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OPENING REMARKS
AND SOME THOUGHTS ON THE FUTURE DIRECTION

OF NEUTRON ACTIVATION DATA RESEARCH

Donald L. Smith, Meeting Chairman
Engineering Physics Division
Argonne National Laboratory

Argonne, Illinois 60439
U.S.A.

On behalf of the NEA Nuclear Data Committee (NEANDC), of the OECD Nuclear
Energy Agency, of the Scientific Program Committee for this meeting, and of Argonne
National Laboratory, it is my great pleasure to welcome all of you to participate in this
Specialists' Meeting on Neutron Activation Cross Sections for Fission and Fusion Energy
Applications, and to officially call the meeting to order.

This Specialists' Meeting follows an International Atomic Energy Agency (IAEA)
Consultants' Meeting on Activation Cross Sections for the Generation of Long-Lived
Radionuclides (Argonne National Laboratory, 11-12 September 1989). Fortunately, several
people from this earlier meeting will also attend our meeting. Our purpose for the meeting
is:

• to review the progress which has been made in the field of neutron activation cross
section data research,

• to examine activation data requirements and their status,

• to survey the methods and resources available within the OECD/NEA family of
nations to address these needs,

• to organize a working group with the objective of fostering collaborative research
programs.

The agenda which has been prepared for this meeting (technical papers and topical
discussions) should serve our purpose well.

The importance of neutron activation to nuclear energy development stems from
many applications; among these are:

• dosimetry,

• radiation damage,

• the production of long—lived activities.

The latter contributes to the complexity, biological hazard, and financial burden of
refueling, servicing, and decommissioning both fission and fusion reactors.
Furthermore, several activation reactions serve as useful

• neutron fluence standards for nuclear data measurements.

Concern over these issues is growing in both fission and fusion energy technology.
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Nuclear data research in this field has a long history, but, unfortunately, it is
characterized by

• imbalances of emphasis and pervasive poor quality of the generated results, which
ultimately has led to a nuclear data base that is inadequate to meet contemporary
needs.

A few examples will illustrate our past experiences in trying to satisfy neutron activation
data needs for applications.

Among the disappointments:

• There exists a plethora of experimental results in the vicinity of 14 MeV; however,
significant discrepancies remain in spite of several decades of ongoing effort.

• Fission reactor integral data are abundant for many activation reactions, but these
results are often of limited worth because the neutron fields are not amply
characterized or cannot be readily reproduced.

Among the successes:

• Activation data for the well—known 252Cf fission neutron field are generally much
improved over a few years ago.

• Progress has been made in determining the differential cross sections < 10 MeV for
many threshold reactions.

Given the slow, uneven progress experienced in trying to satisfy long-standing
needs, it is disconcerting to note that

• new data requests are emerging at a rate which exceeds the nuclear data
community's ability to address them.

Fusion technology has been largely responsible for many of these new requirements.
Theoretical cross-section estimates are being provided to service these requests but,

• given the poor record of quantitative accuracy for nuclear—model calculated values,
these results would alone be quite inadequate to meet the long term needs.

We must honestly face up to this problematic situation and

• carefully define what is required,

• develop a plan to meet the needs in a timely fashion.

How should we address this task? Here are some general thoughts on this matter:

• We have little control over the resources which may be provided to us in the future
for this work, but we can define some attainable goals now and proceed to work
toward them, using resources already available to us.

• We must educate data users and data research funding organizations on the fact
that long lead times are necessary to satisfy most specific data requirements, even
when the means to do so are within our grasp.
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• Plural determinations and critical evaluations of accumulated data are absolutely
essential to gain confidence in our knowledge of fundamental parameters.

• Data requests should be limited to materials and processes that are expected to play
significant roles in applications. Long "wish lists" must be avoided.

• Carefully chosen ancillary measurements will be necessary for the development of
experimental and analytical methodology, and for the validation of nuclear models
and their parameterizations.

• We can restrict our attention to the neutron energy range < 20 MeV (excluding
certain defense system requirements).

• Both differential and integral data are valuable. These must be supplemented by
theory, with statistical methods used to merge the diverse information.

• A well—coordinated, international research effort offers the only realistic hope for
satisfying the rapidly evolving data requirements in a timely fashion.

What specific research priorities should we pursue? A major goal of this Specialists'
Meeting should be to produce answers to this question. Here are some suggestions:

• The first priority should be to improve our knowledge of basic neutron fluence
standards to accuracy levels which are adequate to meet both current and
anticipated needs.

New measurements and evaluations of existing data should incorporate accurate standards
information.

• Next in order of priority are the dosimetry reactions.

Dosimetry metrology has come of age during the past decade, but it stands to benefit
greatly from further refinements in our knowledge of the basic cross sections.

The data requirements for neutron activation processes relevant to other
applications areas (e.g., long-lived activities) are characterized by their extensiveness,
diversity, and constant change. So it is difficult for this community to establish specific
priorities. However, there is important preparatory work to be done before addressing these
needs, since they will generally be difficult to satisfy. Here are some of the tasks which
should be actively pursued:

• We need to upgrade our measurement facilities and experimental techniques to the
extent of our resources.

• The theoretical tools and analytical methodologies used to supplement experimental
data and merge information from various sources should be refined.

For example, higher levels of sophistication are needed in the application of nuclear model
codes. We should examine the basic physical principles and the parameterizations.
Extensive confrontations of calculated values with experimental data, and intercomparisons
of code results, are essential.

• Radioactive decay parameters (e.g., half lives, branching factors, and spectral
properties) still need attention.
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For example, decay parameter uncertainties are an impediment for several reactions
featured in fusion data request lists.

The availability of appropriate irradiation facilities for neutron activation data
research is an important issue. The established facilities (if adequately maintained and
staffed) may well be adequate for the task before us. However,

• to utilize these irradiation facilities effectively will require an even higher level of
interlaboratory collaboration than has been the norm heretofore.

Concerning neutron source reactions,

• an important objective is comprehensive and accurate neutron field characterization
for the useful sources.

Extensive studies of the 252Cf fission neutron source have produced excellent results. An
equivalent effort is needed for several accelerator neutron sources.

Methodologies used for data analysis, for the application of corrections, for the
generation of covariances, and for merging diverse data are reasonably well-developed.
However,

• the crucial need now is for more people in this field to learn these advanced methods
and use them in their work.

A multidiscipline approach will be required to address many of the important data
needs in the future. Thus,

• we will have to rely more and more on interlaboratory cooperation, bringing to bear
on each specific problem those particular combinations of facility resources and
expertise which are best suited to the specific tasks.

It is time to embrace such an approach and, in the process,

• hone and deploy an efficient international network of technical resources dedicated
to activation data.

This meeting and the NEANDC Working Group on Activation (which will be organized
this week) both offer rich possibilities for achieving meaningful progress. If we work
together diligently during the next three days, and cooperate in the future, I am confident
that we will be able to seize the many opportunities which are before us and use them to
good advantage.
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THE ROLE OF SEQUENTIAL (x,n) REACTIONS ON ELEMENT ACTIVATION
OF FUSION REACTOR MATERIALS AND RELATED NUCLEAR DATA NEEDS

by
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Institut fiir Material- und Festkorporforschung

Postfach 3640, 7500 Karlsruhe

Federal Republic of Germany

A B S T R A C T

The importance of sequential (x,n) reactions on element activation in

fusion reactors is demonstrated by a few examples studied recently. It

is shown that the time-dependent total element activity in some cases is

strongly governed by contributions from such reactions at least for light

and medium weight elements and cooling times above more than 1 year. The

nuclear data needs related to this type of reactions are briefly dis-

cussed.

1. Introduction

An important advantage of fusion energy is the possibility of establishing

a relatively clean energy source compared to fission reactors which produce

large amounts of fission and actinide products. Nonetheless, presently pursued

concepts of D-T fusion reactors must also deal with considerable radioactive

inventories due to 14-MeV neutron reactions in the various reactor components.

But, since the induced radioactivity is not intrinsic to the fusion process

itself, a high degree of control can, in principle, be exercised by careful

selection of suitable reactor materials. This has led in the past to extensive

research programs on so-called "low-activation" materials (LAM) development.

An important prerequisite of such programs is a reliable prediction of element

activations and related quantities such as contact JT-ray dose rates and decay

heats [1]. In recent years there have been great advances in establishing

sophisticated processing codes and extremly large nuclear data libraries [2-5]

for this purpose. Most of these can presently cover the whole range of techno-

logically important materials including all important kinematically possible

neutron-induced reactions. While being most complete for neutron interactions,

there has been, to our knowledge, no final attempt, to also consider so-called

"sequential (x,n) reactions", which can produce additional radionuclides, not

achievable in noticeable amounts by neutron-induced reactions only. "Sequential

(x,n) reactions" (refered to hereafter also as (x,n) reactions) are processes

in which charged particles x are produced in a first-step neutron-induced

reaction A(n,x)B, and in which the emitted charged particles react in a second

step by the process A(x,n)C with the target isotope A producing the residual

nucleus C.

The main purpose of this paper is to demonstrate the importance of

sequential (x,n) reactions on element activation in fusion reactors. For this

purpose total element activities, dose rates and decay heats of Na, Mg, V, Cr
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and Fe are given for which large effects on the resulting integral or differ-
ential quantities have been found.

2. Possible Nuclear Reactions

Interactions of primary neutrons and their product particles with the
various reactor materials lead to a large amount of residual nuclides most of
which are unstable and decay by emission of ï-rays, P-particles or weak X-rays.
Only very few o-emitters are produced by activation of fusion reactor materials.
The diversity of the kinematically possible reactions with a single target
nuclide is illustrated in Fig. 1. In addition to all relevant neutron induced
reactions, also the three most important sequential reactions (p,n), (d,n) and
(a,n) are shown. It can be seen from this chart that one-step neutron inter-
actions provide only nuclides with atomic numbers <Z of the target, while,
sequential (x,n) reactions produce additional nuclides with higher Z values.

Z + 2

CD

E

1
O

Z-1

Z-2

n, 3n

n, nt
n,tn

n,an
n, na

P.n

n,2n

n.t
n, nd
n, dn

n.a
n. He3n
n, nHe3

d.n

original
nucleus

n,n

• — • —

n.d
n. np
n, pn

n,He3
n, pd
n.dp

a.n

n.Y

n.p

n,2p

N-2 N-1 N

Neutron number -

Fig. 1 Kinematically possible neutron-induced and sequential (x,n) reactions
for neutron energies of E <15 MeV. (x,n) reactions are restricted here
to the most important types of (p,n), (d,n) and (o,n) only.

In order to avoid misunderstandings, it should at least be mentioned that
nuclides created by sequential (x,n) reactions can, of course, be produced by
multi-step neutron interactions. But these typically require long reaction
chains with at least one or two intermediate B" decays, which give, in general,
negligible inventories.
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For numerical calculations of eq. (1), a special computer routine has been

written [7], which handles 100 energy groups for the neutron flux and the (n,x)

cross sections, and 15 energy groups for the emitted charged particles, the

specific energy losses of the charged particles, and the (x,n) reaction cross

sections. In a final step of the routine, the resulting inventory data are

transponed into so-called "pseudo" cross sections, needed as input data for the

global inventory code (see below).

The data base necessary for these calculations was largely taken from

existing experimental data, systematics and evaluations [8-12]. For the double

differential neutron data mainly the results of Grimes et al. [8-10] were used,

who measured charged particle emission cross sections in reactions of 15 MeV

neutrons with several light and medium-weight isotopes and natural elements.

Where element data were lacking, the correspondingly weighted isotope data were

used instead. Spectral data for charged particle emission below 14 MeV were

normally derived from 14 MeV results by cutting off the low energy ends of the

spectra, so as to not exceed the maximum energy of EroaxSEn-Q, and adjusting



the energy-integrated spectra absolutely to available noutron excitation func-
tions. The cross sections for the energy-dependent charged-particle induced
neutron emission reactions, a (E ), were taken from the compilations of Lange
et al. [13] and related systematics. Specific energy losses for protons, deu-
terons and o-particles were taken from the Tables of Williamson et al. [14].

For global inventory calculations the well established UK FISPACT code
[15-18] was employed. As the primary input to FISPACT the data libraries UKACT1
and UKDECAY2 [18] were used together with our "pseudo" cross sections for (x,n)
reactions. The FISPACT inventory code enables to obtain the effects of irradi-
ation of a given material in a given flux of neutrons. The arising of transmuted
nuclides and their associated activities, dose rates and decay heats are cal-
culated in a most complete manner. In the present calculations only sequential
(p5n)i (d,n) and (asn) reactions have been considered. Sequential reactions such
as (x,n'p), (x.n'd), (x,n'a) or (t,n) and ( He,n), even though often kinemati-
cally possible, have been ignored mainly because of their largely reduced
probability.

4. Results and Discussion

Inventory calculations using the FISPACT code have been performed for five

elements. In addition to specific element activations, also the contact dose

0)
-4-»

m

tu
in
O
Q

10'

in?

10°

io-2

1CT'

10-6

10"B

10"10

10

I

g
ITB
Ï

i

•ill
inn

inn

I 'Horai

!

g"

1
=
g
B
•

i '•

s-on l .v

iNa

— wit
— wit

" V
\
i)

el " *

'

•

•

•

;

i--.»---.

i (x,n) reactior
hout (x,n) reac

.-.»----»--•-

1

!

s I
tions 1

!

i

. Ĥ
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Fig. 3 Total element activity and total dose rate versus cooling time for V.
The effect of sequential reactions is due to the 50V(a,n)53Mn (activity)
and the V(o,n) Mn (dose rate) processes, respectively

rates and decay heats were obtained. Some typical results are given in Figs.

2-4. Total activities, dose rates and decay heats, respectively, are plotted

versus time after irradiation in the time range from 0.1 to 10 years. Each

diagram contains two curves, the difference of which is a measure of the effect

of sequential (x,n) reactions.

As can be seen from the left diagram in Fig. 2, the influence of (x,n)

reactions is most pronounced for Na where the dose rates beyond ~100 years for

the top curve is largely governed by the Al activity. The bottom curve

(excluding (x,n) reactions) shows also a wide plateau in the region 10-10

years, but this results from neutron-induced reactions leading to Be
6 23 26

(T-w2=1-6xl° y)- Inclusion of the sequential Na(o,n) Al reaction in the

calculation gives by 9 orders of magnitude higher dose rates in this range. It

even places the long-time dose rates significantly above the "hands-on" level

of 2.5xlO"5 Sv/h [19]. This effect can be understood qualitatively by the fol-

lowing arguments. While Al is directly produced by the sequential process

Na(n,yo) -» Na(o,n) Al (y stands for any other particle than a) with large

cross sections for both reactions, its production by neutron induced reactions

only, requires rather long reaction chains such as Na(n,2f) Na (B~)
24Mg(n,rr5Mg(n,ar)26Mg(n,*)27Mg (&~) 27Al(n,2n)26Al. Such chain reactions are

extremely improbable due to the strongly decreasing inventories of intermediate

product nuclei, and thus, in general, of no real importance. The situation for

Be production by neutron induced reactions on Na is similar, but its main
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reaction chain involves only four steps and one f5~ decay. In this case, how-
ever, the bremsstrahlung of Be governs the long-time range of the bottom
curve.

The effect of sequential (x,n) reactions is less extreme for Mg (right
diagram of Fig. 2), but changes the dose rates also significantly beyond ~ 50
years. The increase by ~ 1.5 orders of magnitude in the range above 100 years
places the long-time dose rates just upon the hands-on level. In this case the
Al production is due to sequential (d,n) and (p,n) reactions on Mg and
Mg, respectively. In contrast to Na, however, the Al activity also deter-

mines the plateau in the bottom curve, where its production is governed by the
reaction chain 26Mg(n,ï)27Mg (&~) 27Al(n,2n)26Al.

The other examples concern the technological even more interesting ele-
ments vanadium and chromium, which are presently widely favoured as main con-
stituents for "low-activâtion" V- and Cr- basis alloys. In the left diagram of
Fig. 3 the calculations of element activities for V are shown. The large dif-
ference between the two curves above ~500 y arises from the contribution of
53Mn (T1,2=3.7xl0

6 y) produced by the sequential reaction 50V(a,n)53Mn. Of
course, also the sequential reaction V(o,n) produces a large inventory of
54Mn ^"^2=312 d), but its effect in the range 1-20 y is largely masked by the
high V activity produced by the neutron induced reaction V(n,2n) V. The
right diagram of Fig. 3 shows the dose rates calculated for vanadium. Here it
is mainly the intermediate time range between ~ 1 to 20 years which is strongly
dominated by sequential reactions. The major effect in this region is due to
the Mn activity which is prodiced by the (o,n) reaction on V. In the center
region around 5 years the additional Mn activity alters the dose rates by
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more than 3 orders of magnitude. In this case the clear dominance of the Mn
activity is due to the fact that V purely decays by electron capture which
does not contribute to the ï-ray contact dose rate. In contrast to the left
diagram the Mn activity does not contribute here to the range above 500 years,
because of its pure electron capture decay. In the case of Cr the effect of
sequential (x,n) reactions appears only significantly in total activities and
decay heats. As shown in the left diagram of Fig. 4, the activity above ~10
years is increased by more than 2.5 orders of magnitude from the production of
Mn by the Cr(d,n) and Cr(p,n) reactions. Although Mn production proceeds

also through the reaction chain 54Cr(n,2f)55Cr (0') ̂ 5Mn(n,2n) 54Mn(n,2n)53Mn,
this kind of production contributes only less than 0.3% to the total Mn
activity. The influence of the Mn activity on the decay heat of Cr is similar.
This is shown on the right side of Fig. 4 which illustrates the large differ-
ences between the results with and without sequential reactions. The Mn
activity does not effect, however, the dose rate, since Mn decays by pure
electron capture emitting only low energy X-rays which do not contribute to the
2f-ray contact dose rate.

A summary of the results obtained from our work up to now is given in Table
I. This table lists the important radionuclides produced in element activation
by sequential (x,n) reactions. A comparison of the inventories achieved for
calculations with and without (x,n) reactions is shown in the third and fourth
columns. The numerical values given in these columns are total inventories which
might have been produced by more than one sequential reaction or one neutron
reaction chain, respectively. In the last column the type(s) of sequential (x,n)
reaction(s) leading to the production of the corresponding radionuclides are
indicated.

Table I. Important radioisotopcs produced by sequential (x,n) reactions, but only very weakly
produced by neutron-induced reactions.

Element

Na

Mg

V

Cr

Fc

Radio-
Nuclidc

26AI

26AI

«Mn
54Mn

5 3 M n

5 7 C o

59C°5 9 Ni

Inventory
with

Sequential

5.2xlO18

1.2xI018

8.3xlO16

l.4xlO18

1.9X1017

2.7xI0 1 7

after 2.5 y Irradiation
without

(x,n) Reactions (at./kg)

2.9x105

3.7x10*6

2.2x10»
6.3x10'°

5 .2xl0 1 5

2.3x10,'^
2.1x10 5
8.0X1012

Important
Sequential
Reactions

23Na(ûf,n)2f'AI

25Mg(d!n)26Al

V(ûr,n)J Mn

_*Cr(p,n) _.Mn

56Fc(o,n)59S

For the four elements Na, Mg, V and Cr, the large differences in the
inventories (~13 order of magnitude for the extreme case of Na) strongly
influence the integral element activities and their related quantities as given
in Figs. 2-4. For Fe the corresponding activities are masked in the integral
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curves by other radionuclides with comparable half lives. Nonetheless, such

additional activation products can constitute, an essential fraction of the total

activity in the corresponding time ranges. This is certainly important to those

LAM aspects for which not only the global activities, but also the detailed

composition of the important radioisotopes must be considered, e.g. refabri-

cation or reuse of expired reactor components.

5. Nuclear Data Needs

The necessary inclusion of sequential (x,n) reactions in existing acti-
vation calculations for fusion applications! requires an additional nuclear data
base not yet contained in existing data libraries. The three types of nuclear
data needed for this purpose are :
1. Double differential neutron-induced charged-particle-emission cross sections

d °n/dE <1E for neutron energies between 1 to 15 MeV.
2. Differential charged-particle-induced neutron-emission cross sections

dax/dEx for 1 < E x < 15 MeV.

3. Charged particle stopping powers for all technologically important elements.
While charged particle stopping powers are readily available from various

compilations, the first two types of data exist only for limited' isotopes and
incident particle energies. Especially, experimental double differential neu-
tron data are only scarcely available. The few existing data sets refer almost
completely to the energy range 14-15 MeV, and there exist, to our knowledge,
no sufficient systematics and model calculations needed for the production of
a sufficient data library. The situation is much better for charged particle
cross sections, where suitable measurements, compilations and systematics exist,
e.g. the compilation of experimental results by Lange et al [13]. There is,
however, no sufficient information on the isotope dependence of such cross
sections.

In conclusion, there is a general need of more double differential neutron
and differential charged-particle cross sections in the energy range between
~1 and 20 MeV. The existing data base is too scarce to establish suitable sys-
tematics over sufficiently large ranges of incident energies, target masses and
relevant types of nuclear reactions. At this stage of our investigations of
sequential (x,n) reactions, however, important data needs cannot be specified
in more detail. Identification of individual critical cross sections will be
subject to detailed sensitivity studies.

