14I 2,0~

1 2.0O
T 1.Q?
T 1.1
T l. 04

T 1. 4
I 1.71

I

I 1 .

1. 74

1 1.46

I 1.4 

I! . 7 l
I l.7
I ~.?R
1 1.74
T 1.71
1 1.17
T 1 1n

1 . /+

T 1.?R

I 1.15
T 2.34
T 0.55
I 0.67
T 1.?;
1 1.01

T n.41
T .n
I O.q
1 0.44
T 1.,4;

T O.ORT 1.57

T n.22

I 1.7?

T .^AR
T 1.40
T 0.91

T O.oo

1 1.14

r n7

1 0.45
T 0.3n
T 0.71
T 0.4?
r 0.30

T0.40

1 2.6?
I ?.53

T? .76
T ?.?6

T 2.56
2 .4"

T 1..1
T 1.64

T 1.77
T 1 . 3

I 1 .h6
T 0.61
T n.4?
T o.o3
T 60.27
T 1 .35

T O.R1,

I 0.l?
J n.55

T n .31-

I o.11

1 n.0
t n.7?
T1 .78

T 0.60

I
F

r

I
II

I
I
I

T
1

I
I

T
F
T
I
I
r

T
T

F
I
1I
T

I
v

T
r

T

T

'I

T

-------- - --- -- --------- r 16. f .

T PFSTF(Y) J 3?.15 r 16. s? T 15, 3 T
----- _ - _ _ __ _ _ __ __---__---- -- - - ---- - - - -_----------- 
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Table A-III: (cont 'd)

.---------------------------------------------------
I TFmDS nt RFFoniPTSSPrFMT= 0. 1000F 04S T
T T

T PtlTSSNAI(Fr TnTAI E- o.1 71.F 12?'FV/S I
T PtJlrSSASf "NCc PFTA - 0. .4R F l F-FV/S T

I TlP!TMSAi'F C(AMMA = n.F64nF 1. MrVIS T
-- _----------»----------------------------------------
T r
I COflTPITRtITTnflM A LA PtITSSANCF PFSIntlIFLF TOTALF (') T
T T
T -P.TIFR---T--------p-------------.- --

T Nr Tn E I PTnTAl F I P.1FT T P.c.AF AMMA T
: -- …--…-------*-:

T A14?
I l A]41 LA140
TPR BP
T CSA11RF

T T1 ?
T KP o
IT Y ?

T ~o cq

T 0P14
T SP Q?

T C°I4I

r p744F
T R Q7F

T PP146
T t A141
T PRP144F

IY osV y05
rI F143

I R q4F
T ZP RI)
{ rs11Q
T TF13?m
I Yo1 F

I TF tIF

I .30
T 5.10
T ,.01
TT 4. 5

I ~.70
1 3.47
T 3.77

T ?. 7n

T ?.OR

7.1T
i 2~nR
T 1.69

T I. hr

1.qs
T 1 .27

T 1.4c<
T .z?7

I 1.35
T l.27
I !.19

T 1.0a
T 1.04

T 1. n
I lwn4
TI 1.34

T 1.n2
1.n2

1 1.45
I O.an
I' .7n
T ].^4
T 1.4nl
T 1.??

1 ?.54
T 0.67
T 0.4f6

T 0.57
T 1.00
T O.q4
T 7.15

I l .n
I 1.7o

r O.X4
0.65

T nr5?

I
T 1 .4

T 1.n7

I 1 .06

T n.O7

T 0.7?
T 1 .22T o. n

T n.02T n.52

T 3.R9
1 4.71
II .
T '.21

T 9.49

T 7.qn
T -0.4
I 7.1 

T 7.0n

T ?.12

1 0.70

J nO.

T 1 . n

T I .74
T l.on
rT n.n4
T 0. n 4

T n.n7
T 1.?1

T1 .77
T 0.45
f n .7

IT n.n

I 0.I

I nr).
T 0.°7

T n. 1
r 0.72

n0,40

T

T
I
I
I
I
T

I

T

T
T

T
T
T
T
1
I

V
T
I
I
I
I

I

I
y

I
I

I

I
I
I
I
I
I

I
1------------------------------------ ----------- ---- -

T PFSTE(T) T 71.27 o.h2 T 11.60 T
,_ _ _ _ _ __ .…-…_--.-…--… _--.1--- --- _----- . . ---
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Table A-III: (cont'd)

T TFMDI nF RFFRrnT1ISSFMFNT= 0. 00F 05S T
T T
T PIlTSSANCF TfTALE= O.6140F t MFV/ I
T TIiTSRANtCF RFTA= 0 n.,?3F I MFV/S 
T otJf^AIC^ CA^ -MA = 0.- 317F l1 M-V/< T

I T
T CnNTR TRPITThlN A A P!ITSSASNC.F QEST)nlFLLF TOTALIF (T) I
T 
:--------------------------------------------------- :

T NllfL TiF I P.TOTAIF 1r P.RFTA I P.A^'-"A T

I 1 A140 T 10.05 1.76 1 I.?
T T117 T .6q T 1.?Q T .30 T
I PR RR I 5.4 I 4,n4 T 1.45 T
T y o T .0o T 4.3 S T 0.74 f
T 11' T k 4.1 n.7 r 3,.5 r
T Y o' 1 .87 T 33.5R 1 n.70 T

qPR 01 f 3. T 1.7A I 1 .4 T
T KP Ra T ,.4 T 7 0.4n r .0 T
T t 14? T .. 7 T nR7 7.'0 T
T NR 07F 1 3.12 T 1.?7 T l.Rs T

T PP144F T -. n? r ?.o9 T n.n7 r
1 T r I. T !P..1oQ T 1.0 T
I 7P o0 I ?. 7? r 0.3 T 7.4 r
T NMR , F rT 7.m I 0.1S 7?.1 t 1
T SQ °? T ?.4I7 ,6 Tr .11 
T ZP 07 T 7.44 T 1.81 T 0,62 T
T I1t4F Tr .3? T O.s1 . 1.1 I
I C F14 13 ?.20 r 1.17 T .n T
T SP nC T 2.1Tn ?.In T n. r
T -A41 T 2.I6 T 7.nl T n.6 T
T v olF I ?.on 7 .04 T O.1l T
T N 97M T 1 .. 6 0.0 T1 1.A T

I l A140 T 1. R T n.or TO.o v
T MP 0o I 1.40 I . T n.c;n T

v Y1i T 7.2 T n.n T 1.2.? 
T KP P7 T 1.a T I.65 rS 0. TI
I 1171 1 1.0? T n. T nS.6 T
T PP143 I 1. 00 T 1.00 T 0. 
-------------- -------.--------------- -- ------f

I RFSTF(P) r 1.1 I T 7.13 1 .0nl r
…-- - - - - - - - - - - - - - - - - - - - - - -
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Table A-III: (cont'd)

----------------------------------------

I TFrP' nF RFFDnTnISSFMFNT= . I).nnOF 06S T
I T

I PIITSANrF TrTA E= 0.?7qRF 11 "rV/S
T PIITSJANFF PFTA = n,.'14F I MFV/ I

T OiT SZANCF C.AMMA = O.I674F I1MrV/S 

T 
T CnMTRT.UJTTNOS A IA lITS<'ANCF RFST rFilFl F TPTAIF (V) T

T

T NIJI IFPF I P.TPTAI F I P.RFTA T D.CA^MA r
:------------------------------------------

T t. A4n I 70. 7h T 3.64 T 17.12 T

T 117? T 1 1.?2 T ?.1 T .11 r
T PP144F T 6.R7 r 6.?1 1 0.1 I
T 70 o; T i.gq T 0.7, I .13 
T MR 0tF r ;.6- T ^.3? r 5.1 J
I SP 89 I 4.17 1 4..7 T ,0. T

7 Y C1F I 4.10 1 4.77 T n.r3 I
T RA14n T 3.17 T 1 ,98 1.18 1
I T1q 1 ?2.7R T 1.1! 1 1.67 r
T CF141 ?.74 T 1.4; T 1.78 T
T Mn o0 T 7.44 T 1 .6? I 0.R? T
TI ,R 07F I ?. T I .QO7 I 1.47 T
r PPl41 T ?.,o ' 2.ln I 0.3 T

1131 T 1.oq T l.o T. 1.?2 T
T 7R 07 1 '1. 4 1 1. .7 1 0.47 T
T C< l4F 1 1.71 I 0.1, T 1 .Li5 T
T rF141 t 1 o4a T 1.n? I n.47 T

I VY T 1.47 I 1. 6 T O.11 T
I TFll? r 1.n n.?5 r l.t 1 T

T M1 q o7M T 1.?4 n.n 1 .74 T

T SP 01 T 1.72 T n.60 I 0.6 ' I
I XF1"F I 1.17 1 n. .6 T .52 T
I R1)103 T 1 .0 T n.13 V n.n6 T

------------ ---.------------------ --- ---------- -----
I PFSTF () 1 11.1R I 5.p r 5.o? 
: …
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Table A-III: (cont'd)

-------- ----- ~------------------------------------------ :

T TFu4PS nF orFnriIPTSSFMFNT= 0. 100l F 07S T
I T
I PITSS Ak1CF TnTALF= l.1n1F 1 1 MFV/S T

T P(llt<<ANrrT RFTT = 0n.6>"1F IOMFV/S T
T OSl]'q:]C~rF rAMMA = noR0R7F lOMFVIS T

T T
I rnNTPTRT TtT TOMS A LA PUIFSA!CF PFSITnUFLLF TOTAt.F (' ) i

T T

T NlIl InE T P.TnTA F I P.

T . A tn 1 4. 740 T
I PR144F T 1?.3 T 1
T iR oSF I 10.79 T
I 7p Qo; T 0.?1 TI 7P 5 T 1(O.21 T
T y OIF I 7. 7 T

T Sp qo I 7.7 T

T RA14 I 3. 44 T
T Cq1 'F I 4.?F T
T PR143 ?. 5 T

T T7l? T 7. T
T CF141 T 2. T
T PIJl n3 T 1.75 T

I T1l1 T 1. 7 T
I Y OOF I 1.? T
T FtU1 6 1.. 14 T

IT F144 T 1.06 I

RFTA T P..A ̂ PMA T
-- 11-1--�----1--------

4. * 0
1 .74
n. Ap

7.33
7,7
?.1 q
O.'3 r

1 c.;

o.?2

1.7?
n.?7
0.70

T 21.?20

T 1n.0

T n.n

I 0 .

T 0.73
I ).55

T n.0r

1 0.27
T 0.27

r

T

T

I

T

T
T
I

T

I
I

I

T F--T ------F(') -7.-- __ .-- 364 1_
T OFSTFPC) r 7.nI T t.,R ( T ?>.64 V

T- TFM-- OF RFFRnTSSFFT------------- - F OS
T TFM"S nf RFFROf TnSFMFNT= n. lOnnF npc, T

I T

I PIISSANCF TnTALF= 0.4571F InMFV/S T
I PUtTSSANF PFTA = ".7627F l MrV/S T

I PUlTS/ANCF CAMM!A = 0.1944F 1 MPV/S T
: <»» ----------- ------ ~---- - --- - - -_ _- _- _ . _ _

T T
T CONTPTRIlTTnNS A LA PUTSSANCT F RFSrTIIFLL.F TnTAI.F (") 

T I

T NUClL InF T P.TTM1 F I P. RFTA T P.GAM4MA T
: --- -- _----------- --- --- ---------- ----

T PP144F T 30 3. T ?0. 0 T 0.74 T

I ltn OQF T 1Q.3q 7 1.q0 J 17.32 T

I 7P 0 T 1.1.04 T 1.47 I T

T rC C14F I o. TS r n.ol I 8P.. 

T Y o° F T 7.00 T 7.r T 0.04 T

I SP R T 6h.4 T 6.n4 I 0.? T

I Y o)F F 3 .Qo T 3.07 T 0.02 T

T Cr144 1 T.70.) I 00n I 0. 
IJ qA17M T ?. T 'n.n I ?. r T

T ?HIn6F T 2.2 T 1.07 T 0.78 T

T PFSTF(I) T 5.O T 6.16 T ?.34 I
---------------------------------------
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Table A-III: (cont'd)

I TFMPS nF PFFfnlTnTSSFMFNT= O.1OnCF OqS 
I T
T P'JTSSANCF TQTAI F= n.6R7?r OQMFV/S T
7 P,1TSSANcr P.FTA = .30??F nQMrV/S T
T PtTSSANCF r.A"MA = 0.204QF O^MFV/S T

----- - -------- _-- - -- ---- ---- - ---- -- -- 

T T
T CnMTRTfUTTONS A LA PUITSSANCF RFSTlnlfFLLF TOTALF (* ) T

T T

T NICI lTnF T P.TOTTA F T P.RFTA T P.rAMMA T
:---------------------- ----------------- -

I rC144F T 76. 5R T ?.45 T 24.13 T
T V OnF 1 24.72 T 24.61 T 0.17 T
T oPR44F T 1^.(06 T 15.SR T O.q T
T PAI37M I 1I.77 T n.n I 15.77 T
T SR 0n 1 4.64 T 4A.4 T n0. T

T CS] 7 T 4.46 I 4.46 T 0.n T
T Pi-nfF I 27.0 T 1.p4 I 0.?6 T
T rFt44 T 1.41 T 1. n1 1 O.1h T
I KP A5F I 1.7?o 1.?q I O. 1 T
I Fl11 4 T 1.?t I n. l T l1.n T

I PFSTFf') T 1.74 T O. l T 0.R3 r
*-------------------- - -------------------------------

------------------------ «---- --M.---------- -------

I TFMPS nF RFFRnIDTS.^FMFNT= 0.100OF 105 !

T T

I PoIT-SANCF TnTAl F- n.173OF OQMFV/S I

T PDITSSANTrF PFTA = n.116RF noMFV/S T
T PUT SSAmCF GAMMAM = O.C711F oRfMFV/S T

- --------------- -- - - - - - - -- - - - - - - -

I 

T

T rONTRTRIITTPhNS AA IA PtlSSAICNrF RFSIntELtFLF TPTALF (T) T

T t
*--------------------------------
T NlIl TInE P.TnTAI F T P.rFTA T P.(rAMMA T
:------------------------ - - - --- --

T Y nnF T 48. 7 T 4p.1? 2 T n? T

T RA1.7M T 7.? T .T n?. 7 5 T

I CS137 T J.11 1 .11 T o.l T
T SO nO T o. 7 T 0.07 T .^ 
:------------------------- -------------- - - - -

T RFSTFU() T 1.77 T O.R6 T 0.CR TI
--------------- --- ------ --------- ---
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Table A-IV: 35U thermal fission, case A4

-- -------- ---------------------------------- -- -------

T TPMPS OF RFF-^!TOTSSF'ENT= r.lC"'~E n1S I
T I
T PIJTSSCNCF TrlTALE= Q.?762E 12MFV/S I
T DIlT SSANr"F RFTA = n.1q52E 12MEV/S I
T PoT ISSANC GAMMA = 0.191fF 12MEV/S I

T I
I CPNTPTnITiONS A LA PUISSANCE PFSIILFLLE TOTALE (%) I
T I

T tICL TOF T p.T TITAL T P.PFTA I P.GAMtMA I
._____________ _____________- _- _------ -- -- :-- -

T V Q9

tC 14n

T r- ^F

T TI34F
TI P q2

T PP O'F
T \n ^1F

T I '14
T I. ~!4"
r h 35nF

T on qq
I t n0P

T XF.3q

T q?
T PC 99
T 1137
T Y Q4
I 044

r TFIS

T T 13

T Y 09
r KD QO
T C C Qt
T y <5
I cV 95
T CS141
r 1135
! XFl c

T Sl'.?F

T'). 1 1
¶ 2.112o~7
T 1 o0^
I !oo1

I 1 ^0

I

T 614Q
I 1.37

T 1. 7 

I 1,87

T 14,37

I 1.35

I I. g

T 1.37

T 1o] ' ~TI l.

T 1. ?'

I 1 0 I ?
I 1l.'

I lo1

T !.q?
!I

T Aor
I long

. cl99
I f.42

I fl.P4

I . 45
r,?4Ir.?s

T Co54

I C.7$
Ir. PI

r Ce46
1 ^063

I C.7 I ¢o57

I C.64

I Co57
I C.49
I '.44
I C2O 
I C0,eq
TI p7r.81

I C.78
I ".46

Il.,13

I t.56

1 1.25

1 1.l3I l.-

r 1.31

I n.q7
I 1.10

T "0 94
Ir .76
I 1*0.66
I n,8.

T 0.32
1 0.47
I lo 71

1 0.86
Ir .65
I n.37
1 )6Oo6

rI .72

T n o6
T n.29

1 0.24
I n.24
I 0.55

I
T
I
I
r
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
i
I
I

T OFSTE(¶) T 53.41 I ?2.52 I 23.88 I
:------------------------------------------------ :
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Table A-IV: (cont'd)

------------------------------------------------------

T TFrMPS nF RFFTfCn I SISEVFNT= n.i fC"E '2S I
T I
I Pl(T SSANCE TnTALF= 0,? ''10F 12VFV/S [
T Oit SS' CrF RE:TA = '.1516E 1m'?rv/S 

1] PUT SSA^r CA,^MA = olC 14,F IZF 2mV/S I

: I
rriNTRTRIITT^NS A LA PUTSSANCF FFSTDLFLLE TOTALE (9) I

T I

r tMIC TF T r ,TrVlTr I TI P. PETA T PCAMMA I

r y 1^A I ? .r3 I I . 23 I
T

T

i

r
T
T

T

T

T
T

T

T
I

1
1
T
T
T

T
T
T
T
T

T
T
T

1

1r

T )14f

1 A 14

4p qc

v A 1 r C

!ep JP

T 1] 37

K" qc

Y 04

I Al .:
Y oF

Tr 1 ' ?F

RP 1 3

p' qo

yFC't7

T«1 3'F

'0 1 31

Tf-1 ' If

cR1 33

CS141

TI ? .45
T. 32.1
T ?. 3

1 2,7
I 2,2R

I1 1.oR

T 1.71
r 1.7]

T 1 ", *lT lo. )
r 1,17

I l. ?

T 1

T1.a'T

T l. 
T 1,1 .

I 1ol71 1.13

T
I1 ,n3

I

I
I
I
I

I
I
I
v
I
I

I
I
I
I
I

i

I
I
I

I
I
I

I
I
I
1

V

1
I

T

I

r
I

o1,?
C.r2
r, c6 )

1." 5
1.o1
C, I r

C,57
Co 36

lo.31

C.lo '
"027
¢o51

1. 11
Co 7

'0 45
0'.61

C.h7

r. qr. ?

I lo17
I 1.8h
1 1.56
I«0°66

T 1.27
T 1.49
I 1 .83
1 1.17
T 1 !37
I[.04
r 1.14
I

) O° 47I 0.47
I 0.54
I 0,32

I 9, 36
I C» ^

T o, 7 o
I 1n.66
I

I n . 9 57I 0.57
T ".75
T 'o7.2

T i,77

I n.2,
I S'. ,n 5

1 ).61

TI o 35I1->. 22

r
I

TI

T
I
I
I
I
I

I
I
I
I
I

I
I
I

I
I
I
I
I
I
I
I
I

I
I
I
I

I

I

T RFSTF(") T 4?,01 T 23.16 r 1o.74 1
: - - - - - - - - - - - - - - - - - - - - - - - - - - :
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Table A-IV: (cont'd)

T:------------S T--------------------------
T TrI-frS Pi PFFnT 01SS FNI ENT= Qc^F. C3S I
T I
T PUT SSANCF TPTALF= . 190,E 12MFVI/S I
I PUtlSSTNCF FTA = .¢C44?E llEV/S I
T Ptr)TSANCF GAMMA = oIrC46 F12MEV/S I
:--_---------------------------------------- :

T I
T f(iNTlTRIITTTcNS A L.A PUISSANCE RFSIP.UFLLE TCTALF ({) I
I I
. ____---_---__---- - - - P.P-__ _TA _ P._ _A_ _ A I:
T M!CI TnF T P.TTrlMF ( P.PETA I P.,AiMA I
:--------------------------------------- :

T Tt14F
rT rC 3QF
T LA 14'
I I1 fir,T p ^qny
r PP OnF
T PP qc
I Y 04
T Y 9f
T Xrl 1.%
T rQ 0'
r Cq17e
T Pr qp
T Y 05
T Tl3'
T KP qc
T T11?
T T 13 F
T TF1j] 3
I y r?

T N PI)!
T Cq14`
T T l?2F
T Xyr 7

T PA 41
T KPR P
T FR14fA
T Y 0-
Tr p ql
.T ^ t 4-3
T CR 4Q
T cn<?7F
T PAr!4
I T]33
T ,,n 97F
T P 4 'F
T P A 1 ê  

SPtI?

T 3,oG

t ,?o71
T ?o chi

T 3?44
1 7e 75

I ?, 2S

T! 1o7
r 1 2 7

T 1,77

I 1.64
T 54 6
I 1,47
T 1.46
T 1 44
I 1,42
I 1.41

I 1,34
I 1.1?

! o.24
I1,14

T lo114
T 1

1 1.11

r r'.79
T 1,?"

I C.53
r 1.22

I 1.93
I 1.25
I r.51

I 1.5?r 1, "'7
I lo 57
I 1.59
T ro41
I C,71
I 0,34
I Co79
I .o65
I 1,44
I 'C,32

I C'.93
T 1.35

I Co ?

r '.2q
I C.44
I 1.24
J r.02
T 1.?4
I P6n
T C.'54
I "o4?
I r.45
I C.45
T o1.5
r ^ e 49 .
I C. 1 7

I 'o 35
I 2.25
T 2.47
T 1.40
T 1.74
I 0.58

1 1.3
I 1.?3
I n.66
I n.54
I 0.45
1 1,52
I 1.16

1 1.44
I ('.'99

1 I.q5
I 0.,24
! 1.31
T 0,73

0.55
I 0 11
I 1,23

T 0.36
I 0n,0
I 0.63
I Q.65
I 0.71
I 10.67

r I.,03
I
I n,

n O qa5

I
I
1
I
I
I
I
I
I
I

I
I
I
I
I
I
I
I
I
I

I
I

1

I
I
I
I

l

I
I
I
I
I
I

I

I
I
1

I

: -- ------- - -------- --- 1-.----3- - ---- 5. ? :

T RECTF) I 3.5 I 2q.25 1 15.n3 I 15.22 I
: ------------------------------------ :
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Table A-IV: (cont'd)

-----------------------------------------

TFl41nS OF PFF nT0TSS r: NT *"'oiT"rF 4S T
r I
T PUIT SSANCfF TCTAL F= 1. n 17CF 12'FV/S I

r oi'Ic SANCF RFTA = q.5206F 1 1EV/S I
T PIjlTSSANNCc c,'1M^, = no48 F 11 MEIV/S I

T I
T CrNTQTRITTnrhs A LA POJTSSANCF PFSTILFLLE TCTALF (') I

: I

T ilfLT rF r P^T0TA.F I P.PFTA I P.·GAM.MA I
: :_^ ^ - H - - - - - - - -- - - ^ _ - -- - - w - - -- -.- - - M .- - - * k k --.- - - k - * -- - - -- - -

T T 134F S. -77 1. 7 T 4. 5 I
r C 13 QF

T t 14'
T I A, 1.4
r pn q9

T J 71

¥y rT Y o/
T PP vC

T y 1

I Kro RP
T cr o1

T YF 1 o

T 13

T fl t 4 F
T P.A3c

1 1 41
1 7n 7'
T 70 o:

T TF r F
Tvn 1 ' 1 
t K0 q7

T PA141
IV V

I TF343
I 'P '7M

TI rl?2F
tTF134

I 5,t7

I 4 97

T 3,43
T q17
r*^.
T?oI4

I 2.~4T 20A4
I ,99

1. 31

1.47I !.14

I

T 1.3 
I 1 . 5

1o43
I 1.4q

I .q5T lo%&

I 1,1I

TI ." '
1T1,)>!

I r .R9

J 2 r3

T .lFX67

I 2.43

I1 39

I c.21

IC .e 5

1 1.3?
I }.^
I 1.?I r, f-c

I r.75
I C,76
1 1.77

I 1JC3

I r. 2
I ro63'

T Ce39

I 1.1 

I ".39

T 3055
1 4.17
I 3.1
I 
T 1.51

I 2.5)
T 4 ?

no41
I .n.60
1 1.73

r o. i7
I 1.93I 0.17 
I 1. ':

I 1.56
I 1.3

I 0.n4

I
I ,). 4
[ /0no 56
1 1.32

I 0. .q6
I 1.11
r (,5 2

rIo4q

T .29
I 0,35

no,56
I 1.93
I )o 37

n0.62

I
I
I
I
I

I

I
I
I

I1
I
I
I
I
1
I
I
I
I
I
I
I

I
I
I

r
I
I
I
I
I
I

T PFSTF(T) I ??n,7 I 11,95 T 11..1 
-----------------------------------
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Table A-IV: (cont t'd)

T I
T PUlI SSANCF TOTALF)= 1. 7REF 1 IlFV/S I
T o1IT SSANCPF rnF = n. 2. F9 I- 1 EV/S T
T PjTS'N'rr r,AMlMA = 'no^,l^CF lI'F\v/s I

- -------------------------------------------

1 I
r C^'lTPITWTJTONS A L" PUTJSANCF PFSITLrLLE TOTALF (','[) I
T r

Tr IICTl Tr I f.TnTAI F T P. PETA I P.Gr,.AMA I
: ---------------------------------------------

T 1A!14'

f Y Q)'

T Tl1
T pf qp

J y 'w

T Dr144F
T hNq 7F

T J 3'
I co g!
I t134F

T 1 A14
T 70 Cq

T hP qCF

T 7P 7
r go q~

T KO
T CP? )"

T Y ' 1F

I y

T NP q7M

T PP14'
T PQl4'

T /+,Tn
I 4, '
I^,P1 3 0 P7
T .^l

I ~.41

TI 3,6

1 71 4

r 9,?^
I 3.1;

I?2 77

T I .4?

T 1 .2

r 1..7
T 1 ,47
I 1.1 °

T 1.11
I 1&-o4

1 1.77

! 4.?3

I2.P5
I3 ?

I 1o44
Y 1.4'
1 1.67
r r.74

I ".37

I C.34
I 3ro5
i 1o71
1 2.6 
Il.s?

t ! . -

I lo47
I r. 
Ir l "o g
i 1 "4

1 4 0 11 t

f n3.87

I 22

21, 'r?

I z2.21

T 3., 7;)
I 2.6nI 2.321
T 2.7:)
f n.71

r I 2.r7
I

I 11

I0,'3

I 1.37
I T (.6)

It
1I 1.19

I
I
I
I
I
I
I
I
I

I
I
I
1*

I
I
I
II
1'

I
I
I

I
I

I

T*

I
1

:---------------------------------------------------- 

T OF STF(") T 1 .0, I 7.1) I . 1. I
:---- --- ----------------------------- ----------------- :
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Table A-IVt (cont'd)

] TFMPS rE RrFRnTniSSEMENT= n^.lnCE 06S 
T I
T PUTSSIANCF TOTALP= 1.271F llMFV/S I
I P'lTSSANCF nTA: = n.1.214E llMFV/S I
T PUT SSANC*F CrAIMA = o, 1657E 11FFV/S I

T r
T rp:NTPTT)TIrnNS A LA P(lTSSANCE RFSTrLELLE TOTALTF {) I
I I

T NhCI.TDF T P.TnTALF T P.PETA I P.GdAMIA I
*--------------------------------- --------

T La l'
T TV~?

I ?P '3g
T NP 1e4F
I 7Q g"

I Y qIF
1 T13I
TP A T 4 I PA°4I
T p'n qc

r C(147
TI NR 17F
I PP14

7P 07
Trlf

TV r'4

J Trt13
T rl t;6
T cP 91

T 2q. 24
2`o. 4

T 7.41
I 6. 14

T 50q7

I 3.15

o 714
r ?^o7

I ?974
T ?,A

1 2,14
I ? 1.?
l' 1nb4

I 1.q7

1.4"'

1 1.37

1r?3
f 1.23
T 1,12

I ?, ~5
I lo ,91
I 7.?3
I r. 7Q
I C.34
I 3.93
I 1.29

I1.
2. 96

I Zf10 

Co n

I C.2?

I lo^

I 1,73

IT '.22
I '.29
I C0C55

1 16.69
7,I

I 0.18
i 5.35

I 0.02
t 0 5 i

I 1.0"

I 0. I
I . .11 1o29

I 1.56
I 0.0

I 1.76
1 1.66
1 1,05
I 0.47
I ,11
I 1.37
r 0.59
1 1.01
I
I no57

I
1
1
1

1
1

i
1

1
1

T
1

I
I

I

:-----------------------------------"----- :~"

T Pr.STFUM) 1 1 -- , 3 1 r , 27 1 5 * 14 1
r------------------------------------------ -
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Table A-IV: (cont'd)

:----------------------------:

T TFCMS Fc RFFonrfIrTPSSFVENT= ".lf1rE C7S 
I

T rll SrSANr'CF TrTALF= 1.1491F IlFVFr/SI
T PiIlTSSANNCF ET A = n,671':F 1.EV/S T
T PIJTSSANC(. GAMMA = nE21CE l^.EV/S I
*----------------------------------------------------

T I
T fPNTOTQP'TITNS A LA PUISSANCE r-SInlUELLE TOTALE (;) I
I 1

Tr rCLTnF I rP.TnTALF I P.EETA I P.GAMMA I
:----------------------------------- --- --- ----- :
T 1 A14"
T c!244F
I Nn OSF

TY V IF
SD' q9

T CrSt4F

T QUA1 ?
I rq4U 
I fr141
T !132
T F11156

1 1RH1F

T r' 44
r Y Q1F

T 23 , 
IJ !3,gO
T 11, 15
T ln.,7

I 6,73
T 4.95
1 '3.6
T 3, 8
T 3. )

? .751
I ?, 9
T 2I,04
r 1.+46
I l?,6
T 1, 2
T 1 . 2
T 1.hS

T 4.15
I 13 55
T I.S4
I 1,3f
I fo6.
I 4.95
I '.34
T 2,1?
I r .35
1 2.51
I 1 57
I C.40
I ^'. 5
I 1 11
I ro41
I C,91
iT1. lo

I 19,53
I 1,33
I 1.51
T Q. 21
I
I 9.1
1 3.35
I 1.26
I 2.65
T I.>
I 0.72
1 1.65

I .31
I n. 01T no, 1 

I

I
I
I

r
I
I
I
I
I
I
I
I
I
I
r

: ------------------------------------------------ :

I opFTF("! I 5.R5 1 2.47 1 3.38 I
-------- ---------------------- ------- ------------

:--------------------------------------- - -----------
T TFMPS5 Cr PEFRnInISSEMENT= 0.lrCRE SS I
T I
T PIUT SSANCF TnTALE= . 4RA^F lrYFV/S I
T PlISSANCFE PFTA = 0.2749F l1nEV/S 
T OIJ TSANCF GA,^MA = o 2hO5EF lIVFV/SI

T I
T CrnTRTPIITIONS A LA PUISSANCE RESIDUELLE TCTALE (t) I
T I

T MliCL TIrF I P. TnTALF I P.EETA I P.^AMMA I

I PP?44F I 33.5 1 I 22.69 I ,.R I
I BP QoF I 18.o? I lon4 1 16. 9< I
I 7pR o5 T n1.3 I 1.4. I 9.43 I
T C-1 '4F T 1.9 4q I .7 1 9.53 
T Y Q1F I 6013 1 6,^9 T 1n,4 I
T R q89 I 3,,4 1 . 4 1 In
T Y 9^F T 3,34 I 3.32 T 0.02 I 
T pH1 iPF 3.?2 1 2.R2 n0.40 I
T rr!44 I ?.oS T 2.19 1 0,76 1
T FA!37, I .275 I c.n I 2.25 I
T Pt'll ? T 1,51 I C.18 1 .33 1
:------------ _--_-----------------------------:

I RSTE('CI I 3.o? I 2.56 I 1.36 I

--------------------------- 153
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Table A-IV: (cont'd)

-------------------------------------

! TFMOS OF REF rl]If)SSF NT= o. ICOCE (CS I
T I
T PtITSSANCF TnTALE= noq;53F CSMFV/S I
T n"UTiSANCF BFTA = n.?882E rSNFV/S I
T PUtSSANCF GAMMA = oo3n71EF O^CEV/S I
:-------------:------------------------
I I

CrnNTorTntTTOnNS A L PUISSANCE PRESTLELLE 10TALE () I
r I

t MCLTO F f P.TnTALF I P.PFTA I P GAMMA I
_--------- --- -- :

T CS134F T I I.7 T 2.7 T 26.67 I
T Y ^n I ?lo/6 I 21.36 I qolq I
I PP.44F I 1,R?3 I 17.7) 1 .44 I
T FA137M T 14.57 T-) T 14.57 I
T rS137 1 412 I 4,1? I 0)0 T
T .R q T 4, '? ! 40o2 r n,' I
T o41'6hF I 3.11 I 2.73 1 n.3r I
T C¢r44 T lo, I lo 11 I 0,41 I
T rU'54 I I.,6 I C.?3 1 33 1 33

T PCCTF(C) r l1°5 T 1.6' 1 0.26 1

^ --------------------- ---------------

I TFMPS nr' RFFJnniniSSEMFNT= n.lCnrE lnS I
' I

T PUTISANCP TnTALF= ,I(?1567E (.CMcFV/S I
T o°)ISSA('CF RFTA = n.1"l1E n^cEV/S I
T PUT rSANCF GAhMA = q1. 555F CPMFV/S I

T I

T I
: --------------------------------------- - ---- 

T NlICLTEF I P. TnTALF: I P.PETA T P.GAMMA [

T Y 9qF I 47,14 I 46.q1 I 0.23 I
T PnA37 I '3o46 I rOn I 3o346 1
I rC 37 T Q.45 I C.45 I 0.0n 
T SR ,1^ T f,.'14 1 F.84 I '.t I

-- ---- ----------------------- 0.---------- 
T RFSTPc() T 1 11 I 6.1h I 0,5) I
:--------- - ------------------ ---------
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Table A-V: 239Pu fast fission, case A5

-------- -- - - -- -- -- --- -- -- - ------- - -

MT Tr^4S O r.rF 'ITDTSSrF^NT= '.r1' F ^1S I
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FISSION PRODUCT NUCLEAR DATA REQUIREMENTS
FOR THE DETERMINATION OF NUCLEAR FUEL BURNUP: A REVIEW

W. J. Maeck

Allied Chemical Corporation*
Idaho Chemical Programs*
Idaho Falls, Idaho USA

ABSTRACT

This paper reviews and expresses specific needs for improved fission
product nuclear data for the determination of nuclear fuel burnup. The
various techniques for measuring burnup, both destructive and non-
destructive, are discussed with regard to applicability and to fission
product nuclear data requirements. The highest priority fission product
nuclear data requirements are for fast reactor fission yields as a
function of neutron energy and for decay scheme data for radionuclides
used as burnup monitors. New data showing the variation of fission
yields with neutron energy and the need to associate all fast fission
yields with a well defined spectral index are given.

1. INTRODUCTION

The economical production of electrical power based on nuclear
reactors requires 1) that the fuel be operated at both a high temper-
ature and high power density to maximize the integrated power output,
and 2) a viable fuel reprocessing and fabrication cycle. In the de-
velopment of nuclear fuels and in the operation of nuclear reactors,
it is imperative that there be accurate methods for the evaluation of
the fuel and reactor performance. An important criterion in determin-
ing fuel performance is an accurate determination of the total fissions
and the fission rate. This is accomplished by a burnup determination.
Errors in a burnup measurement introduce errors in fuel design and
operation, nuclear physics calculations, shielding requirements,
design of transportation equipment, and fuel reprocessing equipment,
all of which affect power generating costs.

The term burnup is used to express the degree of fuel consumption
by the fission process relative to some property of the fuel prior to
irradiation. It is defined several ways. In the nuclear power in-
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dustry and to some extent in irradiated fuel experimental programs,
burnup is defined as megawatt-days of thermal energy produced per
metric ton of heavy atoms initially present in the fuel. Another
definition for experimental fuels is the number of fissions per cubic
centimeter of the fuel.

In this review, burnup will always mean:

number of fissions x 100
Burnup = Atom percent fission = number of fissions x 100

n initial number of total heavy atoms

This definition is more fundamental in that it relates directly the
number of events of interest, fissions, to the quantity of most interest,
the number of fissile and fertile atoms, in the fuel at the beginning
of the irradiation. In other definitions, it is necessary to have
knowledge of either a physical constant such as energy of fission,
or a property of the fuel such as bulk density, to calculate burnup
from measurements provided by a chemist. Although the errors in these
conversion factors are small, their use introduces an additional un-
certainty in the burnup value obtained.

Within the megawatt-day/ton (MWd/T) and atom percent fission
definitions of burnup, there are variations. These variations have,
in the past, resulted in invalid comparisons being made of the per-
formances of irradiated fuels. The megawatt-days of energy produced
by a fuel is of prime concern to the power reactor operator while the
megawatt-days of energy deposited in a fuel is of prime concern for
an evaluation of its irradiation performance and stability. The energy
produced by a fuel will, in a fast reactor such as EBR-II, be 5 to 10%
higher than the energy deposited. In both the MWd/T and atom percent

fission definitions, the quantity against which the energy or number
of fissions is referenced is not always defined the same way. The
"ton" in the MWd/T definition has meant, in addition to metric ton
of heavy atoms, metric ton of fuel (U + Pu + 0 or C) and short ton of
heavy atoms. In the atom percent fission definition, only the number
of fissile atoms rather than the total number of heavy atoms is some-
times used as the reference quantity. In a low enrichment 2 35U fuel,
the difference between the per fissile atoms and the per total heavy
atoms burnups is very large; for high enrichment fuels, the difference
is less than 10% (relative).

From burnup measurements, both the total number of fissions and
the fission rates are calculable. The total number of fissions is a
measure of the thermal energy produced by a fuel. This thermal energy
is required to establish fuel warranties (some cores will cost on the
order of $100,000,000) and to evaluate the performance of experimental
fuels. Fission rates are used to evaluate such fuel performance charac-
teristics as power levels, fuel and cladding temperatures, and fuel-
cladding gap conductances. Fission rates measured by foil activations
also are used to establish flux distributions in critical assemblies
and in test reactors.

The primary function of this paper is to review the current status
of burnup measurement technology with regard to the adequacy of the
nuclear data requirements for the various techniques and to point out
where improved nuclear data, especially for the fission products, are
required to improve the reliability of the various techniques. A
secondary function will be to discuss the chemistry problems associated
with a burnup measurement and to relate both the nuclear data and
chemical analysis uncertainties to the total error.
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2. TECHNIQUES FOR DETERMINATION OF BURNUP AND APPLICABILITY

Absolute burnup values are determined most accurately by destructive
chemical analyses; relative burnup is most rapidly determined by non-
destructive analyses. The former is discussed below and the latter in
Section 2.2.

2.1. Destructive analysis

Four destructive chemical techniques have been used for determining
burnup; (1) measuring a fission product monitor and the residual heavy
atom contents of a dissolved fuel specimen and calculating the burnup
from these values and the yield of the fission product, (2) measuring
the plutonium and uranium isotopic ratios on dissolved specimens of
both the irradiated and unirradiated fuel and calculating the burnup
from these values and nuclear cross section data, (3) measuring the
heavy atom contents of dissolved specimens of both irradiated and

unirradiated fuel and calculating the burnup from the change in these
values, and (4) correlating the isotopic composition of selected
fission products such as 83Kr/8 4Kr, 1 3 4Cs/1 37 Cs or heavy elements with
atom percent fission.

Each of these techniques has particular advantages and disad-
vantages.

The major emphasis in the discussion of destructive burnup tech-
niques and the nuclear data requirements that follow is devoted to the
fission product-residual heavy atom technique because it has the widest
range of applicability and is the only one that can provide high
accuracy for fast reactor fuels.

2.1.1. Fission product monitor-residual heavy atom technique

The irradiated fuel specimen is dissolved and the fission product
monitor and heavy atoms are determined. The computational relationship
is

A/Y
Burnup = a/o F = 100 A/Y

H + A/Y

where

a/o F = atom percent fission

A = determined number of atoms of fission product monitor

Y = effective fractional fission yield value of A

H = determined number of residual heavy atoms.

The successful application of this technique requires accurate
measurements of the fission product monitor and heavy atoms and an
accurate value for the effective fission yield. When using this tech-
nique for determining burnup, it should be recognized that the fission
yield error is constant while the measurement error can be both random
and systematic.

When isotope dilution mass spectrometry is used as the measurement
technique for both the fission product and the heavy elements, the
measurement errors are established by repeated analyses of synthesized
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solutions of uranium, plutonium, and the fission product elements.
These solutions are prepared from certified uranium and plutonium
compounds and/or metals and highly pure and stoichiometric fission
product element compounds. If biases are detected in the analyses of
these solutions, modifications are made in the methods to eliminate
them. Hence, the use of this technique should minimize the systematic
error in the measurement with the result that the major error is the
random component. Currently, the isotope dilution mass spectrometric
technique is capable of 0.25 relative percent uncertainty in the
measurement of fission product and heavy atoms.

For a radiochemical analysis of the fission products and/or heavy
elements in the fuel sample, significant systematic errors can exist
because of errors in the decay schemes, y-ray intensity values, half-
lives, detector calibrations, and data reduction (baseline subtractions
in y-ray spectra). Thus, the systematic errors in the nuclear data
and the data reduction can be more than the random error of the
measurement.

The effects of the measurement errors and uncertainties in the
fission yield values on the total burnup error were studied and are
shown in Figure 1. Increasing error values were placed on each variable
of the basic burnup relationship discussed above and propagated to give
the overall error in the burnup. For this study, the U/Pu ratio of the
heavy element component was fixed at 3. Figure 1 shows the magnitude
of the error in the burnup determination as a function of the measure-
ment error for fission yield uncertainties of 1, 2, 3, and 4%. At
anticipated burnup, a 4% uncertainty in the yield data will result in
an error of 4.1, 4.2, and 6%, respectively, when the measurement error
is 0.5%, 1.0%, and 3.0%. At a 1% uncertainty in the yield data, the
burnup errors would be 1.2, 1.5, and 4.3%, respectively, for the same
measurement errors. For this last case, if one assumes that the major
fraction of the measurement error in a radiochemical analysis is the
uncertainty in the nuclear data, elimination of this error would sig-
nificantly reduce the overall burnup error. Thus, the needs for
accurate yield data and nuclear decay data are clearly demonstrated.

For a determination of burnup based on isotope dilution mass
spectrometric measurements, the dominating error is the uncertainty
in the fission yield, even if this value is known to 1%. For a radio-
chemical analysis, the situation is reversed with the source of major
error being the uncertainty of the nuclear decay data and the detector
calibration, especially when the fission yield is well known.

Another point to be considered is the interplay of the random
and systematic errors in the measurements and the constant error of
the fission yield when the objective is to compare a series of fuel
specimens of the same composition irradiated under similar conditions
to determine the relative burnup. The error in the relative burnup
values is due solely to the random errors of the measurements of
uranium, plutonium, and the fission product monitor. For this case,
which can be the case for non-destructive assay, the line that applies
in Figure 1 is the one for zero uncertainty in the fission yield
value.

The above discussion has assumed no error in sampling; however,
sampling uncertainties can significantly contribute to the total
error (ie, if the operator does not achieve total dissolution of the
sample or if there has been migration or fractionation of the fission
products or heavy elements in the sample being analyzed).
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2.1.2. Heavy atom ratio technique

The change in the heavy element isotopic composition of a nuclear
fuel can be used to determine the atom percent fission. This method is
applicable to thermal reactor uranium and plutonium fuels but does not
apply to fuels containing thorium or 2 3 3U before irradiation. Its
application to fast reactor fuels is doubtful because of the multiplic-
ity of nuclear reactions which occur and the uncertainty in the nuclear
constants which are required in the calculation.

There are several computational relationships which are used to
measure burnup from changes in the isotopic composition of the heavy
elements. One basic relationship is:

Fs = N8 [(R/ 8l - Rs/8) - (R6/8 - R6/8)]

where,

F 5 = atom percent fission from 2 35U

N8 = atom percent 2 3 8U in the preirradiated fuel

R/ 8, R6/ 8 = atom ratio 2 3 5U to 2 38U, and 2 3 6U to 2 38U in the
preirradiated fuel

R5/8, R6/8 = atom ratio 2 3 5U to 2 38U, and 236U to 2 38U in the
final irradiated sample.

This relationship is applicable when more than 10 percent of the 2 35U
is consumed. It is assumed that no loss of 2 3 8U or 236U occurs during
the irradiation. This relationship is not recommended for low burnup
or where recycled uranium is used in the fuel and R6/8 ratio is large
with respect to R6/8.

For the non-ideal cases, other relationships can be used [2];
however, these require a knowledge of a5, the capture-to-fission ratio
for 2 35U, which may be in error by as much as 20%. This error is not
from a lack of knowledge of the variation of aS with differential
neutron energy data but rather results from the inability of the ex-
perimenter to define the best integral value for the particular reactor
core and location within the core. For 2 35U the capture-to-fission
ratio can vary from about 0.17 for well moderated thermal reactors
to as high as 0.65 for intermediate-neutron-spectrum reactors [3] and
as low as 0.1 [3] for fast reactors.

Other relationships have been developed to calculate the atom
percent fission due to 2 3 9Pu and 241Pu; however, these require a know-
ledge of a for 2 3 9Pu and 2 4 1pu [2].

Another prevalent source of error in the heavy atom ratio technique
for the determination of burnup and one over which the chemist doing the
analysis has no control is the equivalency of the pre- and postirradiated
fuel specimens analyzed. It has been the observation of many that the
equivalency requirement of the pre- and postirradiated fuel samples has
not been met on a number of occasions, despite claims to the contrary
by the individuals submitting the samples for analyses. For example,
cases have been observed where the uranium and plutonium analyses
(chemical and/or isotopic) of so-called duplicate specimens of the pre-
irradiated fuel do not agree while replicate analyses of the same sample
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do. This situation is likely for fuels prepared by blending uranium and
plutonium oxides, particularly when different batches of the oxides are
used to manufacture a fuel lot.

As more accurate cross section values are experimentally determined,
the accuracy of burnups calculated by this technique will improve. How-
ever, it is doubtful that accuracies comparable to those obtained by the
fission product monitor-residual heavy atom technique can be achieved,
even at high burnup. It is important to note that the fission product
monitor technique is one of the key techniques used to determine burnup
and it will always be the reference method against which the heavy atom
ratio technique must be evaluated.

A more detailed description of these calculational techniques and
specific applications is given in Reference [2] for thermal reactors
and Reference [1] for fast reactors.

2.1.3. Heavy atom difference technique

In this approach, the number of fissions is established by sub-
tracting the number of heavy atoms measured in the irradiated fuel
specimen from the number of heavy atoms measured in an equivalent
specimen of preirradiated fuel. In principle, this is the best method
for determining burnup because fission yield and capture-to-fission
ratio data are not involved in the calculation. It is especially
suited to high enrichment fuels which have had high burnup and to
specially prepared irradiation capsules which are used to accurately
determine specific nuclear data.

The applicability of this method to the determination of burnup
on light water power reactor fuels and fast breeder reactor fuels is
highly questionable for two reasons. First, the number of fissions
relative to the number of total heavy atoms is relatively small,
usually less than 10%. If the number of uranium and plutonium atoms
is determined with a relative standard deviation of 0.25%, (this
precision is routinely obtained in experienced laboratories using
isotope dilution mass spectrometric techniques) the propagated error
in the measured number of fissions is 18% for 2% burnup and 3.4% for
10% burnup.

The second reason is the practical difficulty of obtaining pre-
and postirradiated fuel specimens that are matched on an equivalent
weight basis. At high burnups, fuel melting and swelling, heavy atom
migration, and cladding-fuel reactions occur. The assumption, that a
weighed specimen of the irradiated fuel contains all the heavy atoms
initially present less those that have fissioned and the same ratio of
fuel to cladding as the preirradiated specimen, is untenable.

Specific nuclear data requirements for this method are a knowledge
of the capture cross section for some of the minor heavy isotopes and
half-life data for some of the shorter lived heavy elements. In par-
ticular, in the irradiation of 2 35U to high burnup, corrections for the
capture of 236U to 2 3 7U and its subsequent decay to non-uranium isotopes
must be made. Long term irradiations of Pu require reliable half-life
data for corrections to the 2 4 1Pu decay. Generally, these corrections
are small and only required in the most exacting work.

2.1.4. Isotope correlations

At the current stage of development, this is a semi-empirical
method which is based on the relationship of certain isotope ratios to

169



burnup. Generally, the fission product isotope ratios which change
with burnup are those in which one of the isotopes, A, has a large
capture cross section for the formation of the A + 1 isotope. In this
case, the change in the A/A+1 ratio is directly related to the neutron
flux and, hence, to burnup. Early conceptual studies of this approach
to measuring burnup were reported [4] in 1965. More recently Koch
[5,6,7] has reported experimental data showing many different correl-
ations of isotope ratios with burnup. Some of the more significant
fission product ratio correlations are: 1) the ratio of 84Kr/8 3Kr
which shows a linear increase with burnup, 2) the ratio of 1 32Xe/131 Xe
which also shows a linear relationship with burnup, and with 24 1Pu and
2 4 2Pu production, and 3) the ratio of 1 36Xe/13 4Xe which correlate with
2 3 9Pu buildup. Robin and co-workers [8] and Eder and Lammer [9] and
Natsume and co-workers [10] have recently suggested that the ratio of
1 3 4Cs/1 3 7Cs can be used as a measure of fluence and, hence, possibly
burnup. The majority of the isotope correlation studies have been for
thermal fuels.

Other fission product correlations with burnu involving nuclides
of different elements which have been studied are 5 4Eu/14Pr,
134Cs/ 1 4 4Pr, and 1 54Eu/13 7Cs [10].

Recent data by Umezawa and co-workers [11] show some interesting
correlation of transplutonium nuclides with burnup in JPDR-1 spent fuel.
They report correlated relationships of 2 4 1Am, 2 4 2Cm and 2 4 4Cm to 238U
and 242Cm, and 244Cm to 242Am. In addition they show that the slope
of heavy nuclide ratios to burnup divided by the mass difference between
the two nuclides is essentially 1 for all relationships. That this re-
lationship is the same for all initial fuel loading remains to be proven.

To improve the calculations which are required to substantiate the
correlation of these measured ratios to burnup requires a significant
improvement in the neutron capture cross section data for the specific
fission product nuclides and heavy element nuclides being used in the
correlation study.

At this time, it appears that the primary usefulness of this tech-
nique is one of a supplementary method to the more conventional techniques
and is not being suggested as a standard method for measuring burnup.

2.2. Non-destructive analysis

Several methods have been used or proposed for the non-destructive
determination of burnup on irradiated fuel samples. In general, these
methods involve the use of specific nuclear properties (y-ray emission,
delayed neutrons, neutron resonance adsorption, and decay heat) of se-
lected fission products or residual heavy elements. The principal merit
of a non-destructive analysis is the routine and rapid determination of
relative burnup.

2.2.1. Gamma-ray scanning

This technique has been widely used for several years in many
laboratories throughout the world for the non-destructive determination
of both the relative and absolute burnup. Significant improvement in
the measurement of specific y-rays has resulted from the use of Ge(Li)
detectors; however, uncertainties in the nuclear data still remain,
and has introduced significant errors in the final results.
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The successful application of this technique to the absolute
measurement of burnup requires knowledge of the following:

a) Half-life of the fission product being measured

b) Irradiation history and flux levels for proper in-pile decay
corrections

c) y-ray transmission characteristics of the fuel

d) Detector efficiency

e) y-ray branching and intensity factors

f) Fission yield of nuclide being measured

Eder and Lammer [9] and Hick and Lammer [12] recently reviewed
the uncertainties in fission product nuclear data with respect to the
y-ray spectrometric analysis on spent fuel and the reader is referred
to these reports for detailed discussions.

In addition to the above listed items, other problems character-
istic of the fuel or the reactor should be considered, especially if
absolute integrated burnup is desired and there are multiple sources
of fission. Natsume and co-workers [10] have shown that for a BWR-type
reactor, such items as the steam void distribution, control rod pattern,
and irradiation history can affect the results obtained in the complete
y-scanning of a fuel rod. Migration of certain fission products, espe-
cially 137Cs, has long been recognized. The redistribution of uranium
and plutonium both axially and radially in oxide fuels, has been re-
ported [15,16] and in some cases, has been observed to be as high as
50% [17].

To attempt to use this technique for the measurement of absolute
burnup, requires an extensive calibration program involving many de-
structive analyses. The most useful application of this technique is
to establish relative burnup where systematic errors in the nuclear
data cancel and the majority of the error is due to the randomness of
the measurement.

2.2.2. Activation analysis

This technique is primarily used to measure the heavy atom content
of the fuel. Its primary application has been the non-destructive
measurement of the fissionable material content of unirradiated fuel.
Several nuclear reactions have been proposed or used. Included are
1) measurement of selected short-lived radionuclides, 2) measurement
of delayed neutrons, and 3) measurement of prompt gamma rays, all
after exposure to a beam of neutrons. One involved technique based
on first measuring the ratio of 13 7 Cs to 10 6Ru and then reirradiating
the fuel for 1 day and measuring the 14 0Ba/1 4 0La to determine the ratio
of U to Pu is being studied [18].

The successful application of any form of activation analysis to
the non-destructive analysis of irradiated fuel samples also requires
an extensive calibration program involving destructive analyses. In
addition, each method requires extensive knowledge of many nuclear
constants both for the fission products and heavy elements, such as
half-lives, decay schemes including prompt y and delayed neutrons.
fission yields, y-ray adsorption, and heavy element cross sections.

As a non-destructive method for burnup based on the loss of heavy

171



atoms, this technique may be applicable to highly enriched fuels (MTR-
type) having high burnup; however, for low enrichment power reactor
fuels or fast breeder fuels, this technique does not appear promising
because the fuel composition is complex and the loss of heavy atoms
is low (see Section 2.1.3).

2.2.3. Neutron adsorption - transmission

Another technique for the non-destructive determination of the
residual heavy atom content of irradiated fuel is being studied by
Priesmeyer [19]. This method for 2 35U is based on the neutron reson-
ance adsorption at 8.78 eV, 11.67 eV, and 12.4 eV and requires the use
of a fast-chopper spectrometer. Initial studies indicate that this
method is applicable to highly irradiated material because there are
no strong fission product resonances at these energies and the detector
system is not sensitive to high level gamma radiation. Analysis of
unirradiated and irradiated fuels shows a 5% agreement with destructive
analysis.

The applicability of this method to determining burnup by the loss
of 2 3 5U may be greater than activation analysis but problems related
to plutonium adsorption must be evaluated. Currently, available reson-
ance adsorption cross sections for the fission products and heavy elements
needs to be examined.

2.2.4. Calorimetry

The calorimetric determination of decay heat as a possible non-
destructive measure of burnup is being examined by Devillers and co-
corkers 120] and Debertin and Ramthun [21,22]. The principle of this
method consists of correlating burnup with the post-irradiation measure-
ment of the heat power originating from the radionuclides formed in the
fission process.

The instrument constructed by Debertin 121,22] is a small adiabatic
device and has been used to measure small sections of highly enriched
2 3 5U fuel plates and specially prepared samples. Initial studies with
these well controlled samples indicate that burnup results comparable
to those obtained by y-ray spectrometry are possible. Construction of
a device to measure entire MTR-type elements is in progress. Similar re-
sults have been reported by Devillers [20] for the measurement of small
samples irradiated in a fast reactor.

The fission product nuclear data requirements for this method vary
because different radionuclides provide the major fraction of the heat
output for different degrees of burnup, irradiation times, and cooling
times. Certainly fission yields, y and -~ decay energies and heat
capacities are important considerations.

This approach shows promise as a possible non-destructive method
for burnup based on initial well controlled experiments; but, its
applicability to power reactor fuels which have had long reactor resi-
dence times and have been exposed to different fluxes in the fuel
management cycle, will require extensive work.

172



3. FISSION PRODUCT AND HEAVY ELEMENT NUCLEAR DATA REQUIREMENTS

3.1 Fission yields

Without a question, the fission yield is the most important fission
product nuclear data parameter required for the accurate determination
of nuclear fuel burnup by any of several available methods, either de-
structive and non-destructive. It is most critical to the fission pro-
duct monitor - heavy atom technique which is emerging as the standard
method and is the one to which all other methods are compared. The
future needs for more accurate yield data are variable and depend upon
the composition of the fuel and whether the data are to be applied
to thermal reactor fuels or fast reactor fuels.

At the present time, the most critical need is for fission yield
data for fast reactors as a function of neutron energy. As will be
discussed later, attempting to generate a single set of fast reactor
fission yields is unsatisfactory because the yields are continually
changing with energy. Hence, any new data, proposed experiments, or
compilations of data must have associated with it, well defined spectral
data.

3.1.1. Thermal fission yields

Several compilations [23,24,25,26,27] of thermal fission yield
data are available in the literature. Generally, these compilations
are in agreement; however, a few differences still exist for a limited
number of nuclides.

With respect to burnup measurements, the general conclusion from
the majority of experts in the field is that the existing thermal
fission yields are adequate and that any new extensive program to again
measure thermal yields is probably not economically justifiable. This
conclusion applies especially to thermal yields for 235U and 2 3 9Pu
where the uncertainties are estimated to be 1-2%. For 2 3 3U and 2 4 1pu,
the uncertainty levels are not quite as good, 2-3%, but adequate.

However, specific requests for improved thermal yield data still
exist. These are: 1) 1 06Ru, for 23SU and 2 3 9 u because of its poten-
tial use in estimating the fractional source of fission, 2) 14 1Ce for
235U and 2 3 9p 3) 14 7Nd for 2 3 9Pu and 241Pu, 4) 15 3Sm for 2 35 U, 2 3 9pu,
and 241pu, 5) independent yields of shorter lived nuclides which are
used in fission rate measurements, 6) yields for some of the shielded
nuclides such as 134Cs, 14 2Pr, and 154Eu, and 7) the 140 mass chain
because of some discrepancies noted in the 140Ba-La and 14 0Ce yields.
These are isotopes which are used to measure burnup by radiochemical
methods. Also, their end member of the mass chain is not easily meas-
ured by isotope dilution mass spectrometry and hence, the yields have
larger errors.