6. Summary

In this paper the importance of sequential (x,n) reactions on element

activation of fusion reactor materials has been demonstrated. To our knowledge,

such reactions have been ignored in all previous calculations made in this

field. Detailed calculations of additional activities produced through sequen-

tial reactions were carried out for the elements of Na, Mg, V, Cr. and Fe. In

the first four cases, the sequential reactions alter the total element activ-

ities and/or the related dose rates and decay heats drastically at large cooling

times. (More than 9 orders of magnitude for the most prominent case of Na in

the time range 10 -10 y). In addition to significant changes in the global

element activities, sequential reactions can also significantly contribute
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(without dominating) to more specific quantities such as the isotopic composi-
tion of the total induced radioactivity. It is, therefore, concluded that more
work of this kind is needed, in order to make most precise predictions on cle-
ment activations, which are an important prerequisite for present programs on
"low-activation" materials development. It is intented to expand the présent
investigations OIL ollior elements and t.x,n) reactions, ultimately also including
siii'.h as ( t, n 1 aiui <.'!k.-,iij. i i. is, however, expect, CL! that sequential (>:,n)
reactions become iess imyorUinL fo:" high Z-elements and the. lest, frequent
charged particles, l and JHe. Therefore, our future studies aim primarily on
sufficient systemat ics noeut-ri to cstahiish quantitative criteria for suxLable
cut-off levels for these reactions.

Detailed calculations of sequential (x,n) reactions require additional
nuclear data presently not included in existing data libraries for LAM appli-
cations : 1) Double differential neutron-induced charged-particle-emission
cross sections, and 2) differential charged-particle-induced neutron-emission
cross sections, both of which should sufficiently cover the energy range from
~1 to 20 MeV.
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ACTIVATION CROSS-SECTIONS FOR SAFETY AND ENVIRONMENTAL
ASSESSMENTS OF FUSION REACTORS

E.T. Cheng
General Atomics

San Diego, California, USA

ABSTRACT

The deuterium-tritium fueled fusion reaction does not directly produce radioactive
products. Radioactivity in fusion is induced by the 14 MeV neutrons. Hence activation
products and levels of activity in fusion reactors depend primarily on materials, neutron
wall loading, and operating times. Safety and environmental aspects of fusion reactors
are determined by radioactivity induced characteristics: decay heat, biological hazard
potential, dose rate, and waste disposal rating. In this paper the important activation
cross sections are identified that are relevant to determination of the above quantities for
potential fusion reactor materials.

INTRODUCTION

The most promising fusion fuel cycle, deuterium (D) and tritium (T), does not
directly produce radioactive products. However, the D-T fusion reaction produces an en-
ergetic (14 MeV) neutron that can induce radioactivity when it is intercepted by blanket
materials to deposit its nuclear energy as heat for converting into electricity. The charac-
teristics of induced radioactivity in fusion have been studied [1] and depend primarily on
materials surrounding the plasma, neutron wall loading, and operating times. The safety
and environmental aspects of fusion reactors that have been discussed in literature [2,3]
are basically determined by the induced radioactivities and their characteristics. Activa-
tion cross sections for neutron reactions in potential fusion materials leading to induced
radioactivity are fundamental for the determination of activation characteristics and as-
sessment of safety and environmental aspects of fusion reactors. These needed activation
cross sections were identified hi previous investigations [4].

In this paper I review briefly the characteristics of induced radioactivity. I discuss the
quantification of relevant safety and environmental impacts due to radioactivity in fusion.
Finally I present a set of activation cross sections needed for fusion energy development
based on activation calculations using the more recent activation cross section and decay
data libraries [5,6]. This set of needed activation cross sections is to update that identified
in previous investigations.

CHARACTERISTICS OF INDUCED RADIOACTIVITY

Activation characteristics, including radioactivity, decay heating rate, and integrated
decay energy at times after shutdown of a fusion power reactor have been investigated
frequently by reactor designers. A recent work [1] in this area was done for potential
fusion materials using a comprehensive activation cross section library [5] and decay data
handbook [6]. A summary of this investigation is reproduced here:

• It was found that among the potential fusion elements, the shutdown activity could
vary by four orders of magnitude or more, with C, O, and Si giving the least radioac-
tivity and Mo producing the highest activity within a few days after shutdown.
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• Vanadium, Ti, and Fe are among the lower activation structural dements with ac-
tivity levels higher than Si by about one (for V) and two (for Ti and Fe) orders of
magnitude.

• Silicon and Cr are bettor alloying elements than Mn, Ni, Ta, and \V fov miniinizimr
the activity level and corresponding afterheat concerns.

• l i K T ' - i ' s t 1 o f a c t i v i l y l e v é ' : - * m a y o c c u r i n ;>- s n f i n c ' t i •. . i : s ; w ' n i n i f ' T :«•. !<.'•< ! i i t > ! ' a < \\\:\
t i n r i t ' l c t i K ' t i l s . s i u ' l : a s M n , \ i . T a , a n d W . T i n s i s ,• c o u e c - n C M M - I ' M I K i i - i n o ' - i a ' , 1 r
<•> ' i v r i i n r n t d l f u s i o n d c \ i s e s w h e r e n i l n e u t r o n ;>!>:•• . I I ' I H T S a r e .-.[ >i'< ' i ( n . - i 1 ! y c < >; ^ i l c f ' 1 .
to be included.

• The important elements (i'.at need ft) i>e Ihnilerl in fusion reactor malenak i: ••••(! '
to meet the 10CFR61 [7j Class C shallow-land burial disposal gonl are AI, Ni, Z;\
and Ta as alloying elements and Nb, Mo, Ag, Gd, Tb, and Ho as impurities.

The low activation approach, that is to set up a goal to obtain as low as possible
activity in fusion, has been widely accepted by the fusion energy development community
as the direction to go for achieving a safe, environmentally benign, and endless energy
source for future generations of mankind [2,8-10].

The safety and environmental aspects of induced radioactivities relevant to fusion
reactor development axe discussed next.

SAFETY AND ENVIRONMENTAL ASPECTS

Safety and environmental assessments of fusion reactors depend primarily on quanti-
ties derived from induced radioactivities, namely afterheat, shutdown dose rate, accidental
radiological hazards, and waste disposal. These quantities have been derived based on the
induced activities reported in Ref. [1] and are to be discussed in this section. Note that
the activation calculations were performed at the first wall location of a liquid lithium
cooled fusion reactor, assuming four years of full power operation at 5 MW/m2 neutron
wall loading [1].

Afterheat

Afterheat heating values (watts/cc) and integrated decay energy (joules/cc) are im-
portant quantities to determine the temperature increase in reactor components in case
of accidents such as loss of coolant accident. Afterheat is the main heat source to trigger
the release of radioactive inventory during unexpected accidents. One of the important
measures relevant to safety concerns during such accidents is the temperature increase in
reactor components due to afterheat. We have estimated the temperature increase for
each element assuming the worst situation, where no heat transfer is involved, and the
temperature rise is due to adiabatic heating. Table I shows the integrated decay energy
and corresponding adiabatic temperature increase in potential fusion materials at one hour
and one day after shutdown. Among all elements compared, as shown in Table I, most el-
ements have adiabatic temperature increases exceeding a few thousands degree centigrade
within one hour after shutdown. Lower afterheat elements that show adiabatic temper-
ature increases less than 1000° C axe Be, C, Na, Si, Ca, V, Cr, and Pb. Extreme high
afterheat elements, that produce more than 10,000°C temperature increases and should
be avoided to be used as reactor materials, are Mo and Hf, as shown in Table I.

Radiological Hazards

A major concern during reactor accidents is the potential for release of activated
materials that could impose a prompt radiation effect, as well as a latent cancer risk in
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TABLE I
ADIABATIC TEMPERATURE RISE AND INTEGRATED DECAY HEAT FOR

NATURAL ELEMENTS AT FIRST WALL OF A LITHIUM SELF-COOLED FUSION REACTOR
(After 4 Years Operation at 5 MW/m2 Wall Loading)

Element

Be
C
Na
Mg
Al
Si
Ca
Ti
V
Cr
Mn
Fe
Co
Ni
Cu
Zn
Zr
Nb
Mo
Hf
Ta
W
Re
Hg
Pb
Bi

pCp(J/cc/K)

3.49
1.63
1.19
1.78

2.43
1.58
0.961
2.36
3.07
3.22
3.55
3.49
3.94
4.07
3.44
2.73
1.78
2.31
2.82
1.96
2.36
2.59
2.87
1.87
1.52
1.20

Integrated
Decay Heat (J/cc)

One Hour

1.22
4.1 x 10"3

3.1 x 102

8.4 x 103

8.9 x 103

8.2 x 102

7.2 x 101

3.5 x 103

1.2 x 103

6.2 x 102

1.2 x 10*
5.1 x 103

2.6 x 10*
1.3 x 10*
4.9 x 103

3.3 x Î03

1.3 x 103

6.0 x 103

1.0 x 10=
2.3 x 10*
1.5 x 10*
5.7 x 103

2.5 x 10*
6.0 x 103

1.7 x 102

1.7 x 103

One Day

1.6 x 101

3.4 x 10~2

3.0 x 10=
1.2 x 10=
1.3 x 10=
2.5 x 103

6.9 x 102

7.2 x 10*
2.2 x 10*
5.7 x 103

2.6 x 105

3.2 x 10*
5.8 x 10=
3.1 x 10=
6.2 x 10*
4.1 x 10*
2.7 x 10=
1.4 x 10=
1.5 x 106

3.5 x 10s

3.5 x 105

1.3 x 10s

5.2 x 10=
7.2 x 10*
3.4 x 103

3.9 x 10*

Adiabatic
Temperature Rise
One Hour

3.5 x 10"1

2.5 x 10~3

2.6 x 102

4.7 x 103

3.7 x 103

5.2 x 102

7.5 x 101

1.5 x 103

4.0 x 102

1.9 x 102

3.5 x 103

1.5 x 10s

6.5 x 103

3.2 x 103

1.4 x 103

1.2 x 103

7.1 x 103

2.6 x 103

3.7 x 10*
1.2 x 10*
6.3 x 103

2.2 x 103

8.8 x 103

3.2 x 103

1.1 x 102

1.4 x 103

One

4.7
2.1 x
2.6 x
7.0 x
5.2 x
1.6 x
7.2 x
3.1 x
7.0 x
1.8 x
7.4 x
9.2 x
1.5 x
7.6 x
1.8 x
1.5 x
1.5 x
6.0 x
5.2 x
1.8 x
1.5 x
5.0 x
1.8 x
3.9 x
2.2 x
3.2 x

(°C)
Day

io-2

103

10*
10*
103

102

10*
103

103

10*
103

10s

10*
10*
10*
10=
10*
10=
10=
10=
10*
10b

10*
103

10*

exposed populations. Recently these prompt and latent radiation doses in the exposed
populations have been estimated for radionuclides released in specified accidental condi-
tions [11,12]. Here we compare the latent dose index, which is defined as the long-term
cancer risk to the exposed population due to radiation dose imposed by released activated
materials. Figure 1 shows the latent dose index per cubic centimeter of first wall material
made out of potential natural elements. From this figure, it is seen that compared to
Fe-based alloy, V, Cr, Ti, Si, and C are one to three orders of magnitude less radiolog-
ically hazardous, while Bi is distinctively identified as a super high hazard element, by
more than four orders of magnitude, compared to Fe. The high radiological hazard in
Bi is primarily due to the production of medium-lived (half-life 180 days) alpha-emitting
radionuclide, Po210, via Bi209(n, 7)Bi210 reaction and subsequent beta decay of Bi210.
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COMRWON OF LATENT DOSE INDEXES (FRST WALL)
(5 MW/ntf Wol Loodfng 4 Yeors Operotion)
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TWEAFÏER SHUTDOWN W DI53MO

Figure 1. Comparison of accidental radiological hazards (latent dose index per cm3 of activated
material in the first wall region) from potential natural elements for fusion reactor applications. The
first wall irradiation is for four years at 5 MW/m 2 neutron wall loading. (Sheet 1 of 2)
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Figure 1. Comparison of accidental radiological hazards (latent dose index per cm' of activated
material in the first wall region) from potential natural elements for fusion reactor applications. The
first wall irradiation is for four years at 5 MW/m 2 neutron wall loading. (Sheet 2 of 2)
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Shutdown Biological Dose Rate

Maintenance and decommissioning scenarios in fusion power plants depend primarily
on levels of shutdown biological dose rate. Contact or remote handling of components to
be removed from and within the reactor site will be determined based on the knowledge
of gamma-ray emitting radionuclides. Figure 2 displays comparatively the shutdown bio-
logical dose rate in the plasma chamber of a fusion reactor due to the 5 mm thick plasma
chamber made of potential natural elements. It shows in Fig. 2 that the immediate shut-
down dose rates are at least one million rem per hour for most structural elements, and
vary by three orders of magnitude among them. Some elements such as V and Si have
their shutdown dose rates reduced by four to five orders of magnitude due to decay within
one to ten days after shutdown, while Fe, Mn, and Ni still maintain their gamma-ray
levels until a few years after shutdown. Shutdown biological dose rates from Ti and Cr are
similar to that from Fe, although the initial levels are more than one order of magnitude
less.

Waste Disposal and Materials Recycle

Qualification of waste disposal and feasibility of materials recycle depend solely
on levels of long-lived activities. Shallow-land burial (Class C under 10CFR61 regula-
tions) disposal is clearly more favorable than deep-geological disposal. As investigated in
Ref. [13], it is reported that for the first wall and blanket structural materials to qualify as
shallow-land Class C waste, the elemental concentrations of Al, Ni, Zr, and Ta, which are
important alloying elements, should be limited to 0.1 to 10 w/o. The important impurity
elements whose concentrations must be limited to 0.1 to 10 parts per million were also
identified: Nb, Mo, Ag, Gd, Tb, and Ho. The materials recycle aspects were discussed
primarily in western European countries [8,101. Contact dose rate is the primary con-
cern for materials recycling and is generally related to gamma-ray levels from long-lived
activities.

ACTIVATION CROSS SECTIONS NEEDED FOR FUSION

Table II gives a set of activation cross sections for potential natural elements that
are needed for fusion energy development. These cross sections are those leading to the
production of major radionuclides contributing to induced radioactivities relevant to safety
and environmental assessment aspects, namely afterheat, accidental radiological hazards,
shutdown biological dose rate, and waste disposal. A review of the status of all these
cross sections will be needed. The cross sections with existing measured data should be
evaluated and those with no experimental data should be measured. All evaluated cross
section data will be useful for the safety and environmental assessments of materials being
developed, particularly for fusion reactor first wall, blanket, and divertor components.
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Figure 2. Comparison of shutdown biological dose rates in the plasma chamber of fusion reactors due
to 5 mm first wall material made of potential natural elements for fusion reactor applications.
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TABLE II
ACTIVATION CROSS SECTIONS NEEDED FOR FUSION ENERGY DEVELOPMENT

Element
Activation

Cross Section
Activation
Product Remarks

Ag Ag 109 (n, 2n)
Ag 107 (n, 7)

Ag 108m
Ag 108m

1,4
1,4

Al Al 27
Al 27
Al 27
Al 27

n,a)
n, p)
n, 2n
n, na)

Na24
Mg27
Al 26
Na23

1,2,3
2
4
1,3

Bi Bi 209 (n, 7)
Bi 209 (n, 2n)
Bi209 (n,na)

Bi 210 (Po 210) 1, 2
Bi 208 2, 4
Tl 204* 1, 3

Ca Ca44
Ca42
Ca43
Ca40

™>7)
n, a)
n, na)
n, 2p)

Ca45
Ar39
Ar39
Ar39

1
4
4
4

Cd Cd 108 (n, p) Ag 108m
Co Co 59 (n, 7)

Co 59 (n, 2n)
Co 60 (n, p)

Co 60
Co 58
Fe60

1
1
4

Cr Cr 50 (n, 7)
Cr52(n, 2n)

Cr51
Cr51

1,2,3
1,2,3

Cu

Fe

Cu63
Cu65
Cu63
Cu65
Cu65
Cu63
Cu63
Cu65

n,p)
n,t)
n,7)
n, 2n)
n, 7)

)
n, 2n)
n,p)

Fe56
Fe54
Fe56
Fe58
Fe54
Fe59

Ni 63
Ni 63
Cu64
Cu64
Cu66
Co 60
Cu62
Ni 65

Fe55
Mn54
Mn56
Co 60*
Mn53
Fe60

4
4
2
2
2
1,2,3
2,3
2

Dy

Er

Eu

F

Dy 158 (n, p)

Er 166 (n, p)

Eu 151 (n, 7)
Eu 151 (n, 2n)
Eu 153 (n, 2n)

F 19 (n, 2n)
F 19 (n, 7)

Tbl58

Ho 166m

Eu 152
Eu 150m
Eu 152

F 18
F 20

4

4

4
4
4

1,2,3
2

1,2
1,2,3
2,3
3
Long-lived
4
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TABLE II (Continued)

Element
Activation

Cross Section
Activation
Product Remarks

Hf Hf79(n, 2n)
Hf 178
Hf 177
Hf 179
Hf 180

n, 2n)
Hf 178m2
Hf 177m
Hf 178m2
Hf 180m
Hf 181
Hg203
T1204
Hg 197;Hg 197m
Hg 199m
Hg 199m
Au 200m
Au 196
Au 195
Pt 193
Ir 192m2*

1, 2, 3, 4
2 , 3
1, 2, 3, 4
3
3

1,2,3
1
2
2,3
2 , 3
3
2 , 3
3
1; long-lived
1,4

Hg Hg 204 (n, 2n)
Tl 203 (n, 7)
Hgl98
Hg200
Hgl98
Hg200
Hgl96
Hgl96
Hgl96
Hgl96

n
n, 2n

2n7i" , P)
n,p)
n, np)

n, na)

K K 39 (n,p) Ar39
C136
K42

4
4
1,2,3

Mg Mg 24
Mg25
Mg24
Mg24
Mg26

n ,
n ,
n,

n,

P)
n p )

np)
7)

Na24
Na24
Na22
Na22*
Al 26*

1—
1

1
1
1
1

ci"

, 2 ,
, 2 ,
, 2 ,
, 4 ;

3
3
3
3
long-lived

Mn Mn 55 (n, 7)
Mn 55 (n, 2n)

Mn 56;Fe 55*
Mn54

1,2,3
1,2,3

Mo Mo 95
Mo 96
Mo 97
Mo 98
Mo 98
Mo 100'
Mo 100 (n, 2n
Tc 99 (n, ' '
Tc 98 (n,
Mo 92 '
Mo 92
Mo 94 (n, 2'n)

p)
np)
t)
7)

n,7)
(n, 2n

2 n( ,
(n, a)
(n, 7)
(n, 2n

Nb95
Nb95
Nb95
Tc99
Tc 99m
Tc99
Tc99m
Tc98
Tc97m
Y 88*
Mo 93
Mo 93

1,3
1,3
1,3
1,2,4
2 , 3
1,2,4
2 ,3
2,4
2
3
3; long-lived
3; long-lived

N
N 14 (n,n a)

C14
Be 10

1, 2, 4
Long-lived

Na Na 23 (n, 2n)
Na 23 (n, 7)

Na22
Na24

1,2,3
2,3
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TABLE II (Continued)

Element
Activation

Cross Section
Activation
Product Remarks

Nb Nb93
Nb93
Nb93
Nb93
Nb93

n, 2n)
n, 7)
n, 2n)
n, n)
n, na)

Nb92m
Nb94
Nb92
Nb93m
Y 88*

1,2,3
1, 2, 3, 4
1, 2, 3, 4
2,3
2,3

Ni Ni 58
Ni 60
Ni 58
Ni 58
Ni 60
Ni 58
Ni 58
Ni 60
Ni 62
Ni 64
Ni 61

n,p)
n,t)
n, np)
n, 2n)
n,p)
n, a)
n, 7)
n, 2n)
n, He3)
n, na)
n, 2p)

Co 58
Co 58
Co 57
Co 57*
Co 60
Fe55
Ni 59
Ni 59
Fe60
Fe60
Fe60

1,2,3
1,2,3
1,2,3
1,2,3
1,2,3
1,2
1,3,4
1,3,4
4
4
4

o O 16 (n, p)
O 17 (n, a)
O 18 (n,na)

N 16
C14
C14

2,3
1,2
1,2

Pb Pb208
Pb208
Pb204
Pb204
Pb206
Pb207
Pb204
Pb206

n,
n,
n,

n,
n,

n ,

7)
7
2n)
t)
«)
na)
P)
t)

Po 210*
Bi 208*
Pb203
T1202
Hg203
Hg203
T1204
T1204

1,
4
2,
2,
3
3

i—
i

1,

2

3
3

3
3

Pt

Re

Pt

Re
Re
Re
Re
Re
Re
Re

192 (
185
187
187
185
187
187
185

n,p)
n, 7)
n, 2n)
n> 7)
n, 2n)
n, p)
n, a)
n, a)

Ir 192m2
Re 186 (Re
Re 186 (Re
Re 188
Re 184
W187
Ta 184
Ta 182

186m)
186m)

4

1,2
1,2
2
2
3
3
3

(4)W

Si Si 28
Si 28
Si 28
Si 28
Si 28
Si 28

n,np
n,np
n,np
n,a)
n,a)
n, na)

Na24*
Na22*
Al 26*
Na24*
Na22*
Na24*

1,2,3
1,3
1,3,4
1,2,3
1,3
1,2,3

Ta Ta 181 (n, 7)
Ta 180 (n, t)

Ta 182
Hf 178m2

1,2,3
1,3,4
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TABLE II (Continued)

Element
Activation

Cross Section
Activation
Product

Tin Tm 169 (n, a) Ho 166m

V51
V50
V51
V50
V51
Sc45 (n,na); K 41 (n, t)

Sc48
V49
Sc47
Sc46
Ca45*
Ar39

Remarks

Tb
Ti

Tb 159 (n, 2n)

Ti48
Ti48
Ti46
Ti47
Ti46
Ti46

n, a)
n, p)
n,p)
n, np)
n, na)
n,na)

Tbl58

Ca45
Sc48
Sc46
Sc46
Ca41*
Ar39*

4

1
2 , 3
1,2,3
1,2,3
1; long-lived
1; long-lived

1,2,3
1,2
2,3
2 ,3

Long-lived

W W186
W184
W182
W183
W184
W182
W186

n,

n,
n ,
n,
n,
n,

2n)

î)
np)

0
n a )
naj

W185
W185
Ta 182
Ta 182
Ta 182
Hf 178m2
Hf 182

1,2
1,2
1,2,
1,2,
1,2,
1,3,
1,3;

3
3
3
4
long-lived

Zn Zn 64

Zr Zr 90
Zr90
Zr94
Zr96
Zr92
Zr94

(n>
n,
n,
n,
n ,
n,
71,

7)

2n)
t)
7)
2n)
7)
2 n )

Zn65

Zr89
Y 88
Zr95
Zr95
Zr93;
Zr93;

Nb94*
Nb94*

1

1,2,3
1,2,3
1,2,3
1,2,3
Long-lived;
Long-lived;

3,4
3,4

1. Accidental hazard potential (latent dose index).
2. Decay heat.
3. Shutdown dose rate.
4. Waste disposal.
* Neutron-induced sequential reactions.
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Abstract: This paper describes the work performed to revise and extend the
REAC-ECN data files, which will result in the European Activation File
(EAF-1). This project is part of the European Fusion Technology Program.



1. INTRODUCTION

The aim of this activity is to assemble a large activation data library
(consistent with JEF and the European Fusion File) which together with an
inventory code like FISPACT of AERE-Harwell will be used for calculations of
activation and transmutation of materials used in fusion reactor technology
within the European Community. The recent interest in low-activation mate-
rials (LAM-project), in view of recycling, simple waste disposal and produc-
tion of low-activation materials for fusion reactors has accelerated the need
to have a complete and yet high-quality activation file. So far, most empha-
sis has been on the mass production of data with relatively simple tools.
This paper describes the methods used to obtain such very large data bases as
EAF-1. More refined methods are needed in the future to increase the quality.

2. THE REAC-ECN FILES

In 1985 Mann (1) produced a data base for activation calculations. This
file, called REAC, contains more than 6000 reactions and over 300 target
nuclei. The library served as a starter for a continuing activity at the
ECN-Petten with the goal to extend and improve it. The revised and extended
library is called REAC-ECN and from 1986, when the first version (REAC-ECN-1)
was released (2), four higher levels have been prepared: REAC-ECN-2 (3),
REAC-ECN-3 (4,5), REAC-ECN-4 and recently REAC-ECN-5 (6).

The basis of these revisions is the application of renormalizations of all
reaction cross-sections (with the exception of (n,7)) to 14.5 MeV experimen-
tal data or data from reliable systematics. In particular with respect to the
systematics of cross-sections (3.7.8) and of isomer ratios (9) important
progress has been made. As a by-product uncertainty estimates are available
for all reactions that have been renormalized, deduced either from experimen-
tal errors or from errors of applied systematics.

Another aspect of the update was to include extensions in order to achieve
a library which contains all stable and unstable targets with half-lives
longer than 1 day. Cross-sections leading to isomeric states are treated se-
parately, based again either on the experimental information or on systema-
tics, and further those isomeric states living longer than 1 day are included
as targets. The last version contains now about 11000 reactions on 625 target
nuclides.

Finally about 100 important reactions, leading to long-lived or highly-ac-
tive products have been evaluated separately (10,11).

The data files have been processed into a multigroup library of 100 groups
(GAM-structure) and 175 groups (VITAMIN-J structure). This work was carried
out in a close and intense cooperation between ECN-Petten and AERE-Harwell
and was supported by the JRC-Ispra. The file has been used in activation stu-
dies by Ponti (e.g. (13)).

3. THE EAF-1 FILE

The requirements of EAF are based on two applications in the near future,
namely the development of low-activation materials and activation calcula-
tions for the NET experiment. This resulted in the following demands:
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1) Extension of the data base (REAC-ECN-5) with isotopes (including isomers)
with half lifes longer than 1/2 day.

2) Improvement of low-energy data, in particular of (n,Y) and (n.n'T)
cross-sections.

3) Inclusion of uncertainty estimates for the whole energy range of 0-20 MeV.
4) Adoption of high-quality evaluations from external sources.
5) Addition of special evaluations for the most important activation reac-

tions .

4. EVALUATION METHODS

Techniques applied in the evaluation of the REAC-ECN files have been docu-
mented in refs. (3~5)• They consist meiinly of two codes to calculate excita-
tion functions (THRESH and FISGIN), the application of cross-section systema-
tics of Forrest (7), Vonach (8) and ECN (4,5) and the insertion of systema-
tics of isomer ratios (3.9). Some further improvements, partially already
used in the REAC-ECN-5 file, have been proposed and will be shortly discus-
sed.

4.1 Nuclear models for excitation functions

The neutron emission cross-sections1., in particular the (n.n1) cross-sec-
tions have been improved to compensate for some shortcomings of the code
THRESH. Further, the effective threshold energies have been introduced expli-
citly for all reactions, including those leading to isomeric states. These
corrections have been implemented in SYMPAL, a new code for processing and
maintenance of the activation library. Other changes are: (i) The (n.n1) iso-
meric cross-sections have been derived in two steps. At first the branching
ratio systematics for one-step reactions (4) was applied to the THRESH
results and then a constant component was added to reach the value of the
systematics of Vonach (8) at 14.5 MeV. (ii) In order to keep the total neu-
tron emission cross-section in agreement with the systematics, all (n,3n)
cross-section were decreased by 20 %. (iii) For 19 target nuclides with the
(n,3n) threshold below 14 MeV energy, the overestimated steep rise of the
excitation function was decreased, in order to get the competing (n,2n)
cross-section in agreement with the experimental data or systematics.

Statistical-model codes for calculation of radiative capture cross-sec-
tions FISGIN (13) and MASGAM are discussed in section 4.4 and in another
contribution (14) to this meeting.

4.2 Renormalizations at 14.5 MeV

The literature is scanned continuously to find new experimental data at 14
to 15 MeV and at all energies (0-20 MeV) for the important reactions.
We consider in the future to produce a request list of reactions for which
new or improved data are needed.

4.3 Systematics of isomer ratios

The recommended branching ratios, as tabulated in ref. (4), are at this
moment the adopted systematics. It is supported by results from a simplified
model calculation (9) with the code GNASH.
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*\A Revision of the (n.Tf) data

Completeness and quality of the radiative capture data are the main objec-
tives of the first version of the EAF. The (n,7) reaction, as well as inelas-
tic scattering to meta-stable states is important at relatively low energies
and therefore also the thermal and resonance ranges are considered. This is
of importance in various parts of the blanket and shielding, particularly in
the NET water-cooled blanket.

In the re-evaluation of the radiative capture cross-sections the data are
categorized in three groups:
1) a complete evaluation is available (primarily in existing general purpose

files), including resolved resonance parameters,
2) no evaluation is available but the experimental information exists, or
3) no experimental information is available at all.

In the first group all available evaluations (in particular JEF-1.1) will
replace the old data. These evaluations are tested against the experimental
data and include the resolved resonance region. They belong to the category
with the highest accuracy. For all remaining targets, with no evaluations or
calculations the cross-sections are calculated with two ECN codes, FISGIN and
MASGAM.

FISGIN is an improved version of the code FISPRO (originating from ENEA),
a statistical-model code with a direct-semidirect component. It also allows
to calculate smooth background cross-sections due to missed resonances.
Available information on the resolved resonance region is included in the
point-wise file. The calculation is checked against experimental data and
thus these evaluations can be considered to reach the same quality as the
first category. This approach is at present applied for all reactions from
group two which have the status of an important reaction.

MASGAM is a simplified version of FISGIN, with 1/v-, statistical- and di-
rect-seroidirect components, but the input is entirely prepared from minimal
information such as Z, A, and level scheme information of the target nuclide.
All other relevant parameters are derived from adopted global systematics.
The smooth statistical region is coupled to a 1/v-component at the energy
E. * O.;> D-.. No information from the resolved resonance region is taken into
account.. Tne data can be checked and renormalized at three neutron energies,
namely (Î.0253 eV, 30 keV and Ik.5 MeV.

If the experimental information is available, it will be used to renorma-
lize the calculated cross-sections, in particular the thermal 1/v-component.
The resonance integral can be used to adjust E. . The calculated cross-sec-
tions, renormalized in this way, have a large uncertainty only in the
resonance region.

For targets with no experimental information at all (radioactive targets)
a high degree of uncertainty remains below the neutron energy of 0.5 MeV.
Above this energy approximately the same accuracy as for the other categories
is expected.
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Finally, a remark should be made concerning the isomer branching ratios.
Again, as much as possible the experimental information is used, based on
thermal cross-sections and/or resonance integrals. In the smooth statistical
region the branching ratio systematics as mentioned in section 4.3 is
applied. In the absence of any experimental values the same approach is used
at low energies,

4.5 Uncertainty treatment

The renormalization of the excitation function at 14.5 MeV is performed
either to experimental data or to cross-section systematics with the excep-
tion of the (n,Y) reaction. To this value an "uncertainty factor" £ is as-
signed, which either equals the experimental error, or the uncertainty of the
systematics or their product in case of partial cross-sections to the isome-
ric state. This uncertainty factor (see Table I) is considered to be repre-
sentative for the whole energy range of importance in a flux spectrum domina-
ted by a fusion peak at 1*1.1 MeV i.e, from the threshold up to 15 MeV.

Table I. Recommended uncertainties f_ for the 14.5 MeV data

Reaction

(n.n')
(n,2n)
(n.3n)
(n.na)

(n,d)+(n,np)
(n,t)+(n,nd)

(n.Y)
(n,n)
(n,3He)
(n,a)

Error treatment
of systematics

1.5
1.2

2.0
1.6
1.5
1.5
1.9
1.6

Deduced from
exper.trends

3-0
3.0

Reference

(8)
(4)
(4)
(4)
(7)
(7)
(4)
(7)
(7)
(7)

The uncertainties adopted for isomeric ratios, taken from systematics at
14.5 MeV (Table II), have been deduced from a limited comparison with few
experimental data (3.9)- They have a rather indicative character and should
be taken with caution, especially for isomeric states with high spins.



Table II. Adopted uncertainties £ for the systematics of isomeric ratios
at 14.5 MeV (3,9).

Reaction Deduced from comparison
with experimental data

(n,2n) 1.6
(n,one-step) 1.6
(n,two-step) 2.0

The assignment of errors to the radiative capture cross-section is a quite
difficult task. Only very crude estimates can be made. However, we felt that
the uncertainties should be assigned to at least four different energy
regions. This treatment has been applied only to those reactions categorized
as the important ones, see Table III.

Table III. Adopted uncertainties of the radiative capture cross-sections

Energy range Source of uncertainty
Cross-section Isomeric ratio

Thermal (10~5 eV - E ) Aa(exp) Aom/Aog(exp)
Resonance (E - EL) Alfexp)® Aom/Aag_or AIm/AIg a

Smooth (EL̂  - 10 MeV) f = 1.5,) " f = 1.6')
Smooth (10 - 20 MeV) f. = 1.53) a £ = 1.6 )

a) Representative for a 1/E flux spectrum only.
b) Assumed for model calculations.
c) Based on systematics for one-step reaction (table II).
d) Cross-section systematics (table I).

For the radiative capture data without experimental information the uncer-
tainty is very difficult to estimate; however, for the smooth region above
the resolved resonance region (say above 0.5 to 1 MeV) the value f_ = 1.5 - 2
is acceptable.

5. CHECK AND IMPROVEMENT OF CROSS-SECTIONS FOR IMPORTANT REACTIONS

In this section we briefly describe the methods used to check and improve
the data for important reactions. The following methods were applied:
- a search for possibly better evaluations in existing libraries (including
recent calculations with the simplified GNASH code);
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- a detailed search of experimental data up to recently;
- a new calculation;
- an evaluation of isomeric branching ratios from experimental data and/or
systematics;

- renormalization of total cross-section to fit the selected 14.5 MeV value,
either from evaluated experimental data or from systematics;

- check of the cross-section with the experimental data in the available
energy range;

- application of an isomer ratio in the thermal and resolved-resonance range
for (n,T) reactions for which evaluations are available.

The results of this exercise for 102 reactions (based on request form
JRC-Ispra) and included in the REAC-ECN-5 file are described in (10,11).

6. FUTURE PLANS

Further improvements of the EAF-1 file are foreseen. We mention the follow-
ing suggestions for additional work:
1. Replacement of cross-sections for reactions present in the general purpose

files by those taken from the newly released versions during 1990
(ENDF/B-VI, JEF-2, EFF-2, JENDL-3).

2. Exploration of the use of calculations performed with the simplified GNASH
code, following examples (15,16) presented during the Mito conference. For
several important reactions the data released by Yamamuro (17) have
already been used.

3. Further research on the possibility to predict isomer ratios from statis-
tical-model calculations.

4. Completion of the revision of radiative capture cross-sections for ra-
dioactive targets, with the emphasis on the quality and reliability of
calculated cross-sections in case no experimental information exists (14).

5- Production of a request list for important reactions, for which both cal-
culations or measurements are needed. This action will be performed in
collaboration with R. Forrest from AERE-Harwell.
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ABSTRACT

D-T plasmas are strong sources of 14 MeV neutrons, which are transmitted
through the different components of the fusion reactor. During this process they
induce activity by transmutation reactions in the structural materials. Two
different computer code systems for predicting induced activation and
transmutation reactions have been implemented with the same input data in
order to compare their predictions. The computer codes and their associated
data libraries are:

FISPACT/UKACT1 and REAC2/REAC

The main features investigated in this benchmark, exercise are the pointwise
cross-section library and the resultant one-group averaged cross-section library.
The condensed library includes cross-sections for each possible reaction for each
nuclide. The neutron spectrum used is derived from Monte Carlo neutron
transport calculations for the first wall of the Joint European Torus.
Cobalt-60 and Silver-lOSm will dominate the radiation exposure inside the de-
commissioned device and therefore this benchmark concentrates on the cross-
sections involved in their production from the following elements: Fe, Co, Ni,
Cu and Ag.
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INTRODUCTION

The main objective in assessing the likely activity levels and resultant gamma
dose-rates of fusion reactor components is to provide data for safety assess-
ments. Safety analyses of normal operations, accident situations and finally de-
commissioning need detailed data on the amount and type of radioactive
products present.
Activation inventory codes are used to predict the required data for the complex
irradiation conditions existing in a fusion device. In this benchmark attention
has been concentrated on the plasma facing region of one of the largest fusion
experiments: The Joint European Torus.
An earlier benchmark [1] based on the same experiment shows that discrepan-
cies exist between the induced activity and gamma dose-rate predictions of the
most well known codes and libraries. This allowed the identification of isotopes
for which disparities occur. From this previous study a set of important isotopes
has been determined, in this report the reasons for these discrepancies are in-
vestigated.
The aim of this study is to obtain an idea of the uncertainties which could be
expected at the later stages of decommissioning in the level of the gamma-ray
dose-rates arising from packaged waste.
It has been found that the important isotopes in this case are Cobalt-60 and
Silver-108m, These two isotopes will dominate the radiation exposure from ma-
terials which can be found in the plasma facing region of the device during the
decommissioning phase.

REAC2 [2] and FISPACT [3] are the two codes used in this benchmark com-
parison. They are linked with different cross-section libraries, respectively, the
REAC library and the UKACT1 library. The latter was formed from the for-
mer with an improvement in the number of reactions included and some
renormalisation of reactions to the best known systematics at 14.5 MeV. Al-
though these pointwise libraries are based upon ENDF/B-V and ACTL-84,
systematics calculations performed using the THRESH code form the bulk of
the data.
The spectrum-averaged cross-sections or one-group averaged cross-sections are
obtained by collapsing the multigroup cross-sections with the multigroup flux.
It is assumed that the cross sections are for a point in space, and that the spatial
transport of the material is ignored, as is the time dépendance of the cross-
sections, which in fact is only important if self-shielding effects change as a
function of time. This is not the case in the plasma facing region of the JET ex-
periment.

The two codes used to produce the one-group averaged cross-section library
have been fed with the same input spectrum derived from a Monte Carlo
transport calculation. The only difference is that FISPACT works with the
GAM-II 100 group format and REAC2 works with its own 63 group format.
Fig.l shows the different neutron spectra for each format. It should be noted
that the GAM-II format is slightly more detailed for neutron energies above 0.5
MeV while the REAC2 format has more thermal groups.

The one-group averaged cross-sections collapsed with these spectra include
nearly 9000 cross-sections for isotopes with half-lives greater than 1 day for
FISPACT, and nearly as many for REAC2, which only considers isotopes with
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half-lives greater than 100 days. This does not affect this comparison as none
of the important isotopes in this study, nor those involved in their production,
have half-lives as short as this.

1E+14-T

1E+1O
1E-01 1E+01

i r
1E+03 1E+05
Energy (eV)

Figure I. Neutron spectrum: GAM-II and REAC neutron group format.

NUCLEAR DATA

Two types of nuclear data are important in the calculations, reaction cross-
sections and decay data (which include particle emission rates and other related
data).
The REAC library is based on ENDF/B-V, the Livermore Activation Library
(ACTL-84), systematics and some special evaluations.
The UKACT1 library is based on the REAC library. However, quite substantial
modifications have been carried out, firstly to increase the number of nuclides,
principally to include those with half-lives greater than 1 day, and secondly, to
renormalise threshold reactions to new systematics. One other point to note is
that some JEF1 data have been used for particular isotopes.

More than 80% of the data in the original REAC library are based on system-
atics, and for this reason it is important to know the source of the cross-section
calculations as more than one type of systematics could have been used.
For the REAC data library the code THRESH [4], which is based on the work
of Pearlstein [5], was used. It uses statistical models for prediction of excitation
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functions with either experimental or systematic normalisation. Theoretical
cross-sections can be 'normalised' with experimental data or with systematics
which, based on the work done by Qaim [6], account for the majority of the
normalisation.

For the UKACT1 data library the code THRES-G [7], which is also based on
the work of Pearlstein, was used. Few differences exist between THRESH and
THRES-G, however, new empirical formulae (the systematics) have been used.
This is based on the work of Forrest [8] which concentrated on the (n,p), (n,a),
(n,d), (n,t) and (n,3He) cross-sections.
It is not the aim of this comparison to deal in detail with the different methods
used to produce the group-constants,however, it is the source of the data and
where undoubtedly the largest disparities occur.

When examining the comparison Tables 2 to 6 of the cross-sections for elements
included in this study, the quoted UKACT1 source is explicit in the fact that if
the multiplication factor is 1, it means that the group-constants are from the
REAC library. If this factor is not equal to one the new systematic has been
used. The explicit source is quoted if the cross section has been completely
changed or if it did not exist in the original library.
It is worth noting that the REAC cross-sections are almost always higher than
those in UKACT1, and that their ratio has a peak value of approximately 630.
However, in general, for the most probable reactions, the agreement between the
two libraries is within a factor of 1 to 3.

It is evident from Tables 2 to 6 that substantial differences can be seen in
cross-sections for isotopes which are generally considered to be well known.
However, the data are based mainly on theoretical work. Even if their source is
based on experimental values a choice has to be made from the profusion of
experiments which rarely covers the energy range of interest for fusion applica-
tion. Judgement is then necessary to finally derive cross-section values.

PATHWAY ANALYSES OF ROUTES OF PRODUCTION

These code systems calculate the production of radioactive species and the
transmutation of the elements. After 2 years of irradiation time the inventory
of the irradiated material includes hundreds of new isotopes which fortunately
are not all of significance. If interest is restricted to the dose-rate assessment it
further reduces their number and the only important isotopes are Cobalt-60 and
Agi 08m.

A very useful feature has recently been implemented in the FISPACT program
which allows the user to carry out a pathway analysis of the routes of pro-
duction of particular isotopes. This allows the routes of production from a given
"parent" isotope to the "daughter" isotope to be followed through a number of
decays or reactions. At present this type of path study is limited to a maximum
of 6 links (6 decays and or reactions one after each other), all studies made so
far had proved that this was enough. It should be noted that the type of
branching rapidly involves tens of possible Imks. If the final amount of the
isotope studied is known, the percentage of the total amount produced from
each branch is computed. Many reactions are possible on any one isotope but
not all of them will be significant as the cross-section involved could be very low.
In fact if the branches involve multi-step reactions the overall efficiency will be
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affected, however, in some particular cases this is the only route of production
of a given isotope.