3.1.2. Fast fission yields

This is the area in which lie the greatest uncertainties and for
which there is the greatest need for improved data. Because of the
multiple sources of fission in a fast breeder reactor fuel, the fission
yields must be known for a variety of heavy atom nuclides; however, the
accuracy requirements vary with the fractional number of fissions. To
illustrate this, the sources of fission in two USA fast breeder reactors
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have been calculated and the required accuracies of the fission yields
necessary to obtain an effective fission yield accurate to 1% for each
reactor were determined. These calculations were based on the assump-
tion that at some point on the mass yield curve that one nuclide or
group of nuclides would have the same fission yield for the two major
tissioning nuclides. The results are given in Table I. For these
reactors, the fractional sum of the two major sources of fission is
essentially constant for burnups ranging from 1-10 atom percent. Similar
calculations can be made for other fuel loadings and reactors.

TABLE I. REQUIRED ACCURACIES OF FISSION YIELD VALUES TO OBTAIN
AN OVERALL 1% ACCURACY IN THE EFFECTIVE FISSION YIELDS

FFTF[a ] 1000 MWe FBR[bI

Fissioning Source of Fission Yield Source of Fission Yield
Nuclide Fissions, % Accuracy, % Fissions, % Accuracy, %

233 U

235U 2 10 -

2 38U 8 5 3 10

2 3 8pu --- --- 1 30
2 3 9pu 85 1 74 1
2 4 0pu 2 10 4 7

241pu 3 10 17 2

242pu --- --- 1 30

[a]
Based on a fuel composition of 0.5% 2 3 5 U, 74.4% 238U, 21.7% 2 39Pu,
2.9% 240Pu, 0.4% 2 4 1Pu, and <0.1% 2 4 2pu.

lb] Based on a fuel composition of 78.0% 2 38 U, 0.3% 23 8Pu, 13.0% 2 3 9pu,
5.2% 2 4 0Pu, 2.6% 241pu, and 0.9% 2 4 2 u.

For 2 35U and 2 3 9Pu, Lisman and co-workers [23] have reported yield
data with uncertainties of 2-3% for the major fraction of the mass yield
curve for fuel irradiated in EBR-I core center. Because of the interest
in the yields of the neodymium isotopes for use as burnup monitors, more
information exists for these isotopes than any others. Sinclair and
Davis [28] have reported neodymium yields with uncertainties of 3-4%
for 2 3 5U and 2 3 9Pu for samples irradiated in DFR. Crouch [29] has also
reported neodymium data relative to 143Nd for DFR, but apparently from
samples irradiated in a different location in reactor and with no error
limits. Robin and co-workers [30] have reported 14 8Nd yields for 235U,
2 3 8U, and 2 3 9Pu and will report updated values and new measurement for
2 4 1Pu and 2 4 0Pu at this conference, all for samples irradiated in the
French fast reactor RAPSODIE. Also contributed to this conference
(Paper llb) is a new set of 2 3 5U fast fission yields for samples
irradiated in EBR-II [31].

In general, for the accurate determination of burnup for fast
reactor fuels, the yield data for 2 35U and 2 39Pu are inadequate, for
2 3 8U quite unreliable, and for 24 0Pu and 24 1Pu nonexistent. In addition,
no yield correlations with fast reactor neutron spectra have been de-
veloped. Table II summarizes the current status of fast fission yield
data as viewed by the users of these data for determining burnup and
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lists their estimated needs based on various proposed fuel loadings and
fuel development studies being conducted in different laboratories.

TABLE II. FAST FISSION YIELDS:
PRESENT DATA AND NEEDS

Relative %
Heavy Nuclide Present Data Need

233 U NA^[ ] 1

235U 2-3 b]
1

238 U

237Np
2 3 8pu

2 3 0 pu239pu

'15

NA

NA

2-3[ bA

NA

NA

10-30

10-30

1

5

2

For a general discussion
of fast fission yield measure-
ments and various measurement
programs in progress, the read-
er is referred to Paper lib of
this conference.

To provide that information
required for the accurate de-
termination of fast reactor fuel
burnup, extensive fission yield
measurement programs are under
way in the UK by Sinclair [32]
using DFR as the irradiation
source, by Koch [33] and Robin
and co-workers [34] using
RAPSODIE, and by Maeck and co-
workers in the USA using EBR-II
[Il.

NA

241Am MA

10-30

10-30

10-30NA

[a]a Reliable data not available.

fbl For EBR-I.

To date, the major request for improved data by those measuring
burnup has been for a single set of 1-2% accurate "fast reactor fission
yields". Hence, the users, measurers, and compilers of fast yields
have tended to treat the fast data much like thermal data. That is,
several pieces of independent data are compared to each other to ob-
tain a weighted average fast reactor fission yield. Based on very
recent studies in our laboratory in the USA [35], we now believe that
this approach is not valid for the evaluation of fast yields, and that
a comparison of DFR, RAPSODIE, EBR-I, and EBR-II yield data cannot be
made unless the neutron energy spectrum in which the samples or fuel
were irradiated is well defined.

To support this conclusion, the change in the isotopic ratio of
14 3 Nd to 15bNd for 2 3 5 U fast fission as a function of neutron energy
for several different sets of data is shown in Figure 2. In this study
only the isotopic ratios of neodymium were examined because the relative
isotopic composition is easily measured and the absolute reported fission
yield values may be biased by systematic errors in the number of fissions
used to arrive at the yields. Thus, by only comparing isotopic data or
the ratios of the Nd yields, these systematic errors cancel.

The establishment of a neutron energy index was difficult.
Several definitions of reactor neutron spectrum have been used; mean
neutron energy, median neutron energy, mean and median neutron energy
for fission of a given heavy isotope, fraction of neutrons in a given
energy range, and the ratio of fission cross sections. We selected
the ratio of the fission cross section of 238U to Z3 SU (ofs/ fs) because
more data existed for this definition, the neutron energy index could
be treated in a linear man.lers and it is a very sensitive index.

175



EBR-I-AXiAL BLANKET (39)

EBR-1!-ROW 8 (31)

z 8.50
o
z

t 8.25

8.00

7.75

7.50

(28,36)

EBR-LI-ROW 4 (37)

EBR-I CORE CENTER
(23)

OS'RIS (30)

.10 0.12
SPECTRAL INDEX tS / f5"f8 f5

Fig. 2 Variations in the ratio of 14 3Nd/ 15 ONd
with neutron energy.

176



Fortunately, all of the samples irradiated in EBR-II can be associated

with this spectral index because the reactor has been mapped with these
monitors or they were included in the sample assemblies irradiated
for fission yield measurements [1]. The relative Nd isotopic data
reported by Robin and co-workers [30] is believed to have been obtained
from samples irradiated in OSIRIS for which a ofs/Of value of 0.89
is reported 130]. The Nd data for DFR [28] has not Been directly
associated with a spectral index but the value is believed to be in

the range of 0.035 to 0.04 based on a fission cross section for 
2 38U

in DFR at that time of 40.04 [36]. An uncertainty of ±10% has been

placed on all of the spectral index values.

Of the various Nd isotopic ratios that can be calculated, 14 3Nd/
1 5 0Nd shows the greatest change, 20%, vn going from an EBR-I to a
thermal spectrum. In this case, the 150Nd yield is increasing with
neutron energy while the 143Nd yield is decreasing. When other Nd
ratios are plotted in the same manner, similar curves with the same
energy dependency are obtained but the change is less. From an
examination of the changes in the relative isotopic data and an

evaluation of reported absolute yields, it appears that the 235U

fission yields for 145Nd and 14 6Nd change little with neutron energy.

Using this observation, this study was carried one step further.
By assuming the yields of 145Nd-1 l 6Nd to be constant with neutron

energy, the relative isotopic data and the reported absolute yield

data were normalized to 14 5Nd and 146Nd and the percentage change in

the fast yields relative to the thermal yields for each isotope was

calculated as a function of neutron energy. These data showing the

changes in the yields as a function of energy and of mass number are

given in Figure 3. None of the data shown in Figures 2 and 3 has
been corrected for fission product burnin or burnout by neutron capture.

However, this effect, at least for these isotopes, is believed to be

small because the various data were taken from experiments which had a

reactor residence time ranging from a few months to three years.

Of particular interest is the change in the Nd isotopic ratios

and fission yields within a given reactor. This is shown for the

measurements on 'EBR-II samples which were irradiated in row 4, row 8,

and the axial blanket and amplifies the need for spectral information

with respect to fission yields. Also to be noted is the significant

change in the )ield of 1 54Sm. This should be considered by those
experimenters conducting isotope correlation studies with high mass

number fission products or investigating the use of 155Eu as a burnup

monitor for fast reactor fuels.

It is recognized that this study is still in the development stage

and is based only on limited 2 35U fission yield data, but it is believed
to be the first time that such a correlation of relative yields with

neutron energy has been generated and that the following observations
can be drawn from the data,

- 1. For the most exacting burnup measurement, no one set of

"fast reactor fission yields" exists which is applicable

to all fast reactors.

- 2. Every effort should be made to define the neutron spectra

associated with new experimental yield data.

3. Future fast fission yield compilations should not consist

of average data from different experiments and more de-
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tailed compilations as a function of neutron energy will
be required.

The above listed comments represent the major plea that the users
of fission yield data for the determination of burnup have to make to
this conference, to the measurers of new fission yield data, and to
the compilers of the data.

Additional observations pertaining specifically to the determination
of burnup which can be made from the 143Nd/ 1 50Nd ratio data for 2 35U

(Fig. 2) are:

- 1. That conceivably, the measured isotopic ratio of unspiked
Nd can give an indication of the neutron environment
associated with the particular sample being analyzed.

- 2. That based on the measured isotopic ratios, it may then
be possible to select the most appropriate fission yield
value for the calculation of burnup.

It is realized that for fast reactor fuels having several sources
of fission, these ratios may be more complex; however, studies

with plutonium fast yield data show the existence of similar changes
in the Nd ratios with neutron energy although they are not as great.
Considering a fuel like that proposed for the USA fast breeder program
which has a recycled-Pu to U ratio of 1/3, it can be shown that from
75-85% of the fissions are due to 2 3 9pu (Table I). Hence, it may still
be possible to use certain selected isotopic ratios to characterize the
neutron environment.

The comparison study of the 2 3 5U relative isotopic fast fission

yield data has been extended to all of the major elements in the mass
yield curve. Continually changing ratios with neutron energy are
observed for those elements on the wings and valley of the mass yield
curve with little change for those elements on the peaks. These data [35]
will be discussed in a separate paper at this conference.

3.2. Fission product nuclear decay constants

When using a radioactive isotope to measure burnup, it is very

likely that the major error is associated with the nuclear decay

constants (r~,y- branching,y-ray intensities, etc.), and may exceed
that of the fission yield. Although considerable work has been done
in this area, significant uncertainties are still associated with
these decay constants.

An interesting comparison of burnup values derived from the y-ray
analysis of small irradiated samples of 2 3 5U using several different

nuclides has been made by Tasaka and Sasamoto [14]. In this study

using published gamma ray intensities, differences in burnups of 10
relative percent were observed. Subsequently, they recommended a new
set of gamma ray abundance values for several of the nuclides, but

one can always question whether the observed errors were due entirely
to this source.

It is preferred that gamma ray intensities or abundances be known
to 1 relative percent for the major gamma rays of the most widely used

fission product monitors. These are 5Zr-Nb, 10 6Ru, 1 3 7Cs, 1 10Ba-La,
44Ce, 144Pr, 1 54 Eu, and 1 5 5 Eu. One method of minimizing this error

is to use "standard" sources of the gamma emitter being measured.
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This technique is satisfactory if both sources are of the same mass and
configuration; however, using a point source to calibrate a fuel rod
scanner is unacceptable, unless a portion of the standard is introduced
into the matrix being measured.

One highly recommended procedure for preparing standards of the
longer lived (>30 days) radioisotopes is isotope dilution mass spec-
trometry [39] where the standard is calibrated directly in terms of
atoms. Hence, all nuclear data errors except those associated with
the fission yield and half-life are eliminated.

3.3. Fission product capture cross sections

In any method, destructive or non-destructive, for the determi-
nation of burnup based on the measurement of a fission product monitor,
the number of atoms of the fission product monitor is used to measure
the number of fissions. In the ideal case, the number of fissions is
directly proportional to the number of fission product monitor atoms.
However, in the real case, the number of fission product atoms may be
altered by the fission products capturing neutrons. Both burnin and
burnout of the fission product monitor must be considered.

3.3.1. Thermal neutron spectra

For thermal neutron irradiations, the problem of fission product
burnout can be minimized by selecting a monitor whose capture cross
section is small (a few barns) compared to the relatively large (500
barns or greater) fission cross section of the fissioning isotope.
The small neutron capture cross section of 1 48Nd was a primary con-
sideration in selecting it as a reliable thermal burnup monitor; how-
ever, the burnin reaction from ll.ld 14 7Nd was not seriously considered

because of the relatively short half-life and a poorly known capture
cross section. The results of recent burnup analyses in our laboratory
for fuel samples from a high flux reactor show an abnormally high
148Nd/15 0Nd ratio which increased with burnup. This ratio should have
remained constant if there were no significant burnin or burnout re-
actions. Our conclusion is that the capture cross section for 11.1d
147Nd may be in the region of 200-300 b and that for high flux irradi-
ations (which are typical in fuel development studies) it is very
probable that a burnup measurement based on 14BNd could be biased
high. To estimate the magnitude of this bias, the effect of a high
14Nd capture cross section upon a burnup measurement based on a 48Nd
analysis was calculated. For this calculation, fully enriched 2 35U
fuel and a flux of 5x101 4n/cm 2*s were used. The results are given in
Figure 4. A 10% high bias can be a serious problem in fuel development
studies, especially if the data are being used to design future fuels
with high power ratings. Thus, improved cross section data for 14 7Nd
are urgently needed.

The other major requests for improved fission product cross section
data are primarily associated with the isotope correlation studies.
Included are requests for capture cross section data for 8 3Kr, 13 1Xe,
1 33Xe, 13 3mXe, 13 3C, 1 3 4 Cs, 1 4 1Pr, 15 3Sm, 1 5 3Eu, and 1 54Eu.

3.3.2. Fast neutron spectra

For fast reactors, the problem of fission product neutron capture
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can potentially be more serious than for thermal reactors. The fission
product cross sections may be as high as several hundred millibarns and
the fission cross sections for the major fissioning isotopes are about
2000 millibarns; hence, the ratio of these cross sections can be greater
than in thermal reactors. Fission product burnout as a function of
burnup in fast reactor spectra is shown in Figure 5 for fission product
capture cross sections ranging from 50 to 250 millibarns. This demon-
strates the need to obtain accurate fission product capture cross
sections in a fast neutron spectrum to meet the goal of 1-2% accurate
burnup determinations.
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3.4. Heavy element neutron capture cross sections

The primary needs for more accurate heavy element capture cross
section data are: 1) for the isotopes 23 6U, 38U, and 24 2Pu which when
capturing a neutron, form a short lived isotope and decay to a different

element and 2) for 2 4 0Pu which can capture to form 2 4 1Pu which sub-
sequently decays with a half-life that may have an uncertainty of
5-10%. The magnitude of the error introduced into a resulting burnup
value varies with the fuel composition, isotopic enrichment, neutron
spectra, and irradiation history. For the most exacting work, a
separate analysis of the sample is required to quantify the amount
of decay product present. The ability to accurately calculate this
value would result in considerable savings in costly analytical time.

3.5. Capture-to-fission ratio, a

This value is primarily used in calculating burnup via the heavy
element isotope ratio method (Section 2.1.2). Many accurate measure-
ments of a have been made and it is well known that a can vary widely
with neutron energy.

For some thermal reactors, core averaged values have been measured
which can be used when large segments of the core are dissolved and
analyzed. For small individual samples, a knowledge of the neutron
distribution and temperature is required to arrive at an accurate value.

The capture-to-fission ratio for 2 3 3U, 23 5U, 2 3 8U, 2 3 9pu,2 4 0pu,
and 2 4 2Pu has been measured for several different locations in the
fast reactor EBR-II [40]. Variations in a of up to a factor of 10
have been observed within the core of EBR-II.

Thus, requesting more accurate a data for use in the calculation
of burnup does not appear practical because the values are too spec-
trum dependent, and generally, the user does not have sufficient in-
formation concerning the spectrum to make a reliable estimate of a.

3.6. Half-lives

For the absolute determination of burnup using a radioactive
nuclide, the uncertainty in the half-life will introduce varying
degrees of uncertainty in the final result depending upon the magni-
tude of the in-pile and out-of-pile decay corrections. Eder and
Lammer [9] have shown for existing half-life values that if the decay
time does not exceed approximately one half-life of the nuclide being
measured that the error from this source will rarely exceed 1%. In
general, the half-life values for most of the major radioactive fission
product burnup monitors are known with sufficient accuracy that new
measurements are considered to be of low priority compared to decay
scheme and fission yield requirements.

The error in the half-life is minimized when relative burnup
measurements are conducted and eliminated when stable fission pro-
ducts are used as the monitors.
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4. SUMMARY

The fission product nuclear data requirements for the determination
of burnup by both destructive and non-destructive methods have been re-
viewed. At this time, the greatest need for improved fundamental data
is for fast reactor fission yields as a function of neutron energy, and
it is strongly recommended that these data be associated with a well
defined neutron spectrum. For thermal reactors, the current yield data
appear adequate. When radioactive fission products are measured, the
major error in the final burnup value arises from the uncertainty in
the nuclear decay schemes. New data requirements with assigned prior-

ities are listed in Table III.
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TABLE III. SUMMARY-NUCLEAR DATA REQUIREMENTS - STATUS - FUTURE NEEDS FOR FUEL BURNUP MEASUREMENTS

NUCLEAR DATA REQUIREMENT r STATUS FUTURE NEEDS PRIORITY

I. FISSION YIELDS

A. Thermal Reactors
1. General: 233u

235^
239pu

2, Specific:
103Ru,

153Sm

2-3%
i — fyfs/

1-2%
2-3%

For long-lived and
stable nuclides which
comprise major fraction
of mass yield curve.

Adequate - not practical
to initiate new extensive
measurement programs.

Low

Variable from 2-5%
These shorter-lived nuclides
are used in radiochemical
measurements for burnup and
the yield of the stable end
member of the chain is not
easily measured.
Unknown or with very large
errors. These are shielded
nuclides with very low yields,

Desire 1-2% values. Must
have a good technique to
measure the number of
fissions to establish
reliable absolute yield
data.

25-50% adequate

Medium

Medium



TABLE III. SUMMARY-NUCLEAR DATA REQUIREMENTS - STATUS - FUTURE NEEDS FOR FUEL BURNUP MEASUREMENTS (Cont'd)

ca
OJ

NUCLEAR DATA REQUIREMENT

I. FISSION YIELDS (Cont'd)

B. Fast Reac tors

1. General:

235LT
238TJ
239pu

237Np
241 Am

2. Specific ; Nd isotopes
The yields for the Nd iso-
topes are of particular
importance because they
will probably be the pre-
ferred monitor and the
isotopic composition may
define the neutron spectra

STATUS FUTURE NEEDS

Poor
Not available
•«3% for very hard spectrum
A-'15% undefined spectrum
^3% for very hard spectrum
Not available
Not available
Not available
Not available
Not available

Several measurements but most
in poorly defined spectra.
Yields and isotopic composi-
tion change with energy.

PRIORITY

3-5%
1-2% as function neutron spectra High
1-2% as function neutron spectra High
3-5%
1-2% as function neutron spectra High
3-5%

Medium

High

High
1-2% as function neutron spectra High
5-10%
5-10%

5-10%

1-2% yield values in well
defined spectra. Isotopic
composition to 0.5% for
well defined, spectra.

Medium
Medium
Medium

High



TABLE III. SUMMARY-NUCLEAR DATA REQUIREMENTS - STATUS - FUTURE NEEDS FOR FUEL BURNUP MEASUREMENTS (Cont'd)

NUCLEAR DATA REQUIREMENT STATUS FUTURE NEEDS PRIORITY;

CO

II. DECAY SCHEMES
A. Fission Products

95Zr-Nb, Variable

, 155Eu

B . Heavy Elements

III. NEUTRON CAPTURE CROSS SECTIONS

A. Fission Products

1. Thermal neutrons
11+7Nd of particular im-
portance because may bias
U8Nd results high.

Adequate

53Kr, 131Xe, 133Xe,

Large uncertainty

Variable - generally large

2. Fast neutrons Little information available.

1% uncertainty required for
major y-rays

Adequate

10% or better

for 133Cs,153EU} i3<+EUi
1̂0% for others adequate.

All require resonance data
(±10% for £ 50 b).

values as function of
neutron energy for principal
burnup monitors.

High

None

High

Medium

High



TABLE III. SUMMARY-NUCLEAR DATA REQUIREMENTS - STATUS - FUTURE NEEDS FOR FUEL BURNUP MEASUREMENTS (Cont'd)

NUCLEAR DATA REQUIREMENT STATUS FUTURE NEEDS PRIORITY

oo
03

III. NEUTRON CAPTURE CROSS SECTIONS
(Cont'd)
5. Heavy Nucltdes

IV. CAPTURE-TO-FISSION RATIO

For all heavy nuclides

V. HALF-LIVES

Differential data adequate
although highly energy
dependent.

Differential data adequate
although highly energy
dependent.

Generally adequate for major
radioactive miclides which
are used as burnup monitors.

Improved techniques for
defining spectra such that
proper value can be
selected.

Improved techniques for
defining the neutron
spectra such that repre-
sentative values can be
used.
Improved data are always
useful but not high priority
item.

Low

Low

Low
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Review Paper No. 6

IMPORTANCE OF FISSION PRODUCT NUCLEAR DATA

FOR SAFEGUARDS TECHNIQUES
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Kernforschungszentrum Karlsruhe, Federal Republic of Germany

ABSTRACT

The role of fission product nuclear data has been reviewed for the three
important categories of safeguards techniques based upon the fission process:
fresh fuel assay, nondestructive measurement of spent fuel by gamma spectro-
metry, and correlations of stable fission products with characteristic data
of the fuel and its history.

Fresh fuel assay procedures are generally calibrated by standard samples;

the needs of FPND for purposes such as instrument optimization, reduction of
effort or improvement of accuracy for calibration procedures, or feasibility

studies of new methods are neither very pressing nor, at the present time,
quantitatively defined by sensitivity studies etc.

Spent fuel investigation by nondestructive gamma spectrometry has until
now mainly been used for verification purposes; its quantitative use has

been limited by FPND accuracies, mainly yields, half-lives, capture cross
sections and resonance integrals, and gamma-ray intensities. Improvement
of existing FPND would be helpful, but as spent fuel element accountancy is

done digitally, the resulting improvement of accuracy would be more valuable

to the reactor operator than to the safeguarding authorities.

Correlation techniques are an important means of verification of repro-

cessing input analyses. Whereas heavy isotope correlations have already
been used and investigated extensively, correlations involving stable fission
products and their ratios are only now becoming routine. The technique has
so far exclusively been based upon empirical data with no utilization of FPND.
The virtue of precise FPND is in the calculation of fission product correla-

tions which are valuable for the prediction of the scope and limitations of

various correlations. These calculations have often been unsuccessful, and better

FPND are likely to improve the situation.

1. INTRODUCTION

Soon after the potential hazards associated with the diversion of fis-
sionable material from authorized uses in the growing field of nuclear ener-

gy had been recognized, a worldwide system for the detection and preven-
tion of such diversion was developed which is now generally referred to

as nuclear materials safeguards. Although safeguards procedures / 1_/ vary
greatly according to the level of responsibility, material, and external
conditions, material accountancy and the requirement for the closure of
material balances is a common feature at all stages. Because the material

undergoes constant change in the different facilities of the nuclear fuel
cycle, frequent measurement of its flow and inventory is necessary.
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In addition to classical chemical and physical methods techniques for the
determination of nuclear material have been developed that make use of its
nuclear properties. It appears logical that among all physical phenomena
utilized neutron-induced fission itself plays an important part. The con-
nection of nuclear data with safeguards techniques has been one of the to-
pi 's of a recent international conference, and a number of contributions
/'. - 5 / have dealt with that somewhat more general subject. It is the
purpose of this paper to review the particular role of fission product
nuclear data (FPND) with respect to safeguards techniques, and thus contri-
bute to a basis for recommendations as to the measurement, compilation and
dissemination of FPND for use in practical applications.

2. BORDERLINE BETWEEN FPND AND NON-FISSION-PRODUCT NUCLEAR DATA

It seems as if a clear-cut definition of which categories of nuclear
data are FPND and which are not has not yet been given. Physically it ap-
pears logical to define as FPND all data needed or useful for a descrip-
tion of the processes that occur after the fissioning nucleus has lost
its identity, and correlations of such data with the circumstances of its for-
mation. Traditionally, however, fission products have been considered as
such only if their half life exceeds some macroscopic value of the order
of 1 second. The reason for this has been the limitation of early measure-
ment, separation and identification techniques. For the purpose of this
review I will generally adhere to the latter definition, but where necessary
will mention needs for data pertaining to a shorter time range.

3. SAFEGUARDS MEASUREMENT TECHNIQUES: GENERAL CONSIDERATIONS

Safeguards measurement techniques are conveniently divided in two cate-
gories according to whether they are mainly used for fresh or for spent
reactor fuel. A third technique makes use of inherent relationships bet-
ween the quantities and ratios of certain isotopes; this so-called correla-
tion technique is usually applied to the results of measurements on the dis-
solved fuel and will be treated separately.

The purpose of safeguards procedures developed for use on fresh fuel in-
cluding scrap and waste is always the quantitative determination of an ele-
ment, an isotope or a ratio of isotopes, sometimes the establishment of an
upper limit for such a quantity. Although the devices to be used are subject
to the usual limitations as to measuring time etc. and are sometimes expec-
ted to provide additional information for other purposes such as quality
assurance, they must fulfill high standards as to precision, reliability and
overall accuracy. The figure aimed at is usually of the order of 0.3 % total
error. As FPND are seldom known to that accuracy, this means that methods
for fresh fuel must not directly depend upon FPND, and they indeed don't.
Instead, instruments and methods are generally calibrated with respect to
standard samples the production, analysis and proper use of which is not a
trivial problem.

Methods for spent fuel, on the other hand, in addition to the measure-
ment of quantities or ratios of fissionable material, must also serve pur-
poses connected with the history of the fuel such as the determination of
flux level, neutron spectrum, burnup, plutonium-to-uranium fission ratio,
cooling time etc. This information will often already be available from the
reactor operator, and the aim of the development of a method is usually
not the ultimate in precision, but reasonable independence from unknown
or uninteresting physical quantities in order to render the results depend-
able, generally applicable and thereby acceptable to operators and inspec-
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tors. Precise determination of fuel quantities is of secondary importance

because bookkeeping in reactors including spent fuel storage pools is usu-

ally done by item, i.e. fuel pin, fuel element etc.

It is only after dissolution in the input accountability tank of the

reprocessing plant that the change is made from so-called digital accountan-

cy to open accountancy. Here correlation techniques play an important role

both for the safeguarding agency who is interested in a means of verifica-

tion of the wet chemical and other direct determination of fissionable ma-

terial, and the owner of the fuel who needs additional information about

data important for the operation of the reactor such as the burnup level

reached.

4. FPND DEPENDENCE OF VARIOUS METHODS FOR FRESH FUEL ASSAY

Techniques for the determination of fresh fuel only depend upon FPND

if the physical phenomenon utilized for the assay is the fission process.

This excludes many methods and instruments from further consideration.

Also I will not discuss methods that have been given little consideration

until now or that are unlikely to be used in the near future because of

cost, complexity, measurement time or simply better alternatives.Examples

may be the use of neutron spectrometry for delayed neutron emission / 6_/

or resonance neutron transmission measurements / 7,8_/.

As mentioned above, fresh fuel methods do not directly depend upon FPND,

but the precise knowledge of such data is sometimes helpful or interesting

for a variety of reasons.One of them may be the FPND dependence of correc-

tion terms that are difficult to measure. Another can be a reduction of the

calibration effort, both in terms of a reduced number of standards and a

simpler or more accurate calibration procedure; and sometimes optimization

of the design of an instrument of proven operability requires the knowledge

of FPND.

In order to explain what this means I will briefly describe three methods,

one for each of the categories above. I will then just mention a few more

methods where FPND would be interesting to have, but where the immediate

benefit is at least questionable. After that, I will show an example where

FPND are needed for the data reduction, i.e. computation of correction terms,

but present accuracies are completely adequate; and finally, for the sake

of completeness, I will mention a few more methods which, although based

on the fission process, require no FPND at all.

4.1 252Cf Assay System for FBR Fuel Pins

One of the finest instruments presently in use for the assay of fuel

pins for fast breeder reactors is the 252Cf assay system developed by the

Los Alamos Scientific Laboratory / 9 /. Of the different individual
measuring devices included in the instrument I will only discuss the one

for the determination of the total content of fissile material in a pin

which is the most important one from a safeguards point of view. The tech-

nique is based upon the activation of the rod by carefully spectrum-tai-

lored 2 5 2Cf neutrons and subsequent measurement of the gross y rays from

fission products in the energy range between 1.2 and 2.7 MeV. The system is

being calibrated about once a day by means of standard rods of known quan-

tity and composition.
Although the instrument is equipped with an elaborate data reduction

system that automatically corrects for background from passive gammas,

source decay etc. both in the calibration and assay runs, there seems to

be a systematic long-term change in response superimposed on the final re-

sults that could be due to imcomplete compensation for activation buildup

in the standard rods. A complete library of fission product yields, half
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lives and y-ray energies and intensities could probably be used for a quick
check of the magnitude of the effect to be expected, and possibly help
to find some means for its compensation.

4.2 Assay of LWR Pins by Activation in a Reactor and y Spectrometry

A method for simultaneous assay of 235U and fissionable plutonium in
LWR pins consists inthe activation of the pins in a reactor followed by
y-ray spectrometry / 10 _. The method has so far not been used routinely
although it is relatively fast, simple and inexpensive if a small reactor
is available. Tf the irradiation, waiting, and counting times which are
all of the order of a few minutes are precisely reproduced, spectroscopy
of the delayed y rays with a Ge(Li) detector offers enough discrimination
power to determine the amount of the individual fissile isotopes.
Again calibration is done with standard samples; the amount Qi of isotope i
is computed from the peak areas Pk via the relation

n

Qi = Aik Pk i = l...m, m < n
k=l

where the constants Aik can be, and have until now been determined from a
measurement of the standards. This calibration procedure involves the in-
version of matrices all elements of which are subject to statistical er-
rors, and can therefore become quite inaccurate, particularly if more than
two isotopes are to be determined. The precise knowledge of the yields,
half lives and y intensities of the fission products involved (together
with the fission cross sections of the heavy isotopes) determines the ratios
Aik/Ajk, reducing the above equation to

n

Q = 1 kik k k
k=l

where the AXk are all known and only n calibration parameters Ak have to be
determined tone for each peak), instead of n X m (i.e. one for each peak
and each isotope). Until now, however, although there exist excellent mea-
surements of delayed Y rays in the time range down to about 5 minutes, even
the most prominent of the y-ray peaks of these short-lived fission products
could not be assigned to individual nuclides _ 11, 12 /.

Activation buildup in the standards, as mentioned in the discussion of
the previous method, is also present. As long as this effect only requires
a different determination of the background under the peaks, the resulting
error should be negligible. Care must be taken, however, that there occur
no errors due to count-rate effects, and that there is no buildup of long-
lived peaks close to the peaks of interest that introduce systematic errors.
Again, a comprehensive library of precise FPND, particularly for the longer-
lived fission products (T1/2 > 1 day), could be helpful for a computational
a-priori investigation of the problem.

4.3_Isotopic Source Assay System with Coincident Particle Detection

An active system for the assay of fissionable material in a wide vari-
ety of chemical compositions and geometric shapes that has been commercial-
ly available for some yearsand had originally been developed by Gulf Ra-
diation Technology / 13,14 / uses a 252Cf neutron source similar to the
system described in paragraph 4.1. The secondary particles detected, however,
are neutrons and quasi-prompt y rays. In order to get the best signal-to-
background-ratio, a selectable number of detectors is required to fire
simultaneously for an event to be registered. Typical settings of the coin-
cidence requirements are, e.g., two-out-of-four and three-out-of-four, for
a frequently encountered version.
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It is obvious that the design of the instrument, i.e. source strength,

number, size, efficiency and shielding of detectors etc. depends upon the

number, nature and energy of the particles emitted "simultaneously" in a

fission event. Simultaneously, in this context, means that the particles

can be registered using standard detectors and coincidence circuits the

resolving time of which is of the order of 20 nanoseconds. It does not mean

that the particles have to be generated simultaneously on a nuclear time

scale which is much finer, or even by advanced laboratory equipment which

is more than 3 orders of magnitude more sensitive, but of course not suited

for routine work.

For neutrons, the distribution of multiplicities is moderately well

known, quite good for thermal-neutron induced fission, poorly for higher

neutron energies. For y rays, practically no measurements have been made.

In addition, whereas both in the determination and utilization of neutron

multiplicities initial neutron energy is unimportant as long as the neutrons

are thermalized prior to detection, there is almost always a strong energy-

dependence in the detection of the y rays, and certainly an energy corre-

lation of their multiplicity. Although data of this kind, as outlined in

chapter 2, may not directly belong to the subject of the panel, they

appear to be of sufficient importance to be mentioned, and the needs for

their measurement should not go unnoticed.

4.4 Miscallaneous Methods for which FPND are of Interest

There are a few other methods for which a better or more complete know-

ledge of FPND could simplify operations or provide possibilities for addi-

tional checkout or improvement of the apparatus. Such data are the multi-
plicity distribution of prompt neutrons emittedin fission of 234, 2 3 9Pu and

iPu by subthreshold (e.g. Pu-Li) neutrons / 15_/, or in spontaneous fis-

sion of 2 3 8 Pu, 2 4u and 2 4 2Pu. A detailed discussion of this question has

been given in / 5_/ and need not be repeated here. Data interesting for the

development and application of methods based on photofission are the vari- _

ation of V, the average number of neutrons, for subthreshold energies / 16_/.

Both types of data, however, may or may not be considered as FPND (cf.

chapter 2). Another category of data whose identity as FPND is questionable

are the half lives, yields, y-ray energies and y-ray intensities of fission

products in the time range below one second down to perhaps 1 us. It seems

as if some measurements had been done in this field, but prospective users

of the data complain about the lack of a coherent and comprehensive review

of the experimental material / 16_/.

4.5 Trace Analysis of 235U and 2 3 9Pu by Reactor Activation and y-Ray

Spectrometry of Noble Gas Decay Products

The analysis of microgram amounts offissionable isotopes as developed

at the Kernforschungszentrum Karlsruhe / 17,18_/ is discussed in this

chapter because it fulfills the general criteria outlined in chapter 3,not

because of its limitation to fresh fuel; in fact, it has successfully been

used on hot dissolver solutions from reprocessing plants.

The method is based on thermal-neutron induced fission of 2U and
2 3 9Pu in a reactor. The noble fission gases are adsorbed on a charcoal fil-

ter shortly after the irradiation; the residual gas is removed from the

filter after about 3.5 hours. The remaining non-volatile decay products

of 8 8Kr and 138Xe, 8 8Rb and 1 38Cs, are then measured with a Ge(Li) detector

utilizing their intense y rays at 1834 and 1438 keV, respectively.

The area P of the photopeaks of these lines iS proportional to the (un-

known) number N of heavy atoms and related to the flux I, fission cross

section o, yield Y and decay constants Al and A2 of the parent (noble gas)

and daughter (alkali) isotopes via the relation
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-P = N t Y (t-eA _2 -Xt3 e-X2 3 e 2t4 -eI 2tP=N ~o Y ( (1-e )e (e -e tt6

where tl is the irradiation time, t2 the waiting (transfer) time, t3 the
adsorption time, t4 the time between desorption and the beginning of the mea-
surement, t5 and t6 the true and live measurement times, and e and I the
peak efficiency of the detector and intensity of the y ray. There are of
course two such equations of identical structure, but with different con-
stants a, Y, e, I, 1 , A2 for 235U and 2 39Pu.

Again, calibration is done with accurately prepared standard samples, con-

taining a small quantity of cobalt as a flux monitor, and does not depend
upon FPND as long as irradiation, adsorption, desorption, and measurement
conditions (esp. times) remain unchanged. This, however, is often not the
case, and the procedure is to calibrate the products oY I for a given set

of time parameters and flux and use the above equation with the measured

values of tl through t6 and _.

Although the correction terms for values of the time parameters that
differ from the ones used in the calibration depend directly upon FPND,
this effect is now shown to be negligible. The results of an FPND sensi-
tivity study made for this purpose are summarized in Table I. Uncertain-

ties of the half lives of the four isotopes involved have been assumed to
be 1 % which is slightly larger than the currently adopted error for 88Kr
and 8 Rbp / 19_/ and may also be realistic for the two mass-138 nuclides.
As can be seen from table I, half life errors will hardly contribute more

than 0.25 % if the prescribed procedure, particularly as to the
duration of the adsorption, is closely followed. The overall

accuracy of the method for separate assay of each of the two fissionable

isotopes in mixtures (mixing ratios between 1 : 3 and 3 : 1 and total quan-

tities between 6 and 20 pg) is now 3 % only, therefore the error from FPND

uncertainties is more than an order of magnitude smaller than all other
errors, and there is no need for an improvement of our knowledge of the
half-life values of the four fission products utilized.

4.6 Other FPND-Independent Methods for Fresh Fuel Assay

Perhaps the rmost important active method for the assay of fissionable
material in fresh fuel is the measurement of delayed neutrons following
irradiation of the sample with a short burst of neutrons / 20,21,22 7.
Although knowledge of the time distribution of the delayed neutrons and the

prompt-to-delayed-neutron ratio are very valuable, the precision to which
any kind of FPND are known does not presert a limitation of t-he method.
The same statement can be made for the reactivity method where the reacti-

vity change ofa subcritical assembly upon insertion of the sample is
measured / 23 /, for the interrogation of fuel pins or fuel elements with
subchreshold neutrons from a lead pile / 24,25 / or Sb-Be source / 26,27 /

and detection of fast fission neutrons, and for all other major methods

currently applied or under development that are based on neutron-induced,

y-induced, or spontaneous fission of heavy isotopes.

5. FPND NEEDS FOR NONDESTRUCTIVE INVESTIGATION OF SPENT FUEL

For spent fuel discharged from a reactor the accessibility for measure-

tiw-nt is even worse than for fresh fuel in fabricated fuel elements, and
if any knowledge about properties of the fuel is required prior to repro-

cessing of the element, it can practically only be obtained by nondestruc-
tive methods. Although a few other methods have been developed for the

Investitiation of hot reactorfuel - active neutron interrogation with de-
layed neutron counting / 28_/, gamma and resonance neutron transmission

neasurements / 29, 7 / and calorimetry / 30, 31_/ -, the only important tech-
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nique in wide use now is spectroscopy of the intense y rays from fission pro-

ducts, almost exclusively with semiconductor y-ray spectrometers (Ge(Li) or

intrinsic germanium), although NaI(Tl) detectors have also been used / 32,33_/.

Whereas the calibration of methods and instruments for fresh fuel assay

is basically done by comparison with accurately prepared or well-analyzed

standard samples which do not change in time except for minor changes in

isotopic composition of plutonium, grow-in of americium, and occasional

weak activation by the calibration process itself, the preparation of such

standards for spent fuel is obviously not possible. Unless there is a

straightforward check of the validity of a method as, e.g., in the case of

cooling time determination, the best thing one can expect to get is a de-

tailed report of the results of the analysis after dissolution. Even then

the data are not always comparable because batches in the dissolution are

usually quite large, whereas single pins of portions of pins can be investi-

gated by y spectrometry, and also because the material may undergo consi-

derable change in composition between the two determinations.

This means that y spactrometric measurements of spent fuel rely heavily

on nuclear (and some non-nunclear) data of fission products, and the question

is not only if and which FPND are relevant to the different methods, but also

whether existing FPND are sufficiently accurate. The answer to this

question is seldom possible without extensive investigation. The reason

for this is that the interpretation of the measured values for certain

peak areas or peak area ratios often requires the use of large computer

codes that provide for effects of parameters such as neutron spectrum,

coolant void factor, temperature, history of control rod operation etc.

Indeed, few investigations of the effect of FPND uncertainties upon the

results have so far been carried out. Although the announcement of the

present meeting has stimulated very promising work in the field, a final

answer as to the detailed FPND requirements can only be given at a later

date. Whereas data requirements for the assay of fresh fuel - however few

there are - are at least quantitatively different from those for other pur-

poses such as waste nranagenent or reactor design and operation, the require-

ments for spent fuel rethods including correlation techniques (cf. chapter 6)

will be very similar to the requirements of other applications in which essen-

tially the same type of codes can be, or are being used. In fact, there is

more or less overlap with the subjects of review papers 2, 3, 4, 5 and 7 of

this panel; in particular, paper 5 is devoted to burnup determinations which

is one of the major objectives of nondestructive post-irradiation analysis

and one of the important quantities in correlation techniques as well. There-

fore the burnup question will not be treated here, or just briefly be mention-

ed for the sake of completeness.

In the discussion of the determination of the important quantities the

different steps will be described in the same order in which they would have

to be taken in an actual determinatior largely following the procedure out-

lined in Ref. / 3 /. In order to produce consistent results an iterative pro-

cedure is usually applied.

5.1 Cooling Time

Cooling times, if not available as part of the operation history of the

reactor, can be determined by Y spectrometry from the ratio of peak areas

of fision products with different half lives. This procedure, however, is

nct without problems. First, the reactor must have been operated at constant

power for a time long enough that both fission products are in equilibrium

before shutdown. This limits the method to the use of relatively short-lived

isotopes such as 0 Ba (12.8 d) - 1 °La (40.2 h) / 3, 33, 34, 35 /,

31 (8.05 d) / 3 7, Ce (32.5 d) / 3, 34/, and 9Zr (64.0 d) - Nb(35.0 d)

/ 34,35 _; but l44Ce (284 d) - '4"Pr (17.3 m) / 35 / and even 3 7Cs (30.0 a)

/ 35 / have also been utilized. Second, the use of genetically related isotopes
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which is conceptually the best method as long as the independent yield of the
daughter is negligible relative to the cumulative yield of the parent is often
not very sensitive. As the ratio Ro of the parent-to-daughter activity at time 0
(i.e. immediately after shutdown from constant power) and at infinite time,
RP, are related by the equation

R = Ro (1 - /- T 1/2(daughter)/T 1 /2 (parent) 7 ,

Ro and Rm differ only by a factor of 2.22 in the case of 95Zr - 9Nb, and
only by 1.15 for 140Ba - 4La which is hardly adequate. Third, care must
be taken that self-absorption factors are correctly taken into account. That
practically eliminates the use of 141Ce with a single y ray at 145 keV. And
fourth, perhaps worst of all, forward calculations of activity ratios vs
cooling time have shown that the curves scatter by approximately + 15 %
according to fuel composition and irradiation conditions, even if grow-in by
capture is neglected and complete saturation at shutdown assumed / 34 /.

As half lives of the relevant isotopes are known to an accuracy of
0.05 to 0.2 percent and y-ray intensities (or branching ratios) to about 1%,
this means that FPND uncertainties are negligible, and existing data are
fully adequate for age monitoring of spent fuel.

5.2 Burnup

The cooling time of the fuel being known, burnup can be determined from
an absolute measurement of the amount of certain radioactive isotopes. In
order to be suited for burnup determinations except for very short irra-
diations times / 36 /, an isotope has to be sufficiently long-lived, emit
intense penetrating (>500 keV) y rays, have a yield as independent as
possible of fuel, spectrum, and other irradiation conditions, should not
migrate under extreme temperature conditions, and must not be produced
by processes other than fission nor burn out at high fuel burnup levels.
Table II shows that three fission products or pairs of fission products
are suited for the purpose; a more detailed discussion of their virtues
and shortcomings is e.g. given in / 38 / and / 39 /. Where the requirement
for an absolute determination could be met, excellent results have been

137 -14 14'
obtained using 137Cs L 40 L 41 , but "Ce -4Pr also seems to give satis-
factory results / 35, 41_/.

Where absolute measurements by y-ray spectrometry have not been possible
ratios of isotopes that are produced proportional to different powers of
the fluence have been used or proposed for investigation as burnup indicators.
Among these are ratios of 3Cs (2.05 a) and54Eu (16 a) as second-power and
1 37Cs (30.0 a) and 144Ce - 1 4 Pr (284 d) as first-power-isotopes / 41,42,43 7.
However, these ratios vary considerably (for a given burnup level) with irra-
diation history, position of control rods, and cooling void fraction (in BWRs),
and the relation

(secondary FPy(primary FP) = constant x burnup
where k is of the order of 1.1 has been found to change so drastically in
the outer parts of a BWR core that k had to be adjusted to a value of 0.5
in order to fit the measured data. This is attributed to spatial changes in
the spectrum, but has not been understood quantitatively / 41 /.

Because burnup determination is the subject of an entire paper at the
present panel, it does not seem appropriate to go into any further detail
here. Nor will I touch upon the question of FPND requirements for burnup
determination, although it seems obvious that a removal of some of the dis-
t~epancies between various yield determinations / 44 / is highly desirable.

5.3 Fluence

Unless special fluence-monitoring materials - isotopes not produced in
fission, with reasonably large cross sections and long-lived daughters
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such as 0 9 Ag, 64 Zn and 59Co - have been added to the fuel / 45 /, the
determination of the fluence, or time-integrated neutron flux, is only
possible by measurement of the ratio of two isotopes the production of
which is proportional to different powers of the flux 0. This means prac-
tically that one of them has to be a fission product, the other one an

isotope that is produced by neutron capture in a fission product, but must

not be a fission product itself, and that both fission products have to
have the same properties as those required for burnup determination (cf.

paragraph 5.2, Table II). Long lifetime of the intermediate (capturing)
fission product is a particularly important requirement because only then
is the production of the daughter propoxtional to (f 0 dt' 2 where the inte-

gral is over the whole irradiation time.
It turns out that the only practical pair of nuclides is "15Cs - t3 7Cs;

however, because the yields of both 133Cs and 137Cs vary with the fissioning

isotope and the neutron spectrum, assumptions have to be made as to the fuel

composition (such as pure 25U fissions) and spectrum (e.g., given ratio of

epithermal to thermal flux). Then the fluence can be deduced from the measured

ratios.
The sensitivity of the method to errors in cross sections and yields of

the fission products involved has been studied in a recent calculation

/ 46, 47 /; table III lists the sensitivities of the production rates of

T34Cs and 1 3 7 Cs with respect to the most important FPND. As expected, the

yield, with a 1:1 correspondence to the production, is the only parameter

of importance for 13 7Cs; neutron capture in 13 7Cs has no significant effect

at a burnup level of 40 000 MWd/t. - For 1 34Cs, both yield and cross section

of 13 3Cs enter directly into the result, but burnout is important enough

to change the result by 1 % for 3 % error of the 134Cs cross section.

This means that yields of 133Cs and 1 37Cs and capture cross sections

of 1 33Cs and 134Cs are the important FPND. Whereas errors of current yield

values varybetween 0.5 % and 5 % for thermal fission of 2 3 3U, 235U, 2 3 9Pu

and 2 4 1Pu / 37 /, errors for fast yields are certainly at the upper end of

this range, or somewhat larger. More important, however, are the uncertain-

ties of the capture cross sections of 133Cs and 13 4Cs which are still in

the 5 - 10 % region, and of which little is known about the variation with

neutron energy / 3 /; it is the accuracy of these data that presently limits

the accuracy of methods involving the use of calculated 13 4Cs / 137Cs ratios.

5.4 Irradiation Tide

If the fluence is known, the irradiation time and average flux can be

determined separately from the ratio of two isotopes one o_ which is not

saturated under normal conditions (such as 13 7 Cs), and one of which clearly

shows saturation effects (such as 9 5 Zr - 95Nb). Nomographs for the deter-

mination of the irradiation time from known values of the fluence and

95Zr/ 13 7 Cs ratio have been computed /3 /; although FPND sensitivity of the

procedure has not been investigated it is clear from the absolute values of

the FPND that only the yields of mass chains 95 and 137 and the half lives

can be important. Half lives of 5Zr, 95Nb and 137Cs are accurate to 0.2 %,

0.3 % and 0.7 % / 44 / and thus perfectly adequate. As the sum of the mass

numbers (95 + 137 + 2.5 = 234.5) is very close to the compound nucleus mass

number for fission of both 3U and 2 3 5 U the yields, although inaccurate to

about 3 %, tend to change simultaneously with changes in the yield distribu-
tion and thus should have a small effect on the ratio of the two fission
products. In addition, the effect of nonconstant power level of the reactor
upon the 95Zr/ 1 3 7Cs ratio is so drastic that no improvement of existing FPND

seems to be necessary.
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5.5 Plutonium-to-Uranium Fission Ratio

An estimate of the ratio of fissions in plutonium to fissions in urani-
um can be obtained from the activity ratio of two fission products with mar-
kedly different yields for the two fissionable elements, with long half
life and all the other properties already mentioned in paragraph 5.2.

The best pair of fission products for that purpose is 144Ce (284.5 d)
- 4Pr (17.3m)/°6Ru (368.3 d) - 1 6Rh(30 s), with yield ratios (44Ce/ 1 0 6Ru)
of 17, 14, and 0.9 for 233U, 235U and 239Pu thermal fission, respectively

/37/. The ratio R of 1Pr/ 10 6Rh activity decreases with an effective half
life of 3.43 a; the error from the half-lives of 1 4Ce(0.14 %) and 1°6Ru(0.54%)
is proportional to the cooling time and contributes to the computed value
of R0 (at shutdown ) with only 0.50 %/year.

The 144Pr/ 10 6 Rh ratio can best be used for irradiation times short
with respect to the half lives, i.e. under one year, and appears to be

reasonably sensitive to plutonium/uranium fission ratios between 0.05 and 1
and rather independent of the spectrum and of initial enrichment. For longer

times, the situation remains relatively simple for pure uranium fuel as long

as constant flux and quadratic increase of plutonium fissions can be as-

sumed. Even then the computation of the plutonium-to-uranium fission ratio

from the 14Ce/10 6 Ru ratio at shutdown involves terms increasingly impor-
tant with larger fluence that depend upon differences of yields. Although

no quantitative investigation of the sensitivity with respect to FPND has
been made, it is clear qualitatively that again yields are the limiting factor
whereas accuracies of other FPND such as half lives and fission product

cross sections are adequate.

Until now 106Ru- l06Rh has turned out to be the best plutonium fission
monitor so far used /-3, 34, 35, 48 7, and further investigation of its
potential has been suggested / 42 /. Attempts were also made to use other
ratios such as l °Ba(12.8d) - t0La(40.2h) / 1 llAg(7.5d) and 0°Ba - 0 La /
156Eu(15.ld) /-34 7, but failed, probably because of too low absolute
yields of 15 6Eu and 1lAg. The investigation of '54Eu(8.5a) / 1 3 7Cs(30.0a)

has been proposed / 35 7 because of the attractively long half lives
involved. As 1 SEu is shielded by stable $54 Sm, it is primarily produced
by capture in 153Sm, with contributions from multiple capture in mass-152

down to mass-147 nuclides becoming increasingly important at high burnup

levels /-3 /. The ratio of 1 5 3Sm yields from thermal fission of 2 3 5U and
23 9 Pu is 0.163% /0.44%, or 1 : 2.7; the production of 153Eu from low-enri-
ched uranium will therefore be proportional to almost the third power of

the fluence even for the single-capture path, and to higher powers for the

other modes of formation, and thus critically depend upon the spatial flux

distribution and the fission product yields involved.

5.6 Initial Enrichment

For low-enriched uranium fuel the initial enrichment can be computed

from the ratio of plutonium-to-uranium fissions if the fluence, irradiation
time and cross sections of the heavy isotopes involved are known. The cal-
culations are easy if flux and initial enrichment are approximated by
space-averaged values, and no time dependence of the flux is considered.
For more refined calculations, the well-known large codes have to be used.

As the plutoniuim-to-uranium fission ratio is the quantity from which to
start, the most important FPND are again the yields of mass chains 106 and

144; errors of half-lives and cross sections of fission products contribute

little to the enrichment determination.
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5.7 Remaining Fuel

The amount of remaining 235U can be calculated for reactors burning
low-enriched uranium fuel if the burnup, plutonium-to-uranium fission
ratio, and initial fuel are known.

For the determination of burnt-in plutonium an interesting method has
also been proposed that consists essentially in a short (several hours')
reirradiation of the cooled, spent fuel element followed by y spectrometry.
Although the effort of the reirradiation is considerable and not likely to
be applicable to spent fuel investigations for safeguards purposes, there
may be certain cases where the need for more accurate or more detailed
information than obtainable by simple y spectrometric means justifies such
a procedure, and its potential ought to be more thoroughly investigated.

The method has been applied to fuel of the Bucharest VVR-S reactor
at 10 % burnup (FIFA) after 600 da. of cooling time / 49_/. The plutonium
determination is quoted to be in error by 7 %. An analysis of the FPND dependence has
also been made, but only with regard to the half life of 14 0Ba, the short-lived
fission product used in that particular case for the plutonium analysis.
It was found that a half-life error of 1.5 % contributed 1.8 % uncertainty
to the final result.

5..8 General FPND Involved in Nondestructive Investigation of Spent Fuel

5.8.1 Decay scheme data

Energies and intensities of gamma rays from longer-lived fission products
are usually known well enough not to be a serious limitation of any of the
methods listed above. Whereas a number of recent comprehensive compilations
and evaluations exist of such data as yields and cross sections, the impor-
tant decay scheme data (including, e.g. branching ratios of beta transitions
to isomeric states) are still widely scattered in the literature. Therefore
a number of laboratories produced_their own private libraries, often suitably
condensed, of the data required / 3, 47, 50_/. It is likely that publication
of these libraries would be of general interest.

5.8.2 Gamma-Ray Attenuation Coefficients

Although y ray self absorption and detector efficiency are important pa-
rameters, they are usually not determined from FPND. Detectors are calibrated
using specially prepared y-ray standards whose energy and source strength
are very well known (better than 1 %) and for which self-absorption is
negligible. Once the detector efficiency curve is known, self absorption
correction factors for the fuel are best determined from known ratios of
y-ray intensities from the same isotopes. This procedure automatically
corrects for y-ray collimator effects etc. and only relies on relative
intensities.

5.8.3 Migration

Fission products such as cesium, barium and ruthenium are known to mi-
grate inthe fuel at high temperatures and large temperature gradients
/38,39 /. Whereas radial migration in fuel rods can be overcome by suit-
able design of the y-spectrometric equipment, axial migration is a more
severe problem, and until more data on the (non-nuclear) phenomenon of
migration are available, care must be taken in the interpretation of the
axial distribution of quantities measured nondestructively by an axial
scan of the fuel.
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6. THE ROLE OF FPND IN FISSION PRODUCT CORRELATIONS

The input analysis of the reprocessing facility is of particular impor-

tance to safeguards because here accountancy changes from digital to open.

It is the first point at which direct analysis of the spent fuel is possible.

The verification of the results of the reprocessing input analysis re-
quires considerable inspection effort. Therefore the empirical finding that
ratios of certain isotopes are correlated in a universal way with data

characteristic of the fuel and its history has soon been recognized as a
simple independent means of verification of the measured fuel composition

and reported data from the reactor operator.

By far the most important, most widely-used and best studied relations
are those that correlate data such as burnup, fission rates, and ratios

and concentrations of fissile and fertile material with ratios of heavy

isotopes / 5,51-62 /. These correlations, empirical as they are, do not
depend upon FPND. Only the predictions by the reactor operators do, but

as FPND dependence of reactor calculations has been the subject of other

review papers at this panel, this topic need not be discussed here.
Another type of correlations has also been investigated that uses fis-

sion product ratios instead of ratios of heavy isotopes. Radioactive fis-

sion products which can be measured nondestructively have been discussed in

the previous chapter. Therefore only correlations with ratios of stable

fission products will be considered here. Until now the following correla-
tions have been established:

84Kr/3Kr with D5, FT; 24 0Pu/ 23 9Pu; 2 4 0Pu/Utotal, 2 4 2Pu/Utotal;
2 3 9Pu/U0 , 2 40 pu/Uo , pu/U 0 , 

2Pu/Uo/51,60,64,65_7;
86Kr/8 3 Kr with D5, F5, FT /' 51_/;
86Kr/(83Kr+84Kr) with F9/F5 /5l /;
3 2Xe/l3 1 Xe with FT; 2 4 lPu/UtotaL, 2 Pu/Utotal; 2 W0Pu/uo, Pu/Uo

2 Pu/Uo / 63-65 /-
13 6Xe/134Xe with 2 3 9Pu/Uo /51 _7,

" 6 Nd/1 4 5 Nd with FT, 2 4 Pu/Utota , 2o 0Pu /Uo /-5 64, 65 /.

Here D5 is the 235u depletion, F5, F9 and FT are the 235U, 239Pu and total
burnup (FIMA), Uo is the total initial quantity of uranium, and the other
figures are total quantities of an element or isotope in the spent fuel.

Until now fission product correlations have been determined purely em-
pirically. This means that although a sizeable body of data has been accumu-

lated which is routinely used for the verification of results from new ana-

lyses, data from new dissolutions are still needed to complement existing data
and prove (or disprove) the independence of a correlation of certain parame-

ters of the fuel or its history. In order to understand the physical back-

ground of the correlations and predict their behaviour for parameter constal-
lations for which no data have so far been available (such as plutonium-re-

cycled LWR fuel), calculations of correlations are necessary. Predictions

with existing codes have not always given good agreement with experiment.

This could be due to inadequacy of the codes (such as poor choice of the

neutron energy group structure), but also to lack of a sufficiently accurate

set of nuclear data including FPND.

In order to investigate this latter question, a sensitivity study has

been started of which first results are now available / 46_/. Table IV

shows the propagation of errors in yields and capture cross sections to the

computed production rate of the stable isotopes used for correlation tech-

niques. It is obvious that most isotopes depend linearly upon their own

cumulative yield.
For the krypton isotopes the situation is very simple in the case of

86 Kr which is practically not affected by any other FPND. For 83Kr about

one third of its cross section error propagates into the production rate.

04Kr is affected by 15 % of the error of the 83Kr yield and 12 % of the
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TABLE IV. SENSITIVITY OF THE COMPUTED PRODUCTION OF STABLE FISSION PRODUCTS
USED IN CORRELATION TECHNIQUES (IN %) TO AN ERROR OF 1 % IN THE YIELDS AND
CROSS SECTIONS OF THE FISSION PRODUCTS IN THE LEFT COLUMN, FROM /-46, 47 7t

effect of effect of effect of

contributing cross cross . cross
isotope section section section

upon upon upon

83Kr 84Kr 86Kr

81
81Br 0.094 0.013 0.076 0.0009 -

8 2Kr - 0.053 - 0.005 
8Kr 0.903 0.337 0.148 0.121

8Kr - - 0.840 - - -
8 Kr - - - 0.002 0.025
86 Kr - - - - 0.995 

13 1Xe 132xe 134Xe 1 36 Xe

12 9 Te 0.0134 - 0.0014 - - --

1I 0.0448 0.0584 0.0050 0.0066 - - - -
130Te 0.0044 0.0038 0.0006 0.0006 - - - -

131Xe - 0.0583 - 0.0065 - - - -
131Te 0.195 - 0.048 - - - - -

31I 0.737 0.0143 0.185 0.0044 - - - -
1 -Xe - 0.701 - 0.232 - -
132

3 2 Te - - 0.74 -- -- -

1 3 3 Xe - 0.0187 0.002 - 0.002 - -
Xe - - - - 0.0025 -

3 3Xe - - - - 0.0103 0.0106 - -

13Xe - - - - 0.985 0.0015 0.0008 0.0007
1 e - - - - - 0.412 0.1075

Xe - - - -- 0.583 0.0055

145Nd 146Nd

1411 4 1 Ce 0.0038 - 0.0006 -
14 2 Ce 0.0023 0.0020 0.0004 0.0004

143-Nd - 0.004 - 0.0006

143Ce 0.149 - 0.0042 -
P13 r - 0.0007 - 0.0004

1 4 Nd - 0.0290 - 0.0120
144Ce 0.113 0.0073 0.03 0.0033
145Nd 0.0003 0.26 - 0.0695
14 5Nd 0.726 1.48 0.409 0.483
1 4 Nd - - 0.514 0.0362

t under the conditions as given at the bottom of Table III
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83 KF ross section.
Xe depends strongly (70 %) upon its cross section. 132Xe is affected

by 23 % of the yield and cross section of the mass-131 fission products.

Xe is not influenced by data from any other isotopes, but for 136Xe the
135

Xe yield and cross section error affect the production with 41 % and
11 %,respectively.

145Nd depends on the yield of the mass-143 chain (15 %) and yield (11 %)
and cross section (26 %) of Nd; the dependence upon the error of its own

cross section is more than proportional (148 %). 14$Nd depends markedly upon

the yield (41 %) and cross section (48 %) of 4Nd and to a lesser extent

l 3 its own cross section (4 %) and on tle yield (3 %) and cross section of
Nd (7 %).
Those effects of FPND uncertainties are rather strong. And not only do

the yield values published by different evaluators vary considerably / 37,
44, 66_/, but the confidence limits of the published data are also in poor

agreement. With the yield uncertainties of Ref. / 37_/ (which are usually
between 2 and 4 %,but occasionally as large as 10 %) and such cross section
data as were available at the time of preparation of this review / 44, 66_/

(between 10 and 100 % error), arithmetic addition of the components resulted

in total errors from FPND uncertainties between 5 and 10 %. If one considers

that cross section errors usually have the effect of giving a low value for

one isotope and a high value for its parent (or daughter) and thus affect

twice the ratio of the two nuclides, much of the hitherto poor agreement of
calculated and measured fission product correlations can be blamed upon poor

knowledge of FPND.

7. CONCLUSION

The three categories of safeguards techniques that are affected by our
present knowledge of FPND are quantitative assay of fresh fuel by various
(mostly nondestructive)methods, the y spectrometric nondestructive investi-
gation of spent fuel, and the use of fission product correlations for veri-
fication of the result of reprocessing input analyses.

The connection of fresh fuel assay techniques to FPND is very loose
because data accuracies are usually too poor for an assay method to directly
rely on FPND. Instead, calibration is done by standards. For the application

of these methods a number of severe problems had to be solved (neutron mo-

deration in unknown matrix material, stability, etc.) to which FPND could

not contribute. The few minor areas where knowledge of FPND (and some data
usually not considered as such) can be helpful are listed in Table V. Because

the return from better FPND is so hard to determine, there have until now

been no sensitivity studies or the like to quantitatively establish what

accuracies are needed. Also most methods now in application have to use

rather coarse effects such as counting of gross delayed neutrons, gross

delayed Y rays etc. in order to keep strengths of sources of interrogating

radiation low, measuring times short, and statistical errors tolerable, and

cannot afford to make use of nuclear data of single fission products / 6_/.
Nondestructive y-spectrometric investigations of spent fuel is interest-

ing for safeguards if, for some reason, item accountability between the out-

put of the fabrication and input of the reprocessing plant is impossible or

has been upset and there is reason to distrust data reported by the reactor

operator. In that event the measured data can be used to compute various

quantities important to the safeguards authorities. Sensitivity studies as

to which data are needed to improve the computation of what physical quanti-

ty pertaining to the fuel or its history are just beginning to be made; also

there seems to be considerable disagreement as to which FPND can be consider-

ed how accurate. A preliminary and rather qualitative list of FPND for which

an improvement of accuracy is desirable is given in Table VI,
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Correlations of ratios of stable fission products with the results of
reprocessing input analyses play an important part, but are to date exclu-
sively based upon empirical data. FPND are useful for their theoretical
understanding and for predictions as to their applicability to cases for
which no experimental data are now available.
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Abstract

In the course of reactor fuel handling, i. e., fuel storage

and transport, reprocessing and refabrication as well as

possible isolation of actinide elements, an accurate knowledge

of the fission product compositions in spent fuel from

different fuel cycles is required. Decay properties and

characteristics of the respective radionuclides are also

necessary. These data are needed for calculations of fuel

composition, inventory and material balances, shielding re-

quirements, decay heat development, criticality prevention,

radiation decomposition of process chemicals as well as

possible stored energy buildup in solid matter.

Generally speaking, the data for radioactive species of

intermediate to long half-lives are known to within 5 to 20 %

accuracy, and are readily available for all the various

reactor and fuel types, and irradiation histories.

A survey of desirable additional nuclear data,

particularly for some (n,2n)-, (n,y)-, (a,n)- and spontaneous

fission reactions, is presented. The inauguration of an

internationally accessible nuclear data library is recommended

with the task of not only compiling all published data, but

especially evaluating the most reliable ones. Delivery of such

selected data to users in a common computer media would be

additionally useful.
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1. Specifications and technical background for required data

Handling of spent nuclear reactor fuel elements includes

- fuel storage and transport

- reprocessing and refabrication and possibly

- actinide element isolation and production processes.

All these actions require an understanding of the laws

governing the formation and decay of radioactive nuclides

both in the reactor and after their removal from it. This

knowledge is necessary for specifying the measures to be-taken

during storage and transport, the separations that must be

accomplished; the precautions needed to avoid criticality, the

amount and kind of biological shielding that must be provided,

the amount of heat that must be removed from irradiated

materials, and the composition of the radioactive wastes that

must be stored or otherwise disposed of.

Radioactive nuclei in spent nuclear reactor fuel emit a,

3 and y radiations. Delayed neutrons are also emitted from

fuel immediately after removal from the neutron flux of a

reactor. But this is of minor importance on the subject

discussed here. These emissions eventually end with the forma-

tion of a stable nucleus, and no further radioactivity is then

released. The number and nature of the disintegrations re-

quired before the stable state is reached and the times

involved are characteristics of the particular nuclide. Most

radioactive nuclei go through several transformations. Precise

knowledge of these characteristics is of utmost importance for

the accurate and reliable calculations needed to ensure safe

fuel handling.

The laws describing the physical processes are amenable

to rigorous mathematical formulation. The necessary physical

constants needed are:

- neutron cross sections (differential, resonance, and

integral)

- fission yields (independent and cumulative yields)

depending of incident neutron energy

- half-lives of radioactive nuclei, and
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- branching ratios.

Nearly all of the data required by fuel handling users

for the most important fissile and fertile nuclides 23 3U, 235 U,

238U, 239pu, 240pu, 241Pu and 232Th as well as for some minor

important heavy nuclides are known today, though not always

with high precision. Many sophisticated computer programs are

available for calculating the properties of spent fuel for any

conditions of irradiation and decay [1].

The following fission product nuclear data are needed.

1.1 Fuel composition

Concentrations, weights and radioactivities of all

fission product elements must be known in order to establish

the required chemical separations, procedures and to an

accurate material balance. Only the average fission product

element concentrations must be known for waste treatment and

disposal.

1.2 Shielding

In fuel handling, shielding must be provided primarily to

protect from y emissions. Neutron shielding is necessary only

for fuels containing higher quantities of transuranium elements.

Precise calculational methods are available.

1.3 Heat release during fission product decay

Knowledge of the rate of energy release during the decay

period is important for the design of storage, handling and

transport facilities. The heat released by decaying fission

products can be determined calorimetrically, or it can be

calculated from the decay chains.

Radiochemical calculations suffer from uncertainties in

the fundamental data of cross sections, half-lives and

branching ratios.

1.4 Criticality

Knowledge of fission product nuclear data is of minor

importance in criticality prevention since self-poisoning by
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fission products is not considered an adequate control in

nuclear safety.

1.5 Radiation decI osition of ocess chemicals

The amount of degradation undergone by the different

materials depends on the total integrated dose and, in a

number of cases, also depends on the rate at which the dose

is administered. Approximate values of dissipated energy are

sufficient for adequately accurate estimations.

1.6 Stored ener- buildu]

When a solid is subjected to irradiation (e. g. solidi-

fied wastes containing fission products), defects are produced

which cause an increase in the energy content of the crystal.

This increase, called the WIGNER or stored energy, may be

released by heating the material to temperatures sufficient to

activate diffusion processes which allow the crystal structure

to return to equilibrium state. Calculations of self-irradia-

tion of solidified wastes by the fission products reveal that

these effects do not pose serious safety problems. Estimated

values of the decay characteristics of the most abundant

radioisotopes are adequate for these calculations.

2. Assessment of present status of the nuclear data from the

users view point

2.1 Radioactive fission product significant in fuel handling

State-of-the-art technology assumes cooling periods in

the range of 120 to 200 days for spent fuel elements prior to

reprocessing, actinide element isolation, refabrication, and

any further treatment, in order to allow the short-lived,

troublesome fission products to decay to negligible amounts,

to allow certain precursors of fissile heavy isotopes to decay

to fissile species, and to reduce the level of total radio-

activity and decay heat.

Table I gives a survey of the relevant radioactive

isotopes, including all radioactive species present in amounts
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greater than about 0.2 mCi/MWd per ton of U at 120 days

cooling.

Table I: Radioactive Fission Products of Relevance to

Reprocessing Long-Cooled Fuels

I-'' - -

H -3 Nb-95 I -131 Ce-144

Kr-85 Ru-103 Cs-134+ Pr-144

Sr-89 Rh-103m Cs-137 Nd-147

Sr-90 Ru-106 Ba-137m Pm-147

Y -90 Rh-106 Ba-140 Sm-151

Y -91 Sb-125 La-140 Eu-154+

Zr-95 Te-125m Ce-141 Eu-155

Nb-95m 1 -129 Pr-143

+ These species are produced by neutron capture in stable

fission products

However shorter cooling times may be required in the

future for fast-breeder reactor fuels to reduce plutonium

inventory charges in the fuel cycle. Transport and re-

processing at cooling times as short as 30 days have been

considered. There is thus a need for data on radioactivities

of fission products which are present in significant amounts

in fast reactor fuel at cooling times as short as about 30

days.

All such additional radioactive fission products are

summarized in table II. These radioisotopes are generally of

importance in fuel storage calculations. In addition, a few

rather short-lived radioisotopes have to be included for fuel

storage at the reactor site to obtain sufficiently accurate

data for calculating the necessary shielding and cooling re-

quirements (e. g. Nb-97, Ba-139, mKr-85, Ru-105 etc.).

217



Table II: Additional Radioactive Fission Products of

Relevance to Reprocessing Short-Cooled (> 30 Days)

Fuels

These species are produced by neutron capture in stable

fission products.

2.2 Weights of fission product elements in irradiated fuels

The weights of individual fission product elements,

active and inactive, are of considerable importance in the

highly radioactive stages of reprocessing and in the concen-

tration and storage of the highly radioactive wastes. It is

also of value to know the mean atomic weights of these

artificially produced elements. The significant fission

product elements for which these data are needed are listed in

table III.

Table III: Fission Product Elements having Significant Weights

H Zr In Ce

Ge Nb Sn Pr

As Mo Sb Nd

Se Tc Te Pm

Br Ru I Sm

Kr Rh Xe Eu

Rb Pd Cs Gd

Sr Ag Ba Tb

Y Cd La Dy
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2.3 Required accuracy of the fission product nuclear data

Generally speaking, nearly all fission product nuclear

data required for fuel storage and transport, reprocessing and

any further treatment of the different product streams are ade-

quately defined and known today for the various reactors and

fuel types. It is sufficient, if the data for the longer

lived fission products listed in table 1, are known to within

an accuracy of about - 5 to 10 %. The others need to be known

only to within an accuracy of ± 10 to 20 %. However, the total

decay heat should be known to within ± 5 %. Of course, it is

statistically probable that this latter accuracy may be

achieved even if the individual fission products are only

known to poor accuracy, and this point may repay further

investigation.

For example, in a recent re-evaluation on the 25U

fission product decay energy [2], summation studies made with

three programs of different degrees of sophistication, using

five different libraries containing different numbers of, as

well as different physical parameters for 235 U fission product

nuclides, indicated that the energy released is not sensitive

to these differences for times > 103 sec after fission. For

practical 235U fueled reactors, it is shown in this report [2]

that neutron absorption effects on fission product energy

release are unimportant, and that the 235U fission product

energy release values in the proposed ANS standard on the

subject are within a few per cent of the values obtained from

two recent programs and their updated libraries.

2.4 Availability of data

It is important from the point of view of the designers

and operators of fuel handling and reprocessing plants the

fission product data, as defined, are readily available for

all types of fuels from the various types of reactors. That

means:

- Light water reactors (LWR)

- Heavy water reactors (HWR)

- Gas-cooled reactors (AGR, HTGR, FBGCR)
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- Fast breeder reactors (LMFBR, FBGCR)

- Molten salt breeder reactors (MSBR)

with their varieties of natural or enriched uranium, plutonium

enriched and mixed plutonium / enriched uranium, as well as

enriched uranium / 23U and mixed thorium-enriched uranium /

233U fuels. They must also cover the different locations of

the fuels from cores, breeder or blanket zones of the various

reactors. This implies that one needs to have comprehensive

computer codes containing all the necessary basic nuclear data

to predict the individual fission rates and, hence, the fission

product radioactivities as a function of time during irradia-

tion, for all the above variants. This in turn implies that the

computer codes must correct for such things as:

- variation of neutron flux and energy spectrum during

irradiation

- variation of cross sections during irradiation

burn-out of fission products due to neutron capture

production of active species resulting from neutron

capture in stable fission products.

For any given reactor or fuel type the fission product

data should cover a range of irradiation (burn-up) levels from

near zero to well above the design average maximum for the fuel

type, and should cover a range of fuel operating power levels

extending from the lowest to the highest rated fuel in the

reactor. Sufficient levels of these should be computed to allow

reasonably accurate interpolations to be made.

A list of compilations, evaluations and computer codes of

fission product nuclear data is presented in Paper No. 1 of this

panel meeting by VALENTE [1]. It contains all important publica-

tions in this field known presently. This data library should be

regularly updated and modifications periodically distributed to

users.

3_. Required additional nuclear data

3.1 The existing data compilations should be improved by

measuring the energy dependent cross section functions of

the following nuclear reactions in Th/U-fuel, in order to
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accomplish more accurate fission product (radioactivity)

calculations:

232Th (n,2n) 231 Pa (n, y) 232U (n,y ) 23 8Pu (n,)

Th (n, y) 33Pa (n,2n) 23 U (n,2n).

3.2 The neutron emission yields from high burn-up fuels are

not known well enough, in particular neutrons emitted

from (a,n)-reactions as well as from spontaneous fission

in several transuranium elements. Much of the published

data in the literature is deficient or even contradictious.
Purely calculated values show considerable discrepancies

with experimentally measured data. Improvement requires

investigations on

- the buildup of transuranium elements in high burn-up

fuel from thermal and fast reactors (Np-237 etc.)

- appearance of spontaneous fission and photo-fission in
transuranium elements; yields and energy spectrum of

emitted neutrons

- yields and neutron spectra resulting from (a,n)-

reactions.

3.3 For the improvement of the nuclear waste management
concept, that means to lower the long-term storage risk,
more accurate nuclear data for the destruction of long-
lived a-emitting transuranium elements as well as long-
lived fission products by neutron capture are needed.

3.4 Of considerable interest and use would also be more
accurate data on buildup yields of actinides under

different irradiation conditions and fuel compositions

(Np-237, Pu-238, Am-241, Cm-242).

3.5 Evaluation of existing fission product nuclear data for
their reliability and accuracy to determine the best

values to be used in the calculations. In case of lack
of required accuracy for particular radionuclide data,
remeasurement of data should be induced.
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3.6 The form of required data, e. g. loose-leaf tables, hand-

books, magnetic tapes etc., desired by the users is of

lesser importance. However, it would certainly be of great

help if they could be obtained from a data library in a

common computer media. More important for the users how-

ever, seems to be the possibility to obtain pre-evaluated

and standardized data from a data library, in order to

compare calculations made at different sites. The inter-

nationally accessible library should supply their

customers with a regular up-dating service for all the

pertinent data mentioned in this paper (yields, decay

energies, branching ratios etc.).

3.7 The need for more precise production rate data for low-

mass nuclides, like T and C-14, important in the context

of environmental hazard protection, will be discussed in

Paper No. 2 of this panel meeting [3].

4. Conclusions

As far as fuel handling is concerned, there is no urgent

need for the inauguration of a high-priority program to improve

the present data status for practically all fission products

described in this paper. The lack of data is illustrated in the

preceding chapter 3. Most data sought in fuel handling are also

of utmost importance for reactor designers, nuclear physicists

and fuel cycle analysts. Their accuracy requirements are well

above the ones needed for fuel handling calculations. Therefore

a program for the improvement of fission product nuclear data

might better be determined by these people. The technical as

well as economical justification for an improvement of the

hitherto available data is obvious, since the data are needed

for commercial nuclear power production and utilization.

Speaking generally, the fission product data required for

fuel handling and reprocessing studies are fairly modest,

covering a restricted range of radioactive species of inter-

mediate to long half-lives, and known to within 5 to 20 %

accuracy. Readily available data over ranges of irradiations
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and rating for all the various reactors and fuel types are how-

ever of utmost importance.

It would be most desirable to inaugurate a world-wide

compilation activity to collect and evaluate the existing (and

future) published fission product nuclear data and to make them

readily accessible to all users in a suitable manner, e. g.

computer files etc.
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ABSTRACT

In life sciences fission product nuclear data (PPIND) are required for
research work in human and animal sciences for the study of kinetic and static
physiological processes in all ortsans like uptake, retention secretion,
pathways, transfer coefficients etc., and for clinical diagnosis and therapy.

In agriculture fission products (FP) are used in order to study, explain,
and attempt to influence and control various biological, physical and chemical
processes occuring in plants, food and soil in relationship to soil-plant-
nutrient and soil-plant-atmosphere-irrigat.ion studies. Furthermore, experiments
on cultivation. mechanisation and translocation are carried out with different
FP.

In various industrial technologies FPND are required for research work and
for development of equipment for measurements of thickness, density (mass per
unit area), coating thickness, moisture and pressure, as well as for mining,
level gauging, charge elimination, luminous devices, energy sources and for
gamma radiography.

These investigations with FP as tracers, consisting of different radio-
chemical compounds, and the applications of very different radiation sources
for industrial, medical, agricultural and laboratory use require the knowledge
of the following fission product nuclear data and other informations

1. half-life
2. type of radiation
3. decay-schemes including all excited states and transitions to the ground

state level energies and life-times, types of radiation and percentages
per decay.

4. purity and data of impurities
5. specific activity
6. production processes other than fission (including the production cross-

sections)
7. dose-constants for gamma-radiation
8. Auger - electrons
9. beta - spectra a) pure

b) .changed by capsule-material
10. calibration accuracy
11. chemical compounds. solubility, pI-value, costs.
12. concentration of stable nuclides present in sources of mixed FP
13. Bremsstrahlung sourcess efficiency, photons/beta; K-X-ray production of

the target.
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INTRODICTICN

Before any real progress could be achieved in the application of radioactive

material, which Is available since the first year of the twentieth century, it was

definitely necessary to measure and to present data and other information on the

radiation emitted by the radioisotopes used. Since the time when the first

nuclear reactors came into operation, fissions products became available to users

and nearly all fundamental data of the nuclei formed by the fission of heavy

elements were collected and published by numerous institutions.

Cnly about 10 % of all the FP that can be found in compilations are actually
used in life sciences, agriculture and industrial technologies. However, about

25 % of the longer-lived fission products, which are produced in thermal-neutron-

fission with a yield of more than 10 0o) from U-235, U-233 and Pu-239, are really

useful in the fields discussed here /10/. Although they represent only about 2 %
of all known radionuclides an astonishing high part of FP are applied. From this

point of view it is very valuable and important to revise FPND from time to time

and to explore whether and which additional infxrmration is required,

2, TECfIHNICAL BACKGROTCID FEOR TiHTE APPLICATIONT CF FP.

2.1. Life sciences

PP in human and animal science provide a means to study the chemical situation

of the body by labelling most of the constituents, and to follow them through

bio-chemical and physical processes. Research work in this field can be specified

as studies of static and kinetic physiological processes in all organs concerning

the metabolism like uptake, retention, secretion, pathways, transfer coefficients

of elements and compounds as well as the localization of pathological changes.

When using radioactive material as a tracer in life science the user is

responsible for minimizing harmful effects. Therefore activities can only be

introduced into the body in very small quantities for tracer work. For this

reason the quantities and the activities required are generally relatively small

and the accuracy of the date involved has to be relatively high.

Typical applications of FP are clinical function tests with tracers for

Thyroid gland, diagnosis, treatment and research in hematology, location of brain

tumors, plasma and blood determination, plasmaprotein-antibody metabolism,

szintigraphy, whole body metabolism, circulation and flow measurerments etc.

/1,Gv12,13/.

Apart from these studies in physiological and pathological research, FP are

used as intra- and extracorporal radiation sources for therapy and for diagnostic

radiography including dental radiographyo. ome of the FP have been found suitable

for therapy by local treatment as enclosed radiation sources, useful for completion

and for investigation of new possibilities in radiology.

Without demanding a complete enumeration it is obvious that a tremendous field

of applications of FP is involved in medical research, diagnosis and therapy. A

good part of the progress which could be attributed to classical medical research

work is based on the availability of the following FP H1-3,

Ga-72 Br-82, Kr-85, Sr-89, Sr-90/Y-90, Y-91, Zr-95/J-959 J.o- 9 9/Tc -9 9,
Ru-lOS/-h--106 A.g-11l 1-129, 1-131, 1-133, Te-132, Xe-133, Xe-135,

Cs-137/Ba-137 , Ba-140, Ce-144/Pr-144, Pm-147, Sm-155 and 2u-155o
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For biological aspects of the environmental contamination produced by man
(nuclear power stations, nuclear weapons), the generation of FP in fission has
to be taken into account additionally. This moans that FP activities at various
times after fission and the nuclear data of the FP involved have to be known at
least for those FP which contribute more than 5 t' of the total activity at any
time /5/.

2,2, Agriculture

Research work with radioisotopes as tracers in agriculture, in laboratory
as well as in field experiments has resulted in the improvement of the use of
fertilizers. This led to a better understanding of soil plant relationship, to
a significant increase of yields, and tro new cultivation methods /2 ,49,,l6/

I'ost of these experiments are carried out with radioisotopes of the same
element and these radioisotopes are only in very few cases FP. As far as FP
are involved in agricultural research they are usodg

a) as irradiation sources
b) as tracers for translocation and penetration investigations in connection

with fall-out-studies as well as with soil-plant-nutrient research and
other agricultural problems3

c) for density-thickness and moisture measurements (mass per unit area) in
biological substances and soil. (see "Tlndustrial Technologies")

For acute and chronic irradiation to study dose- and dose-rate-effects on
different species cf higher plants mainly Cs-137/Ba-137r3 is used as radiation
source. The effects produced include morphological and hist-blogical changes,
mutations, and growth stimulation. The research fields concerned are plant
breeding, radiation cytology and genetic studies, chromosome and cellular
radiosensitivity investigations and radiological survival studies. Sterilisation
of soil, food, insects (sterile male technique) and also sludge is an other
important field of FP application.

For the purpose of chronic irradiation in genetical, botanical and ecological
research in connection with fall-out studies, so called fallout-decay-simulators
of several 100 to nearly 10.000 Ci Cs-137 are applied /14/. Also mixed PP
(different ages from 10 days to 10 years with various percentages of the
components) or isolated FP like 1-131, Co-144/Pr-144, Ru-lOG/Rh-106, Ru-103, H-3,
Cs-134, Cs-137, Sr-90/Y-90, Sr-G9 and Zr-95/i\Tb-95 are applied for the determination
of deposition, transfer and accumulation of those materials in ecosystems as
functions of climatological, physiological and soil parameters /15/.

In soil-plant-nutrient experiments Rb-o6 seems tn be extremely suitable
for studies of root system development of plants (esp. fruit-trees) and br-89 as
tracer for calcium uptake in plants. Furthermore, Sm-1535 Ba-140/La-140 and
Zr-95/ITb-95 are used for labelling of sand.

2.3. Industrial Technologies

FP as radioactive tracers as well as the application of encapsuled fission
products as radiation sources have contributed to the solution and understanding
of many industrial research problems /3/, Apart from the studies in industrial
laboratories a great number of equipment in raw material industry and in many
other factories is furnished, using radioisotopes to precisely measure and to
control production processes, New and improved methods of production are the
result of the use of ionizing radiation in non-destructive-test procedures.
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A lot of technological problems connected with automatic operations could be
solved with FP. Profitable use was made in the production of basic metals,
chemicals and plastics, paper, petroleum, rubber, textile, in coal-mining, food,
machinery, minerals, buildingtrade, subsoil and many other industrial branches.
Energy production by isotope powered generators is gaining increased importance

/9,11/.

FP used in industrial technologies and their specific applications are listed
below in details

Br-82 

Kr-85 

Sr-89s

Sr-90/Y-90:

Y-91 

Zr-95/Nb-95s

Ce-144/Pr-144:

Ru-106/Rh-106l

I - 131s

Te- 132s

I - 132:

Cs- 137/Ba-13 7m.

Tracer (leak-search); mass per unit area S

Luminous devices; Bremsstrahlung-sources (absorbed in
active charcoal); ventilation; static charge eliminators;

Tracer; calibration of instruments;

Tracer; mass per unit area, charge eliminator;
thermoelectric generator; level gauging, Bremsstrahlungs-
sources (sandwiches between Al-foils or in Pb-matrix);

Mass per unit areas

Tracer (sand). instrument calibration;

Mass per unit area; radiography; thermoelectric
generators;

Mass per unit area; Bremsstrahlung-sources (various
targets).

Tracer (water and others)

Parent of 1-132

Tracer (water)

Irradiation sources; mass per unit area S radiography;
density - logging; level gauging;

Flow - motion of concrete

Mass per unit area; self-luminous paints, Bremsstrahlung
sources (Ag-matrix, Al-matrix) thermoelectric
generators; radiography;

Radiography

La- 140:

Pm- 147:

Eu - 155:

Measurement of mass per unit area can be calibrated as determination of
density, thickness or moisture respectively.

3, TYPES OF FPND AND OTHER IliFORMATION REQUIRED

Data that are generally required for the applications of FP in the above
mentioned fields ares

1, half - life;

2. type of radiation;

3. energy;

4. decay schemes (including level energies and life-times, types of
radiation and percentages per decay);
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5. cross-sections in the thermal and fast neutron energy range;

6. production processes other than fission; other isotopes produced in these
processes;

7. dose-constants for gamma radiationS

8. Auger electron production;

9. beta - spectra a) pure
b) changed by capsule - material

10. purity and data of impurities (for example the fraction of Cs-134 in a
Cs-137 source at any time);

11. specific activity;

12. calibration accuracy,

13. chemical-compound, pH-value, solubility, costs-

14. concentration of stable nuclides present in a mixed FP source.

15. Bremsstrahlung sourcesg efficiency, photons/beta; K-X-ray production of
the target.

This enumeration involves a number of additional data which are not given
in former lists but which are extremely important for special applications /7/.
Revised data should be given and more exact data should be available fors

energies;

specific activity;

Auger-electrons 

purity and impurities of longer-lived isotopes (for examples if Sr-89 is
used, knowledge of the Sr-90 contamination level is necessary);

nuclear data of parent and daughter, also in cases where only the daughter
product is used.

precise knowledge of the abundances of radionuclides present in a fission
product sample S changes of Beta-spectra by capsules.
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Review Paper No. 9

USE OF FISSION PRODUCT NUCLEAR DATA IN LIFE SCIENCES

Edward L. Alpen, Director
Pacific Northwest Laboratories
Battelle Memorial Institute

Richland, Washington

Abstract

This paper describes fission product nuclear data as it applies

to the life sciences in seven situations. They are: external

exposure; internal emitters; medical application; sealed sources

for Brachy therapy; sealed sources used in teletherapy; environ-

mental pathways; and isotopic applications. Sufficient data

are available for the applications discussed.

I will identify seven general situations for application of

fission product nuclear data and of data on the fission process

in uranium and transuranic elements:

1. Toxicity to exposed individuals from externally

located isotopes, i.e., isotopes in the environ-

ment or in the fuel cycle.

2. Toxicity caused by deposition of radioactive

materials in living systems.

3. Medical application of injected radioisotopes

for diagnostic or therapeutic purposes.

4. Use of sealed sources for implantation in living

tissue. (Brachy therapy)

5. Use of sealed sources at a distance from the patient

for therapeutic purposes. (Teletherapy)

6. Environmental pathways for uncontrolled release

of materials into biosphere.

7. And, finally, isotopic applications in medicine,

biology, agriculture, and industry including gamma

ray and neutron radiography.
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1. External Exposure. Exposure of human beings to ionizing radia-

tion sources may occur either accidentally by loss of process

control or accidental release into uncontrolled environments, or

it may occur under controlled conditions with pre-established

exposure limits. Typically, the former may occur with effluents

from large production and processing facilities for nuclear fuels.

Almost without exception these exposures occur as the result of

releases of mixed fission products and activation products of

complex age and history. For this reason exposure control and

dose estimation are made on the basis of total ionization measure-

ments, and nuclear data are needed only for prediction, regional

modeling for future events, and for shielding calculations.

Rarely is exposure to beta rays a significant hazard under these

conditions, and only gamma ray data on fission yield and half-

life are essential.

The same generalizations may also be made for exposure under con-

trolled conditions, but here beta dose is often important for

exposure of extremities, and beta ray spectrum is useful for dose

prediction models.

In any of these cases half-life data for short-lived nuclides is

generally not significant. By short, I would indicate that

nuclides with half-lives of several hours or less are of little

importance.

An unusual but important case in the external exposure category

is that of criticality accidents. Since dosimetry must usually

be reconstructed, it is essential to know the prompt neutron

spectra--both thermal and fast, the prompt gamma spectrum, and

the ratio of each.

Data are generally adequate for all of these applications, and

accuracy in the 25-40% range is adequate.

2. Exposure from Internal Emitters. Internal emitters constitute

a most significant source for human exposure to both fission

products and transuranic elements.

The dosimetry relating to estimating hazards from ingested radio-

active materials is extremely complex and troublesome. The
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material is rarely, if ever, uniformly distributed throughout the

body of the exposed person; in fact, it is rarely uniformly dis-

tributed in even the individual organ of interest, such as bone

and bone marrow for Sr-90 and Cs-137 or lung and lymph nodes for

plutonium isotopes.

The data that must be known to derive a dose estimate for an organ

are the concentration, of coursa; the number c. disintegrations

per unit time, and the average energy deposited in the volume of

interest per disintegration. All but the first are derived from

nuclear data, but other considerations are equally important.

The concept of "effective half-life" has been derived as a useful

tool to assist in this dosimetric problem. It is calculated as a

resultant half-life taking into account both radioactive decay

and excretion from the body. It may also be quite different for

different tissues of the body, and even for different regions of

the same tissue.

Given these generalizations, it is clear that we need to know the

physical parameters of the decay process, but it is also clear

that we rarely need to know them with high precision. From the

scientific view we are satisfied with the present state of know-

ledge of fission product nuclear data, and from the radiation

protection point of view the data are more than adequate.

The data which are presently limiting our capabilities to deal

with deposited radionuclides are generally chemical data, i.e.,

solubilities, chemical form, etc., particularly for plutonium

and other transuranics.

3. Medical Application. When radioisotopes are used by injection

for diagnostic or therapeutic purposes, we generally need the same

data mentioned before for internally deposited nuclides, since

either protection of the patient or calculation of the therapeutic

radiation dose to the organ of interest is the objective.

For the special case that the isotope is being used for visualiza-

tion of an organ by means of scintillation cameras, we need to

know the gamma energies and the disintegration rates with reason-
able precision. Again, biological processes are such that the

precision with which they are known is generally more limiting

than the present precision of physical measurements.
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4. Sealed Sources foar iracytheraa^. A nlumber of radionuclides

are in use to supplant radium, usually for economic reasons, but

also occasionally because they are m-edically superior. For

examples, isotopes of iridium, gold, and tantalum are in present

use.

Obviously, we need to know with some precision the nuclear

properties of these materials, particularly the gamma and beta

energies as well as the decay rate. Since the sources are

usually encapsulated, empirical data are usually derived by

ionization chamber measurements to estimate dose,

A new and unusual brachytherapy source is now coming into use,

spontaneously fissioning Cf-252. Data are still being completed

on estimation of the dose from this source, and because of the

unique difficulties associated with neutron dosimetry, it is

important to have as complete data as possible on neutron spectra.

The neutron spectrum of Cf-252 is already well known, however.

5. Sealed Sources Used in ''eltheray. Only two nuclides have

had wide usage; these are Co-60 and Cs-137. For dosimetry of

this class of sources we need to know and do know the gamma ray

energies. For design of sources we need to know specific decay

rates. Half-life is not important since only radionuclides with

half-lives measured in years are useful.

6. Environmental Pathways. We are rarely, if ever, interested in

dose delivered to plants or even animals from environmental sources.

We need to know ultimately the dose to man as the result of ingestion

of foods prepared from plant and animal sources, We therefore

generally need only to know how to identify and measure radio-

nuclides incorporated in food chain members.

7. Isotopic Applications. There are usually very convenient ways

to bypass the need for precise physical knowledge about a radio-

nuclide being used as an isotopic label. Use of decay standards is

routine and eliminates the need for accurate halt-life data. The

energies associated with the decay need only be known in general.

An exception, of course, is the need for very accurate gamma ray

energy data for gamma ray spectrometry of mixed trace radionuclides,

either fission products or activation products.

Summary. Nuclear data within the charter of the IAEA Panel on

Fission Product Nuclear Data appear to be more than adequate for

the above user applications.
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Review Paper no. 10
__

STATUS OF NEUTRON CROSS-SECTIONS OF

FISSION PRODUCT NUCLIDES

P.RIBON and J.KREBS

Department of Reactor Physics and Applied Mathematics

Centre d'ttudes nucleaires de Saclay, France.

SUMMARY

The libraries of nuclear data on fission products are

expected to cover some 600 to 800 F.P.'s, but the number for

which a certain precision is required on the neutron reaction

cross-sections is less than 150. In order to clarify the needs

we propose a classification of these F.P.'s according to the

absolute precision necessary.

Nearly all the requirements are for capture cross-

sections. A comparison of experimental or evaluated values

with these precisions shows :

- that in the thermal range our knowledge of a must be impro-

ved for a dozen nuclei (table IV), while large disagreements

exist for some thirty others.

- that the R I value must be improved for about ten nuclei
C

(table V), this value being little known for ten or so

others.

- that the accuracy on a in the fast neutron field must be

increased for some thirty nuclei, generally stable or long-

lived (table VI).

Comparing the values of the parameters used for

calculations with the statistical model we observe very large

divergences not only for parameters such as "a", which depend

on the model (table VIII), but also for parameters directly

deduced from experimental results, such as Dobs (table VII).
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INTRODUCTION

The latest nuclear data libraries on fission products

(F.P.) list about 600 isotopes in their fundamental or in me-

tastable states ; the E N D F system is expected to include

800 in its 5t version. It is almost impossible to draw up an

exhaustive survey of known facts concerning the neutron cross-

sections of these nuclei, but the task is simplified by the

lack of experimental information on all but about a third,

added to which they are not all equally "important" and the

same attention need not be paid to each.

In principle the estimation of the importance of an

F.P. and of the accuracy required on the cross-sections is

outside the scope of this review. However it is clearly

impossible to consider 150 to 250 nuclei without some guiding

principles, bearing in mind especially that the precision

required on a given datum varies considerably from one nucleus

to another and that certain data are seldom or never requested.

In the first section of this report the idea of impor-

tance will be examined and a classification proposed whereby

the absolute precision required on a given datum is the same

for all nuclei of the same group. With the help of explicit

requests for data, mainly expressed in WRENDA, average accura-

cies applying to the capture cross-section for each group of

this classification will be defined.

' FISSION PRODUCT CLASSIFICATION

1.1. According to "importance".

1.1.1. Criteria adopted.

The importance of an F.P. depends on the application

foreseen. It will not be the same for a thermal as for a fast
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reactor, will depend on flux, fuel cycle period, etc..., while

there can always be special reasons to take a particular inte-

rest in one nucleus or another.

Many classifications have been proposed, some of which

are given in tables 11.1 to 11.8. For the purposes of this

study a system based only on half-life and yield is suggested.

Yield : The value adopted is the hiqhest of the four yields

following :

233
- yields from thermal neutron induced fission of U and

235U.

239U- yields from fast neutron ( ' 2 MeV) induced fission of 23U

and 23U.

The values are those given in the table of MEEK and

RIDER [Me 72].

Half-life and equivalent yield : The shorter the half-life,the

less important the fission product. The importance of an F.P.

in a reactor will be proportional to the product of the yield

by the average time it remains ir the reactor. The in-pile

time will depend both on the half-life of the F.P. and on the

fuel irradiation period. Two irradiation times have been

considered : 3 months and 1 year.

This amounts to saying that at equal capture cross-

sections two F.P.'s will have the same importance if the mean

number of nuclei present in the reactor is the same (averaged

over the fuel irradiation period), allowing for radioactive

descendants but neglecting evolution by radiative capture. The

"equivalent yield" is the yield of a stable F.P. with no long

lived parent to prevent its formation and having the same

importance, i.e. the same average time of presence in the

reactor.

Under these conditions (i.e. neglecting absorption)
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the needed absolute accuracy on a nuclear datum will be inver-

sely proportional to the eauivalenrt yield.

Table I shows the equivalent yields adopted.

TABLE I

Equivalent yields and absolute accuracy necessary

(order of magnitude)

Equivalent Absolute accuracy needed on
yield____

Group c RI cr C FS
Group % 2200 m/s c 30 KeVF

1 55 b 25 b 25 mb 5 mb

2 2 10 50 50 10

3 1.0 25 100 100 25

4 0.5 50 250 250 50

5 0.20 100 500 500 100

6 0.1 250 1000 1000 250

7 0.05 500 2500 2500 500

*F S A : Fission spectrum average

1.1.2. Criticism of this classification.

It accounts for only one aspect of the problem posed

by F.P. 's: their evolution in a reactor and the effects on this

reactor. It also ignores absorption, which is responsible for:

a) - The appearance of new nuclei formed by neutron capture;

this applies especially to thermal reactors, and examples

will be given of cases where large quantities of nuclei

are formed by this process ;
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b) - The saturation phenomenon : when the capture cross-section

is very large ( a ~ »>>) the capture rate depends no lon-

ger on the cross-section but only on the yield. This is

the case particularly for 35 Xe, to which we shall return

later.

,thIn an h group we have listed nuclei which are not

included strictly in our 7 groups but are taken into conside-

ration by other authors. These are nuclei :

- with equivalent yields just below 0.05 (limit of the 7 th

group ; this applies to 105Ru, 151pm 134Cs, 148Pm,...)

- or involved in other applications (astrophysics : Mo and
11 0Cd)

87A few nuclei of marginal importance remain ( Kr,

Ru, ...)

1.1.3. Comparison of different classifications accor-

ding to importance.

Tables II show the results of several other classifica-

tions. Taking into account the cross-section values these

classifications are consistent with ours.

In the case of thermal reactors for instance the nuclei

taken as important are those having :

ao 2 b. for group 1

oc c 10 b. for group 2

ao > 200 b. for group 5

There are some exceptions : in group 2 the category

"F.P.'s important for thermal reactors" includes 95Zr but not

07d or Pd ; similarly the presence of 31I (gr.4) and

35I (gr.7) in this category may seen debatable.
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1.2. Other classifications.

Other classifications may be imagined, such as that

proposed by the Japanese [Sa 73] : F.P.'s are divided into 3

groups according to whether or not saturation is obtained, with

the exception of a few chains (A=135,149,...) considered

important and dealt with separately.

2. PRECISION REQUIRED ON DATA.

Table II lists the requests for cross-sections accor-

ding to WRENDA 73 [Wr 73 , supplemented as the case may be by

other demands [Us 73, Fr 73]. Almost all requests are for cap-

ture cross-sections.

Table II: CLASSIFICATIONS, GROUPS 1 - 8

Contents of Table II:

Classification of fission products according to importance

Thermal reactors : J = Sa 73

: = W.H. Walker - Us 70 - Sa 73

:B = BNL list (1971)

Fast reactors : J = Ja 73

:U = Us 70

: C = Cadarache (France) - Fr 73

All reactors : E3= ENDF/B3 - Li 71, Eb 73 & E4 » ENDF/B4

Evaluated Data :

: E = ENDF/B5

; C = Australian library

: B = Italian library & B2 = capture data only

: L = Dutch group cross section library
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TABLg II - GROUP 1

*»

Isotope Half-
life

8SSR
9CS«
922R
93HR
94ZR
96ZR
9 780
98HQ
99TC

10 OHO
101RU

02RU
104RU
105PD
132XS
133CS
134SE
13SCS
136XE
137CS
138BA
139LA
140C6
142CE
143NO

STABLE
28. 9 ¥
STABLE
9.5E5V
S1A8LE
STABLE
STABLE
STABLE
2,1£5Y
STA8L6
STABLE
STABLE
STABLE
STABLE
STABLE
STABLE
STABLE
2.3S6Y
STABLE
30.2
STABLE
STABLE
STABLE
5.E16Y
STABLE

iriaua
yield

%

5«6«tBJ
»»5<U3»
6.4110)
6.8«t!3>
6.5«U3»
6«,3(U5)
6.QIU8)
6, Of US 1
>»4$U8i
•5CPU9I
.6«Pl*?»
« ? « P W >

> « 5 ( P U 9 )
.IIPU9)
.4SPU9)
»8<Py9»
7.5CU85
.4IPU9)
6.9IU3)
..6IPU9)
6.7<U5»
.8IPU9)
6.4IU3)
6.6tU5)
6.0<U5»

Order of aagnitude

Ssl£l2£l
barns

<0*1
1.
0.3
1.5

<0.1
O.I
2.
0.15

20.
0*3
4*
I.*
0.5

12.
0.3

30.
0.25
9.
0.25
0.1
0.4
9.
0.6
0.9

330.

—!?£„
barae

<0.1

0.6
no.)

0.3
6.

15.
7*

300.
5.

80,
79
5.

80o
(1.)

400 o
< 2 « )
60.
0.3
0.2
0.2

14.
0.4
1.

100.

£bok«v)
Kb.

20,
40.

100.
20,
30.

400.
100.
900*

TO.
1000.

300.
160.

1200.
80.

650.
(30.)

(200.)
6.

20.
(4.)
50.
25.
50.

300.

PSA

ab .

3.
7.

15.
6.

10.
40.
40,
70.
16.

100.
ao.
30.

120.
(15.)
60.

(10.)
(15.)
(3.1
2,

6.

10.
30.

laportance
Thermal
reactor
J H 8

32

J 30

J 13 13

J 28

J W

J 9 10

W 29

J W 19

J 2 3

Past
reactor
J U C

J

J

J 13 C
23 C

J 2 C
22 C

J 4 C
J C
J 1 C
J 3 C

26
J 7 C

J 16 C

J

C

J 17 C

all

E4
E 4
E 4
£4
£4
E3

£3

H 3
E 3

E 3

E 3

E3

£3

E3

WRENDA Requests

Theraal

I

5

10

10

P

1

1

1

1/E

S

10

20

10

10

10

10

10

p

2

2

2

1

2

2

1

Past

?

10

10
30
10

10
10
10
10

10

10

10

p

2

2
2
2

2
2
2
2

1

2

2

lea. p.

f

10

10
10
10

10

10

p

2

2
2
2

2

2

Evaluated
Data

E C 8 L

C 8 I
C L
C 8 L
C 81 L
C B L
C 8 t.

E C 8 L
E C 8 L
€ C 81 L
E C 8 L
£ C 8 L
E C 8 L
E C 8 L
E C 8 t

C 8 L
£ C 82 L

C 8 L
E C fll L

C 8 L
£ C 8 L

C 8 L
E C 81 L

C 8 L
C 8 L

E C 8 L

1 2 }

( 2 )

m
(2)

m

!
1 ) - High production bjr thermal neutrons capture
2) - Hequ«st for O^Q at 50$ accuracy (Pr 73]



TABLE II - GROUP 2

*>•
CO

Isotope

a&KR
87RS
89SR
8S V
91 ¥
9lZft
952R
'SStfO

103RU
103RH
106Rij
107PO
106PD
131XE
mce
l«lf>R
144CE
145ND
146NO

Half-
life

STABLE
5 a £5Y

5C. 8 0
STABLE
58«6 D
STA8LE
65*5 0
STABLE
3S«,8 0
STABLE
368. D

?«£&•*
STABLE
STASLE
53*5 0
STABLE
284* 0
S T A B L E
STABLE

Haziauin
yield

3«

2.8 IBJ
&.0 U3I
5.8 U3J
5,8 U3J
5.8 U5>
5.8 «U 5$
6,5 C 15 J
6,5 1 U5J
6.5 IPU9J
685 (PU9I

Order of magnitude

^^2200)
barns

0.6
O.I
0,5
1.3
1.2
1.6

12.}
14.

6»
150»

*»5 {PU9JI 0.14
3.6 CP!J93
2,6 IPK98
4,2 {P5J9S
6.1 «Ptm
6.1 IP8J9)
5.2 C U5)
4.0 1 U5J
3.4 «U 8J

10.
1*i. «

100.
29 .
12.
1.

50.
UO.!

HI c
barns

<0.1
2.5
0.8
0.5
1.4
7.
7*

105.
(10. J

1050,
1.5

70?
230 .
850.
27.
18.
2.5

280.
«3*1

°cC50kev]
asb.

10 „
30.
30.
30.
40.

100,
180.
400.

PSA

ab.

2.
3.
2.
30
6.

10.
10,
40.

800* 50.
1000 .

100*
1100,

250 <,
500.

150.
50.

400.
100.

90.
20,

ICO,
20.
40,
13.
18.
8*

30*
20.

Importance
Thermal
reactor
J

J

J
J
J

J

VI

H
20

W
K

7
W

8

24

8

7

20

12 9
26

Fast
reactor
J

J

J
J
J

J

J
J

D

12

5

S
19
18

20

?4

C

C
C
c
c
c

c
c

All

£3
E3
E 3
E3
E 3

E 3
E3
E 3

E3

VR&NDA requests

Thermal

$

2 Ob

lOb
15b

10

1C

10

p

2

2
2

2

2

3

1/B

5E

5 Ob
10
5 Ob

10 Ob

P

2
2
2
2

10 2

10

10

10

I2

f2

1

Past

*

10

p

?
20 il

10
10

2
3

10 i2

10

10
10

2

?
2

Re 3 . p

* p

i

10
10
10

10

2
2
2

?

Evaluated
data

E

£
E
E
E
E
E

E
E
F

F

C

e
c
c
c
c
cc
c
c
c
c
c
c
c

B

8
6

82

L

L
L

L
i

B | L

S

S

L

t.
L

Blj L
3 11
B !l

el
C J B
c j
C B
c .

L

L
L

i
.- - ' \
(i) i!i

i
1

(1) - Request for cr at 50$ accuracy [Fr 73]



TABLE II - GROUP 3

(£>

Isotope

83KR
84KR
85R8
95NB

Jalf-
life

TABLE
TAELE
TABLE
5. 1 0
TABLE
TABLE
.6E7Y
TABLE
2. 8 0
3.6 0
• EiSV
2.6 V
TABLE
aS15¥
TABLE

Maximum
yield

%

l .OHU 3)
1.69IU 3)
2.2K U3J
6.5 (U 5)
1.6 (PU9J
l.C5(U 3)
1.69JU 31
2.3 W 3}
6.3CU 5J
6.C W 3)
5,2 iU 5»
2.6 W 85
2.KU 89
U84IU 8)
U29CU 81

Order of magnitude

°c'(2200)

barns

200.
0.15
0.6
3.

90.
0.2

30.
0.2
1.6

100.
4.

170.
2.6

40000.
1,5

S.I c
barns

230.
5.
5.

25.
1450.

(4.)
30.
a.)
13.

170.
5.

2200,
15.

3300«
8,

°c"(30keV)
mb.

C400.)
30.

300.
4CO.

1500.
40.

500.
10.

100.
900«
150.

1400 a
300.

PSA

mb.

40.
6.

25.
20.

100.
6.

50.
3.

15.
40.
20 ,

120.
25.

150.
40,

Imporzance
*h
re
J

J

J
J
J
J

J

«r«
act

*

17

W
18

aYT~
or Ire

8

18

i
j

W J22

4

•X

6

2

J

J

TasT"
actor

(J

9

C

C

J 2 5 J C

J
J

J

6
29
11
28

C

c

&11

E3

E3
E3

E 3

E3

WRBNDA requests

rhermal

10

lOb
10

5

10

1C

2

1
2

1

1

2

1/E

10

10

20

10

10

2

2

I

1

2

Past

10

10
20
10

p

1

2

Rea .p

f P

,

10
2
2 10

i !
2

2

Evaluatec
data

E

E

E
E

E

F

E

C

C
C
c
c
c
c
c
c
cc
c
c
c
c
c

8 K
[— —
8 JL
6 JL
8 L

i
81
82
81
82

8
81
B
8
8

L
L
L
L

L
L
L
L
L

in

S

]

13) '

Request for S<l fceV s 10$ accuracy, priori ty 2
Request for CTT
Saturation effect for U>, aT ~ 3 .1 O1 9 c«~2

TABLE II - GSJOUP 4

aotope

i_;im m- —— j ^ J f t

82SE
9*; MO

1G6PO
liOPO
127 i
131 I
132TE
133XE
147NO
151SM
152S«

Half-
l ife

STABLE
67* H
STABLE
STA2L5
STABLE
8.1 0
78. H

5. 3 0
11.1 0
93. 1
STABLE

Mazimus
yield

%

0.7CMU 31
6.4 (U 8)
4.5 <PU9!
0.79<PC9J
1.07<U 8)
4» 2 4PU9I
5,3 (U 8)
6.8 IPU9*
2.6 IU 81
0.93CU 8)
0.67<PU9J

Order of aagnitude

°c(2200)

barns

U.)
3.
0.3
0.25
6.
0.9

190.
50.

15000*
200.

SIc

barna

(0.4)
25.
8.

(10. 1
150.

8.<o.i
«300.»
650.

3000.
3000.

3c(30keVj

B b «

70.

200.
150.
700.

2000.
500.

PSA

mb .

10,
20.
40.
20.
80.
20.
0.2
6.

50.
300.
70.

Importance
Thermalreactor

J

J

J

W

H

VI
H
6

10

8

23

4
1?

Pastreactor

J Tu j c
!"i

121

j
j! 10

1

c

c

c

m

E 3

F3

E3
E 3
E3
E 3

WREKDA Requests

Thermal
s

1CW

250b
5

10
5
5

P

2

2
1
I
I
1

1/8
15

5Cb

[?ooc*
20
10
10
10

P

2

2
1
1
1
2

Fas
1 1 1

t
1

t ,P
•pi

10
10

Eea . p,

t p

!i

2
2
_J

10
10

2
2

Evaluated
Data

'

E C 8 L
~" — "™ ~"

6
E C
E C B L

C 8 L
C 81 L

E C
C

E C
E C
E C 81 t
E C 8 L

———— j

j

i

111

(1) - Saturation effect for u? cm-2



JO

1&3LC- i.

sose
818R
85Kft

11 ICO

153SU
1S4SN
155iU

pe

e
R
ft
H
0

fc-»
£

M
U
N
U

STABLE
STABLE
13. 8 ¥
35.5 H
StA&LE
1. £5 V
34o D
23. H
1*E11 V
53,1 K
STABL6
STABLE

5. V

"""•^
,jr. - ^

C~* ^ j JJJf-fJtv/~.

0»25«U 31
0.36<U 31
C.491U 3J
S. i CPU9)
Q.37CPU9J
0.28CPU9I
Oo33IPU95
6.0 III 3)
2,6 IU Si
i, 84(U S»
0.48IPU9J

Q,26IPU9J

br«s

0,6
3.
8.

17000*
23,
0.3
0*4
6«

70.
1600*

420,
5.

4000.

,-5- - „ ,J> avail) ?£. " * \ , }.
- , / . - ' , T _ ' i \ ! _ S . _ , _ & « . Ft ' f i f t ieaj . '

. ———— —— j ,i „_.„;, ^.^ , ,.,('.'.jr^.
barns

1.
50*

g .
15000,

50.
0 «2
7.

H0« J
600,
800,

ISOO.
30.

2000,

ab.

30.
400.
180.

700.

1100 .

25 CO,
400.

2000.

ab.

6,
40 .
15.
40 a

50,
4 e

10.
10.

120.
709

250.
50,

400.

J

J
J

J

J

¥

8

ti
k

14

15

''-X.
8

12

31

11

jji*
j

j
j
j

!xi
U

15

•£
C

C

. — . —— -p.

£3

53
£3

'
i

I I "

S

5

120*
t O O O f c

ICOb
2

10

P

1

?
3

1
2

2

.„ „„ —— . — «. ——
,/S ! Fast

~"~-"~

20

IGOOt5

P

1

_«.. »

S

20
1 i
> 10

10 12 j 10

-_.
P

1

2

2

"* -* « — .
Ss fe * T>
—— -

2

10

10
10
10

—
P

2

2
2
2

i

„ ~^ _ , r_
E

E

^

C
C
cc
c
c
c
c.

€ J C
£
C

E

c
cc
c

6

e

s

8

B
8

L.

L
L

I

i
i

U! |i
j

t

l_
L
L

1

< 3N
* H£TASr*aiE

111:- SaturationSaturatioa
for U1,.
for ̂

(3) ~ Saturation effect for \o
effect
effect > - 1 O l 5 esTg

l.^g p ca~2

T*8l.£ II - GROUP 6

Isotops

75S6
S7ZR

112CO
113CO
124SN
125SS
I27T6*
133 I
13 66 A
14 OLA
1S€GO
157GO

Half-
l ife

STABLE
Ifc. £ H
STABLE
STABLE
SIAStE

2-7 Y
1C1?. 0
20.8 H
SMSLE
40*2 H
STASLS
STABLE

Maxiauis
yield

^

0« 186? 1/3 {
5,9 IU 5J
•197IPL98
.127IPU9)
«i i9<PU9)
.1921PU9)
0.19(U 81
6.8 t P U 9 k
0* 15CPU9)
6.3 <U 51
C. 1MPU9J
0.1KPU9I

Order of magnitude j laportaace

^(2200)

baraa

40.
0.2

(0.5)
20000.

0,15
1.5
3*

0.4
3«

C7.)
260000

RIc

barns

30.
1.

15.
400,
10.
20.
50.

15.
60.

100,
1000.

„ „ J-
mb .

250.
TOO.

sb ,.

20»
4.

^hermal
rewetor
J

40. {
eo*

25* 7*
3CO, I 15.

25.

80.

500.
1000.

<0.1
15.
60.
80.

100,

J

U

14

M

8

25

Fast 7
reactor
J U C

E 3
i

i
!E

W R E H D A requests

Theradj 1 /S

%

5

30Gb
90Cb
9GOb

5
5

P| *
i~r —

3

3
3
2

1
1

3

9COOb

5
5

2

1
I

Past

* P

10 £

.,.-

Res.p

15 p

1

10 J2
iOJ2

Svaluated

data

E

E

E
„.!