For this benchmark comparison the routes of production of C06O from Fe, Co,
Ni and Cu have been studied. These are the most important elements which,
under neutron irradiation, could be activated or transmuted to C06O. One
kilogramme of each element forms the starting inventory of the materials (with
natural isotopic abundance distribution) which is irradiated under the JET first
wall conditions. This allows the total amount of C06O produced from a pure
element to be determined and compared with the production from different ele-
ments. The same study was carried out for the production of AglO8m from Ag,
which in this case is the only important element from which a significant
amount of this isotope can be produced.

This method of analysis allows routes of production to be followed from the
"parent" to the "daughter" as long as the number of steps does not exceed 6. It
is not unusual, however, to find tens of pathways for production. There are
many pathways for production of a given radionuclide, in this analysis only
those pathways which contribute > 0.1% of the total inventory of the
radionuclide are considered.

A very interesting point to note is the amount of C06O or Agl08m produced
from pure elements. Neither Cobalt or Silver are major constituents of materi-
als, therefore they should be considered as impurities for which the levels are
measured in parts per million (ppm), however the rates of production of C06O
and Agi08m from these impurities are generally many orders of magnitude
higher than those from other major, constituent elements. This means that it is
absolutely essential to know the existence and concentration of the relevant
impurities within the materials considered if it is required to determine with
precision the final material inventory.

Set out below are the results of this pathways analysis for Co60 and Agi08m
from five elements of principal significance.

Pathway analyses for Co60 from Iron

% weight Co60 Atoms produced
Fe54 5.80%
Fe56 91.72%
Fe57 2.20%
Fe5S 0.28% 3.80E09

Co60 (5.268 y) reactions
on isotope

Fe58(n.g)Fc59(Beta-)Co59(n.g)Co60 68.1%
Fc58(n.g)Fc59(Beta-)Co59(n.g)Co60m(IT)Co60 31.9%

There are 2 paths which contribute 100% of the Co60
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Pathway analyses for C06O from Cobalt

% weight
Co59 100%

C06O (5.268 y)

C06O Atoms produced
4.56E19

Co59(n,g)Co60
Co59(n,g)Co60m(IT)Co60

There are 2 paths which contribute 100% of the Co60

reactions
on isotope
68.1%
31.9%

Pathway analyses for Co60 from Copper

% weight
Cu63 69.17%
Cu65 30.83%

Co60 (5.268 y)

Co60 Atoms produced
1.43E17

Cu63(n,a)Co60
Cu63(n,a)Cu60m(IT)Co60

There are 2 paths which contribute 100% of the Co60

reactions
on isotope
36.2%
63.8%

Pathway analyses for Co60 from Nickel

Ni58
Ni60
Ni6I
Ni62
Ni64

Co60 (5

% weight
68.27%
26.10%
1.13%
3.59%
0.91%

.268 y)

Co60 Atoms produced
-
1.92E17

-
-

Ni60(n.p)Co60
Ni60(n.p)Co60m(IT)Co60
Ni60(n.d)Co59(n.a)Co60
Ni60(n,d)Co59(n,g)Co60m(IT)Co60

There are 4 paths which contribute 100% of the Co60

reactions
on isotope
15.4%
84.2%
0.1%
0.4%
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Pathway analyses for Agi08m from Silver

% weight Agi08m Atoms produced
Agl07 51.84% 1.22E18
Agl09 48.16% 2.55E17

Agi08m (127 y) reactions
on isotope

Agl07(n,g)Agl08m 82.8%
AglO9(n,2n)AglO8m 17.2%

There are 2 paths which contribute 100% of the Agi08m

COMPARISON OF CROSS-SECTIONS

The preceding section shows that it is only necessary to concentrate on 8 cross-
sections and 2 decays when investigating the routes of production of Co60 from
Fe, Co, Ni and Cu, and on 2 cross-sections when investigating the Agi08m
routes of production from Ag. The cross-sections, in Table. 1, are extracted from
the summary tables (tables 2-6) of one-group averaged cross-sections for each
element and the ratios of the two library values. These summary tables include
all possible reaction cross-sections for all known isotopes with half-lives greater
than 100 days, to be consistent with the REAC2 output.

Influence of the spectrum

Obviously the flux profile influences the values of the one-group averaged
cross-section but in this particular comparison only one spectrum has been used.
The only difference lies in the group scheme used to collapse the library.

It is clear from Table. 1 that the group scheme could influence the value of the
collapsed cross-section. When FISPACT and REAC2 use the same multigroup
constant they do not end up with exactly the same one-group averaged cross-
section. The Co59 (n,g) cross-section is one example showing this slight dispar-
ity which is dependant upon the fineness of the group scheme used in the lower
region over which the cross-section is finite. Nevertheless this influence does not
produce differences of more than ± 10% of the calculated values.

Influence of the source

UKACT1 is a very well documented library and it is always possible to trace
back to the source of the cross-section data to check upon the method used in
compiling it. For example when the data arise from the original REAC library
there is a comment line describing the source and this is the information pre-
sented in Table. 1, describing REAC sources as well as UKACT1 sources when
the cross sections are similar.

The influence of the existing disparities, between the two libraries, in the routes
of production of the Co60 and Agi08m isotopes will now be considered in more
detail:
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I. Cobalt 60

• For Iron no differences in the predicted inventory of this isotope exist
between REAC2 and FISPACT as the same cross-sections data were
used.

• For Cobalt also, no differences in the predicted inventory of this
isotope exist between REAC2 and FISPACT as the same cross-
sections data were again used.

• For Nickel REAC2 gives different predictions of the C06O inventory
to FISPACT because it does not have the same branching ratio.
However, the overall cross-section is the same in both cases. This im-
plies a different distribution between the C06O and the Co60m. This
is of importance, as the short lived Co60m (10.4 minutes) could un-
dergo quite substantial transmutation before decaying.

• For Copper the REAC2 C06O inventory prediction, for the sum of
both the ground state and the metastable state, will be 2.3 times higher
than that from FISPACT. It should be noted that again the two li-
braries do not assume the same branching ratio.

Concerning the routes of production of Agi 08m

2. Silver 108m

• For Silver the REAC2 prediction will only be 40% hign^ than the
FISPACT prediction as, although the AglO9(n,2n) cross-sections dif-
fer by a factor of 2.5, this reaction only contributes approximately
17% of the inventory of Agi08m.

It is not the purpose of this study to decide which cross-section^ are the best to
use. However, differences have been noted which explain some of the disparities
in the inventories of these two important isotopes as predicted by REAC2 and
FISPACT.

CONCLUSIONS

Summary tables of all possible reaction cross-sections on elements such as Fe,
Ni, Co, Cu and Ag show that there are some disparities between the two one-
group cross-section libraries involved in this benchmark comparison. However,
the cross-section is only of real importance if it participates in the production
of the isotopes of interest. For this benchmark comparison of the one-group
averaged cross-sections involved in the production of the radiologically signif-
icant isotopes Co60 and Agl08m, the cross-sections values have been checked
for the following specific elements: Fe, Ni, Co, Cu and Ag. These are the most
important data as they will dictate the final level of those two isotopes and are
used to produce the final inventory, after irradiation under JET first wall con-
ditions.

This study has thus far concentrated on pure elements, in reality it is necessary
to deal with a mixture of elements composing the materials, the results for the
pure elements must therefore be weighted proportionally to the percent weight
of the constituent elements. However, it is clear that, in a mixture of elements,
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the amount produced by each element is dictated by the value of the cross-
section itself. For example, in Iron, the amount of Cobalt present, as an impu-
rity, should be considered closely, as the efficiency of production of C06O from
Cobalt is 10 orders of magnitude higher than that from Iron (for JET first wall
irradiation conditions).

The inventory predictions of FISPACT and REAC2 for C06O from pure Fe or
Co are similar.

The inventory prediction of REAC2 for C06O from pure Ni and Cu will be
about 2 times higher than the inventory prediction of FISPACT. This disparity
exists because of differences in the systematics used to produce the cross-sections
involved.

The inventory prediction of REAC2 for Agi08m from pure Ag will be about
40 % higher than the inventory prediction of FISPACT. This is again due to
different systematics used to produce one of the cross-sections involved.

It is worth considering this type of uncertainty within the overall picture of un-
certainties which affect the final answer. The uncertainty in the irradiation
conditions has been ignored. This, in fact, is the main source of error in a fusion
reactor activation study. Another source of uncertainty is the quantity of each
element in the material composition.

For elements which are major constituents of structural components the uncer-
tainty in the elements concentration is of the order of 0.1%, which is negligible
in comparison with uncertainty in the cross-section. This gives reasonable errors
on the amount of Co60 produced, for example, from Iron. However, when the
major starter element is present as an impurity within the material, the question
is whether its concentration is known with enough precision so that it will not
overshadow the uncertainty in the cross-section data.

This benchmark has shown the need to know the level of Co in steel or copper
with a precision of better than a factor of 2 before the implication of the cross-
section uncertainty becomes significant. The uncertainty in the level of Ag has
to be better than 40% before the uncertainty in the cross-section becomes dom-
inant.

The method of tramp element analyses used at present can give an answer
within an accuracy of 20% for the Co content in any type of steel.
This is not the case for the Ag content, for which the accuracy is dependant
upon the analytical method and the host element, and could be uncertain by a
factor of 3.
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Cross-sections REAC/UKACT1 Sources

Iron

58Fe(n,g)59Fe 0.995 ENDF/B-V

Cobalt

59Co(n,g)60Co
59Co(n,g)60mCo

1.028
0.958

ENDF/B-V, ACTL corrected
ENDF/B-V, ACTL corrected

Nickel

60Ni(n,p)60Co

60Ni(n,p)60mCo

60Ni(n,d)59Co

6.789

0.620

0.427

THRESH, ACTL corrected
Exp. Qa81
THRESH, ACTL corrected
Exp. Qa81
THRESH, Forrest systematics

Copper

63Cu(n,a)60Co

63Cu(n,a)60mCo

3.137

1.773

THRESH, Exp. Qa81
Estimate from ground state,
Exp. Qa81

Silver

107Ag(n,g)108mAg
109Ag(n,2n)108mAg

0.961
2.554

ACTL evaluation
THRESH, ACTL corrected

Table I. Cross-sections:
from Fe, Co,

Important cross-sections for the routes of production of Co60
Ni, Cu and Agi08m from Ag.
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57Co(n
57Co(n
57Co{n
57Co(n
57Co(n
57Co(n
57Co(n
57Co<n
57Co(n
57Co(n
59Co(n
59Co(n
59Co(n
59Co(n
59Co(n
59Co(n
59Co(n
59Co(n
59Co(n
59Co(n
59Co(n
59Co{n
6QCo(n,
60Co(n,
60Co(n,
60Co(n,
60Co(n,
60Co(n,
60Co(n,
60Co(n,
60Co(n,
60Co(n,
60Co(n,

COBALT

,2n)56Co
,na)53Mn
,g)58Co
,g)58mCo
,p)57Fe
,d)56Fe
,t)55Fe
,h)55Mn
,a)54Mn
,2p)56Mn
,2n)58Co
,2n)58mCo
,na)55Mn
,g)60Co
g)60mCo
,p)59Fe
d)58Fe
t)57Fe
h)57Mn
a)56Mn
2p)58Mn
2p)58mMn
n')60mCo
2n)59Co
na)56Mn
g)61Co
p)60Fe
d)59Fe
t)58Fe
h)58Mn
h)58mMn
a)57Mn
2p)59Mn

1
6

UKACT1
Source

.0000+0

.2053-1
ACTL
ACTL
1
1
5
1
1
1
4
8
1
1
1
1
1
2
1
1
5
5
1
1
1
1.
1.
1.
7.
7.
7.
1.
1.

.0000+0

.4242-1

.0479-2

.8568-2

.0000+0

.0000+0

.0000-1

.5079-1

.0000+0

.0000+0

.0000+0

.1406+0
0000+0
6510+1
0353+0
0000+0
0000-1
0000-1
0000+0
0000+0
0000+0
0000+0
0000+0
2650-1
6003-4
6003-2
6003-2
0000+0
0000+0

* REAC
* REAC

* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC

UKACT1
Cross Sec.

4.388E-2
1.894E-3
2.967E-1
2.236E-1
3.245E-1
1.229E-1
2.93E-4
1.366E-6
2.113E-2
7.478E-4
6.896E-2
8.838E-2
2.812E-4
1.34E0

6.289E-1
1.817E-2
1.174E-2
1.054E-4
9.003E-7
7.06E-3
3.838E-5
3.838E-5
2.346E-1
2.317E-1
2.663E-5
9.348E-2
6.578E-3
2.334E-3
5.306E-4
4.313E-7
4.313E-7
2.295E-3
5.345E-5

REAC
Cross Sec.

4.464E-2
3.162E-3
1.3769E0
6.023E-1
3.159E-1
1.372E-1
6.016E-3
7.9E-5

2.125E-2
7.78E-4
1.726E-1
1.043E-1

3E-4
1.3769E0
6.023E-1
1.59E-2

1.296E-2
4E-6
1E-6

7.045E-3
7.8E-5
7.8E-S

2.062E-1
2.327E-1
3.3E-5

9.279E-2
6.688E-3
1.326E-2
1.226E-2

6E-6
6E-6

2.336E-3
5.4E-5

Ratio
R/F
1
1
4
2
0
1

20
57
1
1
2
1
1
1
0
0
1
0
1
0
2
2
0
1
1
0.
1.
5.

23.
13.
13.
1.
1.

.017

.669

.641

.694

.973

.116

.532

.833

.006

.040

.503

.180

.067

.028

.958

.875
104
038
111
998
032
032
879
004
239
993
017
681
106
911
911
018
010

Table 2. One-group averaged cross-sections: For the Cobalt element

IRON

54Fe(n,2n)53Fe
54Fe(n,2n)53mFe
54Fe(n,na)50Cr
54Fe(n,g)55Fe
5 4Fe(n,p)54Mn
54Fe(n,d)53Mn
54Fe(n,t)52Mn
54Fe(n,t)52mMn
54Fe(n,h)52Cr
54Fe(n,a)51Cr
54Fe(n,2p)53Cr
55Fe(n,2n)54Fe

UKACT1
Source

1.0000+0
1.0000+0
1.0000+0
1.0000+0
1.0000+0
5.9520-2
8.8965+0
8.4 122 + 1
3.0874-3
1.7263+0
1.0000+0
1.0000+0

* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC

UKACT1
Cross Sec.

6.036E-4
6.036E-6
1.943E-4
6.947E-2
1.054E-1
1.372E-1
5.911E-7
5.616E-6
1.556E-6
2.169E-2
2.263E-3
8.62E-2

REAC
Cross Sec.

9.17E-4

2.27E-4
6.84E-2

1.048E-1
1.801E-1

5.38E-4
1.778E-2
2.324E-3
8.644E-2

Rat io
R/F
1
0
1
0
0
1
0
0

345
0
1
1

.519

.000

.168

.985

.994

.313

.000

.000

.758

.820

.027

.003
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55Fe(r

55Fe(n
55Fe(n

55Fe(n

55Fe(n
55Fe(n
55Fe(n
56Fe(n

56Fe(n

56Fe(n
56Fe(n
56Fe(n

56Fe(n

56Fe(n

5 6 Fe(n
56Fe(n
57Fe(n

57Fe(n

57Fe(n
57Fe(n
57Fe(n

57Fe(n

57Fe(n

57Fe(n
57Fe(n

58Fe(n

58Fe(n

58Fe(n,
58Fe(n,

58Fe(n,

58Fe(n,

58Fe(n,

58Fe(n,
58Fe(n,

59Fein,

59Fe(n,

59Fe(n,

59Fe(n,
59Fe(n,

59Fe(n,

59Fe(n,
59Fe(n,
60Fe(n,
60Fe(n,

60Fe(n,

60Fe(n,

60Fe(n,
60Fe(n,

60Fe(n,

60Fe(n,<

,g)56Fe
,p)55Mn
,d)54Mn

,t)53Mn

,h)53Cr
,a)52Cr
,2p)54Cr

,2n)55Fe

,na)52Cr

,g)57Fe
,p)56Mn

,d)55Mn

,t)54Mn

,h)54Cr

,a)53Cr
,2p)55Cr

,2n)56Fe

,na)53Cr

,g)58Fe
,p)57Mn
,d)56Hn

t)55Mn

h)55Cr

a)54Cr
2p)56Cr

2n)57Fe

na)54Cr

g)59Fe
p)58Mn

p)58raMn

d)57Mn

t)56Mn

h)56Cr
a)55Cr

2n)58Fe

na)55Cr

g)60Fe
p)59Mn
d)58Mn

d)58mMn

t)57Mn
a)56Cr

2n)59Fe
na)56Cr

g)61Fe

p)60Mn

3)59Mn
t)58Mn

t)58mMn

a)57Cr

1.0000+0
1.0000+0

1.7587-1
6.1036-2

1.9500-2

5.8515-1
1.0000+0
1.0000+0

1.0000+0

ACTL
1.0000+0
1.4556-1

4.5375-1

3.5856-2

1.0000+0
1.0000+0
1.0000+0

1.8192-1

ACTL
1.0000+0

1.8593-1
2.5984-2

8.8962-2

9.7601-1
1.0000+0

1.0000+0

2.0107-1

1.0000+0
3.0794-1

3.0794-1

3.1676-1

6.9958-3

2.9683-1
1.0000+0
1.0000+0

1.2346-1

1.2346-1

2.8131-1
2.3547-1

2.3547-1

2.6360-2

5.8008-1
1.0000+0
2.1002-1

1.0000+0

2.8187-1

3.9875-1
2.1711-3

4.8322-3

7.8333-1

* REAC

* REAC
* REAC
* REAC

* REAC

* REAC
* REAC
* REAC

• REAC

* REAC
* REAC

* REAC

* REAC

* REAC

* REAC
* REAC

* REAC

* REAC

* REAC
* REAC

* REAC

* REAC

* REAC
* REAC

* REAC

* REAC

* REAC
* REAC

* REAC

* REAC

* REAC
* REAC
* REAC

* REAC

* REAC

* REAC
* REAC

* REAC

* REAC

* REAC
* REAC
* REAC

* REAC

* REAC

* REAC
• REAC

• REAC

* REAC

3.833E-2

5.496E-2
2.301E-2
2.759E-4

1.314E-6
1.881E-2

1.741E-3
9.858E-2

8.412E-4

2.745E-2
2.66E-2

1.91E-2
2.698E-6

1.117E-6

8.351E-3

1.444E-4
1.677E-1

6.894E-4

2.983E-2
1.447E-2

1.754E-3
1.42E-4

9.515E-7

7.612E-3

1.329E-4
1.691E-1

3.916E-4

2.484E-2

1.646E-3

1.646E-3
1.264E-3

6.967E-6

6.007E-7

4.661E-3
2.332E-1

2.595E-4

1.689E-2

5.484E-3
4.43E-4

4.43E-4

7.388E-5

2.831E-3
2.337E-1
1.487E-4

7.934E-3

2.972E-3

5.947E-4
1.635E-6

3.638E-6

1.561E-3

3.661E-2
5.443E-2
3.538E-2

4.714E-3

7.2E-5
3.222E-2

1.781E-3
9.976E-2

8.73E-4

6.84E-2
2.653E-2

2.963E-2

1.3E-5

3.3E-5

8.385E-3
1.49E-4

1.689E-1

3.885E-3

3.661E-2

1.445E-2
9.083E-3

5.668E-3

1.1E-5

7.763E-3
1.39E-4

1.699E-1

2.054E-3

2.472E-2

5.363E-3
5.363E-3

4.153E-3

1.O53E-3

2E-6
4.672E-3
2.341E-1

2.19E-3

3.661E-2

1.954E-1

5.144E-3

2.927E-3

4.842E-3
3.046E-2
7.77E-4

7.579E-3

1.072E-2

2.071E-3
7.91E-4
7.91E-4

2.009E-3

0.955

0.990
1.538

17.086

54.795

1.713
1.023
1.012

1.038

2.492

0.997
1.551
4.818

29.543

1.004

1.032

1.007

5.635

1.227

0.999
5. 178

39.915

11.561

1.020

1.046
1.005

5.245

0.995

3.258
3.258
3.286

151.141

3.329
1.002
1.004

8.439

2.168

35.631
11.612

0.000

39.618

1.710
0.130
5.225

0.955

3.607

3.482
483.792

217.427

1.287

Table 3. One-group averaged cross-sections: For the Iron element
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NICKEL