C i 8 I L

C
C
c
c
c
c
c
c
c
c
cCJ

"r
i s

B
ft8

L
L

8

8

.!L
L
L

C 2 )

i i )

13,

* M£TASTASLi
(1) - Request both by reactor physicists as by astrophysicists.
(2) - Saturatioa effect for (f+h*T 3T 5.1019 ca~2

,18 -2

—I

- Saturation affact for 4 .10 '



TABLE II - GROUP 7

Isotops

T8SS
9C2R
9 ISA
93 ¥

ill&G
1I4CO
11 SIN
116CD
U7SN
118SM
U9SN
120 5&
121 SB
122SN
123S8
126TE
127S8
135 I
135XE
I378A
156EU
15850

Half-
life

STABLE
STABLE

9. 7 H
1S»2 H

7*5 0
STABLE
5 0 £4 ¥
S1&8LE
STABLE
STABLE
S1A8LE
STASLE
STABLE
STABLE
STASIS
STABLE

3.8 D
6*7 H
^*2 H

STABLE
15.2 0
STABLE

Maxitsua
yield

J«

0,098«U3I
6,5 IU 3f
5.7 CU 5$
6*8 IU 31
0,375 PU9I
aQ9*CPU9J
9Q851PU95
« C 6 i C P W I
«084<Pl /95
*083CPU9I
. .0&6CPU95
«0&4{PU95
,C66SPt9»
e07l
•oaecpi^i
q*30(PU9S
0 » 5 9 C U 3)
6,4 ID 5J
7.4 «PU9I
6.6 !PU9>
0*15CPU9>
o.cmpim

Order of magaitude

°c(2200)

barna

0»4
O.I
0.15
0.1
3.
0,3

200*
U
2o5

I 0 « 4 >
2S
6. IS
6«
0.2
4.
i.
i.

a.)
3.S*6

5,
1800.1

3.

EI0

bsraa

6S
0,2
0.6
i.

100 „
20 o

3400 »
I.

15,
7.
*.
105

200*
0,8

130*
1U
15,
«2 . J

?000.
5.

iSQQ.
80,

°c(30ksV)

M b .

200,
15»

300 .
1000«

100.
400.
60,

300,
40«

70C«
35.

400.
80.

100.

400.

PSA

'flb.

30,
7.
2*
2.

30.
50 «

140,
10.
so*
20,
30.
14,
65.
14.
40 «
13.
10.
0,1
2.

15.
400,
50.

Isportanee WEBHDA requests
?horaal
reactor
J fe!

i

J
J

W
1

M

B

1

Fast
reactor
J U C

All

E 3

E'3

Phersaal
"""~^ t

i P

4000b

5

7COb
5

3

2

3
1

1/S

%

5

9

Peat

S P

S«a.

%

13

IhW-

?
p

2

Evaluated
data

€

E
€

£

C

c
C
cc
cc
c
ccc
c
cc
c
cc
c
ccc
c
c

8

8

B
52

8
B
8
S
3
S
S
32

8

B

L

L
L

L

L

111

to

(O - eff 0.050 % for 255U



II - GROUP 8

Isotope

96MO

IG4RH*

11
I3CS

151PM
15IEU

i 153SM
154SU

Half-
life

76*, f»
STABLE
ST&BLE
STABLE

%«4 K
42. S

H

13*5 H
S7ABIS

2.1 V

STAtLE
Z&.4 M
STABLE
4?« H

SlAiLi
15. H

Kaximm
yield

*

3.1
8.QG&SU3*

1.6-5

5.1
3,6
1.62IPU9)

l.E-5

Order of aagaitude

^(2200)
barms

1300,1

barns

35,

*3«

20 «
2«

5300 .!

60

3E-4IPU9S

>03S!PU9)
8!
S!

2500s
25000«

900 0

1500,
60000„

30000<

260,
1200,

500.

ab.

200.
300 „

400.

ab.

20.
50 «
70 .

^00.

2500,,

3000.
200<K

20*
80*

100 .
250 „
1509

70 .
120.
300.

C & O G a !

700 .
250.
200,

laportance
Fast'fheraaf

reactor reactor

14

M it&
19 [21

63
£ 3

£ 3
S3
E3

27

!
E3
£3
E3
E3

WSSKDA requests

10

1/S

25

10 |2
5

10

4COOb
10

Past lea, p.

-k
Evaluated

data

P

10 2

E c

25
10

3 jl
10
10

10

lOi 2
i

ID I2
g C

-3

I
10
10

10 |2

10

E|C
!c
|c

E J C i
i K ! C i

I ' l e c i
C ! 5
C

.El.
* METASTASLE

(1) - S0qaa8t«4 both by resctor physicists as by astrophysicists.
(2) - ffireat produetioa in thermal aeutrcn capture.
(J) - Saturation effect in tharaal aeutron for W sT 5 . ? 0 T * (U8Pa) and
(4) - y.^4,0.005 %

th
mto a . ca-2 ,U8a( - P . > .

C4I
u >

11}
I 2 » 3 I

Itki

1*1



2.1. Examination of accuracies required on capture cross-

sections.

The absolute precisions requested should be the same

(to within a factor 2) inside each groups of our classifica-

tion, but this is not the case.

In the thermal range for example the demand in group
99 5 143

1 is 5% for Tc (T = 2,1 x 10 a) and 10% for Nd (st),

which corresponds to precisions of X 1 and X 70 barns respec-

tively ; in group 2 the same applicant requires 10% for 07Pd
131

and 31Xe, i.e. absolute accuracies of X 1 and X 10 barns.

Three requests exist for 147Nd : the accuracy desired for the

first is 350 b whereas the 2n d and 3r d ask for 20% and 5%

respectively, i.e. about 10 b and 3 b.

The same discrepancies appear for the capture resonance

integral : in group 1 the relative precisions of 10% for 97Mo
99

and 20% for 9Tc correspond to absolute precisions of X 2 and

X 40 barns. In group 4 the accuracy requested for 132Te

(T = 3.3 d) lies between 500 and 3000 barns according to the

RI value, but is % 10 b for 137Xe (T = 5.3 d).
c

Such scattering is essentially due to the fact that

the requests are expressed in relative values, and always lie

between 5 and 20%. This is especially true in WRENDA 73 for

fast neutron o and for the resonance parameters : the preci-

sion asked for is always 10% (except in one case : C33s).

One WRENDA 73 applicant (WALKER) has expressed absolu-

te precisions ; a group of three others (BAYARD, EHRLICH and

SNYDER) requested relative precisions dependent on the absolu-

te value. Each of these two groups of requests has an internal

consistency but they differ greatly between each other about

the demanded accuracy : the former asks for 600 b and 350 b
99 147

respectively for 99Mo (T = 67 h) and 1Nd (- = 11.1 d), while

the latter require from 5 to 50 b for these two nuclei

according to the absolute value of c..

To avoid such inconsistencies and to give the re-
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quests some meaning the accuracies on ( (2200) and RIc should

be expressed in absolute values ; it is also desirable that

requestors harmonize their views on the needed accuracy,

2.2. Definition of a regqured precision.

The requests were not examined for purposes of

criticism but in order to define the accuracies required.

Despite the scatter of the values, averages given in table

I were adopted. These values will be used in the following

part of this review, on the understanding that they are ave-

rages for each group and that the individual precisions can

vary as a result of differences in yield or half-life.

In addition the accuracies required are reduced when

disappearance by capture is greater than that due to radioac-

tive decay.

2.3. Effect of disappearance by capture.

When : f o, P dE = o 4 > > X and -o 4 T > > 1

the nucleus disappears mainly by capture ; the precision on ac

may then be poor without this affecting the permanent running

of a reactor. Several cases of this sort exist, the best known

probably being 35Xe ( r= 9.2 h) for which the precision

demanded in WRENDA 73 on cAY (2200) is only 13000 barns.

In the case of nuclei for which this saturation effect can

arise table II gives :

- the value of T = 1 / C if T > 2 months,

- the value of =- X / if T < months,

T being the half-life and T the irradiation time.

2.4. Comments on the demands expressed in WRENDA 73

Several requests concern stable nuclei which have

little importance as F.P.'s ; this applies for instance to 5%

demand on Gd (group 7), the demand on Cd (group 8) etc..

These nuclei were probably not regarded as F.P.'s by
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the applicants and the requests have been ignored, though some

are aimed at improving the systematics.

3. EXISTING DATA.

3.1 Evaluated data.

The status of existing evaluated data is exposed

elsewhere [Va 73], but a brief mention can be made of three

data libraries recorded on magnetic tape:

- two are devoted entirely to F.P.'s : the Italian, which we

shall call "BE'NZI" [Be69, Be7l] , and the Australian

which will be referred to as "COOK" [Co70, Ro71]. The former

only gives capture cross-sections above 1 keV, together with

oin per level for a few nuclei ; the second is exhaustive

(all reactions and all energies) but only gives the total

inelastic cross-section.

- the third, E N D F / B-3, contains about fifty F.P's [Li 71].

Given the importance of these libraries their contents

are listed in table II. Many other less well-known evaluations

exist ; we can notice in the thermal field (including the

resonance integral) :

- that of WALKER [Wa 72] who recommends values of % (2200)

and/or RI for about 140 F.P.'s ;

- that of SAKATA and NAGAYAMA [Sa 7A who give values of a,

and/or RIc for more than 200 nuclei.

Other recent compilations exist but are seldom inde-

pendent of the values recommended by WALKER ; this applies

particularly to those of CLAYTON [Cl 72] which are actually a

revision of COOK'S data library, apparently not in circulation.

The contribution of POPE and STORY [Po 73] to this

Panel is a compilation of values for :

-C (2200)

- RI

- FSA, "fission spectrum average" for six fission product

libraries recorded on magnetic tape, i.e :

249



- 2 versions of the Australian library : 1967 and 1971,

we only use second version ;

- 2 complementary editions of the Italian library,

which we consider together ;

- the E N D F / B-3 library 

- the U K N D L library.

This last contains five evaluations independent of the

other libraries (see table III).

The contribution of POPE and STORY also contains

calculations or experimental values of (2200) and RI which
~(220 c

we included in table III when they were not already present.

Table III compares date on o% accordinq to different authors.

Table 1 TT: FVATIATTrtS TTS, GUPS 1 - P

Contents of Table III:

Capture cross sections at 0.0255 eV and at 30 keV taken from different

nuclear data libraries.

Resonance integrals RIc and fission spectrum average FSA cross sections

calculated with these data.

Significance of the symbols used.

B BENZI V. et al. [Be 69, Be 71]

C : COOK J.L., The Australian fission product library [Co 70]

E3 : Third version of ENDF/B

E31: RIc given in the ENDF/B3 comments

E32: RIc calculated with ENDF/B3 data by POPE and STORY [Po 731

J : rom the Japanese Working Group.

-)c (0.0255 eV) and RI from SAKATA and NAGAYAPA [Sa 73],

Cc at 30 keV from MATSUNOBU [Ma 73]

L : LAUTENBACH [La 73], group cross sections library of 26 energy

groups. c,, at 30 keV is a mean value between 21 and 46 keV.

S :SCHMITTROTH F. and SCHENTER R.E. [Sc 73a]

W : WALKER [wa 73] - The quoted values are the reduced

resonance integral exepted for Rh.
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4. EXAMINATION OF CAPTURE CROSS-SECTION DATA 

The accuracies necessary for each group of nuclei are

defined above. The quality of existing data will be examined

against three criteria :

1) compliance with the precisions necessary ;

2) compliance with the precisions necessary improved by a

factor 2 ;

3) absence of data or abnormal disagreements between recommen-

ded values.

There is no need to comment on the first criterion,

the second being a projection into the future. The third is

governed by the following two ideas :

- in the absence of experimental data the recommended value,

if it exists, may be completely wrong ; this is especially

true for q2200'

- large disagreements on the recommended values are inaccep-

table even if this does not immediately affect the calcula-

tion of the capture rate, given the errors which exist on

other nuclei.

4.1. Thermal field.

The values used are chiefly those recommended by

WALKER on the one hand and by SAKATA and NAGAYAMA on the other.

These are two independent works ; unfortunately WALKER does

not give the error on the recommended value, and SAKATA and

NAGAMAYA do not give their sources of information.

As a general rule the precisions requested in WRENDA

are adopted for group 8, although they sometimes seem exagge-

rated : 100 barns for 148Pm (r = 5.4 d) for example; table IV

shows the result of the data examination. We conclude that

1) the required precision is not obtained for 15 nuclei at

most ; on 9 of these its value is not well known because of

the saturation phenomenon.
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TABLE IV

Capture cross section requirements unsatisfied. Thermal range

1) Obtained error greater than the required accuracy

' . .. .'_,

GROUP Accuracy Nucleus Half life Obtained
required(2) accuracy

I 5 b 14 3Nd st 10 b

II 10 b 13 1Xe st 20 b

III 20 b 3Kr st 30 b

20 b 1 4 7Pm 2,6 y 50 b

7 14 9Sm 1015 Y 1000 b

IV ? 151Sm 93 y 2000 b

V 100 b 149pm 53 h 300 b

? 15 5Eu 5 y 4000 b

7 10 5Rh 35,5 h 3000 b

VI ? 157Gd st 5000 b

VII ? 13 5xe 9,2 h 70000 b

500 b 1 56Eu 15,2 d 1000 b

VIII 100 b(?) 1 48 Pm 5,4 d 1000 b

? 1 48 pm m 41,5 d 3000 b

4000 b 1 5 3Sm 47 h 9000 b

2) Obtained error greater than the required accuracy
improved by a factor 2.

I 2,5 b 9 9Tc 2,105 3 b

2,5 b 105d st 5 b

V 50 b 15 3Eu at 80 b

VI 7 1 1 3 Cd st 300 b

(1)

(1) - According Walker, the discrepancy is solved and accuracy

is 125 b [R.S. MOWATT, Can.J. Phys, 48,1933(1970)] - But only one

measurement.

(2) According WALKER, Hall the saturating large cross section nu-

clides are well enough known for neutron absoption calculations except
105 148 m

for Rh and Pm ; some indication of how the cross section

varies with neutron temperature (or resonance parameters) would be

useful.
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2) if the precision needs to be better by a factor 2, only

4 extra nuclei join the above list of 35.

3) no data exist for a larce number of F.P.'s (WALKER mentions

nearly 50) : we have only taken fifteen, those with the

highest equivalent vield, and 7 cases are pointed out where

disagreement exceeds a factor 5.

TABLE IV

Capture cross section

1) Obtained error

requirements

greater than

unsatisfied.

the required

Thermal range

accuracy

GROUP AccuracyNucleus Half life Obtained
required accuracy

I 5 b 1 4 3Nd st 10 b

II 10 b 1 3 1 Xe st 20 b

III 20 b 8 3 Kr st 30 b

20 b 1 4 7Pm 2.6 y 50 b

? 1 4 9Sm 10 5 Y 1000 b

IV ?5Sm 93 y 2000 b

V 100 b 1 4 9 m 53 h 300 b

? 1 5 5 Eu 5 y 4000 b

? 1 0 5 Rh 35.5 h 3000 b

VI ? 15 7 Gd st 20000 b

VII ?135e 9.2 h 70000 b

500 b 1 5 6 Eu 15.2 d 1000 b

VIII 100 b(?) 1 4 8Pm 5.4 d 1000 b

? 148pmm 41.5 d 3000 b

4000 b 1Sm 47 h 9000 b

2) Obtained error greater than the required accuracy
improved by a factor 2.

I 2.5 b 9Tc 2 x10 3 b

2.5 b 1 0 5 Pd st 5 b

V 50 b 1 5 3Eu st 80 b

VI 1 1 3 Cd st 300 b
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i'.ALE 1V (cont1d)

3) Larpe disagreements or absence on data.

Group Accuracy Nucleus Half life Precision obtained
required

II

III

Iv

V

VI

VII

VIII

10 b

20 b

50 b

100 b

200 b

500 b

30 b (Wr)

500 b (Wr)

86Kr

95.Zr

103Ru
1 4 6 Nd

95 Nb

140Ba! ^Ba
8 2Se

9 9M

132Te

147Nd
I 1Cd

147Sm

92Zr

112Cd

1 2 7 Te
1 2 5 Sb

133

1S6Gd

9 1 Sr

93y

118SnSn

127Sb
135I
15 6 Eu

151
Pm

15EuEul

st

63 d

40 d

st

35 d

13 d

st

67 h

78 h

11 d

st

in T--v y

17 h

st

109 d

2,7 y

21 h

st

9,7 h

10,2 h

no data

9I

factor 7 disagreement

onlyl inaccurate datum

factor 8 disagreement

factor 20 disagreement

no data

no data

no data

factor 12 disagreement

large disagreement (Wa 73)

no data

factor 20 disagreement

no data

no data

no data

factor 8 disagreement

no data

no data

factor 50 disagreement

no data

no data

no data and disagreement

factor 2 disagreement

500 b disagreement

(1)

st

3,8

6,7

15,2

28,4

st

d

h

d

h

i
i

j1
j

11. .-- - 4I - '
. P. . --

For details about the discrepancies the reader can refer to table III.

(1) According WTALKER, no discrepancy between experimental data.
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4.2. Resonance Intearal.

A new difficulty arises here, that of the resonance

integral (RIc ) calculation from differential data. Small nu-

merical errors are to be expected, but larger ones often arise.

This is illustrated by columns 9 and 10 of table III, which

give the RI values for the E N D F / B 3 library according to
c

two different sources. The agreement is generally satisfacto-

ry apart from a few abnormal cases : Ru, Ru and 143Nd
1 03

in group 1 for example, 03Ru in group 2.

We shall base on the recommended data given in table

III, not one of which bears an error. The Japanese give

several values, but often without the reference. LAUTENBACH

only takes into account the resonance parameters (resolved

range) or calculations by a statistical model (unresolved

or continuous range), using the experimental resonance inte-

gral (RIc ) values to correct the parameters of the statistical

model only when no values exist for the parameters of the first

resonances.

Table V gives the result of the data examination.

Not all the values have been retained . for example
133

the Japanese RI. value for 133Xe (roup 4) is left out, being

based on a COOK result dating from 1966 which was drop-

ped in the latest version of the Australian library.

We conclude that :

1) no more than 9 isotopes fail to meet the precision require-

ments ;

2) this number is increased by 8 if the precision needs to be

twice as good ;

3) the recommended data are more scattered than in the thermal

field : for many nuclei the resonance integral is the re-

sult of calculations based on the statistical model and the

mean parameter systematics.

Very often an evaluation would suffice to resolve the
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TABLE V

Capture cross section requirements unsatisfied - Resonance integral
1) Error obtained greater than the required accuracy.

GROUP Accuracy Nucleus Half life Accuracy Comments
required obtained

~I 25 b 99Tc 21.105a 50 b

143
25 1 Nd st 40

III 100 (?) 149Sm 15
III 100 (?) S149sm 'Io1 a 300 saturation forth

]51
IV 250 (?) 1 5 93 a 700 saturation forth

V 500 (?) 05Rh 36 h 1000 saturation fort

500 (?) 155Eu 5 a 3000 saturation forth

VI 1000 1Te 34 j no data

1000 133I 20,8 h no data
97

1000 Zr 16,8h no data

2) Error greater than the required accuracy improved by a factor 2

T 12 b 9 3 Zr st 20 b

133Cs st 25

35Cs 2,3.106 30

II 25 1 0 7 pd 7,106 25

l Xe st 50

1 4 5Nd st 30

II 50 147Pm 2,6 100

IV 120 1 Sm st 200

3)

Group

Large disagreements.
- 90 (actorI - Sr (factor 4) , 32Xe (factor 20),

Group II - 103R (factor 20),

Group III - 128 (factor 6), 14½ (factor 100), 14Nd (factor 7)

150N (factor 3)

- Se (factor 10), P10Pd (factor 10), 133Xe (factor 30)Group IV
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disagreement : in the case of 6Nd for example the Japanese

adopt obsolete values dating from 1962 and 1966 and seem to

neglect the resonance parameters and an experimental value

dating from 1967.

A reference and data comnilation problem also arises 

for example the Japanese seem to base their evaluation for
1 Xe on an experimental result (RI = 0.106 b) and hence

adopt a very low RI value.
c

A comparison of available experimental data should

help to resolve this disagreement.

4.3. Fast rance.

This field may be characterised by the value of or

(30 keV) and the integral of o, over a fission spectrum (FSA).

The disagreements are so large that we shall merely list the

nuclei which fail to satisfy the precision requirements (table

VI).

The required precision is only obtained for certain

monoisotopic natural elements for wich many exoerimental

measurements exist, and for nuclei with low cross-sections.

The discord is partly due to the fact that almost all the

cross-sections are obtained by calculation, even when experi-

mental data exist, which sometimes destroys the agreement.

We have tobe careful about the credibility of experi-

mental data. There are some for nuclei out of the 28 selected

by the Japanese working Group [Ja 73, Ma 73 1 there are

several sets of experimental data wich overlap between the

energy ranges for 3 of them : 103 109 133 n his

contribution MATSUNOBU [Ma 73Inotes:" There are some discre-

nancies between the experimental data. Especially for 103Rh
109 133

Ag and Cs it is noted that considerable discrepancies

exist between the experimental data". One would be tempted

to conclude that the only way to obtain aareement between

experimental data is to have only one experimental result...
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We should not be so pessimistic but is has to be

recognize that most of the capture experimental data above a

few keV are unreliable within 20%.

Before tackling the problems of error sources and para-

meters of the statistical model a last comment is necessary.

The disagreements have a strong systematic comr onent : at

30 keV for example the Japanese and Italian values are almost

always higher than those of SCHENTER (by about 60% and 25%

respectively). The systematic difference depends on mass num-

ber and energy ; at 30 keV the Australian values (COOK) are

20% higher than the Italian (BENZI) for A < 110, but for

A > 130 thev are lower. On the other hand it appears from

DEAN'S calculations [DE 73] (integral of Uo (E) over a fast

reactor spectrum) that whatever the mass number, 3/4 of the

integrated Italian values are higher than the Australian

values, the average ratio being about 1.5.

Table VI

Nuclei not meeting precision requirements on o, at 30

keV and on the integral of Ce (E) over a fission spectrum (FSA).

93Z'9 Zr97M 
98o 9Tc(10Mo)101u 

12R

93 96 Zro97 98 99 100 101 1029 Zr, 9 Zr, , M, Mo, Tc, ( Mo), Ru, ^Ru,
Group 1 0 4 Ru, 105pd, 1 3 2Xe (13- 134C 13 X 143Nd,

140
Ce)

(95Zr), 03 Ru, ( Rh), 106Ru 107pd 1 Pd (1 Xe)
Group 2 --45

4Nd.

Group 3 ( Kr) Rb, (gRb, ( 29I) 4 4Nd, 47Pm, 149

151
Group 4 Sm

147 , 153 155 EGroup 5 ( 5m), ( Eu) , Eu

Note : Nuclei of half-life shorter than 30 years are underli-

ned. Those which do not satisfy onlv one of the 2

criteria are bracketed.
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5. ANALYSIS OF ERROR SOURCES.

Two contributions [Sc 72, Dr 73] examine the source of

errors in the calculated cross-sections. In the first,

SCHMITTROTH takes into consideration only the influence of the

statistical resonance parameter fluctuations : he gives for-

mulae allowing to calculate the uncertainty as a function of

the energy range considered L, the mean spacing D of resonances.

This is a large source of error, especially when the

mean number of resonances n = L/D is small, but the error is

random and should cancel out on an average. The main point is

that it is preferable to describe cross section by the resonan-

ce parameters when n is small.

Many sources of error exist, sometimes due to delibe-

rate approximations (weighting flux spectrum when calculating

multigroup cross-sections). However the Dutch studies [Dr 73,

La 73] demonstrate the importance of the different statistical

model parameters : Fy and Dobs are the main sources of error

on acbeyond % 100 eV. By way of example, figure 1, taken from

[Dr 73], shows the different errors in the case of Ru and
10 8Pd.

It should be noted -hat these studies assume the vali-

dity of the statistical model : certain phenomena such as a

correlation between Fy and Fn would contribute systematically

to the error.

6. SYSTEMATICS

This involves collecting all the parameters from which

the description of the nucleus is obtained, so as to derive

laws describing their variations. It can apply either to quan-

tities directly obtainable by experiment (Dobs, Fy,..) or to

the parameters of a theoretical model (optical model parame-

ters, the level density parameter a, etc...).
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Fig. 1 Contributions to the standard deviations of the group cross sections for the 26 ABBN

energy groups for the isotopes 'Ru and '°"Pd (Taken frr.m ref.[])r' 7])

Explanation of symbols:

+ t resolved resonances ; x = 1/v contribution;
& photon strength function; D s-wave strength function;

O = p-wave strength function; 7 = d-wave strength function.
* statistics of levels

o = sum of contributions listed above;
e - total error, including systematic and statistic model-errors
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It is not possible here to examine all recent studies.

One or two only will be mentioned, after which some problems

relative to level spacings will be discussed.

6.1.. Optical model parameters and strength functions.

It is worth mentioning the compilation of SO and S 1 by

A.R. de L. MUSGROVE [Mu 73] and that of PEREY on the optical

model parameters [Pe 72] (note 1).

Mac KELLAR and SCHENTER [Ma 72] study the influence of

the optical model parameter values on a and note that it is

particularly strong for E 4 10 keV, at 1 keV for example ;

various realistic potentials give variations of a factor 2.

The same effect was observed at Saclay and it was concluded

that for preferance the strength functions should be used below

about 30 keV.

6.2. Statistical model parameters.

There are essentially the radiative width Py, the

average spacing Dobs and the level density parameter a. The

first two parameters can be obtained directly by experiment

and a is usually deduced from the spacing Dobs, or in some

cases from the form of the evaporation spectrum of certain

reactions. Conversely the theoretical estimation of ry and

Dobs often used for F.P.'s is based on the knowledge of the

parameter a.

6.2.1. Experimental and theoretical determination of a.

Two processes are used to predict the a value as a

function of the number of nucleons of the nucleus.

a) by a graphical method a is plotted against the mass number,

or better still against the number of neutrons using experi-

Note 1 : This 1972 study is being brought up to date, particu-

larly for the neutron potentials.
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TABLE VII - MEAN LEVEL SPACINGS D (eV) AND LEVEL DENSITY PARAMETERS a (ieV 1 )

FOR

PROM DIFFERENTS AUTHORS.

FACCHINI BABA BENZI SCHMITTRUTH WEIGMANN
Compound [FA6B] [BA70] LbE73] (SC73] [(WE73]

nuclei Dba ooba a Dobs a 0 bJ ob a 
-r---- -- r

72GA
73GE
74GE
75GE
77GE
7bAS
75SE
77SE
78SE
79SE
81SE
83SE
80BR
82bR
36Rd
88RB
85SR
87SR
88SR
89SR
90 Y
91ZR
92ZR
93ZR
952R
97ZR
94N8
93M0
95M0
96M0
97MQ
98M0
99M0

101U
100TC
100RU
102RU
103RU
105RU
104RH
106PD
108AG
l1AG
112CD
113CD
11 CD
15CD
114IN
116IN
113SN
15 SN
116SN
117SN
l18SN

119SN
120SN
121SN
123SN
IZSN
122SB

1.65 EZ
2.OOE3
7.700E1

8000E3
8.000E1

1.450E3
1.100E2
3.700E3
4.3506E
7.05 £3
5.700tl

b.ZOOEZ
1.700E3
3.500t2
1.800:3
2.300E4
1.000E4
2o000f3
5.000E3
2.300E2
3.300E3
2.500E3
Z.400f3
3.6 El

5.700E1
6.00t:2
8.000E1
2.30062
3.000tl
2.100E1

12.80
13.19

13.37
13.39
13.07

1J.06
13.29
1; .38
12.66
13.43
12.9Z

8.7Z
10*69
13.26
10.98
9.36
9.25
8.b4

11 *2
12.39
12.78
13.90
16.47
12.46

12.87
16,03
15.45
17.89
19.28
16.19

1.9 F2
3.900b3
7.700E1
8.500E3
6.000E3
8.730e1

.2003U
1.500t2
4.50013
1.600E3
6.90 E3
6.100E1
5.200Gl
1.100E3
1 .b0OE3
3.500E2
2.100E3
2 . 1001:2
1.200E4
1.600E3
3.300E3
2.500E2
3.40013
3.300E3
1.100E3
3.6 El

1.000E2
1.O00t3
1.200E2
7.900E2
4.000C2
2.600E1
2.000E2
1.500e1

1.030E1
l.11OE1
5.00011
1.91 1F
3.400E1
2 .OO£,e
2.700E1

7.1
9.5
1.400E2
3.20062
5.000L1
2.500E2
b.500tl
7.300E2
6.200E1
2.400E0
4.000E2
2.500E2
1 .300E1

12.76
12.10
12.86
11.56
12.54
12.81

13.05
12.65
12.00
14.05
13.Zb
12.9
13.33
b.66

10.9b
13.17
11.09
9.82

13.47
10.17
12 .22
11.62
12.95
13.57
17.b3
13.15

12.87
14.69
14.71
15.69
18.56
15.7,
12.46
lo.<2

17.13
1b.86
15.61
17.93
16.97
19 20
18.51

16.66
17.42
16.57
15.78
16.24
17.49
16.03
15.08
16.74
17.74
17.57
19.01
17.43

3.810EZ
1.550E3
1.240t1,
5.850E3
4.200:3
7.140E1

9.330E2
1.o0012
1.000E3
4.110t3

11.90
13.75
12.55
12.30
13.9
13.10

14.
13.40
14.34
13.10

. I I _ _ $ _ T I

6.000E1

l. OE2

5.690E3
3.360E2
3.5b6E3
1.810E3

o.100El
1.200E3
5.000E1
9.400E2
7.70012
2.440f1
3.400E1
2.230E1 

10.65

13.35

1.4 E2
1.787Ei
7.480E1
4.987E3
5.*30E3
7.5401 1
3.53 E2
9.540E2
8.980:t1
2.540t 3
2.90ZE3
9.13oE3
6.310tl
1.U30c2
3.080B2
5.030tZ
4.400E2
1.975t3
3. 240t
4.70114
3.47bt3
5.2b2tz3
5.070E 2
2. 300L.~
5.689-3
1.136E3
8.97 1l

1.1 4 0c2
1.3b7E3
7.750E1

12.57
A2.48
12.52
11.34
12.16
12.Z9
13.02
12.55
12.54
11.79
12.09
11.57
11.83
L1.56

11.52
11.85

9. b7
8.52
o.00
8.67

10.12

12.21
11.25
16.56
12.03

12.49
13.17
14.39

11.
11.70
13.20
14.42

15.
14.60
15.94
18.42
19.50
15.60
14.96
15.60

1.550E3
O.200E1

J.900:E3
4.200E3
7.500E1
3.70 E2
7.000E2
1.2iOz2
1. 000E3
I.OOOE31.200E3

6.000E1

2.000E3
3.3bOt3
2.4o0E2
1.09013
2.330.13
7.500C2
3.25 El
2.8 23
1.8 E3
1.02012
1.200E3
8.000E1
9.400EZ
7.700E2
2.440E1
3.800E
.O500otl
5.4 L2
2.8 E2
2.700E1

1.350E1
1.2e El.
2.600L1
1.9800E
2.45oEi
1.57 b2

1.000u1

2.490E2
2.500E1
5.o202

4.060E2
1.320t3
1.360E3
1.000E1

10.00
10.60
9.25
9.80

10.30
10.20
10.20
9.85

10.30
10.70

9.99

8.81
9.59

10.30
11.30
10.30
13.50
12.40
8.79

10.20
10.80
11.10
11.50
12.90
14.00
13.10
11.20

12.50
13.50
1..00

13.50
14.30
12.90
13.60
13.40
14.90

13.70

14.00
14.20
lj.30

15.10
13.90
14.90
14.70

1.014E3 16.04
1.339E3 17.14

2.800E1 15.34

2.O000E
1.330E1
3.5001:1
1.5 E1
3.300E1

15.63
16.71
16.12
18.ol
17.06

3.380E1 16.70

3.460E1
1.830FI

2.85 E2
2.740cl
1.0101
3.220tl
1.95 El
3.Z40E1
2.52011

13.77
14.9b

18.73
15.81
16.07
15.08
16. b
15.o6
17.53

1,75OE1 17.10
1.9 El 18.2

2.700E-1 18.74

6.5
6.5
4.00011

l.b00E2
4.500E1
3.200EZ
5.200Ci
2.>00E2
4.000E2
2.500-2
1.200El

18.77
18.11
18.79

18.15
lu.43
18.37
16.88
17.00
19.81
18.42
17.47

1.100E1 15.0O
1.000E1 17.10

o.390E1 13.93
1.160E1 16.21

II2.500ElI 17.30

II
1

5.720tl
o. 140EZ
1.790E2
7.440E2
4.886t3

14.b3
15.60
13.60
16.06
13.06

1.000E1 17.40 1.3701 16. 10
_- _. L_____. i _ _ L,,,... __ -,-JL. LI -- I __

1 1 l
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TABIE VII (cont'd)

FACCHINI BABA 8ENZI SCHMITTROTH WEIGMANN
Compound [-F68] [BA70] BE73E] [SC73] {I[73J
nuclei ob- -ob i °obs a oob ^

I t -- ]- -a

124S8
123TE
124TE
125TE
126TE
127TE
129TE
131TE
128 I
130 I
130XE
132XE
136XE
134CS
137CS
1318A
135BA
136BA
137BA
138BA
1398A
139LA
140LA
141CE
143CE
142PR
143ND
144ND
145ND
146ND
147ND
149N0
151NO
148PM
148S5
150S5
151SM
152SM
153SM
1555H
152EU
154EU
153GD
155GD
156G0
1570G
158GO
159GD
161GO

2.900EI
1.15062
2.200E1
2.100E2

.000oEl

16*44
18.99
18.10
168.U
16-32

5.500E2118.38

3.000E1
1.300E2
3.300E1

4.b00E

5.500EZ
5.700E3
1.900E1
2.100E1

3.100E1
5.000E2
2.070E1

3.500E3
1.52061
2.700E1

2*050E1

1.200EZ
3.800E2
3.700E1
3.500E2
4.000E2

15.08
17.13
1a.49

16.56

18.32
17.32
15.98
18.23
13.71

1.2
3.8
3.5
3.8
4.6
9360
4.10
1.10
3.00
1.00
8,38

E2
E2
El
E3
E2
E3
El
E2
E3
E3
El

3.10 El 13.46
9.00 El 18.36

16.62
18.68
17.51

17.02

18.51
15.03
17.02
17.20

16.97
14.53
16.91

18.47
17.69
16.56
14.56
14.35
19.33
13.76
1&.Z9
17.80
21.31
17.05

19.15

19.87

21.30
20.50
22.89
25.68
24.70
24.91

24.58
23.24

22.46
21.98
21.64

2.100E1 17.00

2.920E1

3.780E1

17.60

16.80

2.340E1
1.320E2
2.630E1
1.470E2
3.780E1
2.070E2
2.630E2
8.720E2
1.470E1
2.61061
3.62 E1
3.920E1

2.02061
7.17 E1

1.920t1 16.40

15.78
17.27
16.51
18.05
15.87
18.25
18.41
16.59
16.06
15.52
15.84
15.02

15.55
11.88

2.100E1
1.320E2
2.630E1
1.470E2
3.780E1
2.070E2
2*620E2
8.720E2
1.300E1

2.000E1

1.300E2
2.600612.600E1 17.00 3.710E1 14.81

6.40 E1116.99 3.120E1118.25

14.40

15.2Q
13.7d

t

13.99

15.1p
13.5913. 5~

2.600E1

2.000E1

4.0
7.7
2.4

1.

0.65
1.250

1.9

18.24

20.09

21.98
20.36
23.61

25.56

25.05
23.36

22.45
21.94
21.60
21.15

1.90061

2.500E1

5.7
7.9
3.22
2.4
1.3
6.

El

El

3.200E1
5.2 E2
1.770EI
3.100E2
2.580E2
2.470E2
4.76
7.4
2.8

5.250E1
1.250E2
1.
1*45
1.9 E1
1.9 El
1.98
4.930E1
5.85
1.010E2
1.700E2

18.00
20.21
20.40
23.54
26.00
24.90
21.80
20.51
23.30

25.40
24.60'
24.10
22.80
24.6
24.7'
22.20
22.80
21.40
22.90
23.50

5.220E2

3.570E1
3.120E2

6.390E1
4.150E2
3.200E1
5.37 E2
1.890E1
2.110E2
7.200E1

8.18
2.88

12.14

12.56
14.68

15.77
17.63
16.70
18.48
18.94
22.59
26.81
23.57

19.01
21.86

7.50 El
4.150E2
3.200E1
5.37 E2
1.890E1
3.100E2

4.76
7.4

6.800E1

5.20 E1
1.250E2
1.04
1.45
1.9 61
1.9 61
1.99
5. El
5.6
8.400kt
1.6002E

1.00 E2 16.20

14.70
16.0Q
15.30
15.60
16.50
16.3I

18.40
16.70

20.7Q

19.20
17.7Q
20. 3
19 .4
19 79
19*80
18.26
17.60
17. 2
18.30
17.9

0.72
1.30

7.
5.5
1.7

El

E2

1.99
7.50
6.1

El

mental values. This is the method used by Benzi et al

[Be 71, Be 733.

Table VII includes a selection from the most recent Dobs

and a values for a hundred or so nuclei in the F.P. mass

range. The fluctuations observed on the a value can be due

to two factors :
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- The first is the value of Dobs which varies from one study

to another.Even for a well-known nucleus 1 Rh, the diffe-

rence within the 5 groups of values reaches a factor 3.

- The second is a systematic component due to differences

between the formulae and values used in particular for

the spin cut-off factor and the effective excitation

energy.

Table VIII shows the variation in the mean a values taken

within 4 mass ranges.

This table shows up clearly a systematic divergence

ascribable to the different versions of the level density for-

mula. The expressions used by the authors whose values appear

in table VII are given in the appendix.

b) By adjustment of theoretical formulae. Weigmann and Rohr

[We 73] and Schmittroth [Sc 73] have introduced certain

coefficients into the theoretical expressions to account

TABLE vIII

Mean a values according to different authors and divergences

with regard to those of reference [Fa 68].

FACCHINI BABA BENZI SCHMITTROTH WEIGMANN

Authors [Fa 68] [Ba 70] [Be 73] CSc 73) [We 73]

a Da a Da a Da a Da a Da

average over
9 nuclei 13.0 0 12.8 -0,2 13.6 +0,6 12.3 -0,7 10.2 -2,8

A < 47

average over
10 nuclei 15.5 0 15.2 -0,3 16.1 +0,6 14.3 -1,2 12.1 -3,4

52 < A < 62

average over
7 nuclei 17.1 0 17.0 -0,1 17.3 +0,2 15.85 -1,3 11.9 -5,2

63 < A < 72

average over
4 nuclei 18.9 0 19.2 +0,3 19.3 +0,4 17.5 -1,4 15.8 -3,1

84 < A < 87

272



for the experimental variation of a.Thus the latter au-

thor, whose formalism is based on the model of the indepen-

dent particle in a spherical nucleus,has added about twenty

parameters.

6.2.2. Calculation of Dobs and ry.

Schmittroth [Sc 73] has compared, for 84 nuclei, the

experimental data of Dobs to calculated values usingDobs values

with the theoretical a value. The average disagreement reaches

a factor 1.87, which means that it is not yet possible to

predict the mean spacing of any nucleus to better than a factor

2. Two contributions deal with the mean radiative widths ry.

Weigmann and Rohr [We 73] introduce a direct reaction component,

while Benzi and al. [Be73] compare the three formalisms of

Brink; Weigmann and Rohr, and Musgrove. At binding energy the

three estimates of ry are equally acceptable and in one case out

of two lie within the limits of experimental error, often very

large. This is no longer true when the energy varies and it

would then be preferable to use a formula derived from Brink's

model supplemented by a direct interaction term.

7. OTHER CROSS-SECTIONS. SECONDARY SPECTRA.

Very few demandsappear in the literature for dataother

than the capture cross-section (note 1). We shall nevertheless

deal specially with the case of inelastic scattering sincethis

is the most important cross-section after that of capture, and

since several studies already exist.

;:7.1. Inelastic. cross-sections.

All the Australian estimates contain the values of this

cross-section whereas in the Italian library it is only given

for 11 nuclei. Figure 2 shows the total inelastic cross-sec-

tion in the case of 1 Sm.

Note 1 : This remark was confirmed by the Panel discussions.
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Fig. 2 - Total inelastic cross section of 1 5 1 Sm.

At Saclay, the results were obtained with the code FISINGA

and a new evaluated level scheme.

n
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This is the most extreme case observed, but disagree-

ments at about 500 keV exceed a factor 2 in half the cases.

This is due to the lack of effort so far devoted to the study

of inelastic scattering by fission products.

The Australian library has used a very simple model :

for all nuclei the inelastic scattering threshold is at 0.5,

1 or 2 MeV and .in a regularly increasing curve, independently

of any level scheme.

In fact the work carried out at Saclay has shown that

inelastic cross-sections can be calculated to X 30-40% (in the

standard deviation sense) as long as the level scheme of the

nucleus is known. Other authors reach the same conclusion

[Gr 73 a, Ja 73].

If the scheme of the levels excitable by inelastic

neutron scattering is unknown it is impossible to predict,

even to within a factor 10, the inelastic scattering cross-

section.

Conversely it seems that the scattering cross-sections

cannot be calculated to 20% or better at present because of

both the limitations of the optical models used and a conside-

rable uncertainty over the parameters to be employed ; in the

case of 10 3 Rh, for which the inelastic cross section below

300 keV, is well known, we were unable to obtain an agreement

to within 20%.

The use of more refined optical models (coupled channel

models) should improve the precision, and tests are in progress

along these lines for the fourth version of E N D F / B.

However a 30 to 40% precision, obtainable by a spheri-

cal optical model with good parameters and with an accurate or

realistic level scheme, should be enough for fission products

(note 1).

Note 1 : During the Panel discussion the precision

required was given as around 50%
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7.2. Other cross-sections.

No mention is made of the accuracies desired and

hardly any theoretical evaluations exist. Experimental data

in reasonable quantities exist only for monoisotopic stable
103 127

fission products (103 Rh, I, etc).

Given the low precision likely to be required it is

safe to assume that any needs could be met by evaluations

without recourse to experimental measurements as long as the

threshold energies of reactions such as (n, 2n), (n,p) etc...

are known, as is generally the case.

7.3. Secondary spectra.

There again no demand appears (note 2), although it is

obvious that a knowledge of the inelastically scattered neutron

spectrum is nearly as important as that of the oin value. The

spectrum is not given by the Australians but appears in E N D F

and for 11 F.P.'s in the Italian library.

A temperature law is very open to criticism, especial-

ly at low incident neutron energies [LH 72] ; once again it is

only by knowing the level scheme that a satisfactory knowledge

of this spectrum can be obtained.Beyond 1 MeV a temperature

law, though far from perfect, is certainly adequate as long as

an adjusted value of T is used,i.e. a value corresponding to

an exact average of the secondery neutron energy.

7.4. - rays.

No evaluations exist in the libraries, though we should

mention a semi-empirical method of HOWERTON and PLECHATY [Ho68J

by which the spectrum of y rays produced by interaction of

high-energy neutrons (I 4 MeV) may be determined approximate-

ly.

Note 2 : The small importance of these data was confirmed

during the Panel discussion.
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8. EXPERIMENTAL ACTIVITIES.

As shown above, the only data requested are capture

cross-sections.

8.1. Capture cross-sections.

We have only examined the case of nuclei belonging to

group 1 of table II, or appearing in the first parts of tables

IV and V, i.e. 48 isotopes altogether. Experimental activities

only exist for fifteen of these isotopes (table IX) and are

mainly concentrated in a few laboratories : ORNL, CHALK RIVER

and ARGENTINE, except for natural monoisotopic elements :

133CS 139La 

Several other laboratories have integral cross-section

measurement programmes [Bu 73].

Table IX

Survey on measurements recently performed in different countries

LABORATORY DATA NUCLEUS

O R N L dc 88 90 94

(U.S.A.) 3 keV to 600 keV Sr Zr,3
143N ,

C N E A RI Zr, Mo, c Ru
(ARGENTINA) 104 138 140

Ru, Ba', Ce,
146Nd 148Nd, 150Nd.Nd, Nd r Nd.

KJELLER RI 140Cec Ce.
(NORWAY) ..... _____

DUBNA, BORDEAUX,, 133 139
WUERENLINGER, MTR, Several data s, La.
KJELLER.

CHALK RIVER (act (th) 147P 149m, 155u.
(CANADA)

STUDSVIK S149m.
(SWEDEN) RI
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8.2. Other cross-sections.

Because of the lack of requests the experimental acti-

vities have other purposes : nuclear physics, structural mate-

rials (Mo), dosimetry (103 Rh). It is worth emphasizing the

benefit to systematics of experiments motivated by no

immediate need for example the study of resonance parameters

which are gradually improving our knowledge of the behaviour

of ry, Dobs versus A. (Note 1).

9. CONCLUSION

For thermal reactors where the number of important F P is

restricted to about thirty nuclei, the comparison between the

requested accuracy and that obtained in measurements and evalua-

tions shows that the capture data must be improved for a dozen

nuclei (table IV, 1). In the fast energy range the situation

requires more works both in the experimental as in the theore-

tical field. The knowledge of the capture must be improved for

about thirty isotopes, two thirds of them have a contribution

greater than 1 % of the reactivity effect due to the overall

fission product mixture. (table VI). It would be usefull to

undertake high precision measurements in the keV region with

natural monoisotopic elements for which the available data are

too discrepant.

More studies should be devoted to inelastic scattering

which has been up to now neglected. In most cases a statis-

tical model calculation suffices, in so far as the level schemes

are known up to 1 or 1.5 MeV.

Note 1 : Spin measurements such as that of ASAMI for 107

and 109 Ag [AS 73] will lead to a better determi-

nation of partial widths and hence of Fy, but

this sideline will not be available for several

years.
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APPENDIX

Formulae used to determine the level density parameter a .

A)- The various expressions of the level density formula and other
related quantities.

I - The level density (U,J)

Pormula (1) : p (U,J)
2 J + 1 exp (2 f-aU-J+1 )1/2 _C )

U 5

Foraula (2) : P(U,J) - 24 J 1/4 .
24 V-2 a. 14 C 51/4 (1+11 VJr~U

II -The effective excitation energy U

Formula (3) : U = E - E excitation energy E= Bn

Formula (4) : U = E -A+? A : pairing energy

r?: shell model contribution

III -The spin cut-off factor Cr

Formula (5) : 2 = 0.0887 A2/3 Va

Pormula (6) : <2 = 0.146 A2/3 -aU

Formula (7) : 0(2 0.06 A7/6

Formula (8) : T2 \-.1 7 7 A2/3 -

"R is the nuclear moment of inertia

B) - The table below summarizes the procedures used by the authors o
table VII to calculate the level density parameter a.

Ref. p(U,J) U ¢-2 Bn ' 7

. STTA-EICHELLA Fa 68 (1) (3) (6) Wa 65 Ca 65E.SAETTA-MENICHELLA

R. BABA, S. BABA Ba 69 (1,2)(8
H. BABA Ba 70 (1) (3) ( Wa 65 Ca 65

V. BEsZI et al. Be 73 (1) (3) (6)

P. SCHMITTROTH Sc 73 ()) (3) (5) Ca 65

H. EIOGANXN & We 73 (1) (4) (7) Wa 71 Ne 62 Ka69
G. ROHR
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W.H. Walker

Atomic Energy of Canada Limited
Chalk River, Ontario, Canada

1. SUMMARY

Fission products affect reactors in many ways. Calcula-
tions of all these effects depend on fission product yields
and hence on their accuracy. The dependence on accuracy may
be high, as in the case of neutron absorption in '3 5Xe and
fuel burnup determinations [1] or low, as in the case of
total energy release [23 [3] [4] or the average 8-decay
energy per fission.

Since the purpose of this meeting is to assess the
current status of fission product nuclear data from the
practical rather than fundamental scientific viewpoint, the
end product of this review is a recommended set of chain
yields for thermal fission of 2 3 3U, 2 3 SU 239Pu and 2 41Pu,
and an assessment of their uncertainties. Measured direct yields
are not numerous enough to permit such a set. The main problem
areas for both chain and direct yield measurements are noted.

1.1 Contents of Review

The bulk of this paper will discuss the data and evalua-
tion procedures on which the recommended values are based.
This is done in the context of a brief historical review of
yield measurements and their development. The advantages of

each type of yield measurement and their sources of systematic
errors are discussed.

A comparison of yield values indicates that many data
do include systematic errors and it is essential that these
systematic errors be taken into account. In only a few
cases can errors be assigned to a particular yield value,
which may then be corrected or rejected. An evaluation
procedure is proposed that will enhance the probability of
recognizing the presence of unidentified systematic errors
and reduce the probability of assigning too great a weight
to a yield containing a large systematic error.

Five recent evaluations of cumulative yields [5] [6]
[7] [8] [9] are compared to the proposed procedure. On the
basis of a comparison of their recommended yields and data
on which they are based, sets of cumulative yields for the
thermal neutron fission of 2 33U, 2 3 5U, 2 34Pu and 2 4 Pu are
recommended.
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Information on direct yields is sparse as compared to
that for cumulative yields. For 2 35U these have been reviewed
recently by Wahl [10], Denschlag [11i and Amiel and Feldstein
[12], primarily to establish the parameters of a semi-empirical
model of charge dispersion.

In this paper only direct yields of interest in fuel
burnup and decay heating calculations are considered. It
is apparent many more measurements are required before we
can dispense with a semi-empirical model of charge dispersion
to predict direct yields, particularly in 2 3 3U, 3 Pu and
2 4 1 Pu thermal fission.

Finally the few data on cumulative yields from fission
by epithermal neutrons are listed and their significance is
discussed briefly.

1.2 Yield Compilations and Evaluations

The remainder of this summary is intended to give the
"state of the art" in compiling and evaluating and the status
of measurements of chain yields, fractional yields and
epithermal yields.

In compiling yield measurements for evaluation the most
obvious problem is the large number to be dealt with. For
example, Meek and Rider [9] list over 17000 data cards, of
which about 3000 are used in calculations of cumulative and
direct yields from thermal fission. Some of these data
have been re-examined recently, but much similar work is
required before they can all be certified as valid.

Five evaluations of cumulative yields have been published
in the last two years, culminating preparatory work that in
some cases began nearly ten years ago. The number is remarkable
in comparison to the average rate of publication of such
evaluations in the preceding two decades.

The problem presented by the large amount of yield data
has been tackled in two ways. Meek and Rider [5] [9] and
Crouch [6] record all their data in a computer file after
assessing the accuracy of each value, and then evaluate the
data by computer on a mass-by-mass basis. Walker [71 [13]
and Lammer and Eder [8] concentrate on mass spectrometric
measurements to establish, with relatively high precision,
the dependence of yield on mass for about 90% of the yield
of a particular fissile nuclide, and use radiometric data
mainly to fill in the remaining 10 %

This concentration of effort on yield evaluation has
not been wasteful duplication because each has contributed
something significantly different in procedure or insight
into the sources of disagreement. Even more valuable, from
the viewpoint of this meeting, is the extensive weeding out
of the inevitable errors which are more easily located when
one set is compared to another. This is a process which
would otherwise take many years and might never be done
satisfactorily.
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1.3 Status of Chain Yield Measurements

Yields of 2 3 5U fission products are much the best known.
Not only have they been measured more frequently, but there
are fewer disagreements, perhaps an indication that the work
was done more carefully.

For reactor calculations the most serious uncertainties
are in the yields of the Sm isotopes. These result from a
15% spread in mass spectrometric measurements of the atom
ratios of fission product Sm and Nd.

Yields from 2 5 U fission are used frequently as reference
standards. They would be more reliable for this purpose if
the yields so far neglected were measured, particularly in
the valley between light and heavy mass peaks of the yield
curve, and if the remaining disagreements were resolved.

Thermal cumulative yields for 2 33U are acceptable.
The lack of serious disagreements however, may be merely a
reflection of the scarcity of measurements.

For both 239Pu and 2 4 1 Pu additional measurements are
required. These include the 1 0 3 Ru and 1 0 6 Ru yields, the
Kr/Xe ratio and the Cs yields. New data are required for
the Pd-In range, particularly since the yields are much
higher from fissile Pu than from fissile U.

If the 2 3 5U yields are established more firmly by new
measurements, then relative yields measurements using Ge
(Li) gamma detectors can provide a rapid and reliable method
of determining additional 2 33U, 2 3 9Pu and 2 4 1 Pu thermal
yields, as well as fast neutron yields.

1.4 Status of Direct Yield Measurements

For fission product heating calculations, direct or
cumulative yields of 3 or 4 isobars are required for each
mass. Even if this requirement is restricted to masses with
yields exceeding 1%, nearly twice as many direct yields are
required as there are chain yields.

For 2 35 U there are cumulative or direct yields for about
70% of the nuclides in this category, but even here, for a
substantial fraction, either there are significant disagree-
ments or only one measurement has been made.

For 2 3 3U, 2 3 9Pu and 24lPu very little data exists and
calculations will have to rely on a set of direct yields
based on a semi-empirical model fitted to 235 U data.

1.5 Status of Epithermal Fission Yield Measurements

The peak-to-valley yield ratio is a measure of symmetric
to asymmetric fission. Using this ratio it has been estab-
lished that yields from the first resonance at 0.3 eV in
239Pu are much more strongly asymmetric than for thermal
fission, i.e. the yields in the valley between peaks in the
mass yield curve are much reduced. Changes have also been
observed for 2 3 5U and 233U fission, but are much smaller.
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The effect of these changes on reactor calculations
will be negligible if only the very small yields change
appreciably, but changes in large yields near the peaks are
also possible. At present, the best experimental evidence
available indicates that such changes are 3% or less.

In some reactor calculations epithermal yields are found
by interpolation between thermal yields and reactor spectrum
yields. Since the latter are enhanced in the symmetric
fission mode, such interpolations could lead to small errors
if they are applied below about 100 eV.

2. FISSION PRODUCT YIELD MEASUREMENTS

2.1 A Brief History

The first yield measurements were made by Hahn and
Strassman [14] when they detected the presence of radioactive
Ba and thus established that their uranium target was
fissioning rather than capturing when bombarded with slow
neutrons.

Soon after that it became apparent that fission into
fragments of approximately equal mass had a small probability,
and the first phase in yield measurements was concerned with
establishing quantitatively the double-humped dependence of
yields on fission product mass.

These early distributions had many disagreements and
certainly did not give a smooth variation of yield with
mass. Initially wide deviations from a smooth curve were
attributed, with good cause, to uncertainties in the
measured yields, but, as techniques were refined, some

anomalies persisted. These became known as "fine structure".
In the second phase, beginning in the early 1950's, the main
interest in yield measurements was in determining the location
and magnitude of fine structure, and explaining it in terms
of the shell model of the nucleus.

By the early 1960's the majority of chain yields in
235 , 33U and 2 9Pu fission had been measured. In the
third phase interest, particularly among radiochemists,
turned to measuring direct yields of fission products and
their isobaric distribution immediately following neutron
emission, and in testing several hypotheses intended to
predict that distribution.

In the mid-1960's, as more and more power reactors came
into operation, it became important to determine fuel burnup
not only for assessing reactor performance, but also for fuel
processing and safeguard inventories. Fission products can
be used for this purpose if their yields are known accurately.
Several nuclear energy laboratories were active in this fourth
phase of yield measurements, with the most extensive work
being done at Idaho Falls [15].

During the same period Ge(Li) y-ray spectrometry was
used to determine the yields of radioactive fission products
having half-lives of about an hour or longer. More recently
these detectors have been used to measure yields of short-
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lived fission products including direct and cumulative
fractional yields [90]. These measurements should have their
greatest application for 2 3 3U and 2 3 9Pu fission since the
direct yields of longer-lived nuclides is expected to be
greater for these fissile nuclides than for 235U and 2 4 1Pu.

2.2 Methods of Yield Measurement

Each of the phases listed in the preceding outline was
associated with the development of a particular method of
measurement, or a significant improvement in an established
method.

2.2.1 Radiochemistry, Absolute Yields

This is the oldest method of measuring yields, the
method of IHahn and Strassman. It played the major role in
the first phase of yield measurements.

Briefly the fissile material is irradiated and dis-
solved. The solution is treated chemically to separate a
particular fission product element or group of elements.
The separated product is placed in a radiation detector and
its counting rate is measured as a function of time. The
number of fission events must also be determined.

The samples are 0-counted except in cases where a y-ray
emission probability is well known. Originally thin-window
or thin-wall Geiger-Muller counters were used. For later
s-counting the sample was placed inside a gas-flow counter
with high geometry. Counts from different isotopes were
resolved using half-lives and s-spectrum end-point energies
(or transmission through filters).

Because radiochemical yield measurements can be made
with very small samples it is the preferred method for
determining low yields such as chain yields at near-symmetric
and very asymmetric fission, and direct yields.

2.2.2. Radiochemistry, Relative Yields

Once the yield of one radioactive fission product is
known precisely, it can be used as an internal monitor of
the number of fissions. Favorite fission products to fill
this role are Mo99 , Bal 40 and Cs 37 . This procedure was
used for many of the later measurements of the first phase,
and is the one most widely used in the determination of
charge distribution.

The advent of Ge(Li) detectors and the subsequent
accurate determinations of y-ray emission probabilities for
many radioactive fission products has greatly improved the
ease and accuracy of relative yield determinations.

2.2.3 Radiochemistry, R-Value Method

When 2 35U yields became reasonably well-known it was
possible to eliminate one of the major sources of uncertainty
in radiochemical measurements- those due to errors in estimating
geometric losses and in counting corrections arising from
uncertainties in the decay schemes.
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To do this, samples of two fissile atoms are irradiated
together and each is processed to obtain the fission product
elements to be counted. Let the subscript "r" refer to the
"reference" fissile nuclide, the one for which the yields
are assumed known; "u" to the "unknown" fissile nuclide for
which the yields are to be determined; "s" to a "standard"
radioactive fission product such as l1 "Ba; and "x" to the
fission product for which the yield in the unknown is required.
If A refers to a measured activity corrected to a chosen time
such asthe end of the irradiation and y refers to yield,
then the R-value is defined as the ratio of activity ratios
given by,

A A
R = ux rs

Arx us

The required yield is given by

Yux m R(Yrx Yus/Yrs)

Note that the yield us must be known in addition to those

of the reference fissile nuclide.

This method reduces the chance of errors due to pro-
cessing losses but does not eliminate them since identical
treatment of different fissile materials need not lead to
equal recovery of a particular element.

For a discussion of experimental techniques with
references to the original work the recent review by
von Gunten is recommended [16].

2.2.4 Mass Spectrometry

Mass spectrometers have been used in fission product
yield measurements since the mid-1940's. As in radiochemical
measurements the irradiated fissile material must be dis-
solved and the various elements separated.

Mass spectrometers give the relative abundances of
the isotopes of the element under study. These cannot be
converted to yields without further measurements or assumptions.
In the earlier work they were normalized to an assumed yield
at a particular mass, usually based on a radiometric
measurement. For adjacent elements with isotopes alternating
in mass, for example 10 4Ru, 1 05Pd, 10 6Ru( yr), 1 0 7Pd the
yields might or might not vary smoothly with mass depending
on the relative magnitudes of the two normalizing yields.

This uncertainty in normalization was a serious problem
in measurements of fine structure. In order to improve the
relative normalization of adjacent elements, the techniques
of isotope dilution and isobaric coupling were perfected,
notably at McMaster University. The use of these techniques
is discussed in greater detail elsewhere [7] [8] [171.
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Mass spectrometry provides an accurate method of
determining burnup as well as fission product element yields
provided the sample is irradiated long enough to change the
number of fissile atoms significantly. Lisman et al (15]
used this technique to determine the absolute yields from
thermal neutron fission of 2 33U and 2 35U.

Mass spectrometric measurements require relatively
large samples and have, until recently, been restricted to
the higher yield elements, Kr through Ru and Xe through Sm.

2.2.5 y-Spectrometry

The advent of solid state detectors permitted a quite
new approach to radiometric yield measurements. The essen-
tial difference from radiochemical methods is that no chemistry
is performed on the irradiated samples. Rather, they remain
sealed during both irradiation and counting so that there is
no problem of fission product losses. If the fission products
are separated chemically and then counted with a Ge(Li)
detector the data is treated, in this review, as radiochemical.

Background rates in the sealed samples are quite high
and this limits application of the method to yields 9 1% and
y-ray emission probabilities 9 10%. Both limits can be
lowered if the background is reduced using Compton detectors
in anti-coincidence.

y-spectrometry can be used to determine yields either
absolutely [18], or with the R-value technique of section
2.2.3 [191 [201 or by comparing fission product y-rays from
the irradiated sample with standard sources prepared
chemically from relatively large samples [21]. Of these
the R-value technique appears to have the greatest potential
since it can be used for fast fission yields and direct or
cumulative yields of short-lived nuclides.

2.2.6 Miscellaneous Methods

The following methods have been either used in special
situatic is or developed as alternatives to .he preceding
methods, but have never been applied widely.

(i) Volumetric determination of rare gas fission products -
the ratio of Xe to Kr was determined [22]. The
claimed accuracy was high but the ratio disagrees with
that for currently accepted yields by ' 11%.

(ii) Integrated current mass spectrometry - the current of
ions at each mass was determined absolutely using
measured ionization efficiencies for each element
(23]. The method appears to have considerable potential,
especially for the determination of monoisotopic
fission product elements such as Tc and Pr but was
never perfected. The isotopic ratios reported for
multi-isotopic elements were so different from those
measured by conventional mass spectrometric methods
that all data must be suspect [7].

(iii) Pile oscillator - the relative yields of 135I from
2 3 3U, 2 3 5 U, 239Pu and 241Pu thermal fission were
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determined from the relative magnitudes of the 13 Xe
absorption transient [24] 1251. The accuracy is
determined by the estimated number of fissions
occuring in each sample.

(iv) Vapor phase chromatography - used by Lisman et al.
[15] to determine the number of atoms of fission
product Xe and Kr.

(v) Spectrophotometry - to determine the yield of
9 Tc [15].

(vi) On-line mass separator - a beam of fission fragments
is separated according to m/e by a double-focussing
mass separator and collected on photographic plates.
After most of the fragments have 0-decayed the plates
are developed and the number of 0 tracks at the end
of each fission fragment track are counted. From
this information the charge distribution for each mass
can be determined.

The method is limited to mass ranges where inter-
ference between beams with different m and e values
is small. The most extensive data to date gives
yields for the masses between 131 and 140 [26].

2.3 Sources of Error in Yield Measurements

2.3.1 Number of Fissions

In the early radiochemical measurement of absolute
yields this was one of >the most serious sources of error
because both flux and fission cross section were poorly
known and the number of fissile atoms was difficult to
determine.

In more recent radiochemical work this problem may be
less serious provided measurements of well-established
yields are included. Then, even if a significant error has
been made, its presence can often be recognized and corrected
for by treating the measurements as relative rather than
absolute yields.

In mass spectrometric work the numbers of fissions
have most frequently been determined, as in radiochemistry,
using a flux monitor, a determination of the number of
fissile atoms and an estimate of the fission cross section.
The most reliable method is mass spectrometry of the fissile
sample after irradiation [15]. In evaluation of mass
spectrometric yields (section 3) summing the total yields
to 100% in the light and heavy masses provides a reliable
alternative.

2.3.2 Normalization of Relative Yields

The use of a standard yield not only avoids determining
the number of fissions directly but also provides a straight-
forward method of updating the measurements as knowledge of
the standard yield improves. The main sources of error are:

(i) uncertainty in the standard yield
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(ii) processing losses of the standard nuclide
(the nuclide with the standard yield)

(iii) incorrect decay data for the standard nuclide

(iv) errors in the counting corrections for the
standard nuclide.

The first can be greatly reduced if the standard nuclide
has an isobar for which the yield has been determined mass
spectrometricallyr such as '°Ba or '4 4 Ce, rather than
otherwise (99Tc, '4lCe). Corrections can be made for the
last two errors if sufficient information on the original
corrections is given.

2.3.3 Processing Losses

All of the element of interest may not be recovered in
the chemical extraction. In radiochemistry the amount of
fission products is very small and a carrier element is
usually added to facilitate extraction. Repeated extractions
can be used to obtain full recovery provided the fission
product is converted to the same chemical state as the
carrier. In some cases losses can be monitored with a
y-detector.

R-value results may also be affected, especially if
the two fissile atoms are isotopes of different elements
such as U and Pu. In this case differences in chemistry
may lead to different losses of a particular fission product
element.

In mass spectrometry processing losses will not affect
isotope dilution measurements provided all of the fissile
sample can be dissolved.

2.3.4 Contamination

Contamination with naturally occurring elements may
occur in the preparation of the fissile sample, in the dis-
solutioc of the irradiated fissile sample, in the separation
of a particular element during isotope dilution, or on the
mass spectrometer filament.

Only the first type of contamination can affect count-
ing measurements, but a greater range of contaminants may
be troublesome since chemically similar elements may be
isolated with the element of interest and interfere in the
counting.

All of these sources of contamination can affect mass
spectrometry and are probably the main source of error in
isotope dilution measurements. In many cases, such contam-
inants can be recognized by the presence of isotopes not
formed in fission and the necessary corrections made.
Elements where this is not the case, or where such isotopes
have such a low abundance in the naturally occurring element
that they are very insensitive contamination monitors are
Rb, Cs, Ba, and Ce.
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2.3.5 Decay Data (Half-Lives, E- and y-Energies, B- and
y-Emission Probabilities)

Corrections can readily be made for changes in these
data if the experimenter lists all relevant input. Unfortu-
nately most do not. All radiochemical measurements except
those using R-values are subject to these errors. Some
mass spectrometric yields must be corrected for B-decay
and are therefore affected by uncertainties in the half-life
involved.

2.3.6 Neutron Capture

Usually, only mass spectrometric samples are irradiated
sufficiently that the measured isotopic abundances need to
be corrected for neutron capture. For non-saturating
fission products, such as 1'Xe or 14 3Nd, this correction
can be calculated accurately and is often negligible. For
13 5Xe and 15 1Sm, the corrections can be very large and
sometimes impossible to calculate accurately. ' 9Sm differs

in having as capture product a shielded isotope, 15°Sm,
so that the sum of the 149Sm and 15 0Sm abundances is equal

to the 149Sm yield except for small corrections.

2.3.7 Counting Corrections

These are the most widespread cause of error in

0- and y-counting. They include:

(i) Loss of radiation by absorption in the sample, air

gap, and detector housing

(ii) Backscattering of 8's from the mounting material

(iii) Counting losses in the detector (end-effects, ion
recombination)

(iv) Counting losses in the associated electronics
(deadtime, pile-up)

(v) Interfering activities, background subtraction.

In most experiments there may be corrections for these

effects, but these depend on the state of knowledge at the

time of the experiment.

The accuracy of these corrections, assuming they have

been made in the data, is difficult to assess at a later

date. However, it is to be expected that this accuracy
will improve with time. For this reason, older radiochemical
data are usually assigned a larger uncertainty than more

recent results.

2.3.8 Magnitudes of Errors

The preceding review of sources of error has been
qualitative for the good reason that the magnitude of a
particular type of error depends as much on the experi-

menter as on the method. Also, although an evaluation
may indicate that a certain yield contains a systematic
error, the cause of the error can be identified only rarely.

A quantitative estimate of errors by the evaluator is

essential for two reasons:
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First, the errors assigned by the experimenters are
based on a variety of criteria. They may include an
estimate of systematic errors or simply represent the"
statistical uncertainty in multiple measurements. The
error may be the average deviation, standard deviation in
the mean, the 95% confidence limit or simply half the
spread between maximum and minimum results. These
variations can be reduced if the evaluator assigns his
own errors.

Second, a set of yields may disagree by much more than
indicated by the assigned errors, indicating the presence
of unidentified systematic errors. If these cannot be
isolated by closer examination of the data, the most satis-
factory way to deal with the data is to increase the assigned
errors until the discrepancy "disappears".

Table 1 summarizes the sources of error described in
the preceding sections, and then gives the percentage errors
recommended for the various types of measurement. These
errors are to be treated as root mean square (rms)
deviations.

The procedure recommended is to assign errors to radio-
metric and other yields with a partial linear time dependence,
say from 4% for recent measurements to 10% for early (c.1950)
measurements. If these are not sufficient to account for the
differences in values after rejecting obviously errant values,
the upper limit should be increased so the range covers 4%
to 20%. Finally, if this is still insufficient, all errors
should be increased by equal amounts, added in quadrature,
until the assigned errors do account for the differences.

3. EVALUATION OF CHAIN YIELDS*

In determining chain yields the evaluator must deal with
a very large amount of data obtained by a variety of methods.
For some fissile nuclides and some masses the yields have
been measured many times, for others, never. Some data agree,
others differ by many times the claimed error. How should
the evaluator proceed?

The solution, in essence, is to retain the special contri-
bution of mass spectrometric data, namely, the accurately known
ratios of isotopic abundances, while at the same time making
full use of the radiochemical and y-spectrometric yields. A
simple example illustrating how a mass-by-mass analysis can
affect yield ratios is given below for a hypothetical element
with two fission product isotopes.

* In this section no distinction is made between chain
yield and total yield at a given mass. Only for
mass 136, where the shielded isobar 1 3eCs has a direct
yield of 1% of the chain yield for 2 33U and 239Pu
fission, will the two differ significantly.
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Mass spectrometric data Ratio of yields 1.00±0.01
Sum of yields(%) 10.0 ±0.5
Each yield(%) 5.00±0.255

Radiochemical yields(%) 1 st isotope 4.40±0.30
2nd isotope 5.70±0.35

Weighted mean yields(%) 1s t isotope 4.74±0.19
2n isotope 5.24±0.21

ratio 1.10±0.6

In this case the final ratio differs from the measured
ratio by 10 times the uncertainty in the latter. The reason
is that the mass-by-mass evaluation takes no direct account
of the measured ratio.

On the other hand the radiochemical data contains useful
information about both the relative yields and total yield
which should not be ignored. In the illustration the ratio
of radiochemical yields is 1.19±.11 and the sum is (10.10±0.46)%,
so that the weighted means of these and the mass spectrometric
values are 1.009 and 10.05% respectively, and the individual
yields are 5.00% and 5.05%. These would be better values to
use than either the mass-by-mass weighted means or the straight
mass spectrometric data.

In real life the radiochemical data is not so complete
and the solution is not so simple. How the evaluation should
proceed in this case to obtain analogous results is discussed
in the following sections.

3.1 Mass Spectrometric Yield Measurements

Mass spectrometric yields have been evaluated in two
recent reports [7, 8]. Both proceeded as follows:

(i) Corrections for 6-decay and neutron capture were
brought up to date if sufficient information was
available. If updating was not possible the assoc-
iated uncertainty in the value was estimated and
the value was accepted, accepted with reduced weight
or rejected on the basis of this estimate. Details
of these corrections are given in [7].

(ii) The relative abundances of the isotopes of each
fission product element were determined by comparing
all relevant mass spectrometric measurements. Some
values were rejected because they differed from
the average of the remainder for that isotope by
several times the root mean square (rms) deviation
from that average.

(iii) The number of atoms of each fission product element
were determined relative to a chosen standard
element (e.g. neodymium) using isotope dilution
and isobaric coupling measurements. Again a few
values were rejected.

(iv) The mass spectrometric yields for the light and
heavy mass peaks were normalized by equating them
to 100% less the sum of radiochemical and inter-
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polated yields. These non mass spectrometric
yields contribute from about 3% (235U heavy masses)
to 20% (2 3 9Pu light masses), except for 2: ]Pu light
masses where they contribute 55%. If this sum is
accurate to 10% then the final normalization will
be accurate to X2%, except for the 241 Pu light
masses. A 2% uncertainty is comparable to that
in normalization if the nunmer of fissions were
large enough to be measured by mass spectrometry
of the fissile material. The two methods can be
compared for 2 5U and 2 33U fission [7] and agree
to n1l or better.

For most isotopic abundances of elements in the range
Kr to Ru and Xe to Sm there are two or more measurements
available for thermal neutron fission of 2 3 3U, 235U and
2 3 9pU so that errors can be estimated from differences
in measured values. These errors are less than or about
equal to 1% of the value in most cases, which is consistent
with the occurrence of small or negligible systematic
errors'in these measurements. Where only one measurement
is available the error can be estimated on the basis of
other results if it is assumed that any systematic
uncertainty remains small.

There are fewer data available for relative element
yields and the agreement is poorer. An error of two percent
is typical.

3.2 Non Mass Spectrometric Yield Measurements

Yields measured by radiochemical, y-spectrometric and
miscellaneous methods do not have the relative accuracy
between masses that is a feature of mass spectrometric
isotopic abundances and are best treated on a mass-by-mass
basis. This can be done separately from the mass spectro-
metric analysis and then the two sets can be combined.

At each mass all non mass spectrometric yields should
be compared, clearly discrepant values rejected and weighted
means calculated using evaluator-assigned errors as discussed
in section 2.3.8.

Where no mass spectrometric measurements are available
this is as far as one can proceed normally, although there
are a variety of less decisive tests, described in section 3.3
which may assist in choosing between two or three values at
one mass when the discrepancy is large.

If both types of measurements have been made in a given
mass range the greater precision of relative abundances can
be brought into play as follows: the weighted mean of the
non mass spectrometric yields for a given mass is divided by
the isotopic abundance for that mass to obtain a set of yields
corresponding to element yields as measured by mass spectro-
meter. The input data, non mass spectrometric yields and
mass spectrometric isotopic abundances, can be adjusted to
minimize the uncertainty in the "element" yield. The two
element yields can then be averaged. These steps are
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analogous to taking weighted averages of the relative yields
and the sum of the yields in the example given in section 3.

Once correctable systematic errors have been corrected
and errors assigned to account for recognized systematic
errors which cannot be corrected (e.g. a known change in
half-life, but no statement of irradiation or decay times,
or the magnitude of the original correction) it should be
possible to perform the remaining steps in evaluation by
computer. An example using data for yields at masses 140,
141, 142 and 144 from 2 35U thermal fission is given in
Table 2.

Step 1: The evaluated mass spectrometric data for Ce [7]
are listed. The procedures followed in obtaining

these (section 3.1) are also amenable to computer treat-
ment. The isotopic abundances are averages of five sets
of measurements for masses 140, 142, and 144. There is only
one measurement for mass 141.

The errors quoted are the rms deviations of a single
value from the mean, i.e. [n (xx) 2/(n-l)] a. Here xi is

an individual measurement, x is the average, and n is the
number of measurements. For '1lCe (one measurement) an
uncertainty of 2% in the isotopic abundance is estimated.

The total Ce yield is based on two isotope dilution
measurements plus isobaric coupling at mass 144, all three
giving the ratio of Ce to Nd with an uncertainty of 1%.

The non mass spectrometric data are taken from the most
recent Meek and Rider compilation [9]. Yield ratios that
include 14 Ba are used to obtain a value for the other mass
since the numerous 140Ba yields agree well.* A value of
6.36% for 140Ba is used. Other measured yield ratios are
normalized to the recommended yields of [7].

To be directly comparable, measured yields of radio-
active isobars should be corrected to take account of the
fact that the cumulative yields may decrease with decreasing
atomic number (Z) because of significant direct yields to
higher Z isobars. For most nuclides used to determine chain
yields the estimated fractional cumulative yield is greater
than 0.99 of the chain yield. This is the case for masses
140 - 144 in 2 3SU fission so no correction is needed. For
the few cases where the cumulative yield is <0.99 of the
chain yield the measured cumulative yield should be divided
by the fractional cumulative yield to obtain a value of the
chain yield.

The errors assigned by the experimenter follow the yield
preceded by ±. Errors assigned in this evaluation follow in
brackets.

Step 2: Here we are concerned with rejection of discrepant
data. Assigned errors depend too greatly on

* .
These yields were later found to require a variety of corrections
as shown in Appendix C. The agreement is not as good as
indicated in Table 2.
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personal judgment to be reliable for this purpose so the
data are simply averaged and the rms deviation calculated.
The most deviant result is then omitted and the process
repeated. If the omitted value differs from the average
by more than three times the rms deviation it is not
included in any of the following steps.

There seems to be no logical case for retaining such
a discrepant value. Either it is wrong, due to a systematic
error, the other measurements of the same yield are wrong,
or none of them is right. In any case, no mixture obtained
by judicious weighting is likely to give the correct answer.
If rejections were done by computer the omitted results
would be noted and the evaluator would make a personal
judgment on the validity of the rejection before accepting
the results.

In Table 2, two values are deleted by this criterion.
At masses 142, with only 2 values available, the rejection
criterion is inoperative.

Step 3: Weights are taken as the inverse squares of the
evaluator-assigned errors and the weighted means

calculated. Two errors are calculated for each mean, both
approximately equivalent to the rms deviation. The first,
following the ± sign, is based on the weights, w, and is
given by

w [n-en i]

The second, enclosed in brackets, is based on deviations
of the individual values from xw , the weighted mean. It
is given by

ed=[ wi (xi-X) 2/ wi ]

If ed is significantly greater than ew , say 30%, the
assigned errors should be increased following the pattern
recommended in section 2.3.8 until egew.

If ew>>ed, as for 14 °Ba, the reverse procedure could
be followed, but this is unlikely to change the weighted
mean appreciably. To make ewe in the case of 140Ba, the
errors assigned each value would be about 1%.

In subsequent steps the weighted means carry the
larger error except for 14 Ba, where it is set at ±0.10.

Step 4: The weighted means of the non mass spectrometric
yields from step 3 can now be combined with the

mass spectrometric data. Dividing the weighted non mass
spectrometric yields by the isotopic abundances from
step 1 gives four estimates of the total yield of the
four masses. These are 23.44±0.36%, 23.29±1.15%,
22.05±0.87% and 23.73±0.93% for masses 140 to 144 respec-
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tively. These values could be combined with the mass
spectrometric total yield to obtain a best value, but
this would not take account of differences between ratios
of the weighted means yields of step 3 and the isotopic
abundances measured mass spectrometrically.

To do this both sets of data with their errors, are
supplied to an iterative least squares program, LSF[40],
which adjusts them to minimize the error in the non mass
spectrometric total yield. The results are shown. The
isotopic abundances have changed significantly to allow
for the non mass spectrometric yield ratios, but by less
than their assigned errors.

Step 5: The weighted mean of the two total yields (step 1
and 4) is calculated. The values in brackets on

the same line are the chain yields for the four masses.
They are the product of the total yield, 23.50 and the
isotopic abundances of step 4.

The table is completed with 3 sets of evaluated data.
Of these only one [9] is based on the complete set of non
mass spectrometric data given in Table 2. Since the other
two include all the mass spectrometric yields these pre-
dominate in the least squares fit, especially for masses 141,
142 and 144, so that their results would not be expected to
differ greatly from the input mass spectrometric data of
step 1.

3.3 Completing the Evaluation

3.3.1 Relative Yields and Iterations

Many non mass spectrometric yields are relative, and
must be normalized to a preliminary value for the standard
yield for inclusion in step 1 of Table 2. The final value
of the standard yield may differ from the preliminary value.
If this difference exceeds a pre-selected limit, say 0.5%,
the relative yields should be recalculated and the evaluation
repeated.

Relative yields may serve another purpose. If a
systematic error occurred in the preparation or counting
of the standard in one measurement of relative yields, or
if the final value for the standard yield is influenced
by systematic errors in one or more of the measurements
on which it is based, calculating the ratios of each value
derived from a relative yield to the recommended value for
that yield may indicate the presence of the error.

For example, if the average yield ratio for all relative
yields in one set of measurements differs significantly from
unity the first type of error is indicated. If the average
yield ratio for all relative yields based on one standard
yield differs significantly from unity the second type of
error may be the cause.

In both cases the evaluator should re-examine the data.
The simplest solution for the first type of error is to use
another nuclide as standard. Yields having the second type
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of error will be difficult to locate since they would have
been eliminated earlier in the evaluation if clearly discrepant.

3.3.2 Estimated Chain Yields

After completing the evaluation of all measured yields
the most vital remaining requirement is to estimate the
chain yields for masses where there are no measurements.
The theoretical and empirical methods available for making
these estimates are discussed by Musgrove et al. [4].

3.3.3 Normalization

The chain yields for the light and heavy fragments
should each add to 100%, i.e. 2 fragments per fission.
The correct division between light and heavy masses will
depend on v , the average number of prompt neutrons emitted
by fragmentgYtear symmetric fission, i.e.

light masses < (A f-sym)/2 < heavy masses

where Af is the mass of the fissioning (compound) nucleus.

Experimental results for neutron emission are uncertain
in this region because of the low chain yields, but most lie
between 3 and 4 neutrons per fission, at least for 23SU
fission [10]. A value of v =3.5 is suggested for nor-
malization. sym

3.3.4 Yield Symmetry

If all fragments emitted the same number of neutrons,
the curves fitted to the light and heavy mass yields would
superpose almost perfectly on reflection about the mean
fission product mass.

Significant differences observed between the reflected
curves are attributed to changes in vu, the average number
of neutrons emitted at mass m.* Differences are most
apparent near the yield maxima where the yields are known
most accurately, ranging up to 25% (compare yields at
masses 135 and 102 in 2"Pu fission). It would be
surprising if much larger differences occurred in other
mass ranges.

In cases where two or three yields differ by much more
than the sum of their errors a comparison with the curve
through the complementary mass may indicate that one value
is much more likely to be incorrect. On this basis the
relative mass spectrometric abundances of tin isotopes [43]
were omitted in one evaluation [7].

Values of v can be determined from a comparison of
fission fragment and chain yields as described by
Terrell [423. These values of vm are in satisfactory
agreement with measured neutron emissions for most masses
in the case of 2 35 U thermal fission [10].
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3.3.5 Average Number of Neutrons per Fission (v)

The average number of neutrons per fission is equal
to the difference in the number of nucleons before and after
fission, i.e.

- Z y.A.V= fission i Yii

where the A's are nuclear mass numbers.

If the evaluated set of yields is correct v calculated
in this way will equal the recommended value [44). Unfortun-
ately the reverse is not true, nor can a significant inequality
indicate in what way the yields are incorrect.

The calculated value of v depends on the division into
light and heavy yields discussed in section 3.3,,. The
transfer of one yield from the heavy to the light group
increases the calculated value by an amount coniparable to
the uncertainty in the recommended v values.

3.4 A C rison of Recent Evalations

This comparison is restricted to 5 recent evaluations,
Lammer and Eder r81 give a good sumnary of earlier work.
In the following section the methods used in the evaluations
are discussed in the context of the proposed procedures of
section 3.1 - 3.3 and the mass-by-mans comnparison appears
in Appendix A.

3.4.1 Meek and Rider [5]
t'

This is the 5 revision of the earliest available
computerized data library and evaluation. The data library
is intended to include all yield mieasurements* and some
evaluations. It appears to have achieved this aim. The
data is not yet free of errors since it has accumulated a
number of duplications and outdated values. Many of these
were eliminated in succeeding revisions and the process
is still going on.

Only a few corrections for changes in half-life and
cross section are included in this edition. Each yield
in the data file has both a measurer-assigned and
evaluator-assigned error. Lower limits for the latter
are 1% for mass spectrometric yields, 4% for other measured
yields, and 10% for estimated yields. Yields considered
discrepant are rejected. If there are no measured yields,
an estimate is inserted as input data.

For each mass the weighted mean is calculated using
as weights the inverse squares of the evaluator-assigned
errors. All measured yields and most evaluated yields are
included. The influence of the latter is usually minimized
by assigning large errors.

* For fission by thermal, reactor and high energy neutrons;
direct, cumulative and chain.
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Mass spectrometric relative abundances are not treated
separately as recommended in section 3.2. However relative
yields, in which they are included, are normalized as
discussed in section 3.3.1 and the evaluation is iterative.

After each iteration the light and heavy yields are
normalized to 100%. The separation between the two groups
is at (A -v)/2. The average difference from 100% for the
four thermally fissile nuclides before normalization
is 0.7%, the greatest being +2.0% for the 2 33U light masses.

Relative yield measurements influence the standard
yields through the use of inverse ratios. These are treated
as regular input data rather than as described in section 3.3.1.
The inverse ratios are generally assigned large errors,
apparently to avoid divergence or oscillation in successive
iterations. For this reason they do not have much influence
on the final values of the standard yields.

3.4.2 Crouch [6]

A computer-based data library and interrogation program
have been set up under the auspices of the U.K. Chemical
Nuclear Data Committee [45, 46]. A computerized evaluation
procedure has been described [48] but is not yet in operation.

The data library is intended to include only measured
yields that are reasonably well documented. If two results
by the same author appear to be derived from the same experi-
mental data the earlier one is omitted. No corrections for
changes in half-life or cross sections are mentioned.
Relative yields are normalized to preliminary estimates of
the standard yields.

Errors are evaluator-assigned. Rejected values are
not indicated. A computer program is used to obtain the
simple average with its standard deviation and a weighted
average with two errors, the one derived from the assigned
weights, the other from the weighted mean deviation. Weights
are the inverse squares of the assigned errors. The
recommended value is usually the weighted mean and the
assigned error is the greatest of the three above.

The sum of recommended values is not normalized to
100% for the light and heavy mass peaks. The average absolute
difference is 1.3% and the largest is -3.35% for the 23 9Pu
light masses.

The compilation still shows effects that can be attribu-
ted to the comparatively brief period the work has been
under way. Incorrect yield values and dubious error assign-
ments are noted in Appendix A where they affect the recommended
value significantly.

3.4.3 Walker [7]

The methods used are an improvement of those described
at Helsinki [13] for 2 35U fission, with the work extended to
include 233U, 2 39pu and 24'Pu. These evaluations are based
on an assessment of the mass spectrometric data as described
in section 3.1.
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Fewer radiometric yields are listed than are available
in Meek and Rider [9]. They are used primarily to establish
yields where there are no mass spectrometric measurements.
The remaining yields, for which there are no measured values,
are obtained by fitting a curve to the measured data using
reflected complementary yields as a guide wherever possible.

The sum of the light and heavy mass yields, divided at
(A -v)/2, are made approximately equal to 100% by renormalizing
the mass spectrometric yields. The average difference from
100% before final normalization is 0.67%, and the largest
is 1.2% for the 23 5U heavy masses.

3.4.4 Lammer and Eder [81

This evaluation of fission product yields began at
Seibersdorf in 1969 as part of the research work on fuel
burnup analysis. Yields from thermal neutron fission of
24 ?u are not included.

The evaluation is based on mass spectrometric measure-
ments, as in the preceding case [7], and the methods used
are very similar. The description of section 3.1 applies.
Here also non mass spectrometric yields are used primarily
to obtain values where there is no mass spectrometric data.

In their initial evaluation the sum of yields in the
light and heavy mass peaks differed from 100% by 1 or 2%.
In renormalizing they retain the mass spectrometrically
measured relative light and heavy eilment ratios and normal-
ize to give light mass yields that sum to 100%. For 2 3 aU
yields additional adjustments were made in interpolated
yields to make the heavy mass yield 100% as well.

3.4.5 Meek and Rider (ENDF/B(IV)) [9]

In 1972, the Cross Section Evaluation Group, which is
responsible for selecting data to be used in the Evaluated
Nuclear Data File (ENDF/B),, appointed a task force to prepare,
for ENDF/B(IV), a Set of fission product data to be used in
burnup and heating calculations.

A committee of the task force dealing with cumulative
yields* decided that for future evaluations the computerized
approach of Meek and Rider would be most satisfactory provided
agreed methods of error assignment and evaluation could be
developed. In the short term, for ENDF/B(IV), the following
changes were made in the Meek and Rider data to eliminate
the main differences between their interim evaluation and
the evaluation in reference[7]:

(1) The mass spectrometric data were corrected for neutron
capture and 8-decay as recommended by Walker [7].
Most of the yields not used in 17] were also omitted
in this evaluation.

$ Members participating were T.R. England (Los Alamos),
R.P. Larsen (Argonne), W.J. Maeck (Idaho Falls),
W.M. McElroy (Hanford), B.F. Rider (AE Vallecitos),
and W.W. Walker (Chalk River).
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(2) Where significant differences in isotopic abundances
occurred, the data were reviewed. Values responsible
for the differences were assigned larger errors or not
used.

(3) The errors were changed to comply with the assignments
recommended by the committee, These are similar to
those of section 2.3.8.

(4) Evaluated values were not used except where no measure-
ments were available,** Here the estimated values
of [7] were used.

All the work involved in making the necessary changes
to input data and evaluation program has been done by Meek
and Rider. At this writing yields from the penultimate
evaluation were not available, but they are tabulated and
discussed in Appendix A. The final result, unfortunately,
will not be ready until January, 1974.

3.5 Uncertainties in Current Data Requirements for Additional
Measurements

In deciding what additional measurements are needed two
questions should be considered -

For what masses are the yields lacking, discrepant
or uncertain because only a single measurement has
been made?

Is the associated uncertainty in calculations sign-
ificant?

The second point will depend, of course, on the type of
calculation and is considered in papers 2 through 9 at this
meeting.

The main sources of uncertainty have been discussed to
a greater or lesser extent in the evaluations of the preced-
ing section, and in a discussion of the effects of yield
uncertainties on fission product absorption calculations [17].

In the following sections a more detailed survey of
uncertain data is presented and the measurements necessary
to reduce the uncertainties are discussed.

3.5.1 Classifying Uncertain Data

Potentially the most important uncertainties are at
masses f.r which there are no measurements but in practice
there are very few unmeasured yields greater than 1% except
for 24 1Pu thermal fission.

** This change has not been applied completely. For some
small yields in the valley an evaluated value was inserted
because the evaluation did not converge on the measured
cumulative yield, apparently because a fractional cumulative
yield was also available. Estimates have also been retained
elsewhere, not necessarily to good effect. See, for example,
Appendix A, note 4, for the 2 3U heavy masses.
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In this survey mass spectrometric yields are given
precedence because they cover most of the light and heavy
mass peaks, and because there are more measurements avail-
able. For convenience the data presented in r7] are used.
Only yields not listed there will be referenced.

Uncertain data are listed in Table 3 using the
following categories*:

(1) Nuclides for which the m.s. isotopic abundance is
based on onl- one measurement
These are usually radioactive and can be checked
against the m.s. yields of their stable isobars as
well as n.m.s. yields. Where " 9Y is listed it has
been normalized to 92 Zr using the measured "SY/9 ly
abundance ratio.

(2) Nuclides for which the error in the average m.s,
isotoplc abundance excee 
Since most errors in the average are %1% or less, a
significant systematic error is indicated if yields
differ by appreciably more. Recommended yields are
compared to n.m.s. yields where available.

(3) Elements for which the m.s. elemenit yeld is based
on one measurement

(4) Elements for which the error in the average m.s.
element yeld exceecs-
For both (3): and4-) the yields of isotopes of the
elements can be checked against n.m.s. yields.

(5) Chain yields based on n.m.s. measurements onl^z the
yiHd exceeding d5n
Smaller yields may be poorly measured but the uncertain-
ty is not likely to be important in calculations. If
more than one measurement has been made the highest
and lowest yield values are shown.

(6) Masses for which no yi.elds have been measured
These are listed wi th er estimted yleds~to
indicate their importance. The total of estimated
yields is also listed.

3.5.2 2 35 U Yields

The uncertainty likely to cause most trouble is that
for the Sm yield since two isotopes (149 and 151) have very
large cross sections. Although the 14 7 Sm yield agrees with
that for 1 7Nd the latter is the result of a single m.s.
measurement. Radiometric yields at masses 147 and 149
also agree, but their accuracy is not high. Additional
isotope dilution determinations of the element yield are
required as well as another determination of the 14 7Nd
relative abundance and a y-spectrometric measurement of
the mass 149 yield.

The yield of '"0 R , an important non-saturating fission

* Here and in Table 3, m.s. E mass spectrometric,
n.m.s. - non mass spectrometric.
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product which was previously assigned an error of 6 1/2% [7],
has recently been measured by y-spectrometry (181 [21 [135].
The average value is 3.09, with an r.ms. error of 4.4% (LQ"Ru)
Additional measurements are still required.

Yields at masses 129 and 130 show a large spread and
should be remeasured. In addition, as many as possible of
yields in groups [61 should be measured.

3.5.3 233U Yields

The number of yield measurements for 233U is much
smaller than 23"U. No major discrepancies are apparent.
The disagreements in mass spectrometric measurement for
1 0 2Ru, l" Ru and 15oNd may be due to contamination but
apparently not by the naturally occurring element [7].
The accuracy of the 1 4 8Nd yield, of possible importance
in burnup measurements, does not seem to be affected.

The low y-spectrometric yield for 1 3 5Xe [19] should
be weighed against three measurements of the 135I yield
which agree with the value obtained by deducting the large
direct Xe yield (see section 4.4) from the mass spectrometric
yield. It is possible that the y-spectrometric measurement
was affected by failing to take this direct yield into account.
Because of the importance of 13 5Xe in thermal reactors,
additional measurements are recommended, with either mass
or gamma spectrometer.

There is a serious gap in our knowledge of yields
from mass 102 to 131 inclusive. The mass 103 and 106 yields
should certainly be measured again. Also the yields from
mass 126 to 130 should be determined since their estimated
values contribute the bulk of the total estimated yield.

3.5.4 2 3 9Pu Yields

There are more measurements of 2S"Pu yields than of
233U yields but the agreement is much poorer. This may be
because of unexpected difficulties in Pu chemistry,
particularly in the earlier radiometric measurements.

The mass spectrometric yields of Ba should be remeasured.
All three experimenters reported large corrections for
natural Ba contamination, identified by the presence of
1 3 6Ba, apparently present on the mass spectrometer filament.
It does not appear possible that these corrections could have
been in error enough to explain the 15% spread in measured
yields. The isobaric coupling technique would avoid some
difficulties, but there is also a 7% difference for the
138Ba yield from 2 4 1Pu where two such links were used.
R-value y-spectrometry using 13 Cs would give a more direct
check.

There are two recent sets of y-spectrometric 2 3 9 Pu
yields [201[353 which can be used to check some of the
single m.s. yields noted in Table 3. The results of
Ramaniah [20] are R-values, using 235U yields as
reference. Those of Larsen et al.[35] are given as
absolute 235U and 2 39Pu yields, but are here converted
to R-values, in this way all dependence on y-ray emission
probabilities is eliminated.
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Their yield* are compared below with the recommended
yields of [7] which are based on mass spectrometric data
only. The values shown are the ratios y [35]/y. [7] with
both sets of yields normalized to the saie valuA at mass
140, and Yi[20]/yi[7] with both sets normalized at mass
144.* 

Mass

(35]/[7]

95

0.95

97

1.01

103

1.22
1.12
1.18

106 131 132 133 135 142 143

-- 1.09 -- -- 

0.91 1.08 1.02 1.03 0.96 1.11 0.90[20]/[7] 1.05 0.99

No. of m.s.
measure-
ments 1 1 1 2 2 2 1 1 4 5

* Different normalizing yields are used because the mass 140
yield of [20] appears to be about 7% too low, while refer-
ence [35] has no mass 144 yield. Masses 140 and 144 are
chosen because they are both measured mass spectrometrically
as isotopes of Ce.

TABLE 3

CHAIN YIELDS BASED ON SINGLE, DISCREPANT OR NIL MEASUREMENTS

(1) U ISOTOPES

FISSILE ISOTOPE 21 311 21U

(1) Yields based on only a single m.s. isotopic abundance.

Fission product e9Sr 89y '
1
Sr 9SZr 9ZMo "

9
5r s

0
Zr 95Zr 3"Xe '3

5
Cs

Checks from other m s Yes Yes Yes -- Zr Yes
yieldse n m.s Yes Yes Yes Yes Not Used Yes - Yes/No
Uncertainty in checksb -t -4% -1 -7% -1% -- Text
Fission 'poduct tS .tGe '

1
7Bea Ra a Ba lBa I'Ce 'S7Nd

Checks from other ms. - Yes -- Yes -- Yes

Uncertainty in checksh -- -1% -2% <1% -5% 6

(2) Yields for which I.s. isotopic abundances agree poorly (assigned error >+ 2%)

Nuclide (error) 's1Sn (2 7%) (one measurement rejected) 10'Ru(2 6%) I°"Ru(2.7%) 10
5

Nd(3 8%)
n.m.s. checks -- Yes 
Uncertainty in checkb -- 31- 

(3) Element yields based on a single m s measurement.

Element Kr Xe Kr Rb Ru Xe
Isotopes with n.m.s check 83 84 85 131 132 133 83 85 106 131 132
n.m.s. check

a
Yes Yes Yes Yes No Yes Yes No Yes Yes Yes

Uncertainty in checkb .5% 7% -3%[l81 1%[18][21) 5l[18) Zt[18] 5t(S0 +141(191 14% -5% -10S

(4) Element yields that agree poorly (assigned error >+53).

Element (error) S.m 6 t) E(6t) None
Isotopes with n.m.s. check 147 149 153
n.n.s checka Yes Yes Yes/No (2 values)
Uncertainty in checkb -6% -4i (both including [18 ) -51/-131

(S) Yields >0.5% based on n n.s. measurements only

Mass 99 103 105 129 130 99 103 105 127
Highest value (%) 6.24..12 3 22..09[18] I 12*.18 .0 13 2.46 20 7 10
Lowest value (8) 6.037 08 2.95 09[351 ]0 04149] - .96 153 2.60 20 + 0

(6) Estimated yields, no measurements available.

Mass 80 2 108 110 113 114 116 - 120 78 79 80 82 107 108
Estimated yield (%) 12 33 .07 .022 .012 .100 -. 010 .06 .16 .26 .60 13 .07

Mass 122 124 126 Total 110 113 114 116 122 123 124
Estimated yield (t) 013 .020 .053 0 7 .029 015 .014 .014 .025 .037 .060

Mass 126 128 129 130 155 Total
Estimated yield () 26 1 0 1 7 2.5 0.23 7 0

a M.s yields can be checked as follows if the nuclide is stable the only check possible is an n.m.s yield of
a radioactive Isobar, if the nuclide is radioactive there may be any or all of the following - an m.s, yield
for the stable isobar, an n.m.s. yield of the nuclide itself or an n.m.s, yield of a radioactive isobar.
"Yes" shows that the check agrees with the yield being checked, "No" that it does not. A blank (--) shows
that no check is available.

b If the uncertainty is " XI", then the check, or average if there is more than one, has an uncertainty of Xt
and is close to the yield being checked.
If the uncertainty is "+Y%" at "-Y%" then the check, or average if there is more than one, is Y% greater or
less than the yield being checked If "Yes" in the line above, the uncertainty in the check exceeds the
difference.

c The value recommended is 0 S3%
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For masses 95 and 97, measured mass spectrometrically
as Mo isotopes, the y-spectrometric yields support the m.s.
values, although the two y-spectrometric measurements differ
by 10% at mass 95.

There are appreciable discrepancies in the mass spectro-
metric measurements of Ru. The two isotopic abundances for
1 0 6 RU differ by 8 1/2% while the two measurements of element
yield differ by 4%. The 1 0 3Ru yield is based on a single
measurement of the 103/106 ratio that was corrected in [7]
by a 7.7% increase, tentatively ascribed to a calculational
error in the original paper.

If the high isotopic abundance of 10 6Ru and the high
element yield were both omitted the mass spectrometric yield
for mass 106 would decrease by more than 6% and would then
be in reasonable agreement with the single y-spectrometric
value. However, the yield for mass 103, which is tied to
mass 106 by the ratio measurement, would also decrease by

TABLE 5

CHAIN YIELDS BASED ON SINGLE, DISCREPANT OR NIL MEASUREMENTS

(2) Pu ISOTOPES

Fissile Isotone 239PU Z2'PU

(13 Yields based an only a single m.s. isotopic abundance -

Fission product 89Sr 9sy 95Zr 95Mo 9?Mo 9l1Mo All isotopes of Kr, Rb, Sr. ZT 133Xe

Checks from other m.s. differ by 5S Used to normalize -- and . The few n.m.s. .easts. Yes
i

J
ds

8
( n.m s. ^Yes Mo Yes Yes -- available agree with recommended 

nncertaintv in ch 5b -31- 4 yields except for mass 91 -10t lC
Fission product'4e 
Checks from other m.s. Yes Yes See below 3Xe -- -- Te Text
yields

a
r n.m s. No Yes -- Not Used No - Yes Yes No

Uncertainty in checks
b

-- -4% ext -3 -% 6 -6 

(21 Yields for which m s. isotopic abundances agree poorly (assigned error >2i)

Nuclide (error) 
1 0

6Ru (4.31) '
3 5

Cs (2 2) 
1 50

Nd (3.0t)
n m.s. checka No Yes (sum of 135, 136 agree
Uncertainty in checkb Text with separate m.s. peasure-

ments)

(3) Element yields based on a single m s. measurement

Element Mo Kr, Rb, Sr, Zn, Ru SS -
Isotopes with n.m.,. checks See (1) See (1 above 147 149 
n.m.s. checks

a
above Yes Y

Uncertainty in checkb
Note Xe/Kr ratio does not agree [51]

(4) Element yields that agree poorly (assigned error >_3$)

Element Ba Two values agree, assigned error Ba Two values differ by 7.5%.
2 1% Third value is 15% greater. - S e -lue measuremnt at

go n.m s. check at mass 138 mass 138 depends on 
20 5

pu yield
1 _________________________ ____R I~ s.__checkt__a__3_________for 

1 3
aa (also uncertain).

(5) Yields >0.5% based on n.m.s. measurements only

Mass 99 105 109 139 141 95 97 99 111 153

Highest value () 6.47 .1S 547 , 06 1.56+.20 S.98+.1S 5 67+ 18 3.9+..9 4.83+.14 6.26+.16 54.04 52
Lowest value (8) I5 61+-.-33 - 1.13T.06 5.55.07 4.70n;.26 3.97T.15 4.64..14 6.15*.16 * - *202

(6) Estimated yields, no measurements available 

Mass 79 80 82 107 108 1 1 10 1 79 80 81 82 89 98 100 103 105

Estimated yield () .05 .12 .22 3 5 2.3 .65 .049 .016 .033 .065 .12 1.2 5.2 6.2 6.65 6.75
ia yeS-- --- ....................-- -- - ' -i ..--I-n- TIFTn-Tn

E~tinated yield (1)24 2 126 12IZ2 i30.2 S ~ 2.$ otei .3S 4 T1 Estinatedel4 ) .035 .038 .044 5.3 4.0 2.5 1.2 .28 .075 ,0.4 0s
Mai~99-- { _(1~ __ i24 -126 -128 172y i'b' ~o - i- -1s- 11C
Estimated yield (8) .055 .20 .85 1 5 2.5 .041 12.2 .17 .38 .80 1.7 6.3 .090 49.3

a M.S yields can be checked as follows. if the nuclide is stable the only check possible is an n.n.s. yield of
a radioactive isobar; if the nuclide is radioactive there may be any or all of the following - an .s. yield
for the stable isobar, an n.m.s. yield of the nuclido itself or an n.m.s. yield of a radioactive isobar.
"Yes" shows that the check agress with the yield being checked, "No" that it does not. A blank (--) shows
that no check is available.

b If the uncertainty is " X%", then the check, or average if there is more than one, has an uncertainty of Xt
and is close to the yield being checked
If the uncertainty is "+.Y" or "-Y%" then the check, or average if there is more than one, is Y% greater or
less than the yield being checked. If "Yes" in the line above, the uncertainty in the check exceeds the
difference.
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this amount and would then differ by about 25% from the
mean of the y-spectrometric values. Clearly additional
mass and y-spectrometric measurements are required at
mass 103 and 106.

Like '03Rh, 1 31Xe is an important slowly saturating
neutron absorber. As with Ru, there are disagreements in
the Xe m.s. yields. Two determinations of both the Kr and
Xe element yields give ratios that differ by 7 1/2%. If
the higher Kr yield [15] were adopted, along with the
Xe/Kr ratio based on isotope dilution with a calibrated
Xe/Kr spike [51], then all Xe yields (masses 131, 132,
133 and 134) would increase 5%. This would bring the
m.s. yields for 1 1 Xe into reasonable agreement with the
two y-spectrometer values, retain the agreement at mass 132
and give a 133Xe yield (based on one m.s. measurement)
equal to the y-spectrometric yield of [20].

This procedure could be extended a step further. If
the 133Xe yield obtained above is used to give a Cs element
yield via its isobar, 33Cs, this element yield agrees
with the value obtained by Lisman et al. [15] Two other
measurements of the Cs yield are 3% and 5% lower. The use
of this higher yield would increase the discrepancy at
mass 135, but here one can speculate that the y-spectrometric
measurement is in error because it did not take account of
the large direct yield to 13 5Xe.

The preceding is, of course, highly speculative, and
additional mass spectrometric measurements of the Xe/Kr
yield ratio and the Cs yield, as well as y-spectrometric
measurements at masses 131, 133 and 135, are clearly
required.

The mass spectrometric yields at masses 142 and 143
are based on several measurements that agree well. Only
the final normalization to 100% is in doubt because of the
uncertainties in the Xe and Cs yields. If these were
increased as discussed above, the remaining yields would
have to be decreased by about 2%. Since this is far short
of removing the disagreement it appears probable that the
y-spectrometric yields are in error.

Returning to Table 3, the review of n.m.s. yields
in part (5) shows that there is disagreement at all masses
where there is more than one measurement. The y-spectro-
metric results of [20] when normalized at mass 144, give a
mass 99 yield in good agreement with 2 of the 3 other yields,
with an average value of 6.32, so that it would be reasonable
to omit the low value in Table 3. For the other masses in
part (5) plus masses 107 to 130 inclusive, for most of which
no data is available, additional yield measurements should
be made.

3.5.5 241Pu Yields

There are many fewer measurements of 241pU yields so
that the greater number fall in the "no measurement" or
"single measurement" categories. The most important region
that is undermeasured is the mass range 100 to 130 which
includes the maximum of the light mass peak. There is one
mass spectrometric measurement, of the Ru isotopes, but
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it is not normalized by isotope dilution [15]. Outside
this range yields at masses 100 (X6,2%) and 139 (X6.3%)
should also be measured.

The mass spectrometric Ba yields again disagree. One
value, based on two isobaric links at masses 138 and 140
[52] differs from the isotope dilution measurement by 7%
[15]. If the latter is correct then the Ba isotope yield
ratios normalized to it would give yields at masses 138
and 140 that differed by 7% from Xe and Ce measurements.
Further measurements are also required at these masses.

At mass 135 two pile oscillator measurements [53]
[54] of the 135I yield agree well. They are 13% greater
than the value obtained by subtracting the small direct
Xe yield from the m. s yield. Again further measurements
are essential.

4. CUMULATIVE AND DIRECT (INDEPENDENT) FRACTIONAL YIELDS

The stable and long-lived s-active nuclides used to
determine chain yields represent a negligible fraction
of those present immediately following fission and frag-
ment de-excitation by prompt neutron and gamuna emission.
Most of these are short-lived $-active nuclides that are
important in reactor heating, radiation damage, and delayed
neutron production. Fortunately for reactor physicists
they are also important to scientists interested in under-
standing the fission process, and it is the latter who have
done almost all the measurements of direct and cumulative
fractional yields.

4.1 Cumulative Yields, Direct Yields and B-decay

The cumulative fractional yield, cij of the it h

isobar at mass j, is related to the direct fractional
yields, dij, by

i3 k-i i

A typical direct yield distribution as a function
of the atomic number, Z, is given in the following
hypothetical example.

Atomic no. of * Z -1 Z -2 Z-3 Zs-4 Zs-5 Zs-6
isobar, Zij

Direct yields, <.003 .023 .405 .517 .054 .0007 %0

dij
Cumulative 1.000 %1.00 .977 .572 ".055 '.0007
yield, cij

Half-life o 41 day %1 hr '3 min 420 s ^2 s
of Isobar

Total Energy 1 42 44 %5.5 %7 '8.5 ^10
(MeV/decay)

* stabl isobar
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The features of main interest for reactor applications are
that the direct yield distribution-in-Z peaks sharply, typically
for nuclides with half-lives in the range of a few minutes
to a few hours, and that the cumulative yield is close to
unity for the last two B-decays (Zs-2 - Zs-1l + Z s ) . When
the reactor has run long enough for this isobaric chain to
reach equilibrium the decay rate for each isobar will be
proportional to its cumulative yield, ci , and the corre-
sponding rate of energy release will be Proportional to cij
times the MeV/decay for that isobar.

The average C-decay chain length for mass j, nj., is
given by

-n '= Z dij(Zs -Zij_ (niJ = 2.61 decays/fission
i in the example)

The average s-decay chain length over all masses is
given by

n = E yj n.j/200 where y. is the chain yield of the
j J jth mass in percent.

A value of nR can also be deduced by equating the
atomic number before fission, Zfi4 ssi e to the average
atomic number of the stable fission products, i.e.

n"= (Yj Zsj/200) - Zfissile

Using the recommended yields of Appendix A the values of
no are:

Fissile nuclide 23 S 2 33U 23Pu 2 41Pu
decays/fission 6.07 5.20 5.50 6.30

Values of ngj will average ng/2 but considerable variation
is expected aepending on nuclear structure, particularly
the displacement of Z s from the atomic ntunber of the most
stable nuclide for that mass.

4.2 Measurements of Direct and Cumulative Yields

The methods for measuring direct and cumulative yields
are similar to those described in section 2, except that,
for the great majority, the nuclides studied are relatively
short-lived. They can be expected to include greater
systematic errors.

Direct yields are measured either by isolating the
nuclide before its parent decays to an appreciable extent
or by measuring its cumulative yield and that of its parent.
The direct yield is then just the difference ci - c(i-l) j .
If c(il)j is very small (Zi-1 << Zs ) it may suffice to
estimate its value.

Direct and cumulative yields are measured relative to
some standard yield, so that the ratio of the chain yield
to the same standard must also be determined before the
fractional yield can be obtained.
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4.3 Compilations of Direct and Cumulative Yields

There are several recent compilations of direct and
cumulative yields. The reviews by Wahl et al. [10] and
Amiel and Feldstein [12] treat only the relatively
abundant 2 3 5U measurements, while Denschlag [11] also
includes 2 3 3 U and 3 sPu fission.

The data library of Meek and Rider [5] [9] includes
direct and cumulative yields in addition to chain yields
and they are used in their evaluation of the direct
yield distribution at each mass.

From the discussion and illustration of section 4.1
it can be seen that the fractional cumulative yield is the
most important factor determining isobaric contributions
to S-decay energy release and radioactivity for a given
mass chain. Isobars with Zij close to Zs, have values of
cij close to unity and are, therefore, subject to only small
uncertainties while, if Zi >> Zj, values of c.i are
negligibly small. Thus the main uncertainty in reactor
calculations will come from isobars between these extremes.
For the purpose of this meeting a survey of direct yields
is required that is confined to this region of uncertainty
and is up-to-date, easily read and widely accessible.
None of the current surveys are satisfactory in all these
respects.

Appendix B is a compilation of direct and cumulative
yields for all fission products with yj *1% and d1 >0.05.
The first limit eliminates yields that are so small the
excluded nuclides make only minor contributions in calcula-
tions, and for which there are very few data anyway. The
second limit corresponds to 1.0 > cij > 0.05. The data
library of Meek and Rider [9] has been used with certain
deletions, and with additions from the other compilations
[10] [11] [12] and unpublished measurements.

It requires only a brief look at Appendix B to see
that many more direct and cumulative yield measurements
are required. For 2 35U there are some data available for
about 65% of the fission products listed, but for about
half of these either there is only a single measurement
or the spread between values is large.

For 2 3 3U and 239Pu there are so few measurements that
evaluation is impossible. For 2 4 1 Pu they hardly exist and
its yields are not included in Appendix B. With very few
exceptions, almost all direct yields for these 3 fissile
nuclides must be estimated using a semi-empirical model
as discussed by Musgrove et al.[41].

4.4 An Evaluation for Mass 135

There are insufficient data for most fission products
to carry out a satisfactory evaluation, even for 2 3SU
thermal fission, and such an evaluation will not be
attempted. One region where measurements are relatively
abundant is between masses 131 and 135, due to the
relative ease of extraction of Xe and I isotopes.
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Mass 135 is of particular interest because of the
importance of 35 Xe as a neutron absorber, and, in partic-
ular, the dependence of reactor stability on the direct
yield of 1 35Xe and the cumulative yield of 135I.

The measurements are presented in Table 4 as frac-
tional yields. Absolute yields have been converted to
fractional yields by dividing by the Cs (chain) yields
listed in the first line. Errors are evaluator-assigned.

The evaluation proceeds as in section 3.2 except that,
for I and Te, averages are calculated rather than weighted
means. The recommended cumulative yields for I are equal
to the difference between the cumulative and direct yield
of Xe (CXe,135 - dXe 135) since this has a smaller error than
the average of the measured yields. The recommended cumulative
yields for Te are obtained in the same way. In all cases
the value obtained as a difference between cumulative and
direct yields differs from the average of the measured
cumulative yields by appreciably less than the rms deviation
in the latter,

Bracketed yields are estimates extrapolated from the
recommended yields of the higher 2 isobars assuming that
the distribution is sharply peaked as in the example of
section 4.1.

Measured yields are rejected if they differ from the
average of the remainder by more than 3 times the rms
deviation from the average. All rejected yields except
one were obtained from the recent paper by Gunther et al.. [691.
These measurements were done with an on-line double-focussing
mass separator as described in section 2.2.6.

A major finding of this investigation is that the direct
yield distribution-in-Z for 2 39Pu is almost identical to
that for 235U for all masses investigated (131 to 139
inclusive). At mass 135 this is clearly in disagreement
with the radiochemical and y-spectrometric measurements
and the pile oscillator results (section 2.2.6) for the
cumulative I yields.

This can be seen more readily in Fig. 1 in which the
recommended yields of Table 4 and the measurements of [69]
are plotted. In the latter the photographic plates were
examined before an appreciable fraction of 6.6-hr 1351 and
9.2-hr 1 35Xe could decay, so that the direct yield corres-
ponding to no observed 3-decays includes both isobars.
This is indicated in Fig. 1 by the horizontal bar.

On the basis of the mass 135 evaluation all results
of reference [69] must be suspect. It is possible that the
direct yields observed are dictated by the conditions of the
experiment rather than the actual yields. In discussing a
similar discrepancy at mass 132, Naeumann et al. [74]
suggested that selection of a restricted range of fission
fragment energies for analysis in the mass separator may
account for the difference.
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5. YIELDS FROM FISSION BY EPITHERAL NEUTRONS

It is now well established that yields in the valley
near symmetric fission vary appreciably with neutron
energies in the resolved resonance region [751 [76] [771.
An effect can also be seen using epithermal neutrons obtained
by filtering a reactor flux with Cd or Sm.

The effect can be explained empirically by the two-
mode fission hypothesis origninated by Turkevich and Niday
in 1951 [78]. It supposes that the observed yield is
composed of two distributions, an asymmetric two-humped
mode which is independent of neutron energy and a sym-
metric mode with a maximum for symmetric fission whose
magnitude varies with neutron energy. In the epithermal
region this dependence on energy varies from resonance to
resonance between limits which appear to be related to the
fission width and, to some extent, the spin of the compound
nucleus [76] [771. At much higher neutron energies, beyond
the scope of this paper, the symmetric mode increases
monotonically with energy [79]1

5.1 The Symmetric Mode in the Epithermal Fission of 239Pu

239pU shows the largest yield changes attributable
to resonance absorption. Cowan et al. [76] used 11 5Cd and
99Mo to monitor these changes for resonances from 15 to
82 eV. Their results fall into three groups, based on the
ratio of thermal to resonance yield, with averages of
2.7±0.2, 1.8±0.1 and 0.67±0.02 for this ratio. In thermal
fission about 48% of the fissions are due to the resonance
at 0.3 eV and the remainder to a bound level. These
contributions are compatible with a ratio of 2.7 for the
0.3 eV level and 0.67 for the bound level.

Sm, with a large resonance at 0.098 eV, can be used
to filter a reactor spectrum so that most 2 3 9pu fissions
are caused by resonances at energies from 0.3 eV up. The
work of Regier et al. [80] who obtained a thermal/epi-Sm
ratio of 2.41+0.15 for 1 1 sCd confirms this expectation.

A survey of measured thermal/epi-Sm ratios as a
function of fission fragment mass will, therefore, give
a good indication of the width and magnitude of the
symmetric mode and the total yield of fission products
that change with neutron energy. The summary by Tong
et al. [81] is used.