58Ni(n,2n)57Ni
58Ni(n,na)54Fe
5<?Ni(n,g)59Ni
58Ni(n,p)58Co
58Ni(n,p)58mCo
58Ni(n,d)57Co
58Ni(n,t)56Co
58Ni(n,h)56Fe
58Ni(n,a)55Fe
58Ni(n,2p)57Fe
59Ni(n,2n)58Ni
59Ni(n,na)55Fe
59Ni(n,g)60Ni
59Ni<n,p)59Co
59Ni(n,d)S8Co
59Ni(n,d)58mCo
59Ni(n,t)57Co
59Ni(n,h)57Fe
59Ni(n,a)56Fe
59N'i (n,2p)58Fe
60Ni(n,2n)59Ni
60Ni(n,na)56Fe
60Ni(n,g)61Ni
60Ni(n,p)60Co
60Ni(n,p)60mCo
60Ni(n,d)59Co
60Ni(n,t)58Co
60Ni(n,t)58mCo
60Ni(n,h)58Fe
60Ni(n,a)57Fe
60Ni(n,2p)59Fe
61Ni(n,2n)60Ni
61Ni(n,na)57Fe
61Ni(n,g)62Ni
61Ni(n,p)61Co
61Ni(n,d)60Co
61Ni(n,d)60mCo
61Ni(n,t)59Co
61Ni(n,h)59Fe
61Ni(n,a)58Fe
61Ni(n,2p)60Fe
62Ni(n,2n)61Ni
62Ni(n,na)55Fe
62Ni(n,g)63Ni
62Ni(n,p)62Co
62Ni(n,p)62mCo
62Ni(n,d)61Co
62Ni(n,t)60Co
62Ni(n,t)60mCo
62Ni(n,h)60Fe

UKACÏ1
Source

1.0000+0
1.3082+0
1.0000+0
4.8684-1
1.2969+0
4.7587-2
1.5351-1
1.8957-3
6.6845-1
4.1277+0
1.0000+0
3.7813-1
1.0000+0
1.0000+0
1.0683-1
1.0683-1
6.5839-2
1.7891-2
1.0000+0
1.0000+0
1.0000+0
2.6614-1
ACTL
1.4655-1
1.6102+0
1.4635-1
5.0438-3
1.6813-3
2.2686-2
1.6760+0
1.0000+0
1.0000+0
1.3897-1
ACTL
1.1176+0
8.2840-2
8.2840-2
2.7082-2
5.0457-2
1.0783+0
1.0000+0
1.0000+0
1.3476-1
1.0000+0
1.1273+0
6.6364-1
2.7621-1
2.7667-3
2.7667-3
1.6174-1

* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC

* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC

* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC

UKACT1
Cross Sec.
4.699E-3
3.466E-3
5.081E-2
6.481E-2
7.269E-2
1.097E-1
1.556E-6
1.661E-6
3.255E-2
1.089E-2
6.781E-2
2.285E-3
2.885E0
3.102E-1
3.089E-2
3.089E-2
3.013E-4
1.417E-6
4.448E-1
2.498E-3
6.928E-2
1.362E-3
3.149E-2
4.877E-3
2.673E-2
4.096E-2
7.686E-6
2.562E-6
1.218E-6
1.344E-2
2.434E-4
1.588E-1
7.549E-4
4.044E-2
2.358E-2
1.269E-3
1.821E-3
1.59E-4
8.871E-7
8.18E-3
2.602E-4
1.479E-1
4.24E-4
1.379E-1
4.897E-3
3.205E-3
1.454E-3
1.971E-6
4.577E-6
7.677E-7

REAC
Cross Sec.
5.018E-3
2.712E-3
4.9E-2

1.324E-1
5.591E-2
1.63E-1
1.1E-5

9.34E-4
4.873E-2
2.705E-3
6.806E-2
6.123E-3
2.3686E0
2.994E-1
1.939E-2
1.939E-2
4.756E-3
8.5E-5

3.719E-1
2.541E-3
6.994E-2
5.218E-3
4.9E-2

3.311E-2
1.658E-2
1.749E-2
1.616E-3
1.616E-3
5.7E-5

7.999E-3
2.55E-4
1.599E-1
5.515E-3
2.3686E0
2.112E-2
1.048E-2
1.187E-2
6.103E-3
1.9E-5

7.548E-3
2.73E-4
1.487E-1
3.257E-3
1.322E-1
4.365E-3
4.91E-3
5.819E-3
7.74E-4
7.74E-4

5E-6

Ratio
K/
l
0
0
2
0
1
7

562
1
0
1
2
0
0
0
0
15
59
0
1
1
3
1
6
0.
0.

210.
630.
46.
0.
1.
1.
7.

58.
0.
8.
6.

38.
21.
0.
1.
1.
7.
0.
0.
1.
4.

392.
169.
6.

F
.068
.782
.964
.043
.769
.486
.069
.312
.497
.248
.004
.680
.821
.965
.628
.628
.785
.986
.836
.017
.010
.831
.556
.789
.620
.427
.252
.757
.798
.595
.048
007
.306
.571
896
258
518
384
418
923
049
005
682
959
891
532
002
694
106
513
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62Ni(n
62Ni(n
63Ni(n
63Ni(n
63Ni(n
63Ni(n
63Ni(n
63Ni(n

63Ni(n,
63Ni(n,
63Ni(n,
63Ni(n,
64Ni(n,
64Ni(n,
64Ni(n,
64Ni(n,
64Ni(n,
64Ni(n,
64Ni(n,
64Ni(n,

,a)59Fe
,2p)61Fe
,2n)62Ni
,na)59Fe
,g)64Ni
,p)63Co
,d)62Co
,d)62mCo

t)61Co
h)61Fe
a)60Fe
2p)62Fe
2n)63Ni
na)60Fe
g)65Ni
p)64Co
d)63Co
t)62Co
t)62mCo
a)61Fe

5
1
1
1
1
1
1
1

2.
3.
1.
1.
1.
1.
1.
1.
3.
9.
3.
1.

.9701-1

.0000+0

.0000+0

.0000+0

.0000+0

.0000+0

.3121-]

.3121-1

7255-2
5799-1
0000+0
0000+0
0000+0
0000+0
0000+0
0000+0
0728-1
3354-3
1118-3
0833+0

* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC

* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC

4.157E-3
2.21E-6

2.617E-1
4.577E-4
1.967E-1
1.501E-3
5.288E-4
5.288E-4

8.614E-5
4.727E-7
1.78E-3
2.765E-5
2.298E-1
3.489E-5
2.002E-2
1.103E-3
4.883E-4
3.715E-6
1.238E-6
1.09E-3

7.094E-3
5E-6

2.629E-1
5.3E-4

1.865E-1
1.544E-3
4.186E-3
4.186E-3

3.301E-3
1E-6

1.823E-3
2.6E-5

2.307E-1
4.4E-5
1.94E-2
1.128E-3
1.679E-3
4.22E-4
4.22E-4
1.035E-3

1
2
1
1
0
1
7
7

38
2.
1.
0.
1.
1.
0.
1.
3.

113.
340.
0.

.707

.262

.005

.158

.948

.029

.916

.916

321
116
024
940
004
261
969
023
438
594
872
950

Table 4. One-group averaged cross-sections: For the Nickel element

COPPER

63Cu(n,2n)62Cu
63Cu(n,na)59Co
63Cu(n,g)64Cu
63Cu(n,p)63Ni
63Cu(n,d)62Ni
63Cu(n,t)61Ni
63Cu(n,h)61Co
63Cu(n,a)60Co
63Cu(n,a)60mCo
63Cu(n,2p)62Co
63Cu(n,2p)62mCo
65Cu(n,2n)64Cu
65Cu(n,na)61Co
65Cu(n,g)66Cu
65Cu(n,p)65Ni
65Cu(n,d}64Ni
65Cu(n,t)63Ni
65Cu(n,h)63Co
65Cu(n,a)62Co
65Cu(n,a)62mCo
65Cu(n,2p)64Co

UKACT1
Source

1.1381+0
1.0000+0
1.0000+0
4.3424+0
1.0307-1
2.3321-2
3.5050-2
3.5168-1
5.6059-1
5.0000-1
5.0000-1
1.0198+0
1.0000+0
1.0000+0
9.7852-1
1.0772-1
2.1085-2
2.1577-1
1.3223+0
2.7027-1
1.0000+0

* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC

UKACT1
Cross Sec.

1.191E-1
2.49E-3

1.1069E-1
5.196E-2
5.063E-2
1.697E-4
1.099E-6
3.487E-3
6.17E-3
7.063E-5
7.063E-5
2.038E-1
2.637E-4
5.363E-2
5.12E-3
7.245E-3
9.409E-5
8.389E-7
3.665E-3
4.574E-4
2.199E-6

REAC
Cross Sec.

1.068E-1
2.715E-3
1.06E-1
1.24E-2
5.508E-2
7.54E-3
3.4E-5

1.094E-2
1.094E-2
1.48E-4
1.48E-4

2.014E-1
3.21E-4
5.439E-2
5.252E-3
2.092E-2
4.636E-3

4E-6
2.784E-3
1.702E-3

4E-6

Ratio
R/F
0
1
0
0
1
44
30
3
1
2
2
0
1
1
1
2
49
4
0
3
1

.397

.090

.958

.239

.088

.431

.937

.137

.773

.095

.095

.988

.217

.014

.026

.888

.272

.768

.760

.721

.819

Table 5. One-group averaged cross-sections: For the Copper element
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SILVER

107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
107Ag(n
109Ag(n
109Ag(n
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,
109Ag(n,

,n')107mAg
,2n))06Ag
,2n)106mAg
,na)103Rh
,na)103mRh
,nt)104Pd
,g)108Ag
,g)108mAg
,p)107Pd
,p)107mPd
,d)106Pd
,t)105Pd
,t)105mPd
,h)105Rh
h)105mRh
a)104Rh
a)104mRh
2p)106Rh
2p)106mRh
n1)109mAg
2n)108Ag
2n)108mAg
na)105Rh
na)105mRh
nt)106Pd
g)110Ag
g)110mAg
p)109Pd
p)109mPd
d)108Pd
t)107Pd
t)107mPd
h)107Rh
a)106Rb
a)106mRh
2p)108Rh
2p)108mRh

1
9
1
3
3
1
1
1
1
2
1
6
6
1
1
4
3
5
5
1
1
3
2.
2.
1.
1.
1.
5.
1.
1.
3.
3.
7.
4.
1.
5.
5.

UKACT1
Source

.2560+1

.2800-1

.2414+0

.0264-2

.0264-2

.0000+0

.0000+0

.0000+0

.2938+0

.6363-1

.5344-1

.9638-2

.9638-2
7021-1
7021-1
2450-1
1858-1
0001-1
0001-1
9200+1
4053+0
9294-1
5166-2
5166-2
0000+0
0000+0
0000+0
0000-1
1657-1
6708-1
6297-2
6297-2
9640-1
9978-1
1066+0
0000-1
0000-1-

* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC
* REAC

UKACT1
Cross Sec.

4.608E0
2.032E-1
1.387E-1
8.831E-5
8.831E-5
8.504E-7
1.695E0
1.659E-1
4.763E-3
4.513E-3
1.244E-2
3.733E-4
3.733E-4
4.795E-7
4.795E-7
7.856E-4
8.225E-4
5.774E-6
5.774E-6
7.796E0
1.993E-1
3.715E-2
4.757E-5
4.757E-5
4.085E-6
1.963E1
1.217E0

1.946E-3
1.733E-3
8.169E-3
1.476E-4
1.476E-4
8.187E-7
1.25E-3
1.186E-3
1.401E-6
1.401E-6

REAC
Cross Sec.

3.293E-1
2.189E-1
1.101E-1
3.017E-3
3.017E-3

2E-6
1.627E0
1.594E-1
3.643E-3
1.71E-2
1.413E-2
1.637E-3

3E-6
3E-6

1.87E-3
2.612E-3
1.2E-5
1.2E-5

3.58E-1
1.424E-1
9.487E-2
1.974E-3
1.974E-3

4E-6
1.967E1
1.218E0
3.84E-3

1.489E-2
7.817E-3
9.49E-4
9.49E-4

1E-6
2.538E-3
1.091E-3

3E-6
3E-6

Ratio
R/F
0
1
0
34
34
2
0
0
0
3
1
4
0
6
6
2
3
2
2
0
0
2

41
41.
0.
1.
1.
1.
8.
0.
6.
6.
1.
2.
0.
2.
2.

.071

.077

.794

.164

.164

.352

.960

.961

.765

.789

.136

.385

.000

.257

.257

.380

.176
078
078
046
715
554
497
497
979
002
001
973
592
957
430
430
221
030
920
141
141

Table 6. One-group averaged cross-sections: For the Silver clement
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TOPICAL DISCUSSIONS - SESSION I

DATA NEEDS/STATUS

Moderator: D. Smith

The following reports are summaries of the discussions held on each topic, as
prepared by the discussion leaders.

Standards and Dosimetry Cross Sections

Discussion Leader: H. Vonach

1. It was generally agreed upon that the 238U(n,f) and 235U(n,f) reactions provide the
most important cross—section standards for neutron cross—section measurements
over the whole energy range up to 20 MeV, and that the cross-section values
according to the ENDF/B—VI standards evaluation should be used in all
cross-section work. The hydrogen standard may, of course, also be used. However,
although it is in principle known with higher accuracy (at least for En < 10 MeV),
the problems in its practical use have the consequence that the accuracy of actual
fluence measurements is about equal for both standards. Therefore, the use of either
one is a matter of convenience.

2. In the energy region around 14 MeV a number of cross sections have been
determined with high accuracy; therefore, various reactions are used as "standards"
for cross—section measurements, especially the reaction 27Al(n,a)24Na and the
reaction 93Nb(n,2n)92mNb. It was pointed out that a careful evaluation of the cross
section for these secondary standards has very recently been completed by T.B.
Ryves [1], and it was unanimously recommended that the results of this evaluation
should be used for the cross sections of these secondary standards in the energy
range En = 14-15 MeV. The values of these cross sections for En = 14.7 MeV are
given in Table 1; relative values o(U.7)/oCEa) are given in Table 2. Pertinent
decay data for these standards appear in Table 3.

3. The cross sections for both the reactions 238U(n,f) and 27Al(n,a)24Na are believed to
be known to better than 1% at En » 14 MeV. It was reported by Prof. Vonach that
measurements of this cross-section ratio at the IRK, Vienna, resulted in
discrepancies of about 5% from the generally accepted values, and new precision
measurements of this ratio are necessary to establish the consistency of our present
system of standards for 14 MeV cross-section measurements.

4. A number of participants expressed the wish to have a new secondary standard for
cross-section measurements in the 6—13 MeV range which should not only be less
sensitive to low energy neutrons than the 238U(n,f) reaction but also have not too
high a threshold in order not to have an excitation function varying rapidly with
energy. No suitable reaction, however, could be identified. The 56Fe(n,p)s8Mn
reaction meets the above criteria but has the disadvantage of a rather short
half—life. The 59Co(n,p)59Fe reaction was mentioned as a possibility, on technical
grounds, but currently the database is too sparse to entertain its use as a fluence
standard. After careful new evaluation, some of the dosimetry reactions might
become useful as such secondary standards outside of the 14 MeV range.

[1] T.B.Ryves, A Simultaneous Evaluation of Some Important Cross Sections at
14.70 Me¥, Report EUR 11912-EN (1989).
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Table 1 Results of the evaluation of T.B. Ryves for E n = 14.7 MeV

Group

1

2

3

4

5

6

7

8

9

Reaction

27Al(n,a)24Na

56Fe(n,p)56Mn
63Cu(n,2n)62Cu

65cu(n,2n)64cu
197Au(n,2n)1969+IDAu
93Nb(n,2n)92roNb

32S(n,p)32P

27Aln,p)27Mg

59Co(n,a)56Mn

Cross section

tab

112.7 ± 0.5

108.4 ± 0.5

548 ± 5

968 ± 9

2127 ± 26

460 ± 5

220 ± 3

68.8 ± 0.7

1)
31.6 ± 0.3

Uncertainty

%

0.5

0.5

1.0

1.0

1.2

1.1

l.S

1.0

0.9

1)
Further measurements at NPL ref. 123 (= T.B. Ryves, P. Kolkowski

and S.M. Judge (1988), Ann. nycl. Energy 15, 561) made since the
evaluation, have reduced the 59Co(n,o)/56Fe(n,p) cross section
ratio by 0.8 %. Because of the high weight of this particular
measurement, the evaluated cross section will also be reduced, but
by a lesser amount.
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Table 2

Relative cross-section values a{14.7) / o(En)
recommended for use with the absolute cross-sections of table 1

Reaction

2 7 Al(n,a) 2 4 Na
5 6Fe(n,p)5 6Mn
6 3Cu(n,2n)6 2Cu
65Cu(n,2n)64Cu
197Au(n,2n)196<3Àu
9 3Nb(n,2n)9 2 BNb
3 2 s (n f P ) 3 2 P
27Al(n,p)27Mg

59Co(n,a)56Mn

14.0

0.925

0.941

1.228

1.086

1.007

1.001

0.868

0.931

1.000

14.1

0.928

0.946

1.191

1.072

1.006

1.001

0.888

0.940

0.991

14.2

0.927

0.952

1.155

1.058

1.005

1.001

0.908

0.950

0.990

Neutron Energy (MeV)

14.3 14.4 14.5 14.6

0.943

0.960

1.121

1.045

1.004

1.001

0.929

0.959

0.991

0.962

0.969

1.088

1.032

1.003

1.001

0.951

0.969

0.992

0.975

0.977

1.057

1.020

1.001

1.000

0.974

0.979

0.995

0.988

0.986

1.028

1.010

1.001

1.000

0.987

0.989

0.997

14.7

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

14.8

1.008

1.014

0.976

0.990

0.999

1.000

1.013

1.011

1.004

14.9

1.016

1.028

0.955

0.981

0.998

1.000

1.028

1.023

1.009

15.0

1.024

1.043

0.935

0.972

0.998

1.000

1.043

1.034

1.020

Ref.

a

b

b

b

c*

c*

b

b

b , d

a S. Tagesen and H. Vonach (1981) Phys. Data 13-3. (14.8 MeV is smoothed)
b B.P. Evain, D.L. Smith and P. Lucchese (1985) Report ANL/NDM-89
c J. Csikai, Zs. Lantos and Cs. M. Buczko (1986) Report IAEA-TECDOC-410, 296
d Huang Jianzhou, Lu Haniin, Li Jizhou and Fan Peiguo (1981) Chinese J. Nucl. Phys. 3,59
* Réf. c is well supported by:

H.K. Vonach, W.G. Vonach, H. Munzer and P. Schraroel (1968) Proc. Conf. on Neutron Cross Sections and
Technology, Washington, p. 885
Y. Ikeda, C. Konno, K. Oishi, T. Nakamura, H. Miyade, K. Kawade, H. Yamamoto and T. Katoh (1988),
Report JAERI 1312.



Table j, Nuclear Data

MNa

£7Mg

32p

5 SMn

«Cu

MCu

9 2 m Wh

'««Ac

Half-life

1 5 . 0 0 ( U ) h

9.«6(Dm

W.29(3)d

2.5785(6)h

9.7U(2)ra

32.7O1(2)h

10.15(3)d

6.i83(10)d

Decay mode

y 1363 keV

y 843 keV

y 1011 kev

p~ 1710 keV

y 3U6 kei/

0* 2927.175« keV

r 652 keV

^" 578 keV

y 93« keV

y 912 kev

y 355 keV

I (»)

100.0

70

72

71.5
72.8
73.0
71.8(U)
28.2(U)

100.0

98.9

97.82(U)

17.87(14)

39.0«(33)

95.5
99.0
99.2(1)
99-15(4)

1.68(9)

87.6(2)

93.6
86.9
87.72(22)

Reference

a A

b.o

d

e
f

a , g A

g

a A

a A

a A

h A

h A

d

c

f A

a
a A

f A

d

g
a

A Adopted value (some errors increased)

References

a. D.C. Kocher (1981) Radioactive Decay Data Tables. DOE/TIC-11026
b. Nuclear Data Sheets (1952-65)
c. C M . Lederer, J.M. Hollander and I. Perlman (1968) Table of Isotopes

6th Ed., John Wiley and Sons, Inc., Hew York
d. G. Erdtmann and W. Soyka (1975) J. Radioanal. Chera. 26
e. N.G. Gusev and P.P. Dnitriev (1977) Quantum Emission of radioactive

nuclidea (Handbook). Atomizdat, Moscou
f. C M . Lederer and V.S. Shirley (1978) Table of Isotopes 7th éd.. John

Wiley and Sons, Inc., Dew York
g. U. Reus and W. Westir.eier 11983) Atomic Data and duel. Data Tables 12

(2)
h. P. Christmas. £.M. Jadee, T.E. Hyves, D. Smith and G. Kinkier (1983)

Nucl. lnstr. Meth. 2J£ 397
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Materials Damage

Discussion Leader: L. Greenwood

L. Greenwood presented a brief overview of the status of nuclear data needs for
radiation damage calculations. The three main types of damage include atomic
displacements—per—atom (dpa), gas production (H, He), and other forms of transmutation.
In the case of dpa calculations, nuclear data needs are extensive since all neutron reactions
contribute, and both cross sections and angular distributions are needed to calculate recoil
atom energy distributions. However, for fission applications, only the elastic and inelastic
scattering reactions are important. At higher energies (e.g., « 14 MeV), the (n,2n) and
charged—particle reactions are more important. For most elements, the feeling is that the
data presently in evaluated files such as ENDF are adequate, since 10—20% uncertainties
are acceptable for dpa calculations. In the area of gas production, there have been
extensive helium measurements at 14 MeV, as well as a few hydrogen measurements.
However, tests of gas production cross sections in fission reactors show large discrepancies
for a few elements (Ti, Nb), and more testing is needed. Transmutation calculations have
been done for a very large collection of materials and reactions. However, many of the
required cross sections are based on calculations, and there is a general lack of experimental
data to test the predicted level of transmutation.