Th/Epi-Sm Chain Epi--Sm Symmetric
F.P.Mass Ratio Yield(%) Yield(%) Mode Yield(%)

72 1.44±.05[823 0.00011[9] 0.000076 0.000034

77 1.08±.04[81] 0.0059[9] 0.00546 0.00044

112 1.32+.08182] 0.11.7] 0.083 0.027

115 2.41±.15[80] 0.038[71 0.016 0.022

121 2.34±.06(80] 0.038[7] 0.016 0.022

125 1,79±.06180] 0.10(71 0.056 0.044

166 1.45±.07[81] 0.000068[9] 0.000047 0.000021
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In the table the epi-Sm yield is the quotient of the
chain yield and the measured ratio, and the difference from
the chain yield, shown in the last column, is attributed to
the energy dependent mode. If the result for mass 125 is correct
the energy dependent mode does not peak at the mean mass.

To make a rough estimate of the fraction of the total
yield that varies with energy assume that the energy
dependent mode is symmetric, with a constant value of 0.025%
from 100 to 138, and a value that decreases linearly out-
side this range to the measured values at masses 72 to 166.
For this distribution the fraction of the yield in the
energy-dependent symmetric mode is 1.65% out of 200%, or
about 0.01.

For a mass having a thermal neutron chain yield of
about 6% which is typical of the yields in the light and
heavy mass peaks, the epithermal yield will be about
(6.00 - 0.025)% x 1.01 6.03%. The renormalization
factor, 1.01, is required because the symmetric mode
decreases for epithermal fission and the yields must total
200%.

5.2 Peak Yields in Epithermal Fission of '3 Pu

In the preceding section it was assumed that only the
symmetric mode changed with neutron energy. It is also
possible that peak yields will change relative to each
other, contrary to the assumption of the two-mode hypothesis.

The effect of neutron energy on peak yields has recently
been measured by Tong et al. [811 for 39Pu. They measured
the thermal/epi-Sm and thermal/epi-Cd ratios for a total
of 19 nuclides representing 7 mass chains between masses
85 and 105 and 7 between 131 and 147 and found them to be
constant with an uncertainty of less than 3% for a series
of 5 irradiations (3 epi-Sm, 2 epi-Cd).*

The recent measurements of Popa et al. [83] using 235U
under a Cd filter show significant increases in peak yields
relative to thermal neutron fission. For example, they
report an epi-Cd/thermal yield of 1.2 at mass 131. Their
total observed increase in the heavy mass peak alone is
2.3% over thermal fission for the 9 mass chains for which
results are listed. This is about four times greater than
the change that could be accounted for by assuming complete
loss of a symmetric mode with a peak equal to the yield
at mass 117 (0O.01%), i.e. by assuming that, in epi-Cd
fission, valley yields are about zero.

Thus the only way in which these results could be
consistent with a total yield of 200% would be for other peak
yields to decrease by similar amounts. Clearly such
decreases would have to be measured before the results
of Popa et al.[83] can be accepted. The results of

*Their results, converted to ratios relative to the mean
value of the thermal/epithermal ratio for each irradiation,
are given in Appendix C.
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Balcarczyk et al. [84] for 2 3 5 U and 23<U under Cd show
no signficant changes at masses 137, 103 or 106, which
were not measured by Popa et al. [83].

5.3 Effects of Epithermal Yield Variations on Fission Product
Absorption

From the preceding two sections it is apparent that
changes in yields due to variations in the symmetric mode
are small compared to uncertainties in measurements of the
ratio of thermal to epi-Sm or epi-Cd yields. This will
also be true for 2 3 3U and 2 35U since changes in the peak-
to-valley ratio with neutron energy for those nuclides are
several times smaller than for 2 3 Pu.

To decide whether there is any significant effect on
fission product absorption due to changes in yields with
neutron energy, it would be necessary to measure very
accurately the changes for such important absorbers as
10 3Rh, 131Xe, 35Xe, 4 3Nd, 14 Pm, 14 Sm and 1 1Sm.
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APPENDIX A

COMPARISON OF EVALUATED YIELDS FROM THE

THERMAL NEUTRON FISSION OF 2 35U, 233U, 2 39pu and 2 4 Pu

The evaluated yields of Meek and Rider [5] [9],
Crouch [6], Lamner and Eder [8] and Walker [71 are listed
in Tables Al to A8. Light and heavy mass yields are
tabulated separately, with light masses defined as those
less than 1/2 (fissioning mass - 3.5).

The first three (2 4 1PU) or four yield columns list
published evaluated values with their error assignments
[5] [6] [7] [8]. The next column, headed ENDF/B, is the
unpublished interim set based on the Meek and Rider yield
library and evaluated by them [91, as discussed in
section 3.4.5.

The last yield column gives a set of recommended
values. The recommended yields are averages of the pre-
ceding columns with the following exceptions:

(i) The Meek and Rider [51 values are not included since
the ENDF/B set is based on the same data library
except for recent additions and corrections.

(ii) The Crouch [61 values are used infrequently for two
main reasons: the Idaho Falls values are taken from
a preliminary publication [85] and often differ
significantly from the final yields [15]; the sums
of light and heavy mass yields do not add to 100%
and will introduce a bias into the evaluation. Where
these differences are particularly large a note is
appended.

(iii) Where an explanatory note is indicated in the last
column.

For each set values of y.i, Sy.A., AL, and AH are
i i- 1 . L-

included. Here A is the nucleon number and the average
values are given by A = Ey.A./Zy.. The calculated value

i · i_1
of v (= fissioning mass - AL - AH ) is given at the bottom
of each heavy mass table (A2, A4, A6, A8).

The recommended yields do not sum to 100%, the difference
from 100% depending on how closely they follow the evaluated
yields. Before use, each value should be divided by the
appropriate value of EYi.

i
In view of the many discrepancies discussed in section

3.5, it may seem surprising that the evaluations disagree
so infrequently. This only indicates that the evaluators
have usually responded in similar ways when faced with a
discrepancy, and should not be taken as an indication that
the problem has been resolved and the correct value deter-
mined.

327



TABLE Al

EVALUATED CHAIN YIELDS FROM 2 sU
THERMAL NEUTRON FISSION - LIGHT MASSES

1ass Meek & Rider Crouch Lammer & Eder Walker ENDF/B Recommended Note

<73 0.000038 (16%) x0.000025 (15%) -0.000025 0.000038 (16%) 0.00003
73 0.00010 (32%) 0.00010 (15%) 0.00010 0.00010 (23%) 0.00010 (20%)
74 0.00034 (32%) 0.00034 (15%) 0.00035 0.005* 0.00035 (32%) .00035 (20%)
75 0.0021 (32%) - 0.001* 0i.00125 (32%) 0.0012*

-- 6 0.0035 (64) - 0.003* _ 0.0038 (45%) 0.0035*
77 0.0092 (.0007) 0.0081 (.0009) 0.008 0.0083 (.0008) 0.0077 (.0010) 0.0082 (.001) 1
78 0.0203 (.0032) 0.020 (.002) 0.020 0.020 (.002) 0.0184 (.0041) 0.020 (.002)
79 0 055 (.009) 0.055 (.006) 0.056 0.056 (.006) 0.058 (.001) 0.056 (.006)
80 0.095 ( 032) 0.11* 0.11* 0.120 (.024)* 0.128 (.031) 0.12*
81 0.197 (.016) 0.21 (.02) 0.22 0.20 (.02) 0.216 (.034) 0.21 .02)
82 0.243 (.076) 0.333* 0.35 0.33 (.06)* 0.344 (.076) 0.34*
83 0.535 (.005) 0.515 (.005) 0.532 0.535 (.013) 0.532 (.003) 0.533 (.013) 2
84 0.997 (.010) 0.959 (.007) 1.000 0.986 (.023) 0.987 (.010) 0.986 (.023) 2

5 1.331 (.027)__ 1.30 (.04) 1.328 1.33 (.03) 1.315 (.010) 1.32 (.03) 2
86 1.937 (.019) 1.89 (.13) 1.97 1.96 (.05) 1.953 (.020) 1.95 (.05) 2
87 2.553 (.051) 2.64 (.13) 2.56 2 53 (.06) 2.548 (.071) 2.55 (.07) 3
88 3.646 (.072) 3.69 (.18) 3.62 3.59 (.07) 3.640 (.072) 3.62 (.07) 3
89 4.809 (.096) 4.77 (.07) 4.84 4.74 (.09) 4.891 (.192) 4.80 (.10)
90 5.930 (.119) 5.89 (.65) 5.91 5,82 (.11) 5.896 (.165) 5.89 (.11)
91 5.912 (.118) 5.90 (.12) 5.93 5 95 (.11) 5.928 (.083) 5.93 (.11)
92 5.987 (.120) 5.95 (.06) 5.98 5.98 (.07) 5.974 (.085) 5.97 (.07)
93 6.407 (.128) 6.34 (.19) 6.39 6.41 (.07) 6.386 (.090) 6.40 (.07)
94 6.449 (.129) 6.41 (.13) 6.45 6.43 (.07) 6.431 (.090) 6.44 (.07)
95 6.499 (.130 6.45 (13) 6.54 6.53 (.10) 6.473 (.091) 6.50 (.09
96 6.279 (.125) 6.23 (.12) 6.29 6.30 (.07) 6.264 (.088) 6.28 (.07)
97 5.941 (.119) 5.87 (.15) 6.00 6.07 (.10) 5.901 (.059) 6.03 (.10) 4
98 5.788 (.116) 5.77 (.12) 5.81 5.81 (.10) 5.789 (.161) 5.79 (.10) 4
99 6.130 (.061) 6.14 (.05) 6.11 6.14 (.09) 6.128 (.061) 6.13 (.06)

100 6.283 (125) 6.24 (.19) 632 6.31 (.11 6.264 (.175) 6.30 (.11) 4
101 5.097 (.102) 5.05 (.25) 5.05 5.07 (.07) 5.051 (.141) 5.05 (.07)
102 4.206 (.084) 4.19 (.04) 4.19 4.19 (.06) 4.215 (.117) 4.19 (.06)
103 3.103 (.124) 3.03 (.18) 2.95 3.05 (.20) 3.124 (.043) 3.12 (.04) 5
104 1.832 (.036) 1.82 (.05) 1.83 1.83 (.03) 1.826 (.051) 1.83 (.03)
105 0.946 (.040) 0.96 (.04) 0.90 0,95 (.20) 0.927 (.037) 0.927 (.040) 6
106 0.391 (.008) 0.39 (.05) 0.387 0.390 (.006) 0.393 (.011) 0.390 (.006)
107 0.191 (.061) 0.166* 0.17* 0.16 (.04) 0.206 (.030) 0.17*
108 0.0704 (.022) 0.070* 0.057* 0.070 (.014)* 0.0743 (.022) 0.070*
109 0.0274 (.0044) 0.030 (.001) 0.024 0.030 (.006) 0.0267 (.029) 0.030 (.003) 7
110 0.0200 (.0064) 0.0195* 0.017* 0.022 (.004)* 0.0230 (.005) 0.020*_
111 0.0182 (.0014) 0.0170 (.0003) 0.014 0.018 (.003) 0.0161 (.0019) 0.017 (.001)
112 0.0128 t.0020) 0.0085 (.0001) 0.010 0.014 (.003)* 0.0120 (.0010) 0.012 (.001) 8,9
113 0.0129 (.0020) 0.0086* 0.004 0.012 (.003)* 0.0138 (.020) 0.012* 9
114 0.0129 (.0040) 0.0090*0.012 0.011 (.002)* 0.0122 (.080) 0.011* 9
115 0.0105 (.0008) 0.0095 (.0014) 0.011 0.0104 (.002) 0.0109 (.0016) 0.0109 (.0016) 8
116 0.0111 (.0075) 0.0097* 0.011 0.0105 (,002)* 0.0122 (.051) 0.011* 9

Total 99.9999 99.48307 99.98548 99.9982 100.019 100.0493 _

7Aiy i 9489.581 9438.137 9483.413 9488.697 9489.025 9492.555

AL 94.896 94.872 94.848 94.889 94.872 1 94.879

* Interpolated yield

1. The ENDF/B value is low because the error assignment favors a recent measurement of the yield
of 13-s "Ga. The earlier measurement using longer-lived isobars are probably as accurate, so
the higher value is preferred.

2. The Crouch yields for Kr are 2 1/2% lower and not included in the average.

3. The Crouch yields are high due to the inclusion of early mass spectrometric data 186]. These
have isotopic abundances very different from later results (summarized in [7]) and probably
should not be used. At mass 88 the listed input does not give the weighted and simple means.

4. There are three mass spectrometric measurements of the abundances of Mo isotopes (masses 97,
98, 100). These agree to better than 1I [71 and the ratios have therefore been retained in
the recommended yields.

5. The ENDF/B value is chosen since it is the only one based on a complete set of data.

6. The recommended value is based on yields listed in the ENDF/B library, but excludes one yield
(used in the ENDF/B evaluation) that is 25% lower than the recommended value.

7. The ENDF/B evaluation uses an unpublished yield that is assigned a high weight; the Lammer and
Eder value is also smaller than most measured yields. Both are omitted in taking the average.

8. The Crouch evaluation assigns low errors (and hence greater weight) to a 1957 measurement while
the ENDF/B evaluation favors a 1970 measurement. The latter set is preferred.

9. The Lammer and Eder and ENDF/B evaluations use a preliminary set of mass spectrometric yields
that have not been corrected for capture in L13Cd. It is recommended that a smooth curve be
assumed until final values are available.
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TABLE A2

EVALUATED CHAIN YIELDS FROM 2 sU
THERMAL NEUTRON FISSION - HEAVY MASSES

Mass Meek & Rider Crouch Lammer Walker ENDF/B Recommended Note
&

Eder

117 .0161 (.0025) .0100 (.0002) .011 .0105 (.0020)* .0103 (.0008) .011* 1
118 .0147 (.0047) .0100 (.0002) .011 .0105 (.0020)* .0116 (.0027) .011' 1
119 .0126 (.0040) .0110 (.0002) .012 .0105 (.0020)* .0113 (.0025) .011* 1
120 .0131 (.0042) .0110 (.0002) .013 .011 (.002)* .0118 (.0025) .012* 1
121 .0178 (.0014) .0111 (.0004) .014 .0130 (.0017) .0144 .0008) .014 (.001) I
122 .0151 (.0048) .0130 (.0003) .015 .013 (.003)* .0143 (.0044) .014* ;1
123 .0239 (.0019) .0140 (.0003) .0164 .016 (.001) .0158 (.0009) .016 (.001) 1
124 .0178 (.0114) .0170 (.0003) .024 .020 (.004)* .0223 (.0070) .022* 11
125 .0253 (.0010) .0296 (.0027) .028 .029 (.004} .0305 (.0017) .030 (.002) i 1
126 .0523 (.0334) 0.100 (.002) .063 .053 (.010)* .0563 (.031) .055* 
127 .139 (.005) 0.250 (.005) 0.11 0.124 (.010) .125 (.008) .125 (.008) 1 
128 .402 (.064) 0.500 (.010) 0.36 0.34 (.03) .348 (.014) .35 (.02) :1
129 .853 (.130) 1.00 (.02) 0.64 0.88 (.30) .653 (.051) .65 (.15) 1,2
130 2.003 (.64) 2.00 (.04) 2.00 1.7 (0.5) 1.442 (.157) 1.7 (.3) 1.3
131 2.771 (.028) 2.85 (.03) 2.82 2.80 (.07) 2.832 (.056) 2.82 (.07)
132 4.124 (.041) 4.26 (.04) 4.20 4.17 (.09) 4.231 (.060) 4.20 (.09)
133 6.760 (.068) 6.72 (.03) 6.73 6.79 (.16) 6.771 (.068) 6.75 (.16)
134 7.187 (.072) 7.76 (.08) 7.67 7.61 (.17) 7.683 (.107) 7.65 (.17)
135 6.720 f.268) 6.45 (.13) 6.55 6.60 (.16) 6.636 (.132 6 .6.60 (.16)
136 6.123 (.061) 6.54 (.13) 6.18 6-13 (.14) 6.292 (.125) 6.18 (.14) 4
137 6.224 (.062) 6.27 (.06) 6.26 6.24 (.16) 6.277 (.031) 6.26 (.16)
138 6.741 (.135) 6.80 (.17) 6.82 6.76 (.18) 6.827 (.095) 6.80 (.17)
139 6.583 (.263) 6.44 (.13) 6.55 6.53 (.12) 6.477 (.091) 6.50 (.12)
140 6.316 (.063) 6.32 (.03) 6.37 6.36 (.14) 6.320 (.063) 6.36 (.06) 5
141 5.862 (.234) 5.70 (.17) 5.85 5.87 (.12) 5.575 (.118) 5.82 (.06) 5
142 5.952 (.060) 5.86 (.06) 5.91 5.96 (.13) 5.935 (.084) 5.87 (.06) 5
143 5.987 (.060) 5.89 (.12) 5.92 5.95 (.08) 5.978 (.042) 5.95 (.08)
144 5.444 (.054) 5.42 (.11) 5.44 5.43 (.10) 5.458 (.055) 5.39 (.06) 5
145 3.950 (.020) 3.87 (.04) 3.91 3.93 (.06) 3.946 (.028) 3.93 (.06)
146 2.996 (.030) 2.95 (.06) 2.96 2.98 (.04) 2.995 (.021) 2.97 (.04)
147 2.253 (.022) 2.17 (.08) 2.22 2.26 (.04) 2.274 (.046) 2.25 (.04)
148 1.689 (.008) 1.69 (.02) 1.67 1.68 (.03) 1.694 (.012) 1.68 (.03)
149 1.070 (.011) 1.01 (.06) 1.05 1.08 (.07) 1.091 (.022) 1.07 (.06)
150 0.649 (.006) 0.637 (.006) 0.644 0.652 (.009) 0.648 (.007) 0.648 (.009)
151 0.435 (.009) 0.410 (.008) 0.407 0.419 (.027) 0.422 (.006) 0.420 (.027) 6
152 0.265 (.003) 0.234 (.011) 0.262 0.268 (.017) 0.272 (.016) 0.270 (.017) 6
153 0.163 (.006) 0.150 (.005) 0.163 0.167 (.011) 0.163 (.007) 0.164 (.010)
154 .0712 (.0007) .0652 (.005) .072 .0743 (.0051) .0754 (.0086) .075 (.005) 7
155 .0332 (.0013) .0294 (.0015) .032 .0321 (.0022) .0331 (.0019) .0325 (.002) 1
156 .0133 (.0011) .0156 (.0003) .014 .0131 (.0007) .0136 (.0011) .0133 (.0011) 1
157 .00642 (.00050) .00677 (.00041) .0062 .0061 (.0004) .0065 (.00072) .0064 (.00072) 1
158 .00428 (.00035) .0020 (.0003) .0031 .0031 (.0006) .0032 (.00086) .0031 (.0006) 1
159 .00109 (.00009) .00101 (.00003) .00105 .0010 (.0001) .00102 (.00008) .00102 (.00008) 1
160 .00033 (64%) -- .00035* t .00035 (45%) .00035*
161 .000084 (8%) .000080 (7%) .00009 .0007 .000088 (8%) .000088 (8%)
>161 .000040 (32%) -. 00004 -. 00004 1 .000040 (32%) .000040*

Zy i 99.9996 100.4981 100.0022 99.9969 99.9975 99.705

:Aiyi 13867.711 13924.239 13866.384 13868.302 13871.689 13828.315

138.678 138.552 138.661 138.687 138.720 138.693

V> 2.426 2.576 2.491 2.424 2.408 2.428 8

* Interpolated yield

1. The Crouch evaluation assigns low errors to estimated yields of Farrar and Tomlinson (87].

2. The Walker value is not based on all the measurements available.

3. The ENDF/B evaluation uses only a 1973 measurement, while the others are based only on
earlier measurements. The recommended yield uses all data, as shown in Table A9.

4. The recommended value of Crouch is greater than any listed yield; the ENDF/B value is also
higher than listed measured yields, but lower than 3 estimated values. The recommended
value retains the mass spectrometric yield ratio to other Xe isotopes (131, 132, 134).

5. The evaluated yields from Table 2 (section 3) are used.

6. The ratio of '
52
Sm to I

1 2
Sm yields is affected by capture in 

51
5Sm in the results of

Lisman et al. [151 and after correction still differs from other measurements (summarized
in (7]). The Walker and ENDF/B evaluations take this into account and are used to obtain
the recommended yield.

7. The Walker and ENDF/B yields are preferred because the very low 1'Sm value of [15] is
omitted in the evaluation.

8. The value of U recommended by Hanna et al [441 is 2.4229 t 0.0066. Only the evaluated
yields of Meek and Rider and Walker, and the recommended yields give V values that agree
within the error limits. The variation in v is mainly due to the very different yield
values used for masses 129 to 130.
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TABLE A3

EVALUATED CHAIN YIELDS FROM 3'U
THERMAL NEUTRON FISSION - LIGHT MASSES

Mass Meek & Rider Crouch Lammer & Eder Walker ENDF/B Recommended Note

<73 0.000043 -- 0.00015* 0.000107 0.00013*
73 0.00019 (32%) - 0.00033* 0 0.00027 (32%) 0.0003*
74 0.00064 (32%) - 0.0009* 0.00053 (32%) 0.0009*
75 0.0023 (32%) - 0.0023* 0.010 0.00085 (45%) 0.0023*
76 0.068 (64%) - 0. 0.0062 (32%) 0.006*(3065*
77 0.0177 (.0028) 0.020 (.003) 0.02 0.020 (.004) 0.0178 (.0075) 0.019 (.005)
78 0.098 (.031) 0.04* 0.04* 0,060 (.012)* 0,056 (.017) 0.06* 1
79 0.186 (.059) 0.08* 0.09* 0.16 (.03)* 0.152 (.007) 0.16* 1
80 0.253 (.081) 0.07* 0.18* 0.26 (.05)* 0.244 (.074) 0.26* 1 
81 0.356 (.057) 0.33 (.04) 0.33 .34-- ; TT 0.316 (049) 73- 
82 0.702 (.225) 0.61* 0.60* 0.60 (.12)* 0.562 (.171) 0.60*
83 1.008 (.020) 1.09 (.04) 1.023 1.00 (.02) 1.017 (.010) 1.013 (.020)
84 1.689 (.034) 1.81 (.07) 1.69 1.66 (.04) 1.702 (.034) 1.68 (.04)
85 2.213 (.044) 2.32 (.16) 2.19 2.18 (.05) 2.197 (.016) 2.19 (.05)
86 2.890 (.058) 3.06 (.12) 2.86 2.80 (0 8 2.4 (.06)
87 3.990 (.080) 4.18 (.29) 4.01 3.98 (.09) 4.004 (.113) 4.00 (.09)
88 5.561 (.112) 5.47 (.11) 5.54 5.53 (.09) 5.498 (.154) 5.52 (.09)
89 7.186 (.29) 6.12 (.30) 6.41 6.33 ( 10) 6.267 (.174) 6.33 (.10)
90 6.481 (.129) 6.33 (.25) 6.88 6.81 (.10) 6.804 (.195) 6.83 (.10) 2
91 6.421 (.064) 6.56 (.13) 6.52 6.49 (.08) 6.521 (.131) 6.5 (.08 
92 6.423 (.064) 6,66 (.20) 6.65 6.67 (.09) 6.617 (.131) 6.64 (.09)
93 6.838 (.068) 7.06 (.21) 7.04 7.05 (.09) 7.006 (.139) 7.04 (.09)
94 6.541 (.065) 6.80 (.21) 6.81 6.75 (.09) 6.810 (.133) 6.79 (.09)
95 6.197 (.124) 6.27 (.31) 6.21 6.19 (.10) 6.264 (.353) 6.22 (.10)

_...--9 5.520 (.055) 5.78 (.17) --- 5773- - -- 5,686 (.112)- T-- -
97 5.449 (.108) 5.57 (.28) 5.39 5.36 (.09) 5.450 (.077) 5.40 (.09) 3
98 5.134 (.102) 5.24 (.37) 5.14 5.10 (.08) 5.159 (.145) 5.13 (.08)

99 5.023 (.100) 5.08 (.15) 4.89 5.01 (.10) 4.969 (.283) 4.99 (.10)

100 4.369 (.087) 4.50 (.72 4.38 4.36 (.08) 4.412 (.124) 4.38 (.08
--10 3.-189 (.063) 3.10 (.09) -3 j. - .71.r( 8 -l-T;- y9TT) -- ~-:- _-_

102 2,414 (.048) 2.31 (.07) 2.42 2.44 (.08) 2.453 (.069) 2.44 (.08)

103 1.796 (0.72) 1.61 (.23) 1.60 1.8 (.3) 1.702 (.068) 1.70 (.10)
104 1.023 (.020) 1.00 (.03) 1.02 1.030 (.033) 1.043 (.029) 1.03 (.03)
105 0.414 (.132) 0.52* 0.54* 0.53 (.10) 0.506 (.111) 0.53*
106 0.256 (.005) 0.262 (.008) 0.255 0.253 (.006) 0.257 (.010) 0.255 (.010)
107 0.118 (.038) 0.105* 0.12* 0.130 (.026)* 0.122 (.037) 0.12*
108 0.069 (.022) 0.087* 0.065* 0.070 (.014)* 0.066 (.020) 0.070*

109 0.039 (.006) 0.052 (.008) 0.04 0.047 (.005) 0.045 (.004) 0.045 (.005)

110 0.029 (.019) 0.032* 0.03* 0.029 (.006)* 0.027 (.008) 0.030*
111 0 .023 (.004) 0 020 (.004) 0.020 (.002) 0.021 (.002)

112 0.015 (.002) 0.013 (.001) 0.015 0.015 (.001) 0.015 (.002) 0.015 (.002)

113 0.020 (.006) 0.014* 0.015* 0.015 (.003)* 0.014 (.004) 0.015*

114 0.020 (.012) 0.015* 0.020* 0.014 (.003)* 0.013 (.004) 0.015*

115 0.0215(.008) 0.019 (.002) 0.021 0.017 (.003) 0.020 (.003) 0.019 (.003)

Eyi 100.00161 100.319 100.0055 100.003 100.1318 100.2781

EA iy 9332.143 9366.964 9338.181 9339.700 9351.917 9359.004

AL 93.320 93.372 93.377 93.394 93.396 93.360

* Interpolated Yield

1. The recommended yields follow the curve through the complementary heavy masses as indicated
in Fig. 1 of [7].

2. The Crouch value is very low because of the large weights assigned to mass spectrometric
measurements that give eSr/gDSr yield ratios that are very different from other measure-

ments (as summarized in [7]). The recommended yield is the average of the latter.

3. In the Crouch evaluation the listed yields and weights do not give the weighted mean. The
most heavily weighted value may be a misprint.

330



TABLE A4

EVALUATED CHAIN YIELDS FROM 13'U

THERMAL NEUTRON FISSION - HEAVY MASSES

Mass Meek Rider i Crouch Lammer Walker ENDF/B Recommendedt Note
' & '
Eder

116 .010 (.006) .0154* .021* .014 (.003)* .013 (.004) .015*
117 .028 (.004) .015 (.001) .022 .014 (.003) .013 (.002) .015* 1
118 .030 (.005) .015 (.001) .022 .0145 (.003) .013 (.002) .015* 1
119 .030 (.005) .015 (.001) .023 002).015 (.003) .014 (.2) .015 1
120 .033 (.005) .017 (.001) .025 .016 (.003) .015 (.002) .017* 1
121 .045 (.029) .020 (.003) .027* .018 (.004) .017 (.010) .018 (.003)
122 .038 (.006) .019 (.001) .030 .025 (.005)* .024 (.008) .024* 1
123 .040 (.013 .024* .038* .037 (.007)* .036 (.008) .036*
124 .065 (.010) .031 (.002) .050 .060 (.012)* .057 (.018) .058 1
125 0.114 (.009) .116 (.013) 0.110 0.116 (.013) 10.112 (.018) 0.114 (.015)
126 0.215 (.034) .262' 0.18* 0.26 (.05)* 0.247 .079) 0.26*
127 0.59 (.10) .59 (.09) 0.50* 0.62 .12) 0.678 (.108) 0.65 (.10)
128 1.046 (.335) 1.04* 1.00* 1.00 (.20)* I 0.947 (.303) 1.00*
129 1.694 (.542) 1.61* 1.56* ' 1.70 (.34)* ' 1.612 (.366) 1.60*
130 2.326 (.744) 2.40* 2.40* 2.50 (.50)* 2.373 (.759) 2.40*
131 - 3.505 (.070) 3.51 (.07) -3.54 .5 (.U8 ' 3.502 (.049)2 
132 4.835 (.096) 4.81 (.29) 4.84 i 4.82 (.11) 4.803 (.096) 4.82 (11
133 5.958 (.060) 5.88 (.12) 6.03 ! 5.99 (.21) 6.040 (.085) 6.02 (.21)
134 6.154 (.123) 6.14 (.18) 6.15 6.14 (.14) ' 6.105 (.086) 6.13 (.14)
135 6.098 (.244) 5.81 (.18) 6.27 6.21 (.15) 6.259 (.357) 6.24 (.15)
136 7.386 (.295) 6.89 (.34) 6.82 b.- i t5.1). 6 900 .55287 (
137 6.560 (.066) 6.12 (.18) 6.85 ' 6.76 (.16) 6.798 (95) 6.80 (.16) 2
138 6.372 (.127) 5.96 (.18) 6.00 5.84 (.14) 5.890 (.165) 5.92 (.16) 
139 6.092 (.244) 6.20 (.18) 6.34 6.41 (.14) 6.441 (.258) 6.40 (.20)
140 6.417 (.128) 632 (.19) 6.45 6.39 (.12) 6.452 (.367) 6.43 (.12) 3

- 5i- .918 (.19) 1-6t (.37F6 .-; ! 6.62T .5o)3 (.26- 03 It(6
142 6.579 (.132) 6.61 (.26) 6.61 6.60 (.12) 6.643 (.171) 6.61 .12 3
143 5.953 (.060) 5.83 (.18) 5.88 5.85 ( 5 .8 5.8 (.(082) 5.86 (.10)
144 4.685 (.047 4.52 (.18) 4.64 4.62 (.09) 4.664 (.065) 4.61 (.09) 3
145 3.412 (.034) 3.39 (.10) 3.39 3.38 (.06) ; 3.375 (.047) 3.38 (.06)
146 2.547 (.025) 2.46 (.07) 2.53 2.55 (.04) 2.548 (.036) 2.53 (.04)
147 1.869 (.374) 1.82 (.11) 1.80 1.70 (.05) 1.755 (.070) 1.76 (.07)
148 1.285 (.013) 1.24 (.05) 1.30 1.30 (.022) 1.288 (.018) 1.28 (.02)
149 0.766 (.023) 0.773 (.02) 0.76 0.766 (.021) 0.771 (.044) 0.77 (.02)
J15.. n Q r.n0211 e-tn 3 f(o010 0o501 ~0.508 (.020) 0.502 (.010) 0.503 (.020)l.;n n.^> >.02H Q~n3 (.010) 0.501 0.508 (.02.0) 0.503 (.020)--- 0)50 <00?. -- -

151 0.338 (.067) 0.338 (.010 032 0.314 (.008) 0.324 (.013 0.314 (.0
152 0.193 (.038) 0.198 (.008) 0.22 0.213 (.006) ' 0.209 (.012) 0.214 (.010) 4
153 0.126 (.020) .099 (.013) 0.107 0.105 (.005) 0.109 (.009) 0.107 (.009)
154 .047 (.002) .046 (.002) .0449 .0456 (.0012) .046 (.003) .046 (.002)

155 .030 (.019)1_ .0231*' .026 .023 (.005)* .022 (.007) .023
156 .012 (.002) .0114 (.0011) .012- .0116 (.0003) .0119 (.0010) .0117 (.0010)

157 .0077 (.0012) .0067 (.0007) .0072 .0065 (.0005) .0069 (.0008) .0068 (.0007)
158 .0014 (.0009) .00235* .0024* .00127 (.00057) .0024'
159 .012 (.008) .00091 (10%) .00091 .00091 (.0007) .00091 (.0007)
160 .0029 (32%) .00031* .00035* .004 .00028 (32%) .0003*

161 .00013 (16%) .00012 (10%) .00012 .00013 (8%} .00012 (10%)
>161 .000029 (32%) ---.-.. I .000026 ... 00003*

Ey, 99.9999 97.8613 100.0099 99.9962 1 100.1255 100.0163

AiY 13812.626 13518.870 |13817.286 13811.350 13832.34013815.602

138.126 138.143 138.159 138.119 138.151 138.134

2.554 2.485 2.464 2.487 2.453 2.505 5~~~~~~~~~~~~~~~~~~~2.50 5 -

* Interpolated yield

t
The recommended yields do not take the Crouch values into account. These sum to only 97.9% suggesting
the possibility of renormalization. However, differences from the other sets are not consistent,
since about half the 1.4% difference occurs for the Cs isotopes, masses 133, 135 and 137.

1. The Crouch and Lammer and Eder evaluations use the mass spectrometric measurements of
relative Sn yields by de Laeter and Thode [43]. These differ markedly from radiometric
yields, and their use is not recommended until they are confirmed by additional measure-
ments.

2. The mass spectrometric yield ratio of 137 to 133 is retained in the recommended yields.

3. The mass spectrometric Ce isotopic abundances are retained (masses 140, 142, 144).

4. The yield ratio of Walker for 'S5Sm and '2Sm is retained in the recommended yields for the
reasons given in note 6 for Table A2.

5. The value of 9 recommended by Hanna et al.[441 is 2.4866 f 0.0069. The value given by the
recommended set differs by less than 3 standard deviations. This is considered acceptable
in view of the large uncertainties in the yields between masses 116 and 130.
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TABLE AS

EVALUATED CHAIN YIELDS FROM 2 "Pu
THERMAL NEUTRON FISSION - LIGHT MASSES

Mass Meek & Rider Crouch Lammer & Eder Walker ENDF/B Recommendedt Note

<73 0.00017 +0.00016 (45%) 0.00016*
73 0.00025 (32%) 0.00026* 0.00025* 0.00024 (16%) 0.00025*
74 0.00060 (32%) 0.00059* 0.00062* 0.004 0.00059 (32%) 0.0006*
75 0.0014 (.0004 0.0013* 0.00164 (.0004 0.0014*
76 0.031 (.0020) 0.003* 0.0035* 0.001(.00140.0033
77 0.0086 (.0007) 0.0071 (.0007) 0.0075 0.0073 (.0015) 0.0071 (.0011) 0.0073 (.001)
78 0.029 (.002) 0.026 (.003) 0.028 0.025 (.005) 0.025 (.004) 0.026 (.004)
79 0.025 (.008) 0.036* 0.06* 0.050 (.010)* 0.050 (.002) 0.05*
80 0.048 (.031) 0.08* 0.11* 0.12 (.02)* 0.121 (.019) 0.11*
81 0.182 (.029) 0.182 (.018) 0.186 0.18 (.02) 0.184 (.029) 0.183 (.020)
82 0.167 (.107) 0.24* 0.24* 0.22 (.04)* 0.224 (.036) 0.23*
83 0.293 (.006) 0.295 (.009) 0.298 0.295 (.007) 0.297 (.006) 0.297 (.007)
84 0.470 (.009) 0.478 (.019) 0.482 0.477 (.011) 0.481 (.013) 0.482 (.011)
85 0.601 (.012) 0.559 (.034) 0.566 0.558 (.013) 0.565 (.015) 0.563 (.013)
-86 0T746 (.015)- 0.77 ( .08) 0 764 -- 0.758 .17 . 76 1 (.020)02
87 0.952 (.019) 0.968 (.069) 0.980 0.970 (.022) 0 946 (.038) 0.98 (.02)
98 1.351 (.027) 1.36 (.09) 1.385 1.37 (.02) 1.372 (.027) 1.375 (.02)
89 1.674 (.033) 1.67 (.05) 1.74 1.74 (.04) 1.733 (.035) 1.74 (.04)

0 2.129 (.0 42) 2.09 (.10) 2.3 2.11 (.03) 2.124 (.042) 2.12 (.03)
91 2.440 (.049) 2.47 (.10) 2.53 2.54 (.05) 2.521 (.035) 2.54 (.05)
92 2.937 (.059) 3.01 (.06) 3.05 3.06 (.04) 3.036 (.085) 3.05 (.04)
93 3.793 (.076) 3.91 (.08) 3.92 3.92 (.05) 3.935 (.079) 3.92 (.05)
94 4.311 (.086) 4.45 (.09) 4.48 4.45 (.06) 4.466 (.089) 4.47 (.06)
95 4.912 (.098) 4.90 (.025) 5.07 4.98 (.08) 4.979 (.139) 5.01 (.08)

-- 96 4.950 (.099) 5.08 (.11) 5.12 5.12 (.07) 5.132 (.102) 5.12 (.07)
97 5.601 (.224) 5.54 (.17) 5.70 5.58 (.10) 5.737 (.229) 5.59 (.10) 2
98 5.725 (.458) 5.59 (.56) 5.93 5.81 ( 10) 5.914 (.166) 5.88 (.10)
99 6.456 (.129) 6.20 (.19) 6.33 6.10 (.36) 6.187 (.353) 6.32 (.20) 3

100 6.898 (.552) 6.74 (.67) 7.16 7.00 (.12) 7..54 (.572) 7.10 (.12)
101 6.061 (.242) 6.05 (.48) 6.01 6.04 (.19) - 5.993 (.1681 6.01 19)

102 6.108 (.244) 6.00 (.42) 6.09 6.15 (.19) 6.138 (.246) 6.13 (.19) 4
103 6.998 (.280) 5.51 (.39) 5.86 5.94 (.29) 5.818 (.116) 6.95 (.29) 5
104 6.056 (.242) 5.99 (.54) 6.03 6.10 (.19) 6.079 (.243) 6.07 (.19) 4
105 5.409 (.222) 5.47 (.55) 5.47 5.47 (.16) 5.291 (.423) 5.47 (.16)
106 4.271 (.170) 4.34 (.17) 4.64 4.45 (.22) 4,344 (.174) 4.48 (.22) 
107 3.06 (.98) 2.70* 3.3* 3.5 (.7)* 3.374 (.540) 3.5* 6
108 2.53 (.81) 1.70* 2.0* 2.3 (.5)* 2.307 (.738) 2.3* 6
109 1.385 (.111) 1.08 (.05) 1.13 1.3 (.2) 1.424 (.082) 1.3 (.2)
110 0.74 (.48) 0.53* 0.57* 0.65 (.13)* 0.654 (.209) 0.62*
110 0.27 (.04) 0.267 (.013) 0.27 0.28 (.01) 0.269 (.022) 0.27 (.02)
112 0.117 (.009) 0.094 (.004) 0.11 0.11 (.02) 0.116 (.007) 0.11 (.01)
113 0.084 (.013) 0.065 (.011) 0.65 0.076 (.006) 0.079 (.051) 0.072 (.010)
114 0.055 (.035) 0.052* 0.41* 0.049 (.010)* 0.049 (.016) 0.048*
115 0.037 (.003) 0.0371 (.00381 0.036 0.038 (.002) 0.038 (.003) 0.037 (.003)
116 0.037 (.024) 0.038* 0.035* 0.036 (. 0 0 7 )r

-
0.036 (.012) 0.036

117 0.036 (.011) 0.039* 0.035 0.035 (.007)* 0.035 (.006) 0.035*
118 0.0350 (.0112) 0.039* 0.035 0.035 (.007)* 0.035 (.011) 0.035*

y 100.0007 96.6675 99.9996 100.0033 100.0356 101.4030

ZA yy 9896.230 9543.167 9881.418 9890.598 9891.228 10031.897

99.003 98.732 98.8 985.9-02 98.877 98.931

* Interpolated Yield

The recommended yields do not take the Crouch values into account because of the large
renormalization required. The diffgrence appears, in part, to be due to the use of yields

attributed to Farrar and Tomlinson l913 that are about 4% less than the values in their paper.

1. The mass spectrometric yield ratio of "SRb to T7Rb [7] normalized to the mass 85 yield is

used to obtain the recommended yield.

2. The ENDF/E value is not consistent with the listed yields of Meek and Rider [5] [9]. The
recommended yield is the average of the Meek and Rider and Walker values.

3. The recommended yield is taken from section 3.5.4.

4. The uncertainties in the mass spectrometric Ru yields, particularly for 
1
'lRu, are discussed

in section 3.5.4. The evidence favoring a revision of the evaluated yields is not considered

conclusive.

5. The y-spectrometric yields are assumed correct (section 3.5.4). The recommended yield is
1.17 times the Walker value.

6. The estimated yields of Walker are used since these give better agreement between the
calculated and recommended v values.
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TABLE A6

EVALUATED CHAIN YIELDS FROM Z"Pu

THERMAL NEUTRON FISSION - HEAVY MASSES

Mass Meek & Rider Crouch Lammer Walker ENDF/B Recommendedt Note

Eder

119 .036 (.012) .040* .036 .035 (.007)* .035 (.006) .035*
120 .037 (.012) .042* .038 .035 (.007)* .035 (.006) .036*
121 .053 (.034) .042±.006 .041* .038 (.008) .038 (.024) .039 (.008)
122 .047 (.030) .049* .045 .038 (.008)* .038 (.012) .040*
123 .056 (.018) .058* .055* .044 (.009)* .044 (.007) .05*
124 0.158 (.025) .078* .075 .055 (.011)* .055 (.018) .06*
125 19 .009) 0.116 (.014) 0.110 i.100 (.015) 0.100 (.016) .106 (.015) 
126 0.218 (.070) 0.24* 0.23* '0.20 (.04)* 0.200 (.064) .22
127 0.526 (.042) 0.513 (.102) 0.55 0.45 (.09) 0.494 (.079) .50 (.09)
128 0.844 (.270) 0.83* 1.0* '0.85 (.17)* 0.849 (.272) .85*

129 1.689 (.541) 1.38* 1.65* 1.50 (.30)* 1.501 (.240) 1.5*
130 2.684 ¢.859! 2.30* _ 2.6* 12.50 (.50)* 2. ~O } ,,5*
131 3.890 (.078) 3.69 (.07) 3.73 ;3.73 (.09) 3.759 (.075) 3.74 (.09) 1
132 5.164 (.103) 5.11 (.15) 5.25 5.21 (.12) 5.281 (.148) 5.23 (.12) 1
133 6.839 (.068) 6.76 (.33) 6.94 '6.92 (.19) 6.974 (.140) 6.92 (.19) 1
134 7.226 (.145) 7.24 (.22) 7.43 7.41 (.17) 7.417 (.148) 7.42 (.17) 1
135 7.223 (.144) 7.08 (.28} 17.48 7.69 (.26) 7.326 (.205) 7.69 (.26) .

136 6.655 (.532) 6.33 (.63) 6.83 6.47 (.15) 6.723 (.188) 6.47 (.15) 1,2

137 6.535 (.065) 6.48 (.39) 6.62 6.72 (.18) 6.687 (.094) 6.65 (.18) 1
138 5.692 (.114) 15.71 (.28) 5.46 5.74 (.37) 5.718 (.457) 5.73 (.37) 3
139 5.842 (.234) 5.77 (.29) 5.82 i5.74 (.22) 5.719 (.458) 5.72 (.30) 4
140n S.54 (flil1 5,57 (.281) . 5.53 5.62 (.09) 5.583 (.078) 5.59 (.09) 5
141 5.963 (.238) 5.78 (.23) 5.24 5.27 (.35) 5.340 (.214) 5.34 (.25
142 4.977 (.095) 5.05 (.30) 4.97 5.02 (.08) 5.001 (.070) 5.00 (.08) 5
143 4.460 (.045) 4 42 (.22) 4.48 j4.53 (.06) 4.553 (.046) 4.51 (.06) 6
144 3.775 (.075) 3.85 (.23) 3.76 3.81 (.08) 3.833 (.027) 3.80 (.08) 5
145 3.017 .(030) 3.14 (.19) 3.04 13.06 (.03) 3.070 (.031) 3.05 (.03) 6
146 2.481 (.025) 2.52 (.21) 2.49 2.53 (.03)- 2.536 (.025) 2.52 (.03

147 1.947 (.039) 2.07 (.13) 2.09 .2.16 (.07) 2102 (.042) 2.13 (.07) 7
148 1.659 (.016) 1.71 (.08) 1.68 1.69 (.03) 1.699 (.017) 1.69 (.08)

149 1.245 (.025) 1.24 (.08) 1.24 11.30 (.05) 1.282 (.025) 1.29 (.05) 7
_150 0.998 (.020) 0.97 (.03) 0.97 10.989 (.018) 0.996 (.010) 0.99 (.02)J..~0...i0.97 p0.989 (.018) 0.996 (.010) 0.99 (.02)

151 0.765 (.015) 0.791 (.048) 0.76 ,0.814 (.031) 0.787 (.011) 0.80 (.03)
152 0.576 (.012) 0.575 (.058) 0.58 !0.619 (.023) 0.606 (.017) 0.61 (.02) 7

153 0.384 (.061) 0.385 (.039) 0.44 10.38 (.01) 0.374 (.030) 0.38 (.01) 8
154 0.275 (.005) 0.26 (.03) 0.273 0.286 (.011) 0.281 (.006) 0.285 (.010) 7

S . n _907 * n5 0-216f f(.n3) 0.17 i0.17 (.02) 0.171 (.027) 0.17 (.02)

156 .083 (.007) .086 (.011) 0.12 10.120 (.010) 0.120 (.096) 0.120 (.010)
157 .076 (.048) .075 (.011) .080 .076 (.004) .076 (.006) .077 (.06)
158 .042 (.027) .04* .045* .041 (.008)* .041 (.013) .04*

159 .022 (.007) .021 (.002) .022 .021 (.001) .021 (.002) .021 (.002)
160 .012 (.004) .01* .011*ol ____.0096 (.0031) .010*
161 .0045 (32%) .0047 (12%) .0051 .0050- (.0U04) .UUbU (.uUU4)
162 .0024 (32%) .0022* .0025* .0024 (.0011) .0023*
163 .00098 (32%) .00106* -- _ . .00096 (32%) .0010*
164 .00039 (64%) .00042* -- .00037 (45) .0004*
>164 .0003 _.0003 -- ! .00023 .00025*

y.i 100.00020 198.6457 99.9904 99.996 99.9868 99.9380

Aiy. 13812.882 13538.727 13810.271 13820.651 13817.822 13810.519

AM.
1 1

138.129 137,246 138.116 138.212 138.196 138.191
1 3 9 1

2.868 4.022 3.069 2.886 2.927 2.878 9

* Interpolated yield

The recommended yields do not take the
difficulties.

Crouch values into account because of renormalization

1. The uncertainties in the mass spectrometric Xe yields are discussed in section 3.5.4.
The evidence favoring a revision of the evaluated yields is not considered conclusive.

2. The sum of the mass 135 and 136 yields of Fickel and Tomlinson [911 agree with that
obtained by Lisman et al.[15]. The 135 and 136 yield ratio of the former, as used by
Walker, is used to give the recommended yields.

3. The Lammer and Eder value is apparently based on the smaller of the discrepant values
discussed in section 3.5.4. The recommended value uses the evaluated yields based on
the average of the discrepant results.

4. Only the ENDF/B evaluation uses all data and is recommended.

5. The mass spectrometric yield ratios for Ce are retained. For the recommended yields
they are normalized at mass 144.

6. As in 5, for Nd.

7. The Lammer and Eder evaluation is apparently based on the lower of two isotope dilution
measurements of the Sm yield. The recommended value is the average of the Walker and
ENDF/B values, both of which use both measurements.

8. The high value of Lammer and Eder is not included in the average.

9. The value of 9 recommended by Hanna et al [44) is 2.8799 i 0.0090. The good agreement
with the recommended yield is largely due to the choice of the high y-spectrometric
yield at mass 103.
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TABLE A7

EVALUATED CHAIN YIELDS FROM 
2
4'Pu

THERMAL NEUTRON FISSION - LIGHT MASSES

aass Meek & Rider Crouch Walker ENDF/B Racommended Note

<75 0.000026 (32%) - 0.000025 (32%) 0.00010*
75 0.000067 (32%) -- 0.000066 (32%) 0.00025*
76 0.000195 (64%) 0.005 0.00019 (45%) 0.0008*
77 0.00052 (.00004) 0.00045 (.00007) $ 0.00037 (.00004) 0.0025* 1
78 0.0092 (.008) 0.0086 (.00131 0.0082 (.0005) 0.0082 (.0007) 0.0083 (.0007)
79 0.0116 (.0068) 0.018* 0.016 (.003)* 0.0164 (.0005) 0.017*
80 0.0296 (.0095) 0.034* 0.033 (.007)* 0.0330 (.0075) 0.033*

m 30.055 (.018) 006 .063*5 (.013)`
'

0.0637 (.0145- 0064*' 
82 0.069 (.044) 0.105* 0.120 (.024)* 0.14 (.026) 0.115*
83 0.198 (.008) 0.201 (.006) 0.202 (.005) 0.205 (.006) 0.203 (.006)
84 0.343 (.014) 0.353 (.018) 0.360 (.008) 0.357 (.014) 0.357 (.008)
85 0.379 (.015) 0387 (.040) 0,392 (.009) 0.396 (.016) 0.392 (.009)
--86- 8'0.588 ( .024) 0.601 (060)608 (.014 0.613 (.035 0.607 (.014)
87 0.725 (.029) 0.741 (.074) 0.750 (.017) 0.756 (.043) 0.749 (.017)
88 0.934 (.037) 0.954 (.095) 0.966 (.015) 0.973 (.055) 0.966 (.015)
89 0.760 (.024) 1.19* 1.20 (.24)* 1.182 (.378) 1.19*
90 1.498 (.060 1 .53 (.15) 1.55 (02) 1.555 (.089) 155 (.02)
91 1.778 (.071) 1.76 (.09) 1.84 (.035 -1.839 (.074) 1.82 (.03)
92 2.183 (.087) 2.23 (.22) 2.26 (.03) 2.273 (.128) 2.25 (.03)
93 2.829 (.113) 2.90 (.29) 2.93 (.04) 2.965 (.169) 2.93 (.04)
94 3.260 (1.30) 3.33 (.33) 3.37 (.05) 3.402 (.194) 3.37 (.05)
95 3.859 (.154) 4.00 (.16) 3.98 (.09) 3.982 (.227) 3.99 (.09)
96 4.252 (.170) 4.33 (.43) 4.39 (06) 4.438 (.252) 4.39 (.06)
97 4.587 (.183) 4.75 (.14) 4.73 (.12) 4.762 (.271) 4.75 (.14)
98 5.924 (1.896) 5.5* 5.2 (.5)* 5.173 (.828) 5.3*
99 6.267 (.251) 6.14 (.18) 6.20 (.12) 6.231 (.249) 6.19 (.12)

100 6.221 (1.991) 6.0* 6.2 (.6)* 6.173 (.988) 6.1*
i0-1-- 5.683 (.909) 5.94 (.59) 5.91 (.32)- 5.968 (.674) 5.94 (.32)
102 6.047 (.968) 6.32 (.63) 6.29 (.34) 6.344 (.717) 6.32 (.34)
103 6.023 (1.927) 6.60* 6.65 (.7)* 6.571 (.742) 6.60*
104 6.506 (1.041) 6.80 (.68) 6.77 (.37) 6.823 (.771) 6.80 (.37)
105 5.925 (.948) 6.60* 6.75 (.7)* 6.667 (1.067) 6.67*
T6 -5.936 (.475)- 6.08 (.61) G6.05 (.33) -- .116 (.489) 6.08 (.40)

107 4.937 (1.580) 5.15* 5.3 (.8)* 5.245 (1.191) 5.25*
108 3.950 (1.264) 4.15* 4.0 (.8)* 3.94 (1.26) 4.05*
109 3.778 (.604) 2.9* 2.5 (.5)* 2.48 (.28) 2.6*
110 2.172 (1.390) 1.4* 1.2 (.24)* 1.18 (.26) 1.3*
111 1.017 (.325) - 0.49 (.07) 0.55-(.04) 0.51 (.08) 0.51 (.07-
112 0.911 (.292) 0.32* 0.28 (.05)" 0.28 (.09) 0.30*
113 0.167 (.013) 0.147 (.022) 0.153 (.008) 0.15 (.08) 0.15 (.02)
114 0.059 (.019) 0,065* 0.075 (.015)* 0.074 (.024) 0.075*
115 0.0350 (.0224) 0.037* 0.040 (.010)* 0.044 (.010) 0.040*
116 0.0267 (64%) 0.033* 0.030 (.010)* 0.029 (.009) 0.030*
117 0.0227 (32%) 0.031* 0.026 (.010)* 0.026 (.006) 0.028*
118 0.0207 (32%) 0.030* 0.025 (.010)* 0.025 (.011) 0.027*
119 0.0197 (32%) 0.029* 0.025 (.010)* 0.025 (.006) 0.026*

Eyi 99.99601 100.2484 99.9992 100.0090 100.1410

EA y.' 100-v-'6-4'698 --- 10064.220 10032.047 10030.717 10048.110

AL 100.651 100.393 100.321 100.298 100.340
AL I _0.5 0 . 9

* Interpolated yield

1. The measured yield at mass 77 is about 1/2 0 th that at mass 78. Since such a large ratio
is encountered nowhere else the recommended yields are obtained by extrapolating at rates
consistent with other measurements (approximately x 0.3 per mass).
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TABLE A8

EVALUATED CHAIN YIELDS FROM 
2
'"Pu

THERMAL NEUTRON FISSION - HEAVY MASSES

Mass Meek & Rider Crouch Walker ENDF/B Recommended Note

120 .0250 (.0080) .029* .025 (.010)* .024 (.008) .026*
121 .0250 (.0080) .030* .025 (.010)* .024 (.008) .026*
122 .0250 (.0160) .031* .025 (.010)* .024 (.008) .027*
123 .0260 (.0083) .032* .027 (.008)* .025 (.008) .028*
124 .0311 (.0200) .036* .031 (.006)* .029 (.009) .032*
125 .0414 (.0066) .042 (.006) .042 (.005) .041 (.007) .042 (.006)
126 .0930 (.0300) 0.1* .080 (.016)* .077 (.017) .085*
127 0.700 (.112) 0.21* 0.17 (.04)* 0.164 (.052) .18*
128 0.494 (.158) 0.41* 0.37 (.08)* 0.354 (.113) .38*
129 1.008 (.323) 0.82* 0.80 (0.16)* 0.773 (.175) .80*
130 1.818 (.582) 1.65* 1.70 (0.34)

*
1.637 (.524) 1.65*

131 3.092 (.062) 3.14 (.09) 3.12 (.07) 3.131 .088) 3.13 (.08)
132 4.589 (.092) 4.59 (.14) 4.64 (.11) 4.658 (.130) 4.64 (.12)
133 6.611 (.132) 6.64 (.20) 6.72 (.20) 6.715 (.134) 6.72 (.20)
134 7.990 (.160) 7.99 (.24) 8.08 (.18) 8.102 (.227) 8.09 (.20)
135 7.293 (.146) 7.08 (.35) 7.06 (.24) 7.180 (.143) 7.11 (.24)
136 7.210 (.288) 7.04 (.35) 7.30 (.17) 7.290 (.292) 7.29 (.17)
137 6.562 (.131) 6.52 (.20) 6.50 (.20) 6.650 (.186) 6.58 (.20)
138 6.594 (.264) 6.54 (.20) 6.71 (.25) 6.519 (.261) 6.60 (.25)
139 5.882 (1.882) 6.30* 6.3 (0.6)* 6.195 (.991) 6.3*
140 5.860 (.117) 5.83 (.17) 5.91 (.11) 5.932 (.166) 5.92 (.14)
141 4.972 (.199) 4.78 (.14) 4.98 (.08) 4.83 (.136) 4.88 (.10)
142 4.752 (.190) 4.77 (.14) 4.84 (.07) 4.835 (.135) 4.83 (.10)
143 4.412 (.088) 4.40 (.13) 4.52 (.06) 4.514 (.090) 4.51 (.08)
144 4.058 (.081) 4.09 (.08) 4.18 (.06) 4.163 (.083) 4.17 (.08)
145 13.120 (.062) 3.14 (.06) 3.22 (.04) 3.212 (.064) 3.21 (.06)
146 12.665 (.053) 2.65 (.05) 2.72 (.04) 2.748 (.055) 2.70 (.05)
147 2.182 (.087) 2.26 (.07) 2.20 (.06) 2.267 (.045) 2.24 (.06)
148 1.871 (.037) 1.87 (.04) 1 92 (.03) 1.926 (.053) 1.90 (.04)
149 1.432 (.006) 1.47 (.04) 1.44 (.04) 1.471 (.029) 1.46 (.04)
150 1.187 (.024) 1.16 (.05) 1.17 (.04) 1.198 (.034) 1.18 (.04)
151 0.886 (.071) 0.903 (.054) 0.882 (.024) 0.905 (.025) 0.90 (.03)
152 0.707 (.028) 0.741 (.030) 0.697 (.019) 0.719 (.020) 0.72 (.02)
153 0.536 (.172) 0.54 (.02) 0.522 (.022) 0.529 (.015) 0.53 (.02)
154 0.370 (.014) 0.379 (.019) 0.378 (.010) 0.381 (.030) 0.38 (.02)
155 0.293 (.094) 0.231 (.020) 0.231 (.022) 0.232 (.008) 0.23 (.01)
156 0.209 (.067) 10.170 (.009) 0.167 (.005) 0.170 (.027) 0.17 (.01)
157 0.146 (.093) 0.130 (.007) 0.130 (.006) 0.132 (.008) 0.13 (.01)
158 0.101 (.064) .086* 0.090 (.018)* .087 (.007) .087*
159 .068 (.043) .0462 (.0023) 0.046 (.002) .047 (.015) .046 (.002)
160 .046 (.030) .024* 0.020 (.004)* .019 (.002) .020*
161 .015 (.010) .00814 (.00040) .002 (.0003) .0083 (.0026) .0082 (.0003)
162 .0021 (32%) ---- .0038 (.0003) .0038*
163 .0021 (32%) -- .005 .00095 (.00042) .0010*
164 .00032 (32%) --- .00030 (.00010) .0003*
>164 .0002 (32%) ---- .00019 (.00006) .0002*

SY, 100.00012 98.91334 100.0012 99.9755 99.9625

EA yi 13864.152 13721.767 13873.600 13872.208 13868.503

138.641 138.725 138.734 138.756 138.737

v 2.708 2.882 2.945 12.946 2.923 1

* Interpolated yield

1. The value of u recommended by Hanna et al. 44] is 2.934 ± 0.012.
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APPENDIX B

A SURVEY OF FRACTIONAL DIRECT AND
CUMULATIVE YIELDS FOR REACTOR APPLICATIONS

As noted in the main text, this survey is limited to
masses for which the chain yields are about 1% or greater,
and, at each masse to isobars with direct yields about 5%
or greater. The latter restriction ensures that all ex-
cluded nuclides have cumulative yields that are negligibly
small or essentially unity. In the first case uncertainty
in the direct yield will have no significant effect on
calculations; in the second, its effect on the cumulative
yield will be small compared to that due to the uncertainty
in the chain yield.