Nuclear data needs for materials damage calculations are tied to the future selection
of neutron irradiation facilities, especially at higher energies. S. Cierjacks has recently
compiled papers that describe these sources, and the collection will be published shortly in
Nuclear Science and Engineering. Accelerator—based neutron sources, such as Li(d,n), and
H(T,n), or spallation sources produce neutrons at energies in excess of 14 MeV, extending
up to 50 MeV for Li(d,n) sources and up to 500-1000 MeV for spallation. In these cases,
the nuclear database is wholly inadequate for the calculation of dpa, gas production, or
transmutation. Furthermore, theoretical work may be needed to extend dpa calculations
to these higher energies. Calculations of the neutron energy spectrum and displacement
damage with computer codes such as the High Energy Transport Code do not agree very
well with experimental data. Dpa calculations above 20 MeV seriously disagree with
well-established codes such as NJOY or SPECTER below 20 MeV. If such sources are to
be used extensively for materials testing, then more experimental measurements are needed
and theoretical calculations must be improved to better agree with the measurements.

Waste Disposal

Discussion Leader: E. Cheng

Waste disposal of discharged nuclear components is an important issue for nuclear
energy development because of the relatively long—term environmental impact resulting
from the disposed materials. The most often mentioned waste disposal schemes, as far as
fusion energy research is concerned, are near—surface and deep geological disposals. The
near—surface disposal scheme is most economical because it requires only burial of waste
materials five meters below the ground level in a depository site.

Regulations regarding the requirements for near-surface disposal are not yet clearly
defined for fusion nuclear components in countries involved in fusion research. The U.S.
Nuclear Regulatory Commission (NRC) has introduced 10 CFR 61 regulations for the
near—surface burial of low—level fission waste. To allow for near—surface disposal,
10 CFR 61 regulations give specific activity limits for long-lived radionuclides (half-lives
greater than five years) identified primarily for fission energy technology. Evaluations for
specific activity limits for all long—lived radionuclides were recently performed using
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consistent 10 CFR 61 methodologies. These activity limits were recommended to be used
as reference limits for more general applications, including fusion energy technology.

Materials selection for fusion nuclear components, such as blanket and shield, will
be significantly influenced by the resulting waste disposal characteristics of these chosen
materials. Activation cross sections leading to the production of long—lived radionuclides
from potential fusion materials are very important and are needed for the assessment of
materials development for fusion. These cross sections were identified, and vigorous
activities resulting in measurements and calculations for them are expected. One of these
activities is the IAEA-CRP which was established in early 1988 and has already shown
significant progress.
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TECHNICAL PAPERS - SESSION H

EXPERIMENTAL WORK

Session Leader: T. Katoh

In order of appearance in the agenda:

Y.Ikeda
L. Greenwood
R. Haight
T. Katoh
H. Liskien
W. Mannhart
S. Qaim
T. Ryves
D. Smith
H. Vonach
R. Zorro
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A PROGRAM ON NEUTRON ACTIVATION CROSS SECTION
MEASUREMENTS AT FNS FOR FUSION APPLICATIONS

Y. Ikeda and C. Konno

Department of Reactor Engineering,
Japan Atomic Energy Research Institute,
Tokai-mura, Ibaraki-ken 319-11, Japan

Abstract:
This paper describes the present status of an ongoing program on

systematic measurements of neutron activation cross sections at the fusion
neutronics source (FNS). Updated systematic trends for the specific reaction
cross sections at 14.5 MeV are shown. A current focus is placed on the Long-
lived activation measurement which is in part in a framework of an inter—
laboratory collaboration (ANL, LANL, JAERI/FNS). Some topics related to
dosimetry standard cross sections are highlighted. In addition, recent results
of several activation cross sections at a energy range from 2.0 to 3.1 MeV are
given.
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I. Introduction

Neutron activation cross sections at 14MeV play an essential part in the
nuclear design of D--T fusion reactors in terms of induced activity, afterheat,
radioactive waste managements, and so forth. To reduce uncertainties in those
critical design parameters, a broad data base with high accuray is needed.
Recent projects directed to next C-T burning test reactors have accelerated the
data needs to assess the activation problems due to 14 MeV neutrons from a
safety point of view. To meet the data requirement, a great deal of effort has
been devoted not only to the cross section measurements but also to data
compilation and evaluations [1.2]. However, it has been often pointed out that
there are still considerably large uncertainties and inconsistencies among
existing data, and also there are many important data not yet measured.

In order to provide substantial experimental data required from fusion
application as well as nuclear data evaluation, an experimental program on the
systematic activation cross section measurement for the structural materials
around 14 MeV has been conducted since 1983 by using the fusion neutronics
source facility (FNS) [3] at Japan Atomic Energy Research Institute (JAERI).
The data on 110 reaction cross sections for 26 elements have already been
issued [4]. The validity of the data was tested by examination of the
systematic trends for specific reaction cross sections as a function of
asymmetry parameter [5]. Almost all data were taken into the JENDL-3 evaluation
[6]. In the last two years we have measured additional 53 reaction cross
sections on 15 elements. In the first part of this paper, we summarize the
present status of this ongoing program.

All data were obtained relative to the standard cross section of
27Al(n,a)24Na of the ENDF/B-V dosimetry file [7] so far. To validate all data,
as a part of this program, we carried out absolute measurements on several
important dosimetry reaction cross sections including 27Al(n,a)21)Na by
employing the associated a-particle counting method [8] for the neutron flux
determination. In this measurement, we carefully examined the neutron source
characteristics in terms of neutron energy and angular distribution. The second
part of this paper focuses on the dosimetry cross sections.

Though the main stress of this program is placed on the 14 MeV neutron
activation, the cross section data at lower energy regions are needed for the
low threshold reactions, especially for some important dosimetry reactions. We
started to measure the activation cross sections at neutron energy range from
2.0 to 3.1 MeV by using the same FNS facility. Results for some dosimetry
reaction cross sections are given in the last part of this paper.

II. Present status of the 14 MeV cross section measurements

Up to now, 163 cross sections on 39 elements have been measured
systematically relative to the 27Al(n,a)2"Na cross section. The list of 53
reactions lately measured is given in Table I along with the associated decay
data used. The experimental procedure was given in detail in the previous
report [3]. For the reactions of 13oBa(n,2n)I29m*«Ba and 191Ir(n,2n)190ra?Ir, we
measured the gamma-rays emitted from daughter nuclei, 129Cs of 129Ba and 19O|»Os
of 190"i2ir, respectively, because those reaction products decay with no or
negligibly small peak of gamma-rays to be detected. Also in the deduction of
those cross section, we neglected the contribution of (n,np) reactions which
produce the daughter nuclei of 129Cs and 190iii0s. It was considered to be
reasonable because of small cross sections for the (n,np), which were estimated
to be about several mb from the systematics [5]. All digital data for the 53
reactions will be reported soon.
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Updated plots of cross sections at 14.5 MeV as a function of the asymmetry
parameter, (N-Z)/A, are given in Figs. 1 and 2 for the (n,p) and (n,2n)
reactions, respectively. These trends of the cross section values show clear
systematics. The lines for the systematic trends proposed by the REAC-ECN data
library [9] are shown for comparison. There is general agreement between lines
deduced by the present data and REAC-ECN. For the (n,np) reactions, the data
accumulation is still insufficient to indicate explicitly two lines of
systematic trends due to the difference in separation energy of proton and
neutron, suggested by Qaim [10].

The primary scope of this program was set to measure cross sections for
as many reactions as possible, which produce gamma-ray emitting radionuclides
with half-lives ranging from minutes to several yeari. Emphasis was placed on
taking data in good geometry by deploying the samples around the D-T target at
a distance of 100 mm. This configuration enabled us to measure multiple energy
point data from 13.3 to 15.0 MeV for one reaction. Consequently, we had to
sacrifice the measurements for the long-lived activities because of deficiency
in the neutron fluence. Neverthiess, reaction cross sections, for
134Ba(n,2n)133Ba, '5'Eu(n,2n)'50Eu and 153Eu(n,2n)'52Eu which produce longer
half-lives than 10 years could be obtained with reasonably small errors. This
was mainly due to the large cross section value more than a barn and employment
of separated isotopes as the irradiation samples. Figures 3 and 4 shows the
cross sections for 151Eu(n,2n)150Eu and 1S3Eu(n,2n)152Eu reactions,
respectively. The results encouraged us to measure long-lived activation cross
sections (T1.-2 > 100 years) by using the other D-T neutron target at FNS with
intensity of more than 3 * 10l2/sec.

The strong data needs for the radioactive waste assessment have stimulated
us to foster the measurement on the long-lived activation cross sections. As
the second step of the program, we started this endeavor. In the meantime, an
inter-laboratory collaboration working group for this particular purpose of
cross section measurements for the long-lived-activities production, was
proposed by Smith [11] last year including three laboratories at ANL, LANL and
FNS, utilizing neutron sources of Be(d,n), D(3t,n), and T(d,n), respectively.
As the FNS part of this collaboration, a sample package was irradiated with
14.7 MeV neutrons. The activity measurement has not yet been carried out
because of existence of strong interfering short-lived activities in the
samples. During the same irradiation run with a total D-T source neutron
intensity of 3 * 1017, the other samples were irradiated for the same purpose
in the framework of the JAERI/USDOE collaboration program [12]. The measurement
will be done next year after reducing the intnrfering short-lived activities.
The reactions to be measured are listed in table II with the half-lives of
their products.

III. Absolute Cross Section Measurements for some dosimetry reactions
at a Neutron Energy Range from 13.3 to 15.0 MeV

Accurate neutron cross section data around 14 MeV are required for the
standard reactions used in the activation cross section measurements, the
fusion dosimetry and the fusion blanket integral experiments. As a part of the
program on the systematic activation cross section measurements, we measured
seven important cross sections of the standard reactions at a neutron energy
range from 13.3 to 15.0 MeV. The reactions measured were 27Al(n,p)27Mg,
27Al(n,a)24Na, 56Fe(n,p)56Mn, 63Cu(n,2n)62Cu, 65Cu(n,2n)64Cu, 90Zr(n,2n)89Zr
and 93Nb(n,2n)9ZmNb. The associated a-particle counting method [8] was employed
for the absolute D-T neutron flux determination. The source neutron spectrum
and angular distribution were well characterized by a Monte Carlo calculation
using the MORSE-DD code as well as the time of flight measurement.
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The foils of Al, Fe, Cu, Zr and Nb (10 mm in diameter, 1 mm in thickness)
were placed at a distance of 12.6 cm around the D-T neutron source at angles
from 0° to 165° with respect to incident the d* beam. After irradiation, gamma-
rays were measured with Ge detectors for Al, Fe, Nb foils. A 4n-counting system
consisting of two large Nal(Tl) detectors was introduced to measure the
annihilation r-ray associated with P' decay in Cu foils. This system reduced
the uncertainty in the y-ray detection efficiency, which arises in the
distributed /?* source due to the high disintegration Qo ' value of "'''Cu. The
absolute detector efficiency was determined by using a standard source of 8'JSr
which emits 514 keV r-ray; it is almost identical to the annihilation r-ray
energy of 511 keV.

Cross sections were derived from neutron fluxes and reaction rates obtained
by the r-ray measurements. Results for ?7Al(n,a)P4Na, ?7Al(n,p)!>'Mg and
B3Cu(n,2n)6?Cu are shown in Figs. 5-7 along with the available experimental
data in the literature and evaluated values. The present data for ?vAl(n,a)2<lNa
are in good agreement with ENDF/B-V. This result indicates that ail data
obtained relative to 2?Al(n,a)J'1Na of ENDF/B-V are able to be treated as
absolute values. For 27Al(n,p)??Mg, 56Fe(n,p)f>6Mn, 93Nb(n,2n)9i>'"Nbl present
data are in good agreement with data measured at FNS relative to the
??Al(n,a)?4Na [4]. On the other hand, the data for 63Cu(n,2n)G?Cu show slightly
smaller values in comparison with the data in the literature as well as
evaluated values. However, the data for 85Cu(n,2n)e4Cu agree with previous data
measured at FNS[3]. Since both results for 63Cu(n,2n)6?Cu and 65Cu(n,2n)6"Cu
were obtained by measuring annihilation r-rays from the same Cu sample at
different times, these data could be consistent with each other. Only the
difference is in disintegration QB * values ; 6?Cu (3.95 MeV) and 6"Cu (1.67
MeV). Considering the high jr range in the 6?Cu sample and detectors
surrounding the sample, a change of detector efficiency was too small to
explain the discrepancy in data by 10 % as shown in Fig. 7. In order to
validate the data for 63Cu(n,2n)B2Cu, it is strongly needed to re-measure this
reaction cross section because it should be one of the most important standard
reactions and has been widely used in fusion dosimetry studies.

IV. Cross Section Measurements at an Energy Range from 2.0 to 3.1 MeV

In addition to the 14 MeV cross section measurements, we started a series
of measurements at an energy range from 2.0 to 3.1 MeV using the FNS facility.
This program was primarily related to the application of the foil activation
technique into the D-D plasma diagnostics. Also it is important to supplement
the 14 MeV cross section data.

A Ti-D target was mounted on the same beam line used for the 14 MeV
neutron production, and bombarded with 2 mA d* beam to generate D-D neutrons.
The D-D neutron production rate was determined by the associated particle
counting method which is employed in the D-T neutron source strength monitor
[8]. For the D-D neutron monitor, the protons emitted from the reaction
D(d,p)t, which is the competing reaction to D(d,n)3He, were detected. Assuming
the same cross section and the same anisotropy factor for the two reactions,
the production rate of D-D neutrons emitted in forward direction was deduced
from the proton counts with correction of the solid angle of the detector,
resulting in 1.18 * l09/sec/sr. An indium foil was simultaneously irradiated at
a distance of 126 mm from the target in the 0° direction with respect to the
incident d* beam- From the activation analysis of '15In(n,n')l15mIn reaction,
the neutron flux was derived using the reaction cross section of 333 mb at 3.05
MeV, taken from the ENDF/B-V dosimetry file, to be 1.17 * lO9/sec/sr. The
remarkably good agreement between the two results shows a good feasibility of
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the associated particle method for the absolute determination of the D-D
neutron production rate.

The neutron angular distribution was measured by the foil activation
technique. Four reactions, ' ' 5In(n,n)''5l" In, 5BNi(n,p)58Co, *7Ti(n,p)<l7Sc and
B<"Zn(n,p)64Cu, were selected in consideration of their low threshold energies
below 2 MeV so that the D-D neutron can be detected. The distribution of
1'6In(n,n')'15mIn reaction rates is in good agreement with the neutron flux
given by the kinematics. It is reasonable due to the flat cross section value
over the D-D neutron energy range from 2 to 3 MeV. The discrepancies at angles
of 80° and 165° are attributable to the attenuation of the neutron flux by the
target structural materials. The other reaction rates present gradual decrease
in the distribution with the depth of angle. This is mainly due to the decrease
in the reaction cross sections with the decrease in neutron energies.

The cross sections for 47Ti(n,p)47Sc, 54Fe(n,p)54Mn, 68Ni(n,p)58Co,
6"Zn(n,p)6*Cu, 111Cd(n,n')111"1Cd and ' '3In(n,n')l'3mIn were measured relative
to 115In(n,n')ll5l"In. The results for 47Ti(n,p)47Sc, 58Ni(n,p)b8Co and
6*Zn(n,p)64Cu are shown in Figs. 8-10, The neutron energies for the reaction
rate data were mean values of the calculated D-D neutron energy spectra
corresponding to the emission angles, shown in Fig. 11. There is general
agreement between the present data and data previously reported as well as
evaluations for 58Ni(n,p) and G4Zn(n,p)6"Cu. However, for 47Ti(n,p)4ïSc, the
present data give slightly lower values than data in the literature.

V. Summary and Future Plan

The ongoing program on the activation cross section mesurements at FNS was
reviewed. The measurements on major reactions relevant to the fusion
application have been accomplished so far concerning the activation products
with half-lives shorter than years. Extensive efforts are going to be placed on
measuring reaction cross sections for products with half-lives longer than
years, which are indispensable for the radioactive waste assessment. Also we
will continue the systematic measurements extending the objective reactions.
The cross sections of reaction products which are 0-emitters with no associated
gamma-ray will be also the subject of the future program.
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Table I Measured reactions

Target
Nucleus

S 8 N i -

5 ' Ni"
52 Jvfĵ -
3 J Zn-
6 • Zn
6 3 Zn-
5 7 Zn-
5 8 Zn '
-a Ge '
7 2 G e -
7 °- Ge-
"^Ge"
7 2 G e -
' - G e -
" J Ge '
- 5 AS
~5 AS
7 5 AS
3 5 R b
3 5 R b
3 5 R b
3 5 R b
3 7 R b
3 7 R b
3 3 S r
3 5 Sr
3 3 S r
Î SY

. a T A g
: ' 5 In
: 3 3 Ba-

! 3 2 Ba-
• 3 2 Ba-
• 3 J Ba-
1 3 - Ba"
< s ' Eu -
1 5 '• Eu-
• 5 ' Eu-
• s 3 Eu-
: 5 3 Eu-
" 5 3 EU"
' 5 3 Eu"
' 5 3 EU"
1 6 9 T m
; s 3 O s
1 9 2 0 S
. 9 1 Jj.

. 9 1 J j .
• 9 3 I r

2 3 a r j -

Reaction

(n

(n
(n
(n
(n
(n
(n
(n
(n
(n
(n
(n
(n
(n
(n
(n
(n
(n
(n.
(n
(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n,

(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n,
(n.
(n,

(n,
(n,
(n,

• , P )

,P)
,np)
,2n)
.P)
,2n)
-P)
,a)
,2n)
.P)
,<O
,P)
,np)
.np)
,<O
,2n)
.P)
, a )
,2n)
,2n)
-P)
, a )
, 2 n )
.P)
2n)
2n)
2n)
2n)
2n)
n' )
2n)

2n)
P)
2n)
2n)
2n)
2n)
d )

2n)
2n)
2n) 1!

P)
ce)
2n)
P)
2n) '
2n)

2 n ) ••'-

2n)
2n)

Product

5 a « . , C o

3 ' C o
5 1 Co
6 3 z n
5 ' C U
e 5 Zn
5 7 C u
3 5 Ni
5 9 G e
T 2 G a

S 3 " Z n
7 3 G a
r z Ga
7 3 Ga

7 ' * Zn
7 "As
7 5 G e
7 z Ga

' • " " R b
3 J • * s Rb
3 5 ° Kr

-2 Br
3 5 R b
3 T K r

3 5 • S r
3 S . - î 3 r

" • S r
3 8 y

: a 6 m j^ff

'• : 5 " I n
: 2 g « • î Ba

' 2 9 C S - -
! 31» - s Ba

' 3 2 C S
• 3 3 m B a

1 3 3 » - « B a

i 5 a o Eu
! 53 B EU
• 4 3 " P m

1 5 2 . 1 EU
: s 2 1.2 Eu
i Z» 2 - t E u

1 5 3 S m
i s a p i n
1 6 8 T m
: s 8 Re

9 1 m • s Os
1 9 B . 2 I r

i 9a» o s " • "
i a « i ' " i 2 - i j j -

i 92 j r
237 U

Half-life

5.272i0.001y

1.65010.005h
1.65010.005h
38.010.1 m

12.69910.008h
244.010.2 h
62.0110.14 h
2.520i0.002h
39.0510.10 h
14.1210.02 h
13.7610.03 h
4.8610.03 h

14.1210.02 h
4.8610.03 h
3.9210.05 h

17.7910.05 d
82.7810.04 m
14.1210.02 h
20.510.2 m

32.7710.14 d
4.480i0.008h

35.34410.013h
18.8210.02 d
76.3110.62 m
68.010.2 m

64.8510.03 d
2.805l0.003h

106.6H0.02 d
8.510.1 d

4.486i0.004h
2.2010.05 h

32.3510.10 h
12.010.1 d

6.47410.014d
38.910.1 h

10.6610.12 y
12.5510.05 h
35.8H.0 y

41.2910.11 d
9.3010.05 h

9 6 ± 1 m

13.210.3 y
46.810.1 h
2.6810.02 h
93.110.1 d

16.9810.02 h
15.410.1 d
3.2510.20 h
9.910.1 in

11.7810.10 d
74.1710.07 d
6.752i0.002d

Gamma-ray
Energy[keV]

1173.21
1332.47

67.42
67.42

669.42
511.0

1115.52
184.53

1481.84
1106.4
833.95
438.7
297.32
833.95
297.32
386.28
595.9
264.61
833.95
247.0
881.6
304.87
776.49

1077.2
402.58
231.68
514.0
388.40
898.02
450.98
336.0

371.92
123.73
667.5
275.6
356.01
333.9
333.9
629.9
344.31
89.85

344.31
103.18
333.92
198.25
155.04
129.52

616.5
371.24
316.5
208.01

Branching
Ratio[%]

100
100
8613
8613

8.410.4
38 .6H.4

50.7510.10
47.0±3.3
23.510.8

2713
95.610.2
94.810.3

47111
95.310.2

47H1
9215
6012

l l . H l . l
95.610.2
64.510.2

7411
14.010.4
83.410.9
8.7910.09

5013
84 .5H.0

99.2710.04
8211

91.310.7
28.4710.70
45.910.1

3212
2SH

97.510.2
17.510.8

6211
3.910.7
9413

89 .2H.7
2.1410.10

7211
27.210.4
28.311.2

7314
5013

15.210.5
2612

98.611.0
22.712.2
82.910.1

23

Q-value
[MeV]

-2.041

0.531
-11.137
-11.862

0.208
-11.060

0.208
0.765

-11.537
-3.209

1.042
-0.781
-9.992

-10.981
-0.609

-10.246
-0.395

1.204
-10.942
-10.478

0.095
0.986

-9.929
-3.106

-11.489
-11.728
-11.502
-11.469

-9.634
-0.336

-10.328

-9.798
-0.496
-9.758

-10.328
-7.965
-7.965

7.730
-8.598
-8.698
-8.550
-0.024
5.834

-8.034
-1.337
-7.558
-8.069

-8.249
-7.764
-6.153

* Separated isotope was used
** daughter nucleus 1 Z 9Cs of 129

*** daughter nucleus 1 9 8"0s of '
• • « Ba was measured
9a.2 j r was measured
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Table II : Reactions for long-lived activities to be measured

Reaction Half-Life
2TAl(n,2n)86Al
"Cu(n,p)63Ni
•3Nb(n,n')t3-Nb
94Mo(n,p)94Nb

IOOMo(n,2n)i*Mo •* **Tc
l0tAg(n,2n)10i-Ag
lslEu(n,2n)1S0Eu
1S3Eu(n,2n)1S8Eu
1SiDy(n,p)1SfTb
15iTb(n,2n)lstTb
l7»Hf(n,2n)1?t-2Hf
lt2W(n,n'a)1Ti"Hf
It8W(n,n'o)Hf

ltTRe(n,2n)lg6"Re
2OtBi(n,2n)2OtBi

7.5 x ios y
100 y
13.6 y

2.0 x io4 y
2.1 x io1s y
127 y
35.8 y
13.3 y

150 y
150 y
31 y
31 y
9 x 106 y
2 x 10* y

3.7 x io5 y

- 81 -



CD

ro

120

o 10

100

• p-

OK.
a M.
A j .

or.
2 H.
t« M.
* : .

n e n t da ta

JE'IDL-2- - - JEM0L-3T
-— tNDF/B-V
(udo
T.S«inhoe '
Csika/
H,i,-L1n

B.Pfts
Vonacn
g r mann '
3 auI sen

Si
S3
82
~Q

' 8
70
65
55

20C

100

o

0

I + H M

- ~ . .pi _ i

JEMD'.-J'
ENCF/B-V

OFNS data
Û V . I . S n = h ! 3 3 i S ' .
i J . C i U j i
î l . C . H i r ç î r
O °.N Ne-;
IT.S. ÏWtJ

S R. * . J»/- j i 1
H p . * . I l s ;

"'V/Mt
VFP

800

i n n

:00

13 14 15

Neutron Energy (MeVI

13 14 15

Me u t r o n En e r g y ( He V )

• F.-

0 P.
• f
i. F
C 3
0 P
ï »
M A
•1Ç 1

= H

ï î î r t ;

—'— Je*
A. J Ï T \ :

V S I U P -
A-5iSg
M, Ca i n
Ho g r. s r :

33 r nrc - ?
ZhÏ*ter
C s f k i -

* t •

a : :
s
n

i t

{ - ;

1 ~c
' " 6
' : €

' 2
?2

' € =
• ç c

57

13 14 1

Me u i r c n En e r g y iHe V ]

Fig. 5 Cross sections of

27Al(n,a)24Na around 14 MeV.

Fig. 6 Cross sections of

27Al(n,p)27Mg around 14 MeV.

Fig. 7 Cross sections of

S3Cu(n,2n)62Cu around 14 MeV.



00
GO

Present datt
ENDF/B-V

OH.A.Hus.m '83
D D.I.SmiIh '75
u F. G. Arm, Une

300

o

Neutron Energy (MeV)

Fig. 8 Cross sections of

47Ti(n,p)47Sc at energy

region from 1 to 4 MeV.

J= 200

c8

i loo

0

-

1 i '
• P : e s e M d a t a

JEMDL-2
••• ENOF/B-V

O H . 4 . H u 5 a i n ' 8 3
• H.W. Wu
A O.L.Smi th ' 7 5
V J . X . Temoer 1 e t ' 6 8

• ^ ^ , 1

i 'a ù

M

V

Fig. 9

2 3

Neutron Energy (MeV)

Cross sections of

S8Ni(n,p)58Co at energy

region from 1 to 4 MeV.

- Q

cn
tn
(n
o

Ô

OH.i.Husjin '83
D C.H.Kinç '"9
AO.L.Sm.th -75
V 0.C.Ssntr, -72

2 3

Neutron Energy (MeV)

Fig.10 Cross sections of
64Zn(n,p)64Cu at energy

region from 1 to 4 MeV.



1 . 5

1 . 0 r
CL
ri
a
i_

O

X

DD Neut ron S p e c t r a
C a l c u l a t e d by MORSE-DD

0. 0

J

2 3
NEUTRON ENERGY (MeV)

Fig.11 D-D neutron spectra calculated by using a Monte Carlo code, MORSE-DD.



THE PRODUCTION OF *9V, ^Mo, 93mNb AND OTHER LONG-LIVED ISOTOPES
IN FUSION MATERIALS WITH 14 MeV NEUTRONS

L. R. Greenwood and D. L. Bowers*

Chemical Technology Division
Analytical Chemistry Laboratory
Argonne National Laboratory

Argonne, IL 60439 USA

Abstract

Results are presented for measurements of neutron cross sections for the
production of 49y (331 d) from vanadium and for 93M 0 (3500 a) and ^mHb
(16 a) from natural and 94Mo-enr1ched molybdenum targets near 14 MeV. The
targets were Irradiated at the Rotating Target Neutron Source II to fluences
up to 10*8 n/cn)2. Radiochemical separations were performed to separate the
desired nuclides from Interfering activities. Activity measurements were
then performed using x-ray counting techniques. Results are compared with
calculations and the measured cross sections are used to predict the level of
these activities 1n a first-wall fusion reactor material. Previous results
are also reviewed for similar measurements of the production of 55pe, 6 3 ^
59N1, 94ND, and ^Nb. Comparisons with theoretical calculations suggest
possible revisions of the halfUves of 59|m anc| 91|\|D.

This work was supported by the U.S. Department of Energy, Office of Fusion
Energy, under Contract W-31-109-Eng-38.
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The Production of 49V, 93Mo, 93mNb and Other Long-L1ved Isotopes
in Fusion Materials with 14 MeV Neutrons

L.R. Greenwood and D.L. Bowers
Argonne National Laboratory, Argonne, IL USA

Introduction

The production of long-lived activities in fusion reactor materials is of
particular interest to the disposal of fusion waste materials. In many cases
data are not available for reactions of interest and activities must be
estimated from theoretical calculations. We have thus undertaken to measure
many reactions of interest using lengthy irradiations at the Rotating Target
Neutron Source (RTNS) II with neutron energies between 14.6-14.9 MeV.
Analyses are then performed using a combination of radiochemical separations
and a mixture of counting techniques, including x-ray and gamma spectroscopy
and liquid scintillation counting. Results have been published previously
for a variety of isotopes [1-9]. These data have then been compared with
previous measurements and calculations and used to predict their production
in fusion reactor first-wall materials. In the present paper, new
measurements are presented for the production of 49V, 93Mo, and 93mNb and
previous results are reviewed.

Neutron Irradiations and Fluence Measurements

The neutron irradiations were conducted at the RTNS II facility at
Lawrence Livermore National Laboratory; this facility has now been
decommissioned. The neutron energy spectra were calculated as a function of
angle to the incident deuteron beam. Details of the calculation have been
published previously [1]. For the present irradiations, the average neutron
energy for the molybdenum samples was 14.7 MeV. These samples were the same
as those used in reference 1. The vanadium samples were irradiated as an
add-on experiment at an angle of 75° to the beam and the average neutron
energy was 14.3 MeV.

Neutron fluences were determined with dosimetry reactions irradiated and
measured along with the samples. For the longer irradiations, the
54Fe(n,p)54Mn reaction was principally used to determine the fluence. The
cross sections used for this reaction varied from 303 mb at 14.8 MeV to 348
mb at 14.3 MeV, as given in reference 2. These values are ultimately
traceable to the value of 463 mb assumed for the 93Nb(n,2n) reaction with a
nat uncertainty in the fluence values of about 5% [10]. For both
irradiations, many other samples and dosimeters were irradiated and a
complete fluence map was generated, as shown in reference 3.

Radiochemical Separations

The usual problem with measuring long-lived activities is that they
cannot be directly detected due to the presence of shorter-lived activities
from competing reactions or impurities in the target material. In the case
of vanadium, there were no strong impurities and separations were not
required. The samples were dissolved in HNO3 and a small aliquot was
deposited on a tantalum plate, evaporated to dryness, and covered with a very
thin mylar coating for x-ray analysis.
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In the case of molybdenum, radiochemical separations of Mo and Nb are
mandatory since the decay of both radioisotopes leads to the same Nb x-rays.
Furthermore, 9 3 M O decays to 9^Nb requiring a correction for this parent-
daughter relationship. The natural and ^^Mo-enriched samples were dissolved
in a teflon beaker with 8N HNO3-4N HF. A weighed aliquot from the
dissolution was taken to Hryness, dissolved in 6N HC1-0.1N HF and evaporated.
The residue was redissolved in 6N HC1-O.1N HF and placed on a preconditioned
anion-exchange column. The column (0.7 cm x 5 cm) was filled with Bio-Rad AG
MP-1 resin. The column was washed with about 15 mL of 6N HC1-0.1N HF. This
fraction contained the Nb; the Mo was adsorbed on the coTumn. The Mo portion
was then eluted from the column with about 20 mL of 4N HN(h-4N HF. Both
fractions were taken to dryness in teflon beakers, redissolveH, and small
aliquots were then taken for x-ray analysis.

The efficacy of the Nb-Mo separations could be determined in two ways.
For the Nb fraction, the samples contained 9*Nb (680 a), as reported in
reference 1. We were thus able to detect the 15.7 and 17.7 keV x-rays before
and after the separations to track the Nb fraction. For Mo, selected samples
were doped with a 99Mo tracer and the 140 keV gamma was detected before and
after each separation. The short half1ife of 2.75 days had the advantage
that we could then wait for the 99Mo to disappear before measuring the "3Mo
decays. In both cases, the Nb and Mo yields were 90% or better.

X-Ray Analysis

X-ray counting was performed with a thin, planar germanium detector
having a thin Be window. This type of detector has the advantage of a large
area and hence a high efficiency, when compared to silicon detectors, with
only a modest loss in resolution (about 0.5 keV). The detector was
calibrated with 55Fe and 93mNb standards obtained from the National Bureau of
Standards. Since the 49y x-rays have a lower energy than the 55pe standard,
secondary sources were used to determine the efficiency for ^9V with an
estimated uncertainty of 5%.

In both cases thin deposits were evaporated onto tantalum backing disks
prior to counting. For Mo and Nb, the x-ray energies are 16.6 (Kfl) and 18.6
keV (Kfl). The deposits for the separated Nb fractions were essentially
weightless and required no correction for self-absorption. The Mo fraction
deposits varied in weight from 1 to 5 mg/cm^ and the calculated self-
absorption correction was 2-5%. For vanadium, the deposits were held below 1
mg/cm^ with a maximum correction of 6% for x-ray self-absorption. In all
cases, samples were covered with very thin mylar (6 microns) with a
calculated x-ray absorption much less than 1%.

Analyses of Results

In the case of 49V, we summed the Ka and Kg lines at 4.5 and 4.9 keV
which were not fully resolved. The net branching ratio was taken as
0.1959*0.0170 and the halflife is 330*15 days[ll]. The samples were counted
about 500 days after irradiation with a counting rate of about 0.2 per minute
with an efficiency factor of 7.3%. The results are shown in Table I. The
cross section at 14.3 MeV is 258*39 mb. The uncertainties include 9% for
counting statistics and background subtraction, 5% for detector efficiency,
4.5% for the halflife, 8.7% for the branching ratio, 5% for the neutron
fluence.
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The analysis of the Mo and Nb samples is complicated by the fact that
93Mo decays to 93mNb and both radioisotopes decay with the same x-rays. The
intensity of the Ka x-ray at 16.5 keV is 62.0*2.3 % for

 93Mo and 8.98*.46 %
for 93mNb [11]. Taking into account the difference in halflives, the
specific activity of Nb is 31.5 times higher than Mo. Hence, any small trace
of Nb in the Mo will greatly increase the observed activity. This
correction, for Nb in the Mo, was determined to be less than 4% based on the
presence of 91Nb, as explained previously. There is also a correction to the
Nb data due to decay from Mo during the interval of nearly 4 years between
the irradiation and the present analysis. This correction to the 9 3 mNb decay
rate was calculated to be 2.5%.

The results are listed in Table I. Comparison of the natural and ̂ M o -
enriched molybdenum targets allows us to deduce cross sections for the
reactions 94Mo(n.2n)93Mo, 94Mo(n,d+np)93"iNb, Mo(n,x)93'"Nb( and95Mo(n,t+nd+2np)93mNb. The uncertainties include 20% for the halflife of
93Mo (3500*700 a) and 0.93% for the halflife of 93mNb (16.13*0.15 a). The

Table I: Production of Long-Lived Isotopes near 14 M e V

Reaction o-,mb Ti/2,y

50V(n,2n)49V

S8Fe(n,2n)55Fe

63Cu(n,p)6îNi

64Ni(n,2n)63Ni

60Ni(n,2n)59Ni

94Mo(n,p)94Nb

JVa'Mo(n,x)94Nb

«Mo(n,2n)91Mo(/9
+)91Nb

94Mo(n,2n)93Mo

94Mo(n,x)93mNb

95Mo(n,x)93mNb

JVatMo(n,x)93mNb

258±39

454±35

54±4

958±64

104±25

55±6

7.8±0.8

603±119

550±136

5.7±0.9

1.36±0.27

0.75±0.11

0.90

2.7

100.

100.

7.5xlO4

2.0xl04

2.0xl04

680.?

3500.

16.1

16.1

16.1
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neutron fluences are accurate to 5%, as given in reference 1, and the
standard has an uncertainty of 2.48J. Counting statistics varied between 1-
2%; however, the estimated uncertainties in chemical yields and scatter in
the data is about 10%. Hence, the net uncertainties are 25% for 93Mo and 15%
for 93mNb,

Comparison with Other Data and Calculations

None of these reactions have been directly measured previously. J.
Frehaut, et al. [12] have measured the (n,2n) reactions on natural vanadium
and molybdenum. For vanadium, they report a value of about 500 mb for the
V(n,2n) cross section near 14.3 MeV; however, this is overwhelmingly due to
the 51v(n,2n) reaction due to the low abundance of SOy, Their value for
Mo(n,2n) near 14.8 MeV is about 1109 mb; however, the abundance of ̂ ^Mo is
only 9.25% so their value is again dominated by other Mo isotopes.

The ALICE computer code [13] was used to calculate cross sections for
these reactions using a compound nuclear model including precompound effects.
The data are compared with the calculations in Table II and Figures 1-2. As
can be seen, ALICE tends to consistently overpredict the cross sections for
the (n,2n) reactions. The 50V and 94Mo(n,2n) C/E (calculated/experimental)
ratios are 2.8 and 2.5, respectively. The C/E value for the production of
Q3mNb from 94^0 is 2.0; however, ALICE does not separately identify cross
sections to isomeric states. No comparison was possible for the ™Mo
reaction to 93m^5 since ALICE does not include outgoing tritons and gave a
null result at 14 MeV.

Table II: Comparison with ALICE Calculations

Reaction
50V(n,2n)49V

56Fe(n,2n)55Fe

63Cu(n,p)63Ni

64Ni(n,2n)63Ni

60Ni(n,2n)S9Ni

94Mo(n,p)94Nb

92Mo(n,2n)91Mo(/3+)91Nb

94Mo(n,2n)93Mo

94Mo(n,x)93mNb

Ratio - C/E

2.8

1.4

0.91

1.2

6.0

0.82

0.33

2.5

2.0
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Figure 1. The measured cross section of V (circle) is compared to ALICE

calculations (solid line).
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Figure 2. Data for the production of 93Mo (circle), 94Nb (plus), and 9 3 mNb
(diamond) from 94f/|0 are compared with ALICE calculations (lines).
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The ALICE computer code was also used to compute cross sections for the
other reactions which we have measured previously. These results are shown
in figures 2-3 and also reported in Table II. As can be seen, the
calculations are in good agreement with the experiments for ^^Cu(n,p)^3Ni
(C/E = 0.91), 64Ni(nj2n)

63Ni (C/E = 1.2), 56Fe(n,2n)55Fe (C/E = 1.4), and
94Mo(n,p)94Nb (C\E = 0.82). As discussed in previous publications [2,8], the
Fe and Cu data are in reasonable agreement with other measurements.

In the case of 92Mo(n,2n)9lMo(/?+)9lNbf shown in figure 4, the calculation
is much lower than the measured value with C/E = 0.33. This is especially
unusual since ALICE overpredicts all of the other (n,2.i) reactions which we
have measured. As discussed in reference 1, our result is also much higher
than other measurements of ̂ Mo, although comparisons are complicated by
isomerism in both 9*Mo and 9lNb. One possible explanation for the difference
is that the halflife of 680*130 y [11] is not well-known. A value of 300
years or less would reduce the measured value accordingly to be in much
better agreement with the calculations and other data. A new measurement of
the halflife is recommended, although it is probably not possible to produce
adequate levels of 9*Nb to employ standard mass spectrometry techniques.

O

LU
CO
CO
CO

o
ccu

10 12 14
NEUTRON ENERGY,MeV

CO

Figure 3. Data for the production of u^Ni from "''Ni (circle) and °Cu
(diamond) and for 55Fe from 56Fe (plus) are compared with
ALICE calculations (lines).
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The measured cross section for the Mo(n,2n) Mo(3+) Nb reactions
(circle) is seen to be much higher than the ALICE calculations
(line), suggesting a lower halflife of about 300 years for 9l

Our measured value of 104 mb for the ̂^Ni(n,2n)59NÎ reaction also seems
to be quite low compared to other Ni isotopes and the comparison with ALICE
gives C/E = 6.0, as shown in figure 5. This discrepancy might also be
explained by the halflife which is only known to 7.5*1.3 x 10^ years [11]. A
value of 3 x 10^ years or longer would raise the measured value to about 400
mb, within the range of the calculations and systematics. Of course, the
problem could also lie with the x-ray intensity, although the value is
reportedly known to 5% [11]. We are planning to remeasure the halflife of
59Ni by a mass spectrometric technique since high levels of 59RI are easily
produced in thermal reactors.

Conclusions and Future Plans

These data can be used to determine the production of these isotopes in
fusion reactor materials. Table III lists the calculated activities for all
of our measured reactions using the STARFIRE [14] reactor design, assuming a
first-wall material composed of naturally occurring elements, an exposure of
21.6 MW-y/m2 (about 6 full power years), and a 3000 day cooling period. Such
values may be directly compared with other calculations and with requirements
for the disposal of materials in landfills or other repositories.

Measurements of long-lived isotopes in other neutron spectra are also in
progress. Experiments on various rare earth materials have also been
reported [15]. Other reactions have been studied in the Be(d,n) field at
Argonne, as described in reference 16. Additional materials have been
irradiated at RTNS II and we plan to determine production rates for the
reactions 14N(n,p)14c (5730 y), 9*Zr(n,2n)93Zr (1.5xio6y), and
93Nb(n,2n)S2Nb (3.6 x 10? y ) .
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Figure 5. The measured cross section for the 60Ni(n,2n)59Ni reaction (circle)
is seen to be much lower than the ALICE calculations (line)
suggesting a longer halflife of 3 x 105 years or more for

Table III: Fusion Activation Calculations
(STARFIRE Reactor, 21.6 MW-y/m2)

Material

Vanadium

Molybdenum

Iron

Copper

Nickel

Isotope

49 y

91Nb
93mNb

94Nb
93Mo

55F e

63N i

63N i

59N:

Activity, mCi/cc

2.8

243.
106.
0.77
28.

25,000.

1795.

227.
1.
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Activation with an Intense Source of Monoenergetic
Neutrons in the Range 8-14 MeV

R. C. Haight
Los Alamos National Laboratory

Physics Division
P. O. Box 1663

Los Alamos, NM 87545

Abstract

In the "difficult region" of neutron activation from 8- to 14-McV neutron energy, the
iH(t,n) source reaction is combined with a rotating, high pressure, hydrogen gas ceil
to produce an intense quasi-monoenergetic neutron flux with intensity of typically
4x 1CP neutrons cm-2 sec-l. This source is characterized by a strong peak at the
desired source energy with the neutrons kinematically focused in the forward
direction. The effects of breakup neutrons from triton interactions with the entrance
foil and the beam stop are small for many activation experiments.