The main source of data is the yield library of Meek
and Rider (9], augmented by unpublished yields listed in
other surveys [10] [11) [12] and other recent material.
An attempt has been made to report each measurement only
once since duplications give the impression of a higher
degree of agreement than the data warrant. The commonest
ways duplications occur are when preliminary values are
listed and then the final values are listed following
publication, or when cumulative yields are calculated from
measured direct yields and both are listed as though they
were independent measurements.

Measurements of delayed neutron emission can be converted
to cumulative yields if the fraction of the isobar decaying by
neutron emission is known. However, the latter are poorly
known and yields based on these measurements do not appear
in Table Bl.

The data is presented in a format that makes unmeasured
and undermeasured yields needed for reactor calculations
readily apparent. For each mass,measurements for 23 5U,
23 3U, and 2 3 9Pu are listed in that order to facilitate the
isobaric comparison noted in (4) below.

The validity of listed yields, particularly where there is
disagreement, can often be checked using the tests listed below.
Here cij and d-i are the cumulative and direct fractional
yields, respect7veiy, of the ith isobar of mass j, where
i = 1 is the stable isobar at the end of the decay chain.

(1) For each mass E d.. ~ 1.00
i 13

(2) For any isobar c.. C dj d. + c
3 kj=i k (i+l),j

(3) Because the average number of B-decays is smaller for
2 3 U and 2 3 9Pu than for 2 35U, cij( 2 3 U) should be greater
than both cij (2 3 U) and c. (2 39Pu) for most isobars.

No evaluation is attempted here. The Meek and Rider
evaluation for ENDF/B uses as input both measured yields
and calculated yields and by least squares fitting works out
a complete set of direct yields. The calculated yields are
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based on a new set of most probable yields* that take into
account the systematic odd-even effect investigated by Amiel
and Feldstein [12]1 Table B1 will provide a useful check
on the ENDF/B values when they become available,

* Prepared by Dr. K. Wolfsberg
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TABLE Bl FRACTIONAL DIRECT AND CUMULA1IVE YIELDS FROM THERMAL NEUTRON FISSION

CO
tt>
CO

Mase

83

34

85

86

87

Stable
Isobar

( Z )

Kr(36)

Kr (36)

Rb(37)

K r < 3 6 )

Rb(37 )

a

25

23

49

25

23

49

25

23

49

25

23

49

25

23

49

Cha> n
Yield

(«)

0.533

1.013

0.297

.986

1.68

0.482

1.32

2.19

0.563

1.95

2 .84

0.761

2.55

4.00

0.98

Fractional Yields

b

Br
(35)

Br
(35)

Br
(35)

Br

(35)

Kr
(36)

Cum. Direct

ltt±l[15]

b

3s, IT
&*),9

g
m/g
nw-<r

g
m/g

g
m/g

Se
(34)

Se
(34)

Se

(34)

Br
(35)

Cum.

64+4 [1]
39 [2]
42±4 [1]
l.St.l C3J
>93 151!5«— ~m
1.6±.l [33

5317 [3]
.92±.12 [3]

99 [6]
97±2 [5]

87±9 [6]
82±7 [5]

106 [6]
95±4 [11]

56±4 (10]

83±7 [10]

of Radioactive Isobars x 100

Direct

64±4 [1]

47±12 [8]
43±11 [9!

75+20 [8]

b

As
(33)

AS
(33)
m+g

As
(33)

As

(33)

Se
(34)

Cum.

80±8 [4]
76i6 [S]

17±2d [41
15+ld [5]
10±6 [5]

.„_„...„

46+6 [10]
26±5 [12]
41±7 [13]
25±5 [14]

19+4 [10]

33±6 [10]

Direct b

Ge
(32)

-——

Ge
32)

Ge
(32)

Ge

(32)

As
(33)

Direct c

_ _____ _

4±2e [13]
1.8±.9e [5]

a Fissile isotope; 25 = 23SU, 23 = 239U, 49 = 239Pu
b Radioactive isobar and atomic number, Z, in brackets
c For these isobars the cumulative yield is approximately equal to the direct yield
d 5.3s 33As. It may be either the ground state or metastable.
e. The yield given in the original paper 113] is an absolute value equal to .04 of the recommended chain

yield (2.55S). The same authors later quote their result as .01815]. Smaller changes also occur for
*7Se and 86Se; the values listed in [5] are, respectively, 7% greater and leas than those in [13].



TABLE Bl, continued (All references are for the Appendix 8 reference list)

CO

Mass

88

89

90

91

92

93

94

Stable
Isobar

« Z )

Sr(38)

Y (39)

Sr(38)

Z r ( 4 0 )

Z r ( 4 0 )

Z r ( 4 0 )

Z r ( 4 0 )

a.

25

23

49

25

23

49

25

23

49

25

23

49

23

49

25

23

49

25

23

49

Chain
Yield

( % )

3.62

5.52

1.375

4.80

6.33

1.74

5.89

6.83

2.12

5.93

6.51

2.54

5.97

6.64

3.05

6.40

7.04

3.92

6.44

6.79

4 . 4 7

Fractional Yields of Radioactive Isobars x 100
b

Rb
!37)

Hb
[37)

Rb

;37)

Sr
(38)

Sr
138)

Sr
38)

Y
!39)

Cum.

98±4 (Av.)

95±2 (Av.)

6±2 [68]

Direct

4.7i l .6[22]
4 .0± .8 [18]

L3±T '" ITS']
L3±l 122J

3+3 [17]

b

Kr
(36)

Kr
(36)

Kr

(36)

Rb
(37)

Rb
(37)

Rb
(37)

Sr
(38)

Cum .

104i6 [16]

86±1 [19]

8611 [19]

8612 [20]

67±1 [19]

6411 [19]

93±5 [23]

1 1

[

Direct

37i3 [15]

69±4 [15]

63t8 [15]

4012 [22]
39±3 [18]

62±16 [21]
40±3 [18]
55±2 [22]

48±3 [22]
49+3 [18]

b

Br
(35)

Cum .

~J47±6 [10]

Br
(35)

Br

(35)

Kr
(36)

Kr
(36)

Kr
(36)

Rb
(37)

61±3 [10]

19 ±9 [10]

63125 [10]

10±3 [10]

10±4 [10]

59±1 [20]

33ild [19]

31±ld [19]

3111 [20]

1311 [19]

1211 [19]

7.8*. 8 [23]

2.31.1 [19]

2.11.1 [19]

Direct

56±23 [9]

44110 [8]
4817 [9]

5412 [IS:

2511 [15]

8.31.5 [15!

2311 [22
2712 [18

b

se
(34)

Se
(34)

Se

(34)

Br
(35)

Br
(35)

Br
(35)

Kr
(36)

Direct0

24i6e [13]
11±1 [12]
1312 __I-14L

2.31.8 [12]

7.517 [9]

<3 [9]

1.51.6 [23]
4.01.3 [153

a Fissile isotope; 25 = 23SU, 23 = 233U, 49 = 23SPu
b Radioactive isobar and atomic number, Z, in brackets
c For these isobars the cumulative yield is approximately equal to the direct yield
d Multiplied by fractional cumulative yield of 91Sre See footnote e on preceding page



CO

TABLE Bl, continued (All references are for the Appendix B reference liat)

Mass
95 "

96

97

98

99

100

101

102

Stable
Isobar

(Z)
Ho (42)

Zr{40)

Mo (42)

Mo (42)

Tc(43)

MO (42)

Ru(44)

Ru(44)

a
25

23
49
25

23
49
25

23
49
25
23
49
25

23
49
25
23
49
25
23
49
25
23
49

Chain
Yield
(«)

6.50

6.22
5.01
6.28

5.71
5.12
6.03

5.40
5.59
5.79
5.13
5.88
6.13

4.99
6.32
6.30
4.38
7.10
5.05
3.21
6.01
4.19
2.44
6.13

Fractional Yields of Radioactive Isobars x 100
b
Zr

!40)

Rb
[37)

Zr
[40)

Zr
[40)

Mo
:42)

Zr
(40)

Mo
[42)

Mo
142)

Cum.
9911 (Av)

100t3 (Av)
99±2 (Av)

Direct
.41.2 [24]

3.41.6 [24]

2.01.1 [22
3.0±.5 [18

611 [26]

b
Y
Y
(39)

Kr
(36)

Y
(39)

Y
(39)

Nb,m
(41)g
m

Y
(39)

Mb
(41)

Nb
(41)

Cum .

33±3 [26]
3112 [27]
61111 [26]

Direct
L3i6 [25]

30 [28]

2911 127]

b
Sr

(38)

Br
(35)

Sr
(38)

Sr
(38)

Zr
(40)

Sr
(38)

Zr
(40)

Zr
(40)

Cum.

1.911 [26]

Direct b
Rb

(37)

Se(34)

Rb
(37)

Rb
(37)

Y
(39)

Rb
(37)

Y
[39)

Y
[39)

Direct c
101.5 [22]
1211 [18]

0.51.1 [22]
1.61.6 [18]

a Fissile isotope; 25 = 23SU, 23 = 233U, 49 = 239Pu
b Radioactive isobar and atomic number, Z, in brackets
c For these isobars the cumulative yield is approximately equal to the direcy yield



TABLE Bl, continued (All references are for the Appendix B reference list)

CO

Mass

103

104

105

106

107

129

130

Stable
Isobar

(Z)

3h(45>

Ru(44)

Pd(46)

Pd(46)

Pd(46)

1(53)

Te(52)

a
25
23
49
25
23
49
25
23
41
25
23

49
25
23
49
25

23
49
25

23
49

Chain
Yield
(*)

3.12
1.70
6.95
1.83
1.03
6.07
0.927
0.53
5.47
0.390
0.25!
4.48
0.17
0.12
3.5
0 65

1.60
1.5
1.7

2.4
2.5

Fractional Yieiaa of Radioactive Isobars x 100
b
Tc
(43)

Mo
(42)

Ru
(44)

RU

(44)

Ru

<«)

Sb
(51)

Te
(52)

Cum. Direct

11±5 [32!

3 [28]

b

Mo
(42)

Nb
(411

Tc
(43;

Tc
(43)

Tc
(43)

Sn,tr
N>9

Sb,m
(51)g

Cum.

76±3 [29]

72±8 [29]

80±10 [29]
33±5 [29]

41±5 [29]
53i3 [32]
36±3 [32]
31±1 [34]

Direct

37 [28]
20t3 [32]
9 [28]
14+3 [32]

b
Nb
(41)

Zr
[40)

Mo
(42)

Mo
[42)

Mo
f42)

In
[49)

Sn
(50)

Cum.

98±2 [303

10719 [30]

50 [28]
52±6 [32]

Direct b
Zr
[40)

Y
(39)

Nb
(41)

Nb
(41)

Nb
(41)

Cd
(48)

In
(49)

Direct c

a Fissile isotope; 25 - 23sU, 23 = 2330, 49 = 239Pub Radioactive isobar and atomic number, Z, in brackets
c For these isobars the cumulative yield is approximately equal to the direct yield



TABLE Bl, continued (All references are for the Appendix B reference list)

CO*.
OS

Mass

131

132

133

Stable
Isobar

(Z)

Xe(54)

Xe(54 )

Cs(55)

a

25

23

49

25

23

49

25

23

49

Chain
Yield

( % )

2.82

3.52

3.74

4.20

4 .82

5.23

6.75

6.02

6.92

Fractional Yields of the Radioactive Isobars x 100

b

Te, re
(52)

g

IT
g
m

Te
(52)

I
(53)

Cum .

16e [35]
15e [36]

98 [43]

102±5 [Av]

100±5 [Av]

Direct

2 . 5 ± 2 . 5 [ 3 7 ]
11 [38'
8±1 [39
51±10 [36
1.5*1.5(37
4 . 4 ± . 7 [39
12 [28

23 (38

18±5 [38

20±2 [41
38±2 [44
2 [45

64±4 [44]

2 [45;

26 [36;
2.5i2.5[37;
2 .2± .8 [4i;
12 [47:
251.8 [48'
2±2 [49:
2.5±1.4[50:
2 [45;

14±1 [52:
21±1* [53:

15±3 £ 5 2 '
6 [45:

b

Sb
(51)

Sb
(51)

Te,«
£2)c

n+g

Cum.

64±2 [36]
91t9 [40]

72 [40]

71 [36]

Direct

59+14 [41]
52 [28]

66±8 [41]
49±1 [ 44 ]
16 + 2 [45]

27±3 [44 ]

9 + 7 [45]

29+4 [41]
5+5 [37]
28±4 [41]
45±7 [45]

40±7 [45]

b

Sn
(50)

Sn
(50)

Sb
(51)

Cum.

28 [42]
35 [28]
33±6 [32]
45+7 [41]

1414 [41]
14±1 [44]
20 [42]
32±3 [463

2.S+.5 [443

56 [36]
42±10 [51]

Direct

56 [45]

61 [45]

46 [41]
51±5 [45]

49±5 [45]

b

In
(49)

In
(49)

Sn
(50)

Direct °

2512 [45]

27±5 [45]

3 [45]

5 [45]

a Fissile isotope, 25 = 2 3 5 U , 23 = 2 3 3 U , 49 = 2 3 9 P u
b Radioactive isobar and atomic number, Z, in brackets
c For these isobars the cumulative yield is approximately equal to the direct yield
e About 7% of l 3 lSb decays to I3 j l t lTe[39] ao that most of the cumulative yield ia formed directly
£ Revised to 15.5±1 (private communication from H O.Oenschlag , 1974 )



CO

TABLE Bl, continued (All references are for the Appendix B reference liat)

Mase

134

135C

136

137

138

Stable
Isobar

(Z)

Ke(54)

Cs(55)

X e ( 5 4 )

Cs<55)

8a(56)

a

25

23

49

25

23

49

25

23

49

25

23
49

25

23

49

Chain
•field

(*)

7.6S

6.13

7.42

6.60

6 .24

7.69

6.18

6.87

6.47

6.26

6.80
6765"

6.80

5.92

5.73

Fractional Yields of the Radioactive Isobars x 100

b

i
(53)

Xe

(54)

Xe
(54)

Xe
(54)

Cs
(55)

Cum,

100

>99

>99

»_ — ...

97.8±.3 [23]

90J1 119]
52 ±1 1l9]

Direct

13 [54]
11±2 [37]
12 [47]
1011 [28]
1212 [49]
12±1 [50]
35±5 [45]
33±2""l55]
37±2 __ J53J
34±3 [52]
15±7 [45]
3.5

21.0

15.0

21i4 [57]
24±18 [58]
34±5 [45]

32±5 [45]

33i5 [57]
4816 [15]

4.71.2 [23]
4.81.1 [60]
14 [45]

22 [45]

b

Te
(52)

I

(53)

I
(53)

I
(53)

xe
(54)

Cum.

89±1 [56]
90 [28]

96.5

79.0

85.0

65±15 [58}

28±3 J19J
4212 [10]

83±1 [191

85±1 [19]

Direct

52±6 [45]

51±6 [45]
47

61

61

67±25 [57]
21±8 [48]
35+5 [45]

33t3 [45]

53i6 [57]
28±6 [59]
4617 [9]

74±8 [15]
56±5 [45

55±7 [45J

b

Sb
(51)

Te

(52;

Te
(52)

Te
(52)

I
(53]

Cum .

4.2±.5 [55]
3.8 [51]

50

18

24

16±4 [10:

10±1 [10]

i4±9 no;

Direct

16 [13]

23 [45]
(47)

(18)

(23)

10±3 [57]
2414 [45]

25±4 [45]

8 [57]

17±3 [45]
12±3 [59]

1513 [45]

b

Sn
(50)

Sb

(51)

Sb
(51)

Sb
(51)

Te
(52)

Direct

1 [45]

5 [453
(3)
C\,0)

(-vl)

5±3 {45]

5±3 [45]

1 [57]

4±2 [45]

4±2 [45]

a Fisaile isotope? 25 = *35U, 23 = 233U, 49 = 23'Pu
b Radioactive isobar and atomic number, Z, in brackets
c For these isobars the cumulative yield ia approximately equal to the direct yieldd Recommended fractional yields from Table 4



TABLE Bl, continued (All references are for the Appendix B reference list)

*•
CO

Mas:

139

140

141

142

143

144

Stable
Isobar

( Z )

La(S7)

Ce(58)

P r (59 )

Ce(58)

Nd(60 )

Sd(60)

a

25

23

49

25

23

49

25

23

49

25

23

49

25

23

49

25

23

49

Chain
Yield

( % )

6.50

6.40

5.72

6.36

6.43

5.59

5.82

6.60

5.34

5.87

6.61

5.00

5.95

5.86

4.51

5.39

4.61

3.80

Fractional Yields of the Radioactive Isobars x 100

b

Ba
[56)

Ba
(56)

La
(57)

La
(57)

Ce
(58)

Ce

(58)

Cum. Direct

L . l ± . 4 [23]
5±5 [69]

B.4i .7 [61]

4.6±3.0[23]

27±4 [61]

.30±.04[62]
,37±.13[23]

1.7+.4 [23]

, 53± .03[23]
12±3 [64]

1. 2+1.2[67]

b

Cs
(55)

Cs
(55)

Ba
(56)

Ba
(56)

La
(57)

La

(57)

Cum.

93±3 [23]

70 [65]

Direct

24 + 2 [22]
20+.3 [60!
18±2 [18]

31±2 [22'
33±3 [18!

26 + 5 (23!

b

Xe
(54)

Xe
(54)

Cs
(55)

C3
(55)

Ba
(56)

Ba

(56)

Cum .

82±2 [56]

48±1 [19]

55±1 [19]

6011 [56]

23±1 [19]

30±1 [19]

88±6 [66]

78±6 [66]

Direct

79t7 [15]
13±3 [69]

46±6 [15]

55±1 [22]
45+7 [60]
52±4 [18]

41+1 [22]
25±7 [60]

b

I
(53)

I
(53)

Xe
(54)

Xe
(54)

Cs
(55)

Cs

(55)

Direct

12±5 [9]
7±4 [59]
2±1 [69]

«11 [10]

5.4±3,4D.O]

3.4±2.1 [9]

21t2 [20]
20 + 3 [15]

5.1±.3 [19]

7.9± .4 [19]

6±5 [63]
11±2 [15]

1.0+ .1 [19]

1.7±.1_ [19]

25±1 [22]
17±3 [60]2§±3 rjgi

5.2±1.6[22]

22±3 [18]

a Fissile isotope; 25 = 235U, 23 = 233U, 49 = *39Pub Radioactive isobar and atomic number, 2, in bracketsc For these isobars the cumulative yield ia approximately equal to the direct yield



TABLE Bl, continued (All references are for the Appendix B reference list)

CO
>F"
CO

a Fissile isotope; 25 « 2SSU, 23 = 233U, 49 = 239Pub Radioactive isobar and atomic number, z, in brackets
c For these isobars the cumulative yield is approximately equal to the direct yield

Mass

145

146

147

148

149

Stable
Isobar

(Z)

Nd(60)

Nd(60)

Sm(62)

Nd(60)

Sm(62)

a

25
23
49
25
23
49
25
23
49
25
23
49
25
23
49

Chain
Yield
<%)

3.93
3.38
3.05
2.97
2.53
2.52
2.25
1.76
2.13
1.68
1.28
1.69
1.07
0.77
1.29

Fractional Yields of Radioactive Isobars x 100
b

Ce
(58)

Pr
(59)

Pr
(59)

Pr
(59)

Nd
(60)

Cum. Direct

51 [64]

b

La
(57)

Ce
(58)

Ce
(58)

Ce
(58)

Pr
(59)

Cum .

96±5 [17]

Direct b

Ba
:56)

La
:s?)

La
!S7)

La
(57)

Ce
(58)

Cum Direct b
Ca
(55)

Ba
(56)

Ba
(56)

Ba
(56)

La
(57)

Direct0

7t2 [13]
2̂ 41*2160.1



APPENDIX C

MISCELLANEOUS TABLES

Two tables were prepared for the oral presentation which
may be of general interest.

Table Cl shows revisions to the l"4Ba yields of Table 2.

The investigation was initiated by a letter from
M. Lamnuer noting that the result of Santry and Yaffe
C31] required renormalization. The remaining P-counting
measurements, with one exception, required corrections
for flux depression. The changes increase the weighted
mean by 0.8%.

Table C2 is a revised table of the thermal/epithermal
counting rates given in Tong et al.[81], The purpose
of the data as originally presented was intended to show
that for each irradiation this ratio was constant within
experimental error for many radioactive fission products
in the peak region.

In Table C2 each measured ratio is divided by the mean
ratio for the same irradiation so that the numbers all
lie within a few percent of unity and those in the bottom
line are, of course, exactly one. These ratios of ratios
are then averaged for each nuclide with the average
values and their rms deviations listed in the right hand
column. Only for mass 140 does the average value deviate
from unity significantly. Even here 2 of the 3 measure-
ments differ by appreciably less than the assigned error
of 4%.
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TABLE C1

MASS 140 YIELDS FROM 33Su FISSION

Chain Yields (%)

Ref. year

27
(1951)

Table 2

6.17+.13(.62)

Corrected

6.51+.62

Comments

Fission chamber; 2ir3 counting of 14°Ba
+-4° La. Counting correction by Glen-
denin quoted in [30]. Target thickness
equivalent to , 20 mil foil; no correc-
tion for flux repression, estimated
correction (3+0.5)%.

28
(1952) 6.37±.18(.64) 6.55+.64 Fission chamber; 2ir counting of 14 0 Ba

-+4°La. Target 20 mil foil; no correc-
tion for flux depression; estimated
correction (3±0.5)%.

29
(1953) 6.25±.13(.59) 6.25+.59 27r counting relative to 6gSr absolute

yield. Same authors give absolute
yields of 97 Zn, 9Mo very different
from evaluated values so results are
questionable.

30
(1954) 6.32+.24(.58) 6.55+.58 Flux from m.s. analysis of BL°/B 11 in

B monitor; 27r counting. Correction
is for flux depression as calculated
by Petruska et al (CJP33,693).

31
(1960) 6.36+.12(.46) 6.68+.46 Co monitor; 2ir counting. Renormalized

to af(2a3U)=557b; oa(59Co)=37.2b

33
(1968) 6.36±.32(.32) 6.36+.32 Fission chamber; Ge(Li)y-detector;

counted 14 0La y-ray against 14*Ba L4°La
standard.

34
(1971) 6.29+.14(.25) 6.29+.25 Fission chamber; Ge(Li)y-detector;

counted l4 0 La y-ray against irradiated
19La; °La decays of std. determined
by 2vp counting.

18
(1971) 6.40+.1.26) 6.40+.26 Fission chamber; Ge(Li)y-detector;

counted 140La y-rays and obtained
absolute disintegration rate using
calibrated detector efficiency.

35
(1973) 5.77±.30 not used Mica fission track recorder; Ge(Li)

y-detector; counted 14°La standard;
weight of fission foil not given; no
correction for flux depression.

Weighted means

6.34*0.35(0.05) 6.39±0.37(0.10)
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TABLE C2

RELATIVE (THERMAL/SHIELDED) ACTIVITY RATIOS
FOR 39Pu FISSION PRODUCTS

Experiment No.

Shield Material

1

Sm

2

Cd

3

Cd

4

Sm

5

Sr Av

Kr-85m

Sr-91
Y-91m

Sr-92

Zr-97
Nb-97

Tc-99m

Ru-103

Ru-105

I-131

Te-132
1-132

1-133

1-135
Xe-135

Ba-140
La-140

Ce-143

Nd-147

1.029
0.994

1.012

1.000
1.012

0.991

1.021
1.013 1.01

1.013
1.017

0.994
0.994

0.989 1.017

1.008 0.986

1.029 1.019

0.987 0.991
1.017

1.000 0.983

1.017 1.026
0.982 0.995

1.029

0.989
1.022

1.017

1.006
0.977

1.000

1.008

1.000

0.992

0.967

0.959
0.975

0.983

0.967

1.021

1.021
1.007

0.992

0.986

0.979

0.979

0.986

0.991

1 .013±.012

1.012

1.004+.012

1.003+.014

.997+.011

1.017

1.017

1. 004.015

0.997+.013

1.006+. 023

0.971+.011

0.987+.018

0.986+ . 020

0.997 0.966 1.011

1.006

Weighted average 1.000 1.000

+. 023 +.021

1.000

+.029

1.000

±.025

1.000

+.029
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Review Paper No. 11b

REVIEW OF FISSION PRODUCT YIELD DATA FOR FAST NEUTRON FISSION

by

J. G. Cuninghame

Chemistry Division, A.E.R.E., Harvell, Didcot, Berks., England.

ABSTRACT

This paper summarises the current position on fast fission yields,

including cumulative and independent yields, the effect of change of

neutron energy, 14 MeV yields, and ternary fission. Tables of data from

recent yield evaluations are presented and compared, and new data not yet

included in evaluations are given. Recommendations are made for measure-

ments needed to fill the many large gaps in the data.

1. INTRODUCTION

This paper has been written with the object of presenting a clear

picture of the situation today regarding data on fast fission yields of

nuclides important to reactor progranmes. The method used is to compare

all evaluations published since 1968, provided the evaluator has taken as

his starting point the original experimental data and not an evaluation of

another author, and then add supplementary information obtained by

searching the literature from the date of the latest evaluation until the
end of June 1973 or taken from contributions made directly to me especially

for this meeting.

The following topics are discussed in this paper:-

1. Experimental methods used in fast fission yield measurement.

2. Evaluation of fast fission yields.

3. Chain yields in fast fission.

4. Chain yields in 14 MeV fission.

5. The effect of neutron energy on fission yields.

6. Charge distribution in fast and 14 MeV fission.

7. Ternary fission.
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The following topics are not included:-

1. Evaluation procedures in general.

2. Experimental methods in detail.

.3. Error analysis.

because they are all dealt with in paper 11a. Similarly, the theoretical

background has been left to paper 16.

At this point it seems wise to exp -ain how the term fast fission" is

interpreted in this paper. All fission yields measured in a fast reactor

spectrum, and yields of non-thermally fissile nuclides measured in either

a thermal or a fast reactor spectrum, are called "fast yields". We should

realise that applying this definition could possibly cause errors if there

was any substantial energy effect on the yields, since neutron spectra vary

from reactor to reactor and in different areas of the same reactor.

However, as we shall see, except for yields in the valley and on the wings

of the mass yield curve, any such effect has yet to be detected with

certainty. In any case, few authors have given details of their energy

spectrum except where they are deliberately seeking to examine its effect.

Yields measured in mono-energetic neutron fluxes are not included in the

data sets, hut are discussed separately in the section on energy effect.

The term "14 MeV fission" also requires some explanation. It refers,
3 4

of course, to fission by neutrons generated by the H(d,n) He reaction at

low deuteron energies. The energy of the resulting neutrons depends on the

exact conditions of their generation and authors have quoted a range of

values around 14.7 MeV for it. All such measurements are usually referred

to as 14 MeV fission, as is the case herein.

Table I iF a list of evaluations, -elected in accordance with the

conditions stated in the first para grai of this introduction, which I have

used in this paper.

2. EXPERIMENTAL METHODS USED IN FAST FISSION YIELD MEASUMNT

2.1 General discussion

The main discussion of the different kinds of experimental methods

used in the measurement of fission yields is to be found in paper 11a and

this section will be confined to a consideration of which of them are most

suitable for fast yields.

The chief difference between thermal and fast fission is, of course,

that for all practical purposes thermal fission yields have no energy

effect because the very high thermal fission cross-section dominates the
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Table 1

Evaluations used in this paper

Nuclides for which sets of
recommended values of fission

'Author Ref Date yields are given Comments

Spontaneous Thermal Fast 14 MeV

von Gunten 59 1969 238U 237Np 232Th
252Cf 241Am 235U

238 U

Meek & Rider 3 1972 2 3 3 U 2 32 Th 2 3 5 U
235U 235 U 2380

238U 238 U

239pu 239pu

Sidebotham 7 1972 237U 232Th These are NOT

237Np 233U evaluated experi-
240 234
24Pu 2U mental yields,

242pU 236U but are calculated

241Am 237U by methods
2 3 7 Np explained in
238Np Section 4 of this

P___u paper.

Sidebotham 7 1972 240pu
(cont'd} 241pu

24 2 Pu
241Am

243Am

242Cm

Lammer &Eder 2 1973 233U 232Th
235 U

2 3 9 Pu

Crouch 1 1973 - 232Th 231Pa A companion paper,

233U 232Th ref. 4, contains
235U 233U Crouch's thermal

237Np 235U yield evaluations.
238 U 237Np

239pu 238U

239pu

241pu

Daroczy, 60 1973 238U

Raics & Nagy
- -- _- -- ------ ___ __ .__ ___ . __ ..
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situation. Note that this is not quite the same as saying there is no

energy effect in thermal reactors, particularly at high temperatures and

high burn-up, but such matters are not in the province of this paper.

Apart from the fact that fission in fast reactors occurs over a wide

neutron energy range, a further factor influencing experimental methods is

that the low fa :t fission cross-section make very long irradiation periods

necessary if we are to achieve a high oiiugh number of fission in a sample

so that the yields can be measured mass-spectrometrically. During these

long periods conditions within the reactor may change. If we want to study

the energy effect with exactitude we must either use mono-energetic

neutrons or else neutrons having a very well-defined spectrum which does

not change daring the irradiation. In practice this usually means either

using neutrons from a nuclear reaction (e.g. 7Li(p,n) Be) or else from an

experimental low power fast reactor. In both cases the flux obtainable is

low, thus making mass spectrometric measurements virtually impossible.

2.2 Methods conmonly used for measuring fast fission yields

(a) Mass spectroetry

Provided the problems of long irradiation time and possible variation

of the neutron spectrum during irradiation can somehow be overcome, mass

spectronetry probably remains the most accurate means of measuring fast

yields. Unfortunately these provisos are serious and make it difficult to

know how to evaluate such yields when carried out in different reactors

(see section 3 on evaluation methods). The method has been used for fast

yield measurements, however, notably by Davies in the UK Dounreay Fast

Reactor (DFR) ancd Lisman et al. ) in .he US reactor EBR I; both of these

papers report results on 235U and 2 Pu. Davies obtained the number of

fissions which had occurred in his samples by mass-spectrometric measure-

ments of the consumption of the target material during the irradiation

while Lisman et al., who had measured over 80% of the total heavy mass peak,

filled in the remaining yields from values in the literature and normalised

their values to 100% for the heavy peak. Overall accuracy of fast yields

measured in these ways (i.e. including systematic errors) is probably

± 2 - 3%.

(b) Very precise y-counting

Y-spectrometry by means of a carefully calibrated Ge(Li) detector can

be nearly as precise as mass-spectrometry and, provided the number of
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fissions can be determined to a comparably high accuracy, very good

absolute fission yields can be obtained. The total number of fissions

needed in the sample is much lower than for mass-spectrometry and it is

therefore possible to use better defined neutron spectra, such as those

from a small critical assembly. A good example of this technique is to be

found in the work of Larsen et al. (5 ) who irradiated their samples in two

different assemblies in ZPR-3, each one being a mock-up of a particular

loading for EBR II. They determined the number of fissions in their

samples by means of mica fission track detectors. The overall accuracy for

fast yields measured in this way is probably about ± 3 - 4%.

(c) R-counting techniques used for very low fluxes

It may not be possible to give the sample a sufficiently large total

neutron dose even for precise Y-spectrometry, and in such a case the use of

carriers followed by R-counting of a thick sample is the only reasonable

method of estimating the amount of fission product present. To achieve the

best accuracy very stable, low background, 2 x proportional counters (back-

ground < 1 count/min) must be used and self-absorption curves must be

prepared for the nuclides concerned by means of absolutely standardised

samples. Provided an accurate method of obtaining the number of fissions

in the sample is employed the overall accuracy of the yields can be in the

range + 4 - 8%.

Examples of the use of this procedure are Bowles and Willis' absolute

yields for 235U fissioned in DFR(52 ) , Cuninghame, Goodall and Willis'

absolute yields for 25U, 238U and in DFR ( 5 ) and the absolute yields

for 2U in mono-energetic neutron fluxes by Cuninghame, Goodall and
(12)

Willis . Fission chambers we e used to measure the number of fissions

in the DFR experiments and fission track detectors for the mono-energetic

neutron measurements.

Thick source P-counting and Y-counting have also been used by many

authors for determining relative fast fission yields by techniques which

have been in use for many years.

(d) Sumnary of the methods

Table 2 gives a summary of the methods discussed above for the

measurement both of the amount of fission product and the number of

fissions, together with my strictly subjective estimates of the overall

accuracy (i.e. including all errors) which can reasonably be expected.
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Table 2

Summary of methods used in fast fission yield measurement

Part I: Estimation of the amount of fission Droduct Dresent

Percentage Accuracy
Name of method (as a standard Comments

deviationt)

Mass spectrometry

Precise Y-counting

Low background thick
source 3-counting

Relative yields by P
or y counting

2-3

3-4

4-8

5-20
(depends on accuracy
of reference yield)

Requires large number of
fissions in sample . long
irradiation in high flux.

Suitable for irradiations
in lower flux, e.g. criti-
cal assembly. Requires
accurate calibration of
counter and standards.

Source disintegration rate
can be low (1 - 2 dis/min)
.' suitable for very low
flux. Requires good self-
absorption curves and first
rate counter.

The classical method. Quick
and easy but not accurate.

1

Part II Estimation of total fissions in the source

Mass-spectrometry of
fissile target mater-
ial (or of a fission
product if the yield
is known)

Fission chamber

Fission track
detector

2-3

2-4

Depends on number of
tracks counted but
not better than 1 - 2

See Part I.

Needs careful calibration.
Can only be used for short
(tens of hours) irradia-
tions in low fluxes (1010 -
1011 n/cm2/sec) when high
accuracy is required.

Can be used in quite high
fluxes by adjustment of
amount of fissile material
used. Simple and reliable
but tedious to obtain data
from them unless automatic
counting methods (less
accurate than optical
counting) is used.
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2,3 Methods used to examine the effect of neutron energy change in fast
fission yields

(a) Mono-energetic neutrons

It is possible to irradiate samples with different energy bands of

neutrons by spinning them in front of a slit through which a beam of

neutrons is allowed to pass after travelling down a flight tube from either

a nuclear explosion or some sort of pulsed neutron source such as a chopper

or linear accelerator target. In practice, however, it is far simpler to

use mono-energetic neutrons from a nuclear reaction. (The term "mono-

energetic" is not strict as there will always be a spread of neutron energy

which depends on the solid angle of neutrons intercepted by the target, the

thickness of the neutron target, the energy spread of the charged particle

beam, etc.) Table 3 sumnarises the most useful of such reactions.

Table 3

sources useful forMono-energetic neutron fission yield measurements

nMbst Tygical flux References
Ener8y convenientType of at 0 ; 2.cm from to some
(KeV) reaction accelerator neutron target: papers using

reac7 7

n/cm2/sec this source

30 Li(p,n) Be van de Graaff 10 12,15

60 3H(p,n)3He " " " 106 16

100-2,000 7Li(p,n)7Be " " " 5 x 107 12,15,16,57

2 van de.Graaff or 7*2,500-9,000 2H(d,n)He Cockcrot-Walton 5 x 10 16,54,55,57

14,700 H(d,n) He Cockcroft-Walton 5 x 108 15,16,56,57

*The energy spread of the
for a variety of reasons
planning experiments.

neutrons may become quite large above about 3 MeV
and this must be carefully considered when

(b) Fission neutron sources with known spectra

Mach higher neutron fluxes can be obtained from some kind of fission

source such as a critical assembly or full-scale reactor. It is, of

course, necessary to know the neutron spectrnu so that the effect on

fission yields of changing it can be assessed. The most usual procedure is
to make use of a low power assembly of some kind (flux : 10 - 10 ) and to

change its core structure so that the neutron spectrum changes 1 ), but
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some information can be obtained by selecting different regions of an opera-

ting fast reactor whose spectra are well known (flux : 10 - 19 14) 5 2 5 )

The difficulty with this last approach is that the neutron spectrum may

change during the irradiation due to the operation of control rods or

changes in position of other experiments. Finally it is possible to modify

a neutron spectrum by the Insertion of suitable obsorbers near to the
(58)

substance being irradiated 

All these methods involWe a neutron spectrum measurement at some stage

of the experiment and this can be a very awkward process. It is to be hoped

that it will be established that the yields of key nuclides required for

reactor operation purposes are not affected by the changes in neutron

spectra from one fast reactor to another so that one set of data can be

used. This will not, of course, solve the problem of yield changes in wing

and valley nuclides or of possible changes in the yields of nuclides

affected by fine structure should these ever become of operational

importance.

3. EVALUATION OF FAST FISSSION YIELDS

Evaluation procedures are dealt. with in detail in paper 'I a and th,u.s

short section has been written only to point to the special problems

confronting evaluators of fast yields as compared to thermal.

At the present time, and for reasons ikich are discussed under

experimental methods (section 2), there are very few sissspect.rffetr.ie

fast fission yields and not a great mmber of absolute yields cither, This

means that the evaluator canuot base his 'iork only on accurate yields hbt

must use all the available data, whose reliability is exceedingly variable.

Furthermore, data on indepernent yields scarcely exist at all and so ir.kirg

allowance for than is difficult,

As if this was not enough, the evaliuator of fast yields is also faced

with a fundamental problem of fast fission - namely the effect of neutron

energy and the fact that many experimenters have either not known or e.tse

ignored the shape of the nautron spectrum in which their meaasuaements were

made. The ideal situation would be to have a complete evaluation of all

fast fission yields for every relevant nultron spectrtnl shape, but since

this is utterly impossible now and probably always will be. all evaluators

so far have chosen to ignore t.he problem and group all "fast" data

together. The energy effect, if referred to at all, is dealt with
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separately for the very few cases where any data exist. In fact, as we can

see in the section of this paper on the yields themselves, these procedures

have not resulted in huge discrepancies between evaluators, possibly because

any energy effect is masked by the experimental errors.

The only possible recommendation for the future can be for experi-

menters to take more care in record ng the experimental details of their

neutron spectra and for evaluators Lo try and decide just how great the

effect of neutron energy really is.

4. CHAIN YIELDS IN FAST FISSION

4.1 The available evaluations

If we exclude publications which are more than five years old, and also

those in which the authors have not re-evaluated the original experimental

data from first principles and thereby produced a new set of recommended

yields, there are only four fast fission yield evaluations to consider;

those of Crouch , Lammer and Eder (2), Meek and Riders ) and von Gunten (

I will now give a general description of the methods and principles adopted

by these four sets of authors.

(a) Crouch

The UKAEA report by Crouch is the fast fission analogue of his earlier
(4)thermal yield evaluation paper ( , which is included by Walker in paper 11a

of this meeting. It contains recommended sets of data for 232Th, 233U,

235U, 238U, Np and 239pu. Crouch is steadily working through a

programme which involves the following steps:

(I) bet up a system on the Hci-well computer to store and provide

rapid access to all experimental yield data ( 6) .

(II) Use the system to store a complete library of fission yields, and

keep it up-to-date by continual search of the new literature.

(III) Use this library and its associated computer programme to produce

evaluations of cumulative fission yields as required. It is

important to understand that the evaluations at this stage of the

process are simply of experimental data, ruclide by nuclide; all

the data for any particular fissioning species are normalised to

reference yields which are obtained by assessment of all available

absolute yields. Weighted means, simple means, and recommended

values are given, but there is no other adjustment of the data,
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e.g. by invoking the conservation laws; values for yields of

chains for which there are no experimental data are only given if

interpolating them is a simple matter, e.g. if there is no fine

structure involved. Crouch includes all the experimental data as

well as his evaluated figures, The two reports, refs. (1) and

(4), e-e the first results of 'his type of procedure.

(IV) Use the evaluation of stage (III) as the basis of a further

evaluation in wluch physical laws such as conservation of mass,

charge and energy, and calculated values of v etc. are applied.

This process provides a complete set of adjusted values for all

mass chains, but it is important to understand that such pro-

cedures move the reconmmended values a further step away from the

actual measured experimental results and, while giving a good

overall picture, may yet be less accurate for any particular

yield than the stage (III) process. Crouch has not yet completed

this stage of his evaluation work.

(b) Lanmier and Eder

(2)
Their publication( is mostly on thermal yields, but does include a

232
reconwended set of Th fast yields. As far as possible these authors

have based their evaluations on mass spectrotietric yields, but the paucity
232

of such measurements for 2Th fast fission has meant that they have had to

rely mainly on radiochemical ones, both of the "R-value" type (i.e. where

uranium and thorium samples are irradiated simultaneously and count ratios

obtained for particular nuclides), and of the relative yield type. The

yield curve obtained by combining these measurements is finally normalised

so that the heavy peak' sums to 100%..

Lamner, in a contribution written for inclusion in this paper ( 7 ) but

submitted too late for its data to be used in the comparisons between

evaluations (para. 4.3), has coinented in detail on the evaluation of 2Th

yields and has renomralised his data so as to include some new measurermnts.

The effect of this is to change some his values, usually by less than 1%,

but in some cases by considerably more. His original and new results are

shown in Table 7 of Appendix 1.

(7i)
He has also, in a second last minute contribution written a set of

comments on U fast fission yields. This includes a useful table of sowe

of the more important yields, listing the available experimental data.
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This table is reproduced in Appendix 3.

(c) Meek and Rider

Meek and Rider's evaluation ) includes recommended sets of fast

fission yields for 232Th, 235U 238U and 239Pu. Like Crouch, they have a

complete computerised data base of all experimental measurements and they

give these in their tables. All original data are renormalised to the

estimated best reference value before being used in the evaluation.

For the evaluation itself they use a conplete procedure whereby the

chain yield is built up stage by stage for any mass by calculating the

independent yields, averaging them with any existing weighted average

experimental values, and then adding them together to give the calculated

cumulative yield at that point in the chain. This value is then averaged

with the weighted averaged experimental cumulative yield value (if any) so

as to give the final cumulative yield at that point. This process

continues along the chain until a stable member is reached. Finally, the

cumulative yields for all stable members of the chain are added together

to give the recommended chain yield. The complete set of chain yields for

any fissioning nuclide is then normalised so as to total 100% for each mass

peak.

(d) von Gunten

von Gunten's method is not explained in detail in his paper, but it

seems Likely that he has obtained his recommended values of fission yields

by averaging available experimental data and normalising to reference

yields where necessary.

4.2 The calculated yield curves of Sidebotham

When considering fast fission yield evaluations available today we

nust also take into account the yield tables produced by Sidebotham by
(7)

calculation . The purpose of these calculations is to provide sets of

cumulative thermal and fast fission yields for fissioning species where the

data are scanty or absent, and the author calculates such sets for fast

fission of 232h 233U 234U 237U 237Np 238Np 238p 240p 241pufission of' Th, U, U, U, Np, Np, Pu, Pu, Pu,

42Pu, 24Am and 242Cm, as well as for a number of thermal fission cases.

The computer program FISCAL(8) is used. First of all, the mean

fragment total kinetic energy, mean total prompt y-decay energy, mean v for

heavy and light peaks and mean neutron energy are calculated by a variety
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of empirical methods and normalised to known experimental values where

possible. The mean fission fragment masses for light and heavy peaks are

then calculated from these parameters by applying conservation of mass and

energy during fission. The method of 'mean mass shift" is now employed to

obtain an unknown fission yield curve by taking a known curve and effec-

tively shifting it along the mass axis in proportion to the difference in

the mean masses cf the two nuclides.

In the case of fast fission, the known curves used as the basis of the

method are those for 2U, 2U and 9Pu. The data for drawing these
(9, o)

reference curves were taken from the older evaluations of Croall ,

supplemented by an earlier publication of Meek and Rider 1) and are

somewhat out-of-date.

4.3 Comparison of the evaluations

The latest references quoted in the four evaluation papers are,

Crouch (1972), Meek and Rider (1971), Laimrer and Eder (1972) and von Gunten

(1968), and we must assume that all published work up to these dates is

included; in fact, the first two authors have exchanged their reference

lists in the interest of completeness.

The main comparison in the evaluations must lie between Crouch and

Meek and Rider, since they are the nwst complete sets. It is, therefore,

important to understand that there is a difference in their methods of

selection of the experimental data in that Crouch does not accept data

unless it has, as a minimum requirement, been reported in the Transactions

of the American Nuclear Society or in a final freely available report from

a recognised labc-atory; Meek and Rider, )n the other hand, include data

taken from progress reports and similar more ephemeral documents,

Looking into the methods used by the evaluators to produce their

recommended data sets, we can see that there is a difference in principle

in that Crouch (and probably von Gunten) toes not apply any constraints to

the complete yield curves (although Crouch will do so when he produces his

"Stage IV' evaluations), whereas the other two do. However, where the
23 'SS 239

data are reasonably plentiful, as in the cases of 23U and 239P, we mig.t

expect any effect of this difference to be s.all, and so it seems reason-

able to compare the resulting data sets directly. A set of tables has

therefore been constructed (Appendix 1). These give the reconnaended values

of the authors for yields > 0.001% and include a simple mean which las been
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plotted in Figures 1 - 6 together with Sidebotham's values where relevant;

these figures may therefore be considered to show the current best values

for the fission yield curves for these fissioning species.

In order to show as graphically as possible the extent of the agree-

ment between the evaluations, the percentage differences of the author's

recommended values from their simple mean has been plotted in Figures 7 - 1a

Sidebotham's values are also shown where relevant but they have NOT been

included in the mean. These figures indicate that, if we only consider

those data on the peaks of the mass yield curves (i.e. fission yields

> 1%), the agreement between evaluations is not as bad as has often been

supposed, being in round terms, from ± 2% - ± 4% for 5U and Pu

± 8% - ± 10% for U, and + 15% for 2Th. This does not, of course,

necessarily mean that the experimental data are correct within these limits,

but it is suggestive that they may be, particularly since the limits are

broadly within the errors quoted by the evaluators for individual yields.

It is worth remarking at this point that Crouch and Meek and Rider take

considerable trouble to make estimates of the error attributed to every

recommended yield, and that these errors do indeed seem reasonable in that

they adequately cover the differences between the two evaluations. Lamner

and Eder, for some reason, do not quote errors for their recommended values,

except in a more general way.

On the whole, Sidebotham's calculated yields are somewhat further from

the evaluator's means on average, but the discrepancies are not enormous,

particularly on the peaks, and this seems to show that, in the absence of

experimental data, his method can be used to provide at least a rough data

set. It is clearly no substitute for careful experimental and evaluation

work, however.

4.4 Discrepancies and shortcomings of the existing data

Undoubtedly the most important gap in the data for fast cumulative
240fission yields is the absence of any experimental information on Pu and

24t
Pu, and it is to be hoped that work at present in progress in various

laboratories will rectify this before long. In the interim, the calculated

data of Sidebotham can be used to show general trends.

The data are also very scanty for 233U and 27Np, and fairly dis-

crepant for 232Th and 238U. In fact, only in the cases of 5U and Pu

can we say that there is a fair amount of agreement, and even here we are
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a long way from the sort of accuracy which has been achieved for the

corresponding thermal fission y.elds.

Table 4 contains my rough estimates, based on the degree of unanimity

achieved by the evaluators and on the errors thich they ascribe to the

experimental data, of the level of accuracy we have attained at the present

time.

Table 4

Level of accuracy (1o) of fast fissaon yields at the esent time

Average accuracy (10) of fast yields : %
Fis s ioning _ 
Nuclide Light peak Heavy peak W n

(yields > ) (yields > ) ings ad rally

232Th + 15 Ii 10 f 3 0

233U +. 5 + 1S5 + 20

235U 7 4 5

238 U ±10 10 

3 7Np + 15 15 insufficient data

P239u + 7 4 +

In general, it is for bnrn-up Bieasire.rTents Lthat the most accurate

yields are needed. Table 5 contains ny est.iractes of the accuracy at

present achieved for yields used for this purpose for the three most

important fissioning species. I have based this assessment on the quoted

errors of the evaluators.
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Table 5

accuracy (10) of fast fission yields usedDegree of
for bun-u at the present time

urnu Estimated accuracy (10) achieved now: %

Nuclide 235 23 
235 U 238 U 239pu

95Zr/Nb 3 3

3C0s 6 10 5

40Ba/La 2 3 2

143Nd 38 3

451Yd 3 8 3

1 Nd 3 8 3

148Nd 3 8 3

150Nd4 __ 4 10 5

4.5 Recommendations for future work

For fast reactor purposes really accurate fission yields are needed

only for nuclides for monitoring, largely those mentioned in Table 5. All

these yields need to be improved for U but, with the possible exception

of 7Cs, the present data are probably just about good enough for 235U
239

and Pu. (The consensus of opinion is that 2 - 3%5 10, is the accuracy

required for monitor nuclides.) For all other fuel nuclides, particularly
232~. 233 240 241

232Th, 2U, Pu and Pu, the monitor data are nowhere near adequate,

and therefore more measurements must be made. Note that fission yields are

also needed when fast fission threshold monitors are used for integrated

neutron dose or fluence measurements. This extends the data requirement

for Table 5 nuclides to such substances as Pa and 2U.

As far as the other yields are concerned, high accuracy is not

required for the strictly utilitarian purpose of reactor design and opera-

tions, although it is desirable to have better data for the use of those

who are trying to understand fission from a fundamental standpoint, in

itself a study which must ultimately benefit the reactor designer. Good

overall data also make. evaluation work easier and this too cannot help
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but be an advantage to reactor projects in the long run. As a first

priority, future work on the non-monitor nuclides should therefore concen-

trate on 40u and 241u, followed by 23h, 2U and 23U.

Information sent to me for this meeting suggests that yield measure-

ments in progress in the UK and the USA (Crouch, Davies, Maeck, Larsen)

should go some way towards satisfying the above requirements, at least for

235U, 2U, Pu, 240Pu and 2Pu, although it does not seem likely that

they will do so completely. On the evaluation side, we may expect further

outputs from the computer-based data sets of Crouch and Meek and Rider and,

it is to be hoped, from Devil.ers also. It seems imperative that the

three authors of the computer--based evaluations try and co-operate to the

largest extent possible. It also seems important that the new data

reported in section 4.6 are rapidly included in evaluations, since they

considerably increase te informatio n 232Th , U and 239Pu.

4.6 New data

The following is a short sumwary of fast yielid data ,which tave not yet

been included in any of the current evaluations. These data are a valuable

increment to present infornation and should be evaluated as soon as

possible.

(a) Matthews and Tomlinson(6)

This is a considerable addition to the fast yield i.nformation on
238

U, since it contains mass-spectnometric yields of Xe, Cs, Ba, Ce, Nd and

Sm, totally 20 mass chains. The yields are nornalised to each other and

then made semi-absolute by normalisilng the heavy peak to 100%. Irradiations

were carried out inside a Cd sheath in a swieirng pool reactor. No detailed

information alout the fast neutron spectrum is given and any possible energy

effect is ignored.

(b) Larsen et al. (

This paper, in which the authors report absolute yields of 95r, 9Zr,

103Ru, 131I and 140Ba measured in fast (and thermal) fission of °U and

Pu, and fast fission of U., is an amplification of an earlier one(18)

The work was done mainly to investigate e the effect of neutron energy and is

also discussed in section 6.3.
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(c) Blachot and Chauvin 6

Relative yields of 22 mass chains in the reactor neutron fission of

232Th.

(d) Maeck(67)

Absolute yield measurements have just been completed for fission of

235U in a neutron spectrum characteristic of a liquid metal fast breeder

reactor. The data comprise - 95% of the heavy mass peak yields and ~ 75%

of the light and are summarised in Figure 11, supplied by the author. He
238 239

also has preliminary data for U and 9Pu. Presumably this work is a

continuation of that reported in reference (50).

(e) Griitter and von Gunten(68)

These authors have determined 20 yields in the mass ranges 91 - 105
235

and 128 - 151 for fission of U in the Proteus reactor whose neutron

spectrum is similar to that of a helium cooled reactor. Their method was

to use accurate y-spectromnetry and to make the measurements relative to

23U samples irradiated in a thermal neutron spectrum.

5. CHAIN YIELDS IN 14 teV FISSION

5.1 The available evaluations

14 MeV fission yields are of negligible importance in fission reactors

and will therefore be dealt with only in outline in this paper. They have,

of course, considerable interest for those concerned with some thermo-

nuclear work, and a study of them is relevant for those engaged in funda-

mental fission research. The evaluations currently recommended are those
(59) (s) (1)of von Ounten , Meek and Rider , Crouch anu Daroczy, Raics and

Nay ) . The main aspects of these papers will now be very briefly

mentioned.

(a) von Gunten

This is the oldest of the four and contains recommended sets of yields

for 232Th, 235U and 238U. It is not clear from the text exactly what

procedure was used to obtain the recommended values, but it seem probable

that they are simple means of all the data from the quoted authors. No

suggested errors are given for the recommended values.
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(b) Meek and Rider, and Crouch

235 238
Meek and Rider give recommended data sets for U and U, and

Crouch for 231Pa, 2Th, 2U, 235, Np, 238U, 29u and 24u.

The methods used by these authors have already been discussed in

section 4, on fast fission yields.

(c) Dardczy, Raeis and Nagy

This evaluation was carried out especially for inclusion in this paper,

but it is to be hoped that the authors will publish it in full elsewhere

since it is impossible to include more than a summry here; it is for 238U

only,

99
The authors first took all available absolute yields for 9Mo and

B4a (including absolute ratios of the to yields) and prepared weighted

averages of them. All other yields were then normalised to these values

(except in a few cases where this was not possible) and simple and weighted

average yields were calculated for every nuclide for which experimental

data exists. Like Crouch, these authors have not applied general

constraints, such as normalisation of peaks to 100%, to their results.

Carefully estimated errors are quoted for all yields.

5.2 Comparison of the evaluations

Although the methods used by the four evaluators are slightly

different, the quality of the data is such that differences between them

cannot be separated from the errors. For presentation purposes, therefore,

it seems simplest to display curves of the means of the evaluated yields,

and these are shown in Figures 12 to 17. The data themselves are given in

Appendix 2, Tables 1 to 6. The data of Daroczy, Raics and Nagy have also

been shown separately in a curve supplied by them (Figure 18) since their

evaluation is the latest and includes sone data not used by the other

authors.

5.3 Discrepancies and shortcomings of the existin data

None of the existing data sets is comparable in accuracy with those

for the thermal yields of the fuel nuclides, and those for 3Np and 239u

are sparse indeed. However, these data are of little importance to the

operation of fission reactors and therefore, as far as the terms of

reference of this paper are concerned, are probably adequate. Table 6

gives my estimates of the general level of accuracy of these yields at the

present time.
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Table 6

Level of accuracy (1a) of 14 Me. fission
yields at the present time

Average accuracy (1o) of 14 MeV yields ; 
Fissioning ...

Nuclide Light peak Heavy peak Wings and alle
(yields 1%) (yields %) alley

232Th 15 15 30

2 3 3U 15 + 15 + 30

23U + 10 +10 25

2 3 8 U + 0 +10 ±20

23 7Np ± 20 + 20 insufficient data

239 ± 15 + 15 insufficient data

5.4 New data

Daroczy et al. have included data of their own in their evaluation

which is to be published in two papers:-

(a) Dar 6 czy, Nagy, Kover, Raics and Csikai(62)

238
5 absolute chain yields in U 14 MeV fission, together with a

measurement of the fission cross-section.

(b) Dar6czy, German, Raics, Nagy and Csikai(63)

238
17 absolute chain yields in U 15 MeV fission.

In addition to these, some new data have appeared, or will appear, in

the literature which are not yet included in any of the evaluations:-

(c) Nethaway and Mendoza(61)

24 chain yields for 2U 14 MeV fission made as relative yields and

then normalised to 200~. 30 absolute chain yields for 2U 14 MeV fission.

(d) Bocquet, Brissot, Crancon and Moussa(64)

Kr and Xe yields for 14 MeV fission of 233U, 235U, 238U and 232Th.

(e) Blachot, Carraz, Cavallini, Chauvin, Ferrieu and Moussa(56)

Absolute yields for 28 mass chains in 14 MeV fission of 23U.
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(f) Blachot and Chauvin(65)

Absolute yields for 28 mass chains in 14 MeV fission of 2Th

(g) rdandler, Reed and oer( 7

Relative yields for 20 mass chains for U and U fission at

various energies, including 14 MeV.

These papers provide a considerable amount of new data in 14 MeV

fission, and it is desirable that they should be ircluded in new evaluations

before long. However, a preliminary cursory exaiinadtion suggests that,

while they will somewhat improve the quality of the existing data, they do

not significantly alter the conclusions given in section 5.3 above, parti-

cularly as no new measurements are reported on 23 Np or 239Pu.

6. THE EFFECT OF NEUTRON ENERGY ON FISSION YIELDS

6. General discussion of the pro. jbem

In general terms there nust, of course. be a substantial change in

fission yield values if there is a substantial change in the energy of the

neutrons causing the fission. The dominatxe of the asynrt-etric modes in

fission of heavy nucl.ides is a low energy phenomenon caused by the nuclear

shell structure, which 'gradual. y washes out as excitation increases,

resulting in the fission becoming msre and ,nore symmietric. iHowever, at the

low excitation energies produced by reactor neutrons this ef'fect is quite

small and can be readily observed only in the rare fiss-on modes seen in

the valley and on the wings of the yield i curve. There nasst b:e softi

compensating effect on the peaks, but the qiestion we are really trying to

resolve is whether or not this is negligible for the practical purposes of

nuclear reactor designers and operators.

In fast reactors the neutrons cover an energy band which varies from

reactor to reactor, but is substantially between i KeV and 10 MeY, with a

mianhich is usually between 100 KeV and 1 MeV, and so, at least for

reactor purposes, the possible effects we are looking for are those caused

by a mean excitation of at most 1 MeV above thermal values. Thus the most
important energy range for comparative imeasureBments is that from about
10 KeV to 2 MeV.

The experirental data, which are exceeding sparse, result from two
different types of measurelent, integral in which the sample is irradiated
in reactor neutron spectra which differ in shape, and differentlal in which
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mono-energetic neutrons are used, Note that the vast majority of integral

measurements of fast fission yields have been made in an unspecified

spectrum and so do not add to the available data on the effect of energy,

except to provide a sort of base-line set of typical "fast" fission yields.

6.2 ino-energetic neutron experiments

The available data have been well tabulated in re-f. (I) and there seems

little point .in repeating these tables here. Only to papers have appeared
(12)

since ref. (1) was prepared, by Cuninghame, Goodall and Willis , and by
(57)

Mandler, Reed and Moler . I have shown the main results from ref. (12)

in Table 7 in order to supplement ref. (1). Table 8 shows the results from

ref. (57) in the form given by the authors, i.e. as yield ratios relative

to the mass 140 chain, with the 15 MeV ratios made equal to their values in

ref. (69). Unfortunately, insufficient information is in the paper to allow

me to convert these ratios to individual fission yields and so I have been

unable to compare them with others shown in Figures 17 - 21. This is a pity

because there is a considerable amount of valuable data here and I hope that

the authors will carry out the conversion themselves before long. Some

mono-energetic experiments have measured fission yields at only one energy

above thermal (often an energy of several MeV) and such information by

itself is little help when it comes to trying to decide whether or not the

yields change over the range of neutron energies to be expected in a fast

reactor. Furthermore, about half of the results are for yields of nuclides

in the valley or on the wings of the mass yield curve and so are barely

relevant to practical reactor problems, sMhile a large proportion of the

results with peak nuclides give little information on how the yields fare

as the neutron energy changes over the critical 10 KeV - 2 MeV region.

The present position is summarised in Table 9; 14 MeV fission is not

included in this table since it is dealt with separately in section 5 of

this paper but far more data have been collected at this energy, undoubtedly

because it is the only one at which adequate neutron fluxes can easily be

generated, Where the table shows data to be available in the range 2 - 14

MeV, they are mainly at 3 and 8 MeV with occasional measurements at other

energies. Data in the 10 KeV - 2 MeV range for U are at two points only,
235 239

1.5 and 2 MeV. Ttrhs it is only in 25U and 29Pu fission in the range

10 KeY - 2 MeV that there are data at a reasonable number of energies, and

then only for a few nuclides; for peak nuclides there are only the data of ref.

(12) and (57). Figures 19 - 25 and 25 show atll the data for 235U and 239Pu
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Tabie 7_k ._L

Absolute fission yield. s of 2 (Ref. (12))

.Nelutron enerieg Fission yieldNucllde
KeVy 

d10 1315.70+ 0.9 7

|07C) 5,5 (50 0, 37 
13700 5.60 0.32

900 5. 78 +± 0.32
1300 5. 55+ 0.5533

17(00 15.5:5 1 0.37

7000.04)24)1 0.003

i o0.5 t i 0.005
'o004 5 t,, 2 i $ 't ? |. 4

f! a : O -e0.053 1- 0.004 j

! ' ttBao 
t(. 1: 0 ,4i 

I .7m 7::777- 0S 7:9± 0 ;:55 
700 | 6.08± 036 JI300 | 6,4 0 + .. r
7k I i 5.7 , -0. 36

1 75.i' 75 - 0.52 

'Nd 1 I 2.35 0 .14

70 5 2, 6i ± 0, 18

00|) 2.56 t 0, 17

130£'0 a$ 472.42 0. 137

53Stn ~, q! - t S

'17 35t 10 0. 54. :2 0. 13 
300 0.. 152 ± 0.009
7Wj c..0154t 10,010
$XX3| O0. 59+ J 0.014

i3.X) j 0, 176 -: 0,013
1 700 0. 172 ± 0 ,01
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Table 8

Ratios of fission yields relative to the yields for the mass 140 chain (Ref. (57))

i

1

f

1

UMass } _ _ U-235 U-238Mass MeV MeV 9
Chain

I MIV 1 2 MeV 4eV MeV 2 9 MeV 15 MeV MeV 4 MeV ! 6 MeV 9 MeV 15 MeV j
91

92

93

95

97

99

103

105

112

127

129

131

132

133

135

137

143

144

147

151

1.03
±.07

0.98
+.06

0.97
±.03

1.11
±.05

1.13
±.04

1.11
±.03

0.64
±.03

0.19
±.01

0.014
+.001

0.051
±.002

0.22
±.02

0.68
+.04

1.01
±.05

1.13
±.09

1.44
+.07

1.01
±.06

0.97
+.09

0.56
±.08

0,48
±.02

0.041
+.002

1 1
1.10
±.05

0.95
+.11

1.11
+.05

1.16
±.04

1.19
±.05

1.19
+.04

0.67
±.02

0.21
+-.01

0.009
±.002

0.076
+.004

0.20
±.02

0.75
.04

0.99
±.04

1.24
±.08

1.65

1.01
±.07

1.01
±.06

0.52
±.09

0.49
±.02

0.043
±.002

1.05
.+06

1.15
1.10

1.12
±.06

1.20
±.06

1.24
±.07

1.21
±.06

0.75
_.05

0.26
+.02

0.034
+.005

0. 166
±.009

0.29
±.02

0.87
+.06

1.06

1.25
+±.10

1.57
1.11

0.95
_+.11

0.95
+.08

0.73
+.25

0.48
+.04

0.055
+.003

1

1 1.04
+.08

1 .09
1.09

1.07
+.06

1.13
±.06

1.22

1

1 +.06

1.18
±.05

0.74
±. 05

0.29
±.02

0.056
±.002

0.240
±.009

0.37
+.02

0.89
+.06

1.21
±.06

1.30
+.09

1.46
+.07

1.00
±.06

0.89
1.07

0.51
±.13

0.52
±.03

0.C54
±.004

1.06
±.06

1.08
±.07

1.04
+.04

1.14
±.05

1.22
±.07

1.18
±.05

0.67
+.03

0.23
±.01

0.038
±.004

0.140
±.005

0.28
±.02

0.78
+.05

1.04
±.05

1.16
±.11

1.45
+.05

0.92
±.05

0.96
+.08

0.51
+.09

0.50
±.03

0.046
±.003

1
1.06
±.09

1.08
+.11

1.09
+.11

1.09
+.09

1.22
+.11

1.12
±.10

0.76
+.06

0.37
±.04

0.24
+.02

0.50
±.02

0.71
+.05

0.93
1.09

1.09
±.09

1.18
+.13

1.24
±.08

1. 10
±.07

0.85
+.11

0.72
+.09

0.44
±.03

0.045
±.010

0.62
+.02

0.73
±.06

0.71
±.02

0.91
±.02

1.03
+.03

1.08
1.04

1.00
±.04

0.76
+.03

0.0080
±.0007

0.019
+.002

0.17
+.03

0.64
1.03

0.90
4.03

1.36
+.09

1.13
±.04

1.30
t.07

0.67
±.04

0.64
+.07

0.39
t.01

i

1 0.66
±.03

0.84
±.09

0.84
±.04

1.00
1.04

1.14
1.07

1. 16
1.04

0.98
±.06

0.75
±.05

0.014
-.002

0.040
+.002

0.13
+.03

0.74
+.05

0.89
±.05

1.39
±. 13

1.17
±.07

1.04
±.08

0.73
-.06

0.54
±.07

0.43

1 0.64
±.03

0.80
+.09

0.78
1.04

0.95
±.03

1.09
+.05

1.08
+.04

0.91
+.04

0.70
±.03

0.023
+.001

0.079
+.003

0.24
+.03

0.78
1.05

0.96
+.04

1.36
+.09

1.09
±.05

1.16
±.06

0.71
_.05

0.63
+.05

0.41

0.65
+.03

0.81
1.13

0.78
±.04

0.97
1.03

1.08
+.06

1.03
1.05

0.94
+.04

0.72
+.03

0.026
±.003

0.073
+.003

0.15
±.04

0.74
+.04

0.86
±.04

1.39
±. 11

1.12
±.04

0.96
±.10

0.69
+.03

0.65
+.08

0.42
±.01

1
0.78
±.04

0.87
±.07

0.96
±.07

1.13
+.03

1.24
±.07

1.23
+.04

0.97
_.04

0.74
+.03

0.150
±.006

0.37
±.02

0.64
+.04

1.05
±.05

1.02
±.03

1.44
. 10

1.18
+.04

1.16
±.08

0.78
+.04

0.72
±.07

0.43
±.01±.01 +.01

1 1 1

- 1
0.139 0.168 0.162 0.136 0.187
±.006 .010 0 .10 ±.005 +.007I jI-- k, L

-

-

-

i
--
-
--L-

jL -- 1
-

-
L

-

-

-

-

-

-
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Table 9

Available mono-energetic neutron data relating
of energy on fission eld

to the effect

. ., Part of masss i Measurements in
Nuclide yield curve range 2 MeV-14 MeV
Nuclide covered ange 10 KeV-2 (excluding 14 MeV)

2 3 2Th Light wing (LW) No Yes
Light peak (LP) No Yes
Valley (V) i No Yes
Heavy peak (HP) No Yes
Heavy wing (fW) No Yes

23U LW No No
LP No No
V No No
HP No No

W No No

2 3 5U LW No No

LP Yes: Zr, Mo Yes

V Yes: 11 l Ag Ag 5Cd Yes

HPBa, Ce, Yes Ba, Ce Nd 

HW Yes: 53Sm Yes

2 38 U LW Yes: As Yes

LP No Yes

V Yes: 1lAg, 115Cd Yes

HP e Yes

HW NoYes

239Pu LW No No
LP No No

V Yes: Ag, Ag No
(plus measurements in
individual resonances
in range 0.06-0.36 eV)

HP No No
HW No No
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for nuclides where a fair number of yields at different energies have been

reported. Note that some points from measurements made in reactors have

been included by plotting evaluated fission yields at an energy of 0.6 MeV,

assumed to be a reasonable mean fission energy in these cases; on the whole

these reactor measurements are in agreement with the mono-energetic points

except for the case of 14 Nd. It seems possible that the data of ref. (12),

which are aosolute yields, may for this nuclide harbour some unsuspected

systematic error. This possibility does not, however, invalidate the main

conclusion (b) below.

We can summarise the results of the mono-energetic measurements as

follows:-

(a) Valley and wing yields rise with energy as expected.

(b) More tentatively, yields on the peaks are constant over

the range of neutron spectra to be expected in fast reactors

within about ± 4%, but start to fall off above ~ 2 MeV.

(c) There is no available information on changes in yields of

nuclides affected by fine structure.

6.3 Integral experiments

Even less work has been reported on integral measurements, but what

there is helps to confirm the tentative conclusion (b) in section 6.2 above.
(18)

Larsen et al. carried out experiments in a fast reactor with a variable

core configuration (ZPR-3) from which they concluded that the yields of
235 239

U and Pu burn-up and dosimetry monitors vary < 1% within an energy

range from the core to the nickel reflector, i.e. between median fission

energies 446 KeV - 0.37 KeV. These authors have now extended their earlier
(51) 95 97 103 131

work . They have measured the yields of Zr, Zr, Ru, I and
140 235 239
1Ba in fast fission of U and 239Pu by accurate y-spectrometry, the

number of fissions being determined by fission track detectors. They now

find that over the neutron energy range thermal - 500 KeV the relative
239 235

changes of the Pu and most of the 2U fission prodacts are all less

than 1%. In the case of 35U, however, the yields of 103Ru and 131I

increase with the logarithm of the neutron energy.

Another piece of information has come from B. F. Rider who has sent

some advance results of calculations which will appear in the 1974

edition of the Meek and Rider fission yield evaluation. He finds that

U fast yields in the valley increase by a factor of 2.8 over thermal
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values, and therefore calculates that peak yields must fall by a factor of
239

0.97 of thermal to compensate; for Pu the corresponding figures are an

increase in the valley by 1.8 and a fall on the peaks of 0.98 - 0.99.

Taking this in conjunction with the observed increase in the valley over

the crucial fast reactor energy range as seen in the mono-energetic experi-

ments, we can see that any corresponding reduction in peak yields will be

at most 2 - 3%.

6.4 Gaps in the data and recommendations for future work

As far as it goes, the evidence presented above confirms what one

would intuitively expect, i.e. for the peak nuclides the variation of

fission yields over the range of neutron energies important to a fast

reactor is very small and can probably be ignored. However, the actual

amount of experimental information is minimal, the only reported data being
235 239

for U and Pu; it is certainly desirable that confirmatory experiments

are carried out for other fuel nuclides.

For wing and valley nuclides the evidence is, again as expected, that

the fission yields rise with neutron energy. It seems essential to make

many more measurements of these yields because the Nd isotopes are used for

monitoring. 15Nd, at least, may well change by an amount large enough to
235

matter and the existing data are very skimpy and again restricted to U
239

and 239Pu.

Finally there is the question of nuclides in the fine structure

region around mass 135. There are no precise experimental data showing how

yields in this region change with neutron energy, but it is certainly

possible that they may do so more rapidly than the average peak nuclide.
137

Since any such change might affect the yield of Cs, new data are

urgently needed here also.

7. CHARGE DISTRIBUTION IN FAST AND 14 MeV FISSION

7.1 General discussion

Experimental information on the way in which the protons from the

fissioning nucleus are distributed relative to all the nucleons when

fission occurs is obtained by measuring the fission yields of individual

fragments formed in the primary fission act ("independent fission yields").

The measurements must be made before earlier members of the mass chain

concerned have decayed into the nuclide being measured, or else corrections

must be made for such decay. This makes the experiments difficult to carry
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out except in a rather limited number of cases, and so the tally of values

available in the literature is snall - particularly so in the case of

fission above thermal energies.

7.2 Measured independent yields

All the available experimental independent yields for fission by

neutrons above thermal energies ar i including 14 MeV are given in Table 10.

They are shown divided into "fast and "14 lMeV' groupings, the former

including all measurements below 14 MeV. The table gives the "fractional

chain yield" (i.e. the fraction of the total chain yield which is formed

directly as the nuclide concerned) rather than the independent yield itself

since presenting the yields in this way does not involve using the actual

chain yield value.

It is difficult to know how best to attempt any correlation of such a

very few results, frequently having large experimental errors, and coining

from a number of very diverse types of fission. Ideally we would like to

be able to analyse the independent yields of all the members of a large

number of mass chains all for the same type of fission but such data are

simply not available. In the event, it seems best simply to plot all the

results as a function of (Z-Z ) where Z , the most probable charge for a

particular mass chain, is that calculated by Crouch(29) as extrapolated by

Meek and Rider or by myself (see section 7o3 below).

The resulting correlation is given in Figure 24. Note that some of

the points (marked on the error bar with an arrow A) are for single isomers

of a pair and are therefore only lower limits.

7.3 Calculated independent yield

For many purposes, including some methods of evaluating chain yields,

we must have independent yields for all or most nuclides formed in fission.

It is quite clear that we are nowhere near having measured values for all

these yields, nor are we likely to have them in the foreseeable future.

Calculation of yields entirely from fission theory is also something not

likely to be achieved for a long time to cone, and so the best possible

compromise seems to be to calculate them by imposing some reasonable

theoretical constraints and making use of the available experimental data

to provide such constants as are needed for the calculations. Actual

methods of calculation are outside the terms of reference of this paper,

since it is mainly a correlation of data, but a brief summary is given below.
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Table 10

Fractional chain yields in fast and 14 MeV fission

System Nuclide Fractional yield Z Reference

22Th fast 13 1me (9.6 ± 3.1 ) x 103 50.22 19

i33I (4.8 - 0.8 ) x 10- 51.00 20

134 (2.9 0.5 ) x 10 2 51.42 20

13I (1.41 1 0.45) x 10 51.81 20

_13Cs (2.40 ± 0.77) < 10- 5 52.18 21

I
I
I

2 3 2Th 14 MeV

I

95m+gNb

9 6 Nb

9911,cTc

106Rh

112 Ag
115m,

1 1 7m+gI

12'm+gSb

130m+g z

132I

1331

134m+gI

134mCs

136Cs

i

(3.4

(1.7

(1.8

(7.2

(1.2

(1.5

(1.4

(1.0

(1.0

(1.5

(3.6

(1.2

(8.0

(9.5

(1 52

(7.9

(2,4

(2.0

o 0,8 ) /

+ 0.4 ) Y.

_ 0.4 ) x

± 1.4 ) 

+0.3 ) 

+ 0.3 ) x

± 0.4 ) x

O. 3 ) x

± 0.3 ) x

+ 0.4 ) x

+ . 7 )x

+ 0.3) x

+ 2.0 ) 

+2.5 ) x

0.5 ) x

O.3 ) x

± 0.5 ) x

± 0.3 ) x

-3
:-2i

10

10 - 3

10- 2

1-210

--1

10- 2

10

- 2
10
i - 1

10- 2

-2
10

lO2

1
1

1
1

38. 64

38.97

39.94

42.34

44.96

46.45

47.27

49.23

49.83

50.57

51.22

51.65

52.07

52.17

52.46

52.75

22

22

22

22

22

22

23

24

24

23

23

23

20

23

20

22

22

24

3 5 U 14 MeV 131mne (3.5 + 0.56) x 10 50.80 25

131gTe (2.98 + 0.95) 10- 50.80 25

131 (8.00 + 2.5) x 10 50.80 25

1I (1.61 0.13) x 10 51.79 25

133Te (4.08 + 1.31) x 10 1 52.22 25

133 (4.08 ± 1.31) x 101 52.22 25

I Xe~ (2.2 + 0.7 ) x 10 2 52.22 26
i __. _ i ---.... ------ --------.- ,,- , . _ i --.-- i. ---.--

I

I
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Table 10 (cont'd)

System Nuclide Fractional yield Z Reference

U2 14 MeV 134 (4.04 ± 0.65) x 10 1 52.63 25

(cont'd) 134Xe (2.6 0.1 ) x 10 53.04 26

2 U fast 131mTe (3.63 1.16) x 10 50.46 19

13 6Cs (2.31 +0.74) x 10 5 52.12 21

238U 14 MeV 92 (7.28 + 2.33) x 10 3 36.61 27

124Sb (2.53 ± 0.81) x 10 2 49.07 24

126Sb (7.88 ± 5.04) x 103 49.61 24

133Xe (3.0 + 1.3 ) x 10 51.63 26
135Xe -2
1 3 5 Xe (5.6 + 3.7 ) x 10 52.41 26

136 -31 36Cs (9.02 + 2.89) x 10 52.77 24

1 0La (7.48 + 0.30) x 10- 3 54.28 27

239 -2
3Pu fast 135mXe (1.46 + 0.93) x 10 2 52.61 28

239Pu 14 MeV 1 3 3 Xe (1.2 + 0.01) x 10 52.43 26

2 .. i Xe (4.6 +0.3 ) x 10- 1 53.16 26
___________X______ 10______________ -____ ________
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The most complete sets of calculated independent yields will be found
(3) (29)

in Meek and Rider and Crouch , i.n which the authors have used the
(30)

method of Wahl as a basis. In this method experimental independent

yields are fitted to gaussian distributions for particular mass chains where

there are sufficient of them Lo do this. The gaussian width parameter, 0,

can then be measured and averaged for all the different chains; a value of

0.62 (based on thermal fission yields) was deduced by Wahl and used by

Crouch (except where direct experimental evidence suggested some other

value), while Meek and Rider used a later, improved, Wahl value ( S of 0.56.

The other parameter required in the calculation, Z is evaluated for a

particular mass chain from the equation

Z = A (i ) + (correction factor)
p = ,

where A is the mass number for the primary fission fragment (i.e. before

prompt neutron emission) and ZF and AF are the atomic and mass numbers of

the fissioning nucleus. To evaluate A we nust have a curve showing the

dependence of prompt neutron emission on fission fragment mass. The

"correction factor" is estimated from known independent yields.

7.4 Errors

The errors on independent yield measurements reported by evaluators

and experimenters are of the order of ± 20( on average, with a very few

claimed to be as low as ± 10% and a few given as high as + 60i%. Because so

few of the yields have been independently measured by different authors it

is difficult to assess whether such errors are realistic or not; in fact

the only case of such duplication is in the yields of I and I for

2 5 2 Th 14 MeV fission, where the results are in agreement within the

reported errors.

The crude correlation given in Figure 24 gives some indication of the

reliability of the quoted errors because it is probably reasonable to

expect that the points for any particular fissioning system should fall

somewhere near to a gaussian fit. We can see that, while there is a

general trend in that direction, the fit is certainly not within the experi-

mental errors. It appears, therefore, that the best advice that can be

given at this time is to regard the quoted experimental errors as being

random only, and to assume that there may always be a considerable

systematic error not allowed for.
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If independent yields are needed,it is probably best to use calculated

ones which, we hope, may be improved along the lines suggested in section

7.5 below before too long. The authors of the existing calculations have

not given any errors; however, since the fractional yields for each mass

chain must total to unity it seems clear that errors on yields close to Zp

cannot be very large - say :1 10% at most, provided we are correct in

assuming that they really do fall on a gaussian curve. Errors in the

yields of members of the chain further from Z might be more than this,
P

since they are very dependent on the value of o used but, being much

smaller, these yields are correspondingly less important. It is probably

safe to assume that the calculated independent yields are at least as

accurate as the existing experimental ones.

7.5 Gaps in the data and recommendations for future work

Experimental measurements in this field being so scarce, it is more a

question of data in the gaps rather than gaps in the data. To suggest,

however, that all the gaps ought to be filled immediately is quite

unrealistic because of the immense practical difficulties in this type of

work, and there is no doubt that the most fruitful course for the immediate

future is to make independent yield measurements which will help to improve

the necessary input parameters for the calculations and to refine the

calculations themselves and extend them to fissioning systems of importance

to users which are not yet covered. At present the only fast fission

systems included in Crouch's publication are Th, U and 24Pu, while

Meek and Rider have only fast fission of 22Th, 25U, 28U and Pu and

14 MeV fission of 2U and 2U.

In order to be able to refine these calculations and extend themat other

systems it is essential to have more information concerning the functions

0 and Z . In practical terms this means that experimenters should try to
P

measure as many independent yields for any one mass chain as possible, and

repeat the measurements for as may different mass chains as possible. It

also means that far more data should be collected on prompt neutron

emission as a function of fragment mass for the different fissioning

systems. It is quite clear that a large amount of effort is needed to

raise the level of fast neutron independent yield data even to that at

present existing for thermal fission.
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8. TERJNRY FISSION

8.1 Definition

In ternary fission the fissioning nucleus breaks up into three, instead

of into two particles. It is usual to include in this kind of fission only

those cases where the third particle is charged, and this practice is

followed here. Ternary fission events are iare, of the order of one per

several hundred fissions, but a wide variety of particles may be emitted,

from protons to fragments in the mass range 20 - 60. The subject has been
(32,33)

reviewed twice recently 

8.2 The data

The third particles whose presence has been reported in ternary fission

are 1H, 2H, H, He, 4He, He, 8He, Li, Be and heavier particles. As a

typical example of the yields of such particles we may take the set of

results for Cf spontaneous fission by Cosper et al. ) given in Table 11.

Table 11

Yields of charged particles emitted in ternary
252

spontaneous fission of Cf

Particle Yield per 10 fissions

1H 0.37 + 0.05

2H 0.21 t 0.01

3H 2.14 + 0.07
3 He < 2.5 x 10 - '

4He '3.34*
6 He 0.65 + 0.05
8He 0.02 ± 0.002

Li isotopes 0.04 + 0.005

Be isotopes 0.05 0.005

*Value from ref. (35)

Cosper et al. measured their yields relative to that of He.

There is a considerable body of experimental data'on ternary fission

yields of all the particles in the literature, including some on those for

masses above 20 whose existance is still disputed, but which, if present at

all, only occur to the extent of a few per 10 fissions. However, from the

point of view of the users of fission product nuclear data the only product
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of real importance is H. This is because the alount of tritium produced

in an operating nuclear reactor may well be sufficient to become an environ-
3

mental hazard. The present information about H yields in neutron fission

is summarised in Table 12.

Table 12

I yields in neutron fission

Fissioning HNeu yield per 10 Reference
nulide ° Neutron energ7 Referencenuclide fissions

233U Thermal 0.91 + O.06 43

0.86 + 0 . 0 7 a 44

i.l 1 45

235U Thermal 0.5 - 1 36

0.95 + 0.08 37

0.80 ± 0.10 38

1.0 39

0,85 + 0.09 40

1.09b 41

1.08 42

Fast 200-800 KeV 2.2 -t 1.8 40

235P Thermal i.35 -- 0.13 35

1.67 + 0.08 46

< 1.82 43

a

b

Relative to a value of
t tft tt 11 ti

24. 1

23.0

4
per 10 fissions

.I *i 11

for 4e (35)
» .,

8.3 Gaps in the data and recoirrendations for further work

From the point of view of reactor users of the data the major lack is

that there is only one series of measurements at fast reactor energies, and
235 5

since these measurements (on 23U) show that the 5H yield is more than a

factor of 2 higher at these energies thanl at thermal iLt ould seem advis-

able to make similar neasurements for other nuclides of importance to the

reactor programme. Extreme accuracy is probably not. needed, the present

level of about ± 10% being quite adequate. The lack of any data for

fissioning nuclides such as 32Th and 2U is probably not important enough
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to justify making measurements on these and other constituents of reactor

fuels, since the variation of the yields from nuclide to nucllde is quite

small.

From a narrow pragmatic standpoint it does not seem worth while con-

ducting experiments on the other light particles to fill the many gaps in

the data either, but we ought to realise that ternary fission has consider-

able importance 'n helping our understanding of the basic fission process

and that fundamental experiments in this field should therefore be

encouraged.

9. CONCLUSIONS

The general conclusion lwich results from the survey give in this

paper is that measurements of fission yields above thermal energies are at

present inadequate to meet the needs of fast reactor designers and

operators, and grossly inadequate as a source of information for a funda-

mental consideration of the fission process in detail. While more

evaluation work is needed, the primary requirement is for more absolute

measurements on many fissioning nuclides under clearly defined conditions

regarding the neutrons used, the main effort being put on to those fission

products of the fuel nuclides which are used for monitoring purposes; high

accuracy is needed for these particular measurements.
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APPENDIX 1

TABLE 1

Recoilended fast fission yields for 232Th (der cent)

Mass | Lammer Meek M Mass Crou Larner Meek M
. Crouch Mean Crouch Mean

No. and and No. and and
`7der Rider Eder Rider

77
78
79
80
8s
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

0.011

2.00
3.72
3.95
6.11
6.57
6.92
6.96
7.12
5.18

7.86 

5.30

4.65

2.78

0.15

0.072
0o 043

0.050

0.054
0.057
0,045

0.050

0.010
(0.035)
(0.08)
(0.2)
(0.4)
(1.0)
1.87
3.44
4.00
5.66
5.99
6.32
6.72
7.40
7.26
7.49
7.21

(6.23)
5.30

(4.8)
3.96

(3.4)
2.76

(1 9)
(1.14)
(0.5)
0. 14.6

(0.08)
0.05
0.041

(0.04)
(0,04)
0.041

(0.045)
0.045
0.062
0.06

(0.06)
0.067

0,013
0.034
0.058
0.15
0.37
1.03
2.14
3.91
4.06
6.25
6.81
7.18
7.79
7.85
7.33
7.00
7.66
5.87
i5.64
4.94
4.38
3.71
2.85
1.07
O0.64
0.37
0.16
0.086
0.04
0.053
0.030
Oo055
0.052
0.063
0.078
0,088
0.073
0.070
0.063

0.011
0.034
0.069
0.175
0.385
1.01
2.00
3.69
4.00
6.01
6.46
6.81
7.16
7.37
6.59
7.24
7.58
6.05
5.41
4,87
4.33
3.56
2.81
1.45
0.89
0,43
0.15
0.083
0.054
0.046
0.035
0.047
0.048
0.054
0.059
0.069
0.059
0.065
0.057

i
11
i

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
113
1-4
145
146
147
148
149
150
151
152
153
154 1

0.048

0.046

0.027

0.037

0.17

1.57
2.29
2.75
5.48
4.66
5.55
5.34

7.30
7.65
7.44

6.80
7.59
5.52
4.73
2.96
2.08
1 22
1.04
0.46

0.22

1

1

(0.25)
0.049

(0.05)
(0.05)
0.05
0.055

(0.04)
0.031

(0.03)
0.033

(0.05)
0.09

(0.18)
(0.36)
(0.8)
1.52
2.70
3.74
5.06
4.65
5.30
4.61

(6.02)
7.38
8.31
7.28

(7.22)
7.12
7.66
5.78
4.95
2.97
2.18
1.44
1.09
0.41

(0.32)
0.21
0.06

0.064
0.070
0.060
0.061
0.056
0.047
0.043
0.044
0.032
0.034
0.036
0.078
0.17
0.38
0.84
1.58
2.67
4.09
5.15
5.07
5.20
5.44
7.02
6.53
7.81
7.32
7.98
6.89
7.50
5.37
4.60
3.05
2,02
1.23
0.99
0.40
0,082
0.19
0.017

0.057
0.056
0.055
0.055
0.053
0.049
0.041
0.034
0.031
0.035
0.043
0.113
0.175
0.37
0.82
1.56
2.49
3.53
5.23
4.79
5.35
5.18
6.52
7.13
7.86
7.36
7.60
6,90
7.56
5.56
4.76
2.99
2.09
1.30
1.04
0.42

?
0.21
0.038

1 1I a I I -- _I.--- I -- __________ _ - h - ~ - .
_ _ _ _ _ _ ___ I -a

9,37.

*Crouch has given two tables of *O-Th yields, ono
thermal reactors and one for yields measured in
probable that any small real differences in the
these two conditions are masked by the large er
they have been averaged together.
Yields in brackets are interpolated by the evali

e for yields measured in
fast. Because it seems
yields measured under

rors in the measurements,

uators.
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APPENDIX 1

TABLE 2

Recormnended fast fisson o vields for 23 (per cent)

Mass No. Croulch

89
91
99

103
106
lit

115
118

120
122

126
i29
137
!40.1t 4O
i 4 5

147
S'49

15h
15?

6.25
6f.59
4.75
O.633
0. 55
0.032
0.056
0.06
0.074
0.083
0.083
0. i .'
0.286
1.57
6.60
6.31
4,83
5, 9 4
1 .59

0. .03
0)o '15

* Cr'ouchf is is he only currelnt eva.Jlai.ion for thi.s !'.c.ltiie.
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APPENDIX 1

TABLE 3

Recommended fast fission yields for 2U(oer cent)

Meek and Meek and
Mass No. Crouch ekan Mean Mass No, Crouch Mean

Rider Rider

74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

0.615
1.07
1.41
1.93
2.54
3.63
4.39
5.10

6.44

5.95
6.04
5.55
6.35
5.46
4.65
3.30

2. 5
1.45
0.437

0,028
0,039
0.034
0.034
0,022
0,036

000027
0.0093
0.029
0.045
0.077
0.086
0.18
0.29
0.42
0.63
1.03
1.43
1.86
2.56
3.49
4.81
5.25
5.40
5.69
5.96
6.06
6.27
6. 2
5.91
5.82
5.82
6.11
5.10
4.49
5.10
2.27
1.40
0.97
0.35
0.24
0,12
0.11
0.043
0,038
0.033
0o033
0.024
0.035

0.622
1.05
1.42
1.89
2.55
3.56
4.60
5.17

6.35

5.93
5.93
5.68
6.23
5.28
4.57
3.20
2.31
1.42
0.703

0.035
0.038
0.033
0.033
0.023
0.035

117
118
ii9
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
i-8
149
150
151
152
153
154
155
156
157
158
159
160

0.073

(1.4)
3.23
4.54
6.57
7.09
6.26
5.93
5.99
6.60

5,78
5.99
5.82
5.80
4.94
3.82
2.96
1.99
1.71
1.09
0.72
0.44
0.309
0. 198
0.098

(0.035)
0.015

0.0031

0,038
6,036
0.038
0.037
0.038
0.050
0.068
0.092
0.072
0.24
0.37
0.60
0.85
2.00
3.21
4.51
6.60
6.98
6.45
5.84
6.19
6.50
6.38
6.03
5.96
5.66
5.77
5.20
3.83
2.98
7.05
1,72
1.07
0.75
0.43
0.30
0.19
0.096
0.066
0.028
0.019
0.0084
0.0032
0.0014

0.072

1,7
3.22
4.52
6.58
7.03
6.36
5.88
6.09
6.55

5.91
5.97
5.74
5.78
5.07
3.82
2.97
2.02
1.71
1.08
0.735
0.435
0.304
0.194
0.097
0.050
0.022

0.0031

_ , . .-I -"
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APPENDIX 1

TABLE 4

Recommended fast fission yields for 8U (per cent)

Crouch Meck aruhMeek andMass No. Crouch eek and en Ms No. iand Mean
.Ri-der Ride Ma

1 1 1~~~~~~

77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

0.0036

3.16
3.14

5.54

5.89

6.27

6.01

3.50
2.90

0.13

0.0774
0.07

O.t007

1
t
1

11
1

i
1

0.0038
0.0143
0.0411
0.088
0.16
0.26
0.41
0.85
0.81
1.36
1.42
1.68
3.02
3.29

3.51
4.83
5.14
5.58
5.49
5.96
6.03
6.42
6.37
6.38
6.38
6.40
4.51
3.23
2.84
1.31

O 0,64
0.27
0o14
0. 10
0,089
0.055
0.042
0.053
0.038
0039
0.037

0.0037

3,09
3.21

5.56

5.92

6.35

6.20

3.37
2.87

0.20

0.0887
0.079

0.0468

119
120
121
122
123
124
125
126
127
128
129

131
132
133
134
135
136
137
138
159
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

0.078

0. 154

0.26

3.G2
4.67

7.13

6.08

4.25
3.94
2.64
2.40
1.78
1.49

0.43

0,067

0,0083

o 0.0015

0.037
0.038
0.039
0,042
0.046
0.113
0.064
0.107
0.31
0.65
1.47
3.66
5 .33
6.47
7.53
6.67
6.76
5.95
5.92
5.27
5.95
5.45
4.70
4.53
4.54
3.74
3.87
2.57
2.12
1.84
1.29
0.93
0.58
0.41
0,24
0.14
0.075
0.038
0.017
0.00388
0,0034
0.0020

0.096

0.131

0.455

3.64
5.00

6.54

6.02

4.87
4.57
4.00
3.90
2.60
2.26
1.81
1.39

0.42

0.071

0.0085

0.00171
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APPENDIX 1

TABLE 5

fission yields for 2Np (per cent)Reconnended fast

Mass Noj Von Gunten Crouch Mean

83
89
91
93
95
97
99

103
105
106
109
111
112
113
115
121
125
127
129
131
132
133
135
140
141
143
144
147
149
151
153
156

0.43
2.00
4.60
5.72
5.70
5.87
6.92
5.48
3.23
2.06
0.45
0.103
0.063
0.057
0.048
0.078
0.117
0.47
3.18
3.47
5.82
6.42
5.35
5093
5.49
5,54
3.89
3.21
1.88
1,07
0.44
0O23

5.97
5.96
6.05
6.90

0.110

3.20
6.12
6.29
5.52

6.36
5.70
4054
2.64
1.74
0,94
0.442

0.43
2.00
4.60
5.84
5.83
5.96
6.91
5.48
3.23
2.06
0.45
0.106
0,063
00057
0.048
0.078
0.117
0.47
3.18
3.33
5.97
6.35
5.43
5.93
6.42
5.62
4.21
2.92
1.81
1.00
0.44
0.23 
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APPENDIX 1

TABLE 6

Recommended fast fission yields for 2 39Pu (Per cent)

Mass No. Croh Meek and Co Meek and anMass No. Crouch Rider Crouch MeanRj-cier K-xa~~~Rier ]4
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123

0.0134
0.035

0.36
0.56
0.657
0.882
1.16
1.44
1.87
2.18
2.58
3. 13
3.91
4.40
4,84
5.11
5.32
5.81
5.81
6.76
6,88
6.97
6.79
6.77

4.82

1.90

0.439
0.137
0.0915
0,099
0.115
0. 064

000169

0.015
0,038
0,068
0.107
0. 172
0.250
0.350
0.547
0.642
0.84
1.11
1.38
1.72
2.09
2.46
2.99
3.73
4.19
4.59
4.88
5.21
5.55
5.61
6.46
6.58
6.58
6.53
6.48
5.12
4.52
3.58
2.61
1.62
0.79
0.37
0.20
0.127
0.094
0,089
0.061
C.084
0.083
0.066
0.064
0.066
0.071
0.084

0.0142
0.0365

Oo355

0.657
0.861
t.135
1.41
1.79
2.13
2.52
3.06
3.82
4.29
4.71
4. 99
5.26
5.68
5.71
6,61
6.73
6.77
6.66
6.62

4,67

1.76

0.404
0.168
0.109
0.096
0.102
0.062

0.0414

124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

0.19

1.17

4.45
5.42
6.91
7.35
7.54
6.92
6.69
4.97
6.11
5 26
5.84
4.95
4.45
3.51
3.05
2.52

1.73
1.36
1.05
0.84
0.683
0.51
0.324

0.159
0.108

0.088
0.192
0.304
0.302
0.80
0.92
2.08
4.20
5.37
6.82
7.26
7.45
6.83
6.63
4.92
6.84
5.50
6.09
4.89
4.31
3.61
3.02
2.50
2.03
1.69
1.33
1.03
0.82
0.67
0.481
0.317
0.238
0.157
0.114
0.071
0. 0,14
0.025
0.014

0.191

1.04

4.32
5.39
6.86
7.30
7.49
6.87
6.66
4.94
6.47
5.38
5.96
4.92
4.38
3.56
3.035
2.51

1.71
1.34
1.04
0.83
0.676
0.495
0.320

0.158
0.111

1

1
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APPENDIX 1

TABLE 7

Comparison of recommended fast fission yields for

2 3 2 Th as evaluated by Lanmer in Ref. 2 (included

in Anpendix 1 Table ) and in Ref. 70

Mass No. Ref. 70 Ref. 2 Mass No. Ref. 70 Ref. 2

72 0.00034 121 0.056 0.055
73 0.00046 123 0.032 0.031
77 0.01 0.0102 125 0.034 0.033
83 1.90 1.87 127 0o076 0.089
84 3.44 3.44 131 1.52 1.52
85 3.74 4.02 132 2.69 2,70
86 5.69 5.66 133 3.75 3.74
87 6.01 5.99 134 5.06 5.06
88 6.34 6.32 135 4.76 4.65
89 6.43 6.72 136 5.38 5.30
90 7.27 7.40 137 4.50 4.44
91 6.92 7.26 139 6.78 7.38
93 7.65 7.21 140 8.45 8.31
95 5.41 5.30 141 7.50 7.28
97 4,02 3.96 143 7.02 7.12
99 2.74 2,76 144 7.49 7.66

103 0.153 0.146 145 5.70 5.78
105 0.04 0.05 146 4.88 4.95
106 0.041 0.041 147 3.13 2.97
109 0.040 0.042 148 2,15 2.18
111 0.04 0.045 149 1.47 1.44
112 0.06 0,062 150 1.08 1.09
113 0.058 0.06 151 0.42 0.41
115 0.057 0.057 153 0.21 0.21
117 0.051 0,049 156 0.0026 0.0026

1

396



APPENDIX 2

TABLE 1

Reconrnend 14 MeV fission yields for 23Th (per cent)

I Mass No. Von Gunten j Crouch Mean

*

1 1 1
66 0.000131 0.000131
67 0.00026 0.00026
72 0.007 0.007
73 00076 0.0076
77 0.124 0,124
78 0.295 0.295
79 0.903 0,903
81 1.15 1.15
83 1.52 1.60 1.56
84 1.86 2.08 1.97
88 4.28 4.28
89 5.7 5.81 5.75
90 5.54 5.54
91 5.88 5.50 5.69
92 5.41 5.41
93 5.78 5.60 5.69
95 6.7 6.70 6,70
97 3.8 3.32 3.56
99 1.92 1.90 1.91

101 1.60 1.52 1,56
102 0.70 0.67 0.68
103 0.75 0.794 0.77
105 1.06 1.02 1,04
106 1.07 1.07 1.07
109 1.10 1.14 1o12
111 1.42 1.22 1.32
112 1.29 1.29 1.29
113 1.23 1.18 1.20
115 1.28 1.37 1.33
121 1.0 0.915 0.96
125 0.58 0.50 0.54
127 1.21 1.21
129 1.19 1.19
131 2.05 2.05
132 2.68 2.78 2.73
133 3.79 3.79
134 6.49 6.49
135 4.59 4.59
139 6.02 5.64 5.68
140 5.80 5.80
14-1 5.85 5.90 5.87
143 5.35 5.25 5.30
144 5.12 2.31
145 5.06 5.06

1
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TABLE 1 (cont'd)

Mass Kco Von Gunten Crouch Mean

147 1.70 1.81 1.75
149 0.66 0.66
151 0.16 0.16
153 0.085 0.086 0.086
156 - 0.036 0.036
157 0.012 0.012
159 0.0044 0.0044
161 0.0016 0.0016
166 0.000029 0O000029
169 0.000023 0.000023
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APPINDIX 2

TABLE 2

Recommended 14 MeV fission yields for 23U (per cent)

1j

F Mass No. Crouch*
-- 4.n__ 

66
67
72
83
84
89
91
92
93
95
97
99

103
105
106
109
1
112
113
115
121
125
127
131
132
133
134
135
137
139
140
141
143
144
147
153
159
161

Oo_00077
0,0018
0.0146
1.33
2.02
4-.82
5.40
5.72
6.00
5.60
5. 20
3.69
2.31
1 .88
1.52
1.20
1.27
1o46
1.06
1.31
1.06
1.51
2.10
3.4
3.82
4.37
4.65
4.96
4.70
5.79
4.37
4.70
3.60
2.60
1.29
0.156
0.0116
0.005

L

*Crouch's is the only
current evaluation
of this nutclide.
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APPENDIX 2

TABLE 3

Recoliended 14 MeV fission yields for 235U (per cent)

Mass No. von Gunten Meek & Rider Crouch Mean

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108

1,23

4.16
4.5
4.71

4.80

5.29

5.25

5.35

2.09
1.76

1

i

1

i

O.00030
0.00064
0.00088
0,C0138
0.00233
0.00393
0. 00586
0.0107
0.0167
0.0265
0.0393
0.0631
0.0983
0.163
0.190
0.250
0.379
1 o01
1.21
2.00
2.46
2.96
3.52
3.95
4.46
4.47
4.88
5.30
4.80
4.85
4.85
5.18
4.70
5.15
4.50
3.94
5.72
3.43
2,39
2.03
1.64
1.38
1.33

1

0.00034
0.00065
(0.001)
(0.0016)
(0.0026)
(0o004)
0,0067
(0.0085)
(0.017)
(0.027)
(0.043)
0.069
(0.105)
(0.17)
(0.255)
0.362
(0.62)
0.97
1.05
(1.5)
(2.0)
(2.7)
(3.5)
4.31
4.4
4.98

5.40

4.71

5.24

5.28

3.40

2.12
1.75

0.00032
0.00065
0.00094
0.00149
0.00248
0.00397
0.00628
0,0092
0.0169
0.0267
0.0411
0,066
0.102
0.166
0.222
0.306
0.499
1.07
1.13
1.75
2.23
2.83
3.51
4.14
4.46
4.72
4.88
5.35
4.80
4.79
4.85
5.24
4.70
5.23
4,50
3.94
3.72
3.39
2.39
2.08
1.72
1.38
1.33

i 1.
_ --_~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __. .. .I
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TABLE 3 (cont'd)

Mass No. von Gunten Meek & Rider Crouch Mean

_ _ _ _ __ . . .

109

1il
112
113
11,4
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

i

i
i
i

1
1.17

1.11
0.93
1.15

0.97

1.09

1.45

2.09

2.4

4.23
4.70
5.6
5.9
5.7

5.9

5.0
4.61
3.8

3.81
3.20

0.08

1.17
1.18
1.14
0.907
1.25
1.03
0.943
1.02
1.30
1.06
1.07
1.11
1.08
1.23
1.23
1.32
1 28
1,71
2,07
2.75
2.87
3.62
4.00
4.71
5,61
5.18
5.61
4.75
5.41
5.25
4.96
4.62
4.52
4.06
3.85
3.52
2,94
2.47
1.70
1.37
0.548
0.314
0.204
0.153
0.242
0.096
0,724
0.0566
0.0429

1.47

1,10
0.89
0.922

1.12

1.025

1.91
3.20
4,33

4o19
4,37
5.56
5.14

5.55

5.90

4,83
4.47
3o80

3.87
3.09

1.65

(0.14)
(0.085)
0.062
(0.036)

1.27
1.18
1.12
0.91
1.11
1.03
1.01
1.02
1.30
1.06
1.07
1.11
1.06
1.23
1.23
1.32
1.55
2.45
2.83
2.75
2.63
3.62
4.14
4.59
5.59
5.41
5.29
4.75
5.74
5.25
4.93
4.57
4.04
4.06
3.84
3.27
2.94
2,47
1.67
1.37
0.548
0.314
0.204
0.153
0.242
0.112
0.079
0.058
0o039
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TABLE 3 cont'd)

Mass No. von iunten 1Meek & Rider Crouch Mean

158 Oo 0261 (0.022) 0.024
159 0.0176 0.0127 0.015
160 0.0129 (0.0074) 0.010
161 0l I67 0.0051 0.0059
162 0,0031 0.0031
163 0.0018 0.0018
164 0.0013 0.0013
165 0. 0061 0,00061
166 0.000299 00028 0.00029
167 0.00 ()021 0O. 021
168 0.00012 0.00012
169 0.00013 0.00008 0.00010
170 0.000 C 10 0. C00010

L_ _ A_ _ _ _ _ __ _ _

Note: Yields in brackets are interpolated by the evaluator.

402



APPENDI 2

TABLE 4

Recommended 14 MeV fission yields for 238U (per cent)

Mass No. Von Gunten Meek & Rider Crouch Dar6 czy et al Mean

67
68
69
70
71
72
73
74
75
76
77
78
79
80
8'i
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107

0.65
1.20

2.76
3.25
3.35

4.30

5.10

5.38

5o92

5.90
3.65
3.00

3.23
2.40

Oo000i4-
0.00029
0.0004-9
0.00088
0000157
0.00295
0.00472
0.00787
0.0138
0.0216
0,0354
0.0570
0.133
0,211
0.315
0.445
0.650
1.17
1.01
1,55
1.85
2.23
2.85
3.17
3.23
3.96
4.11
4.83
5.10
5.39
5.32
5.58
5.74
5.44
6.09
3.78
4.49
3.82
3.36
2.13
1.77

0.00014

0.003
0.005

0.0298
0.0412
0.19

0.34

0.722
1.315
1.12
1.76

2.70
3.13
3.14

4.14

5.31

5.49

5.81

6.02
3.54
4.16

2.69
2.40
1.78 

000014
(0.00027)
(0o.008)
(0.00088)
(0.0016)
0.0030
0.0054
(0.0082)
(0.013)
(0.019)
0.030
0.041
0.18
(0.25)
0.34
(0.48)
0.683
1.22
1.08
1.70
1.61
1.75
2.61
2.97
3.55
4.03
4.41
(4.75)
5,11
(5.23)
5.36
(5.52)
5.69
(5.79)
5.90
(5.12)
4.43
(3.62)
2.97
2.14
1.74

i
0.00014
0.00028
0. 0048
0.00088
0.00158
0.00298
0.00504
0.00803
0.00134
0.0203
0.0317
0o0464
0.168
0.23
0.33
0.46
0.676
1.23
1.07
1.67
1.73
1.99
2.73
3.13
3.32
4.00
4.24
4.79
5.15
5.31
5.39
5.55
5.79
5,61
5.98
4.02
4.02
3.72
3.06
2.27
1.76

1

i

1
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TABLE 4 (cont'd)

Mass No. von Gunen Meek & Rider Crouch Daroczy et al MeanM a s _ _ _ _ _ _ _ _ -

1
108 1.35 (1.53) 1.44
109 1.20 1.42 1.52 1o34 1.37
110 0.997 (1.12) 1.06
111 0.89 1.10 0,917 0.953 0.965
112 0.70 o124 0.993 0.985 0.980
113 0.81 0.973 0.877 0.877 0.884
114 0.685 (0.85) 0.767
115 0.78 0.879 0.741 0.814 0.803
116 0.675 (0.82) 0.747
117 0.845 (0.85) 0.837
118 0.667 (0.83) 0.748
119 0.675 (0.84) 0.757
120 0,702 (0.84) 0.771
121 0.81 1.17 0.97 0.851 0.950
122 0.781 (0.85) 0.780
123 0.850 (0.84) 0.845
124 0.969 (0.84) 0.904
125 0.70 1.37 0.839 0.970
126 1.26 (1.08) 1.17
127 1.52 1.51 1.42 1.40 1.46
128 2.25 (1.82) 2.03
129 1.30 2.30 1.26 1.09 1.49
130 3.70 (3.00) 3.35
131 4.37 4.04 3.83 3.90 4.03
132 4.60 4.79 4.68 4.72 4.70
133 6.62 6o10 6.54 5.96 6.30
134 4.7 6.44 6.53 6.40 6.02
135 5.55 5.87 5065 5.65 5.68
136 5.43 5.64 5.57 4.16
137 6.6 5.47 5.84 4.72 5.66
138 4.49 4.71 4.75 4.65
139 4.64 4.91 5.00 4.68 4.81
140 4.60 4.56 4.67 4.46 4.62
141 5.8 4.31 4.77 4.22 4.77
142 3.91 4.20 4.05
143 3.67 3.77 3.72 3.86 3.75
144 3.20 3.49 3.21 3.04 3.23
145 2.84 3.18 3o 12 3.04
146 2.28 (2.58) 2.43
147 2.0 2.28 2.10 2.15 2.13
148 1.78 (1.62) 1.70
149 1.32 (1.22) 1.27
150 1.13 (0.93) 1.03
151 0.849 (0.71) 0.779
152 0.602 (0.54) 0.580
153 0,39 0.403 0.40 0.408 0.400
154 0.253 (0.27) 0.261
155 0.156 (0.18) 0.168
156 0.17 0.108 0.11 0.12 0.127

. _ . _ _ _ _
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TABLE 4 (cont'd)

Mass No. Von Gunten Meek & Rider Crouch Daroczy et al Mean

157 0.0825 (0.072) 0o0772
158 0.0427 (0.043) 00.0428
159 0.0258 00026 0°026 0.0259
160 000164 (0.0145) 0.0155
161 0.0089 0.0083 0.0085 0.0086
162 0.0059 (0.0051) 0.0055
163 0,0034 (0o0029) 0.0031
164 o00020 (0.0018) 0.0019
165 0.0011 (0.0010) 0.0010
166 0.00085 0.00063 0.00063 0.00070
167 0,00037 (0.00037) 0.00037
168 0.00020 (0.00022) 0.00021
169 0.00013 0.00013 0.00013 0.00013

-~~~~ O..~ i5 . .I -

Note: Yields in brackets are interpolated by the evaluator,
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APPENDIX 2

TABLE 5

237
Nu (ner cent)Recommerded 14 MeV fission vieldls l'or

:Ma;ss No, C1rouch*

91 2 71
93 4.49
)97 5.43

994 4 94
105 3.50
(t-- 1. i48
12 1.23

112 1.23
127 2.52
1t 1 i3.55
1532 4.29

.9 94,84
40 4.89
143 S1 60

15 7 0, 094

*Cr-ouch' s .s the ornly.
current evaluation of
thJi s nucJ de.
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APPENDIX 2

TABLE 6

Recommnended 14 MeV flssion yields for 239u (per entPu (per cent)

Mass No. Crouch*

89 1o72
91 2.04
97 3.99
99 4.16

103 6.25
106 4.16
l1 1.55

113 1.09
115 1.30
132 4.58
137 5.10
140 2.86
144 2.17
147 1.41
156 0.02
161 0,000138

*Crouch's is the only
current evaluation of
this nuclide.
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APPENDIX 3

238_ fast fission yielddata listed b' M, al ve,(7 r7

Fission
Product

yie Id

Sr-89 3 12O0.19

4.4-0.4

3.4~-0.3

2.8-05.3

3.2

Standard

absolute

absolute

Mo-99

Ba-140

Ba-140

I
Ref

Cun72

Bon60

Pot60

Kel54

Eng52

Zr-95 7.24+ 10 31 absolute Cun72

5.47-0.19 absolute Lar72

5.20,.6 absolute Bon60

6 .1 0.6 Mo-99 Petf6

4.9±0.7 Ba-1 4 Ke 154

7. 1 Ba-140 Erk52

Zr-97 6 .00 ). 3 7 absolute Cun72

5,91t 0.18 absolute Lar72

____ 525.0.6 absolute Bon60

Mo-99 6.00O0.79 absolute Cun72

6,14O0.18 absolute Lar72

7 .00. 7 absolute Bon60

|6,60.4 absolute Pet60

6.7-0.7 Ba-140 Kel54

5.74 Ba-140 E52

Ru-103 6.26±0.19 absolute Lar72

3.90. 5 absolute Bon60

6.6-1 0 Ba-140 Kel54

__ 7.2 Ba-14G 0 52

1

1

Cd -1 5g

j

J 
> 

?

1
o0461.007

.039 .004

GiV333-. 06

Fission
Product

iabsolute

abso lute

Mio-99

Ba-140

yield iStandard

__

"f

Cun72

Bon60

Pet60

Ke 54

I -131 3.62L0. 11 absolute Lar72

Xe-131 2.16 Ba-140 Mat72

T'e-132 4.235+-0.34 absolute Cun72

5. 27-0. 32 absolute Lar72

4. t1-0.4 absolute Bon60

4.910, 6 Ba-140 Kel54

Xe-132 4.64 Ba-140 Mat72

5.31 1-13 1 Mat72

Cs-137 7.68+1.72 absolute Cun72

6.1-0.7 absolute Bon60

7.4-0.7 Ba-140 Kel54

5.15 Ba-140 Mat72

5.88 1-131 Mat72

t 6.52 Nd Rid67

Ba-140 6.03t+0.42 absolute Cun72

5.96*0, 17 1bso.lute Lar72

5.8+0.5 absolute Bon60

6. 70,5 absolute Pet60

6,03-i0. 9 U-235 Ciu68

5.72-0.14 U-235 Die71

(6.79 ) 1-131 Mat72

Nd-143 4.4-2 Ba-1.40 Mat72

4.59 Nd Rid67

Ref.

Ru-106 2. 850. 30

3.02*0.30

2.63

Ag-ill .058o-.O 1

.o94. 0 12
4-

.087-. 008

,06 7 t 006
.070 L,

absolute

Ba-140

Ba- 140

absolute

absolute

Mo-99

Ba-140
Ba-140 

4~

Bon60

Kel54

Ens52

Cun72

Bon60

Pet60 

Ke l54!
EnPg52j

Ce- 

1 

44 

1 3.511 R-v:.1u. llunSS

and 

3.91 rev t: Bun58

..L

N.A._ 

144 

5. 1 -0. 1), Ba-140 Ke154

Ce-144

and

Nd- 144

1

s_

3.55

3.91

5. 1--0.

4.56

4o53

R-value

R-value

Ba-140

Ba-- 40
Nd

I
Bun58

Bun58

Ke5l4

Mat72
Rid67

- m
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APPENDIX 3 (cont 'd)

Fission Fission
Prodst yield Standard Ref. Proli yield Standard Ref.
Product Product

Nd-145 3. 72 Ba-140 Mat 72 Nd-150 1.27 Ba-140 Cun72

3. 6_ Nd _ id67 __0 , Nd Rid67

Nd- .-c 3.36 Ba-140 Mat72 Eun-156 7.042-+.. absolute Cun72

3.33 3 Nd Rid67 0.072 R-va.ue Bun58

Nd-148 2 08 Ba- 140 Mat72 0.065 R-value BunS8

2:05 N d Rid67 0.076-+0,010 Ba-140 Kel54

1 0o61 Ba- 140 E_

Standard:

absolute:

Mo-99:

Ba-140:

1-131:

Nd:

R-value:

U-235:

number of fissions deteimined for each sample.

renormalized to Mo-99 yield of 6.14 (Lar72).

renormalized to Ba-140 yield of 5.94 (unweighted average of
Cun72, Lar72, Ciu68 and Die71).

renormalized to 1-131 yield of 3.62 (Lar72).

sum of Nd yields without Nd-O50 of Rid67 normalized to the sun
of the same yields of Mat72 (rel Ba-140).

yields rel Mo-99 as rato o t U-235 thermal yields.

measure red lative U-255 thermal fission yield of Ba-140 (6.36%
used here).

Reference s

In addition to the ref code used here, the ref number used in the
UKAEA fission product library (E. .C. Crouch, AERE R 7394 (1973) is
also given.

166 Bon60 E.K. Bonyushkin et al, AFEC-tr-46(82(1960)
37 BunS8 L.R. Bunney et al, 2nd Int. Conf. PJAE, Geneva 1958,

Vol. 15, p. 449.
157 Ciu68 L. Ciufollotti, Energia Nucleare 15(1968) 272
634 Cun72 J.G. Cuninghane et al, AERE-6862(Rev)(1972)
608 Die71 Ro Dierckx et al, J. Nucl. En. 25(1971) 85
179 Eng52 D.W. Eingeikemeir et al, ANL-4927( 1952)
234 KeI54 R.N. Keller et al, Physo Rev. 94(1954) 969

Lar72
Mat 72

2 Pet60
Rid67

R.P. I.arsen et al, Trans. Am. Nuicl. Soc. 15(1972) 483
C,K. Mathews et al, Can. J. Phys. 50(1972T73100
K.A. Petrzhak et al, AEC-tr-4696(1960)
B.F. Rider et al, GEAP-5505(1967) 21.
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