INTRODUCTION

Activation cross section measurements for fusion reactor application are the subject of
NE AN DC and IAEA coordinated research programs. Although the production of many
first-order activation products can be calculated based on presently available data, the cross
sections for long-lived activation products are generally not well known. These
radionuclides are especially important in discussions of the disposal of radioactive waste
and in decommissioning of fusion reactors. The other concern is the production of unstable
species by higher-order reactions, most of which cannot be measured in present-day
laboratory experiments. Rather, their production cross sections must be calculated through
nuclear reaction model codes.

The goal of the facility described here is, first, to allow direct cross section measurements in
the neutron energy range 8 to 14 MeV of long-lived activities and, secondly, by providing
data in this range, to test nuclear model codes used to predict unmeasurable cross sections.

Neutron physics in the 8 to 14 MeV range has traditionally been difficult. Mono-energetic
neutron source reactions conventionally used (such as 2H(d,n) and 3H(p,n)) have large
contaminant groups usually from breakup of the beam projectile or the target nucleus. As
pointed out by Drosg1, however, the ^ ( t . n ) reaction avoids many of these problems and
has the advantage that the neutrons are kinematically focused forward to give higher source
strength. We are using this reaction with a rotating gas cell2 to provide neutrons in the 8 to
14 MeV range with fluxes of typically 4 x 109 n cm*2 sec 1 in typical volumes of 1 cm3.

EXPERIMENTAL

This facility is based on the triton beam at the Los Alamos Ion Beam Facility (IBF) and
uses a rotating gas cell to distribute the beam power over a larger entrance foil.
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At the IBF, the triton beam is produced in a duoplasmatron ion source using a mixture of
tritium and other hydrogen isotopes. After magnetic selection, the (negative) triton ions
are injected into an FN tandem Van de Graaff, which can accelerate them to a maximum
energy of approximately 20 MeV. For maximum intensity, the triton beam is not energy
analyzed but is extracted at zero degrees and focused onto the rotating gas cell. The triton
beam energy is deduced from a generating voltmeter reading of the terminal voltage of the
accelerator. The voltages are calibrated to beam energies by preliminary measurements
with the calibrated analyzing magnet. Beam currents of 6 to 10 microamperes are typical
although it is believed that more can be obtained by adjustment of source parameters at a
cost of less efficient tritium usage.

The rotating gas cell is described in Ref. 2. It consists of a stainless steel gas cell 46 mm
long with a 25 micron molybdenum entrance foil. As the cell rotates, the beam, which is
incident above the center of rotation, passes successively through different regions of the
foil. A supporting plate for the foil has nine holes through which the beam passes, one hole
at a time. Gas pressures of 1.1 MPa are typical in this cell.

Activation samples are placed on the beam axis and behind the cell. Samples placed close
to the cell experience a higher flux but also a wider neutron energy spread (for the same
size sample). For neutron energies near 10 MeV, the flux is given in Figure 1 for different
axial and radial locations and neutron energy spectra are given in Figure 2. For typical
source energies in the range 8 to 12 MeV and with samples of 2.5 cm diameter, the spread
of source energies is as given in Fig. 3. The values given in Figs. 1-3 are the result of
calculations made with the code of Drosg.3
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1. Calculated 10-MeV neutron flux per microampere of triton beam using the 1H(t,n) reaction and the
rotating gas cell pressurized to 1.0 MPa for two distances (z) behind the end of the cell and as a function of
distance (y) off the axis of the beam.
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2. Neutron energy spectrum 2 cm behind the gas cell for various lateral positions (y) from the beam axis.
Again the !H(t,n) reaction is used with the cell pressurized to 1.0 MPa.
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3. Neutron energy distributions near 8, 9, 10,11, and 12 MeV at a 2.S cm diameter sample placed 6 cm
behind the gas cell. Triton beam energies are indicated above the individual distributions.

RESULTS

Typical fluxes for activation experiments are 4 x 109 n cm"2 sec 1 over a volume of 1 cm3.
Results from the first activation studies with this facility are given in Refs. 4 and 5.
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MEASUREMENT OF ACTIVATION CROSS SECTIONS OF SHORT-LIVED NUCLEI
BY 13.4-14.9 MeV NEUTRONS

K. Kawade, A. Osa, H. Yoshida, M. Miyachi,
M. Shibata, Y. Gotoh, K. Katou, T. Yamada,
H. Yamamoto, T. Katoh, T. Iida* and A. Takahashi*

Department of Nuclear Engineering, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya 464-01, Japan
*Department of Nuclear Engineering, Osaka University,
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Abstract: Activation cross sections for the reactions leading to
short-lived nuclei with half-lives between 0.5 and 20 m were
measured to provide nuclear data required for fusion reactor
technology, up to now, 32 cross sections for (n,2n), (n,p),
(n,n'p) and (n,a) reactions have been obtained at neutron
energies of 13.4 to 14.9 MeV by the activation method using
the intense 14 MeV neutron source facility of Osaka
University (OKTAVIAN). Some attention was paid to measure
B+ emitters and y-rays efficiently in a short time. The
total errors were within 3.6% when good counting statistics
were achieved.
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1. Introduction
Neutron activation cross section data around 14 MeV have

become important from the viewpoint of fusion reactor technology,
especially for calculations on radiation damage, nuclear
transmutation, induced activity and so on. A lot of experimental
data have been reported and great efforts have been given to
compilations and evaluation. However, there are often
unexplained inconsistencies among the existing experimental data.

Recently activation cross sections have been measured
systematically and in good accuracy for 110 reactions on 26
elements by Ikeda et al.1) to provide more reliable data.

In this work we try to measure cross sections for the
reactions leading to short-lived nuclei with half-lives between
0.5 and 20 m, which have not been measured in reasonable accuracy
although they are important. Present experimental conditions are
described and some preliminary results are shown.

2. Experimental procedure

2-1. Neutron source and flux monitor
The d-T neutrons were generated by the intense 14 MeV

neutron source facility of Osaka University (OKTAVIAN). The
incident d+ beam energy and intensity were 300 keV and about 5
mA, respectively. A pneumatic sample transport system was used
for the irradiation of samples. The transfer time was about 2 s.
The angles of the irradiation position to the d+ beam were 0°,
45°, 75°, 95° 120° and 155°, which covered the neutron energies
ranged from 14.9 to 13.4 MeV. Another tube was also set at-95"
to examine the arrangement of pneumatic tubes. The distance
between the T-target and the irradiatin position was 15 cm. The
typical neutron flux was about 5xl07n/cm «s at the irradiation
position.

The neutron flux at the sample position was measured with
use of the 27A1(n,p)27Mg(^/2=9.46m) reaction, whose cross
sections were determined by referring to the standard
27Al(n,a)24Na reaction (ENDF/B-V).2) The samples were sandwiched
between two aluminum foils of 10 mm x 10 mm x 0.2 mm1.

The effective reaction energy of incident neutrons at each
irradiation position was determined by the ratio of the 90Zr
(n,2n)89Zr(3.27d)3) and 93Nb<n,2n)92mNb(10.15d)4) cross sections
(Zr/Nb method5)). Since each position of pneumatic tubes is
mutually arranged in good accuracy, the effective d energy was
chosen as a fitting parameter in the relativistic calculation of
d-T neutron energy. A fitting result obtained for Ed = 130 keV
is shown in Fig. 1. The uncertainty in the neutron energy is
estimated to be ±50 keV.

2-2. Activity measurement

2-2-1. Ge detector
Gamma-rays emitted from the irradiated sample and monitor

aluminum foils were measured with 12% HpGe(1.75 keV FWHH at 1333
keV) and 16% HpGe(2.00 keV), respectively. Each detector was
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covered with a 5 mm thick acrylic absorber in order to suppress
3-rays. The peak efficiency calibration at 5 cm was accomplished
by using sources of t4Na, 5°Co,. ^-''Ba, 152Eu and 154Eu.
Corrections for true coincidence sums were applied. The errors
in the efficiency curves are estimated to be 1,5% above 300 keV,
3% between 300 and 80 keV, and 5% below 80 keV.

To measure efficiently induced low-level activities, the
samples were put on the absorber surface (source-to-detector
distance is 5 mm). To convert the efficiency at 5 mm to the one
at 5 cm, calibration measurements were carried out at both
distances by using extra samples irradiated with rather strong
neutron flux. The ratios of the efficiencies at 5 mm and 5 cm
are shown in Fig. 2. Single Y-ray emitters (open circle) are on
a smooth curve, while a cascade Y-ray emitter (closed circle) is
below the curve owing to a sum effect. This method improved the
detection efficiency by a factor of about 7, although the
calibration procedure brought an additional error of 1.0% to the
results.

Detection efficiency on the front surface was examined by
using a source of 85Sr (514 keV Y-ray). Figure 3 shows that an
uncertainty of ±0.3 mm in the sample position brings an error
less than 0.3%.

2-2-2. Measurement of (3+ emitters
The g+ activities of radionuclides emitting almost no Y-rays

were measured by detecting 511 keV annihilation Y-rays. The
irradiated sample was set between two 10 mm thick acrylic plates.
Efficiencies for the 511 keV annihilations were measured as a
function of thickness of the rear 3+ absorber (see Fig. 4).
Beta-rays with energies less than about 3.4 MeV were fully
stopped in the 10 mm thick plate. Next, an effect due to 3
broadening in the absorber was examined by comparing efficiencies
at 0.5 cm (or 5 cm) and at 20 cm for a Y-ray source and 3+

sources. Beta sources at 20 cm can be almost regarded as point
sources in comparison with the ones at 0.5 cm (or 5 cm). The
source of 85Sr (514 keV Y-ray) and g+ sources of 68Ga (Emax =
1.90 Mev), 62Cu (2.93 MeV) and 9lMo (3.42 MeV) were used. The
62Cu(Tj/2 = 9.74 m) and 9lMo(15.49 m) sources were produced by
the (n,2n) reactions. As seen in Pig. 5, g+ sources with maximum
energies up to about 3.4 MeV can be regarded as 511 keV Y sources
without broadening with an accuracy of 1.0%.

2-3. Decay data g.
in Table I, measured reactions and associated decay data

of the half-life (T1/2), the Y-ray energy (Ey), the absolute
intensity in photons per disintegration (Iy) are listed together
with the Q values (MeV) and the fractional contribution of low
energy neutrons (FC) discussed later.

2-4. Corrections
The following principal corrections in deducing cross

sections were made.
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2-4-1. Fluctuation of the neutron flux
A multi-channel scaling measurement(MCS) was carried out at

intervals of 3 s or 6 s with a fission counter to monitor the
fluctuation of the neutron flux. As seen in Fig.6/ the
corrections for activities with half-lives of about 10 m almost
cancelled out, since the reaction of 27Al(n,p)27Mg(T,,, = 9.46 m)
was used as a flux monitor.

2-4-2. Fractional contribution of low energy neutrons
The incident neutron spectrum is not monoenergetic, but it

shows low energy components below the d-T neutron peak owing to
scattering as shown in Fig.7. The spectrum was taken at 70u

with respect to d+ beam direction by two crystal method
(12C(n,n') peak was removed in the spectrum).

To determine accurately cross sections around 14 MeV,
contributions of low energy neutrons should be taken into
account. Especialy (n,p) or (n,a) cross sections are strongly
affected, because such reactions have low Q values. A cut-off
energy (E ) was set on 10 MeV. The low-energy components were
about 15%. The fractional contribution of low energy neutrons to
total reaction rates (FC) was calculated by

E E
FC = TC <t,(E<).a(E.) / { Y0 •(E<).o(BJ + <f> -av}

Ei=0 * x E^O X X X X

where 0(E.) and <f>x are neutron flux at E. and E , respectively,
and o(E.) and ox are cross sections at Ei and E . Here we
assumed that neutrons above Ec are nearly monoenergetic with an
energy E . A correction factor (fs) for the FC is given by

fs = <1 - FC(n,x)}/Q - FC(n,a)} ,
where FC(n,x) and FC(n,a) are the FCs for the (n,x) reaction of
interest and the standard 27Al(n,a)24Na reaction, respectively.
The FCs were calculated by using excitation functions from
JENDL-38) and Yamamuro's calculations9). The results are listed
in Table I and are shown in Fig.8 as a function of the slope of the
excitation function at 14MeV(C(Aa/AE)/a] at 14 MeV). Because they
are on a smooth curve, this curve serves to estimate the FC when
the excitation function is not known.
?7 The cross sections obtained at OKTAVIAN and FNS for the
Al(n,p)27Mg reaction are compared in Fig.9. The low energy

components at FNS are estimated to be about one seventh of the
ones at OKTAVIAN. Both results agree well after corrections.

2-4-3. Sum effect
When activities decay by emitting cascade y-tays, true

coincidence summing may happen. A total efficiency at 5 cm was
measured by using calibrated sources of 54Mn, 57Co, 65Zn and
1 3 7Cs. The sum effect is still of order of 1 to 2%.

When counting rates are over 1 kcps, pile-up losses due to
random coincidence summming are not negligible as shown in
Fig.10. Since counting rates are usually less than 1 kcps, the
corrections are small.

2-4-4. Thickness of sample
When a sample has a thickness of t(mm), the correction
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factor (frt) is given by , 0
f = (4.90 + 0.5t + x ) z / (4.90 + x ) l ,

where 4.90 is an accurate value for 5 mm thick 3 absorber anC x
(mm) is an effective length10) determined from the ratio of
efficiencies at 0.5 cm and 5 cm. Here, it is assumed that the
detector efficiency is inversely proportional to the squared
distance. The calculated correction factor for single Y emitters
is shown in Fig. 11.

2-4-5. Self-absorption of Y-ray
Since the source-to-detector distance is 5 cm, and the

thickness of the sample is usually less than 100 mg/cm2, the
one-dimentional treatment is reasonably accepted. The correction
factor (fa) is given by

fa = 1/(1 - 0.5 out)
where a is the density of the sample (g/cm ) , t is thickness (cm)
and y is the mass absorption coefficient (cm2/g).

2-4-6. Interfering reaction
When the same activity is produced in the sample by two

different reactions or the different activities emitting Y-rays
with the same energy are produced, the interfering contribution
should be removed.

2-5. Error estimation
The total errors (<St) were derived by combining the

experimental error ( <S ) and the error of nuclear data (6 ) in
quadratic:

&t2 = ôe2 + 6r2 m

Estimated major sources of the errors are listed in Table II.
When good counting statistics were achieved, the experimental
error and the total error were 2.0% and 3.6%, respectively.

3. Results and discussion
Up to now 32 cross sections for (n,2n), (n,p), (n,n'p) and

(n,a) reactions have been measured. Some of the results are
shown in Fig. 12. It is possible to measure cross sections with
an order of 1 mb using the system described here. Now the
measurements are in progress to provide cross sections for more
than 100 reactions.
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between Nagoya University and Japan Atomic Energy Research
Institute and was partially supported by a grant-in-aid of the
Ministry of Education, Japan. Mrs. S. Mori is also thanked for
her typing the manuscript.
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Table I Reactions and decay parameters

Reaction
1 4N(n,
26Mg(n
2 7 AKn
2 8 S i ( n
3 0 S i ( n

(n
3 1 P ( n ,

(n,<
3 7 Cl(n
5 1V(n,j
5 2Cr (n

2n)1 3N
,«) 2 3Ne
,p)27Mg
,P>28A1
,a)27Mg
,np) 2 9 Al
2n) 3 0P

, ) 2 8 A1
, P ) 3 7 s
p)5 1Ti
, p ) 5 2 V

5 3 Cr(n f p) 5 3 V
(n

5 4 Pe(n
55Mn(n,
6 2 Ni(n,

(n,
6 3Cu(n (
6 5Cu(n,
6 6Zn(n,
6 7Zn(n,
6 8 Zn(n,
8 8 S r ( n ,
9 0 Z r ( n ,
9 4 Zr(n,
92Mo(n,

Cnf

<n,
97Mo(nf
98Mo(nf

1 1 3 T n , nIn (n,
<n,

2 7 A l ( n ,

r np) 5 2 V
,2n) 5 3 g Fe
,a) 5 2v
,p)6 2 mC0
,p) 6 2 g Co
,2n)6?Cu
,a)62mco
,p)66Cu
,np)66Cu
,p)68raCu
p)8 8Rb
2n)8 9 mZr
p)9 4Y
2n)91mMo
2 n ) 9 1 % o
a) 8 9 m Zr
p)97mNb
np)97mNb
2 n ) 1 1 2 m l n
2 n ) 1 1 2 9 l n
a ) 2 4 N a e )

T

9

37

9

2

9

6

2

2

5

5

3

1

3

8.

3,

13 ,

1.

9.

1 3 ,

5 .

5 .

3 .

1 7 .

4 .

1 8 .

65s

1 5 .

4 .

1 .

1 .

2 0 .

1 4 .

1 4 .

1/2

.96m

. 6 s

.46m

.241m

.46m
,56m
.50m
.241m
.05m
.76m
.75m
.61m
.75m
,51m
.75m
,91m
.50m
,74m
.91m
,10m
,10m
,75m
8m

18m

7m

!

49m

18m

Om

0m

9m

4m

959h

Ey (keV)

511 d )

439.9
843.8

1779.0

843.8
1273.4

5 1 1 d )

1779.0
3104.0

319.7
1434.1
1006.2
1434.1

377.9
1434.1
1163.5

1129.1
511 d )

1163.5
1039.4
1039.4

525.7
1836.0

587.8
918.8
652.9
5 1 1 d )

587.8
743.4
743.4
155.5
5 1 1 d )

1368.6

IY(%)

199.62
32.9(10)
73(1)

100

73(1)
91.3

200

100

94.2(6)
93.0(4)

100

90(2)
100(1)

42(8)
100(1)

68.1(14)
11.3(7)

195.6
68.1(14)

7 .4(1 .8)
7 .4(1 .8)

75(15)
21.4(12)
89.5(9)
56(3)

48.2(13)
168.2
89.5(9)
97.95(10)
97.95(10)
12.8(4)
44
99.994(3)

Q(MeV)b)

-10

- 5

- 1

- 3

-4

-13

-12

- 1

- 4

- 1

- 3

- 2

- 1 1

-13

- 0

-4

- 4

-10

0,

- 1 ,

- 8 ,

- 4 .

- 4 ,

- 1 1 .
- 4 .

- 1 3 .
- 1 2 .

3 .

- 1 .

- 8 .

- 9 .

- 9 .

- 3 .

.55

.41

.83

.86

.20

.51

.31

.94

.08

.69

.19

.65

.13

.38

.62

.48

.46

.85

.89

.86

.91

.56

.53

.98

,10

,33

68

70

89

39

59

44
13

PC

0

2

6

4

1

0

0

3

3

2

3

0

0

0

0

0

0.

0

0.

3,

0

0.

0.

0

0 .

0

0

1 .

1 .

0

0

0

2 .

(%)C>

.1

.2

.4

.9

.5

.2

.4

.2

.8

.7

.3

.3

.1

.0

.2

.1

4

0

0

1

a) (n,np) means [(n,d)+(n,n'p)+(n,pn)].
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(Table I continued)

b) Q(n,n'p) is given here. Q(n,d)=Q(n,n'p)+2.225 MeV.
c) Fractional contribution of low energy neutrons, see the text.
d) Annihilation yray from 3+.
e) Standard reaction (ENDF/B-V) used in this work.

Table II Principal sources of uncertainty in the measured cross
sections

Experimental error (5e)

Source of error Uncertainty (%)

Counting statistics

Sample mass including purity

Neutron flux fluctuation

Gamma-peak area evaluation

Detector efficiency

Efficiency calibration at 0.5 and 5 cm

Correction for true coincidence sum

Correction for random coincidence sum

Correction for sample thickness

Correction for self-absorption of y-rays

Correction for low energy neutrons

Secondary reference cross section for
27Al(n,p)27Mg

1.5(E

~ 80

0 .

Y2300

keV) ,

5
0

0

- 40
. 1

.5

keV) , 3

5

<0

<0

0

0 -

(EY<80

1.0

.5

.5

.5

- 1 . 0

(300

keV)

30% of corrected amount

0.5 (only statistics)

Error of nuclear data

Source of error Uncertainty (%)

Reference cross section for
27Al(n, a)24Na(ENDF/B-V)

Absolute Y-ray intensity

Half-life

3.0

0-24

0-5
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IMPROVED NEUTRON FLUENCE ACCURACIES
IN ACTIVATION EXPERIMENTS

Horst Liskien

Commission of the European Communities,
Joint Research Centre,

Central Bureau for Nuclear Measurements,
B-2440 Geel, Belgium

Abstract:

The more recent activation cross section work at CBNM Geel has
been performed in cooperation with KFA Julich and IRK Vienna. At
present two articles are in print which result from these cooperations.
Here I highlight two aspects of improved accurate neutron fluence
determinations: (1) The correct averaging of two sets of independent
fluence results - obtained by a recoil proton method and by aluminium
activation - taking into account the necessarily existing correlations; and
(2) a method to determine more accurately the neutron source position by
using the activity ratios of symmetrically exposed samples and a-priori
information on the neutron source property and the excitation function.
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1. General

Due to man-power shortage activation cross section work at CBNM
Geel has been performed since several years only in cooperation with
KFA Julich and IRK Vienna: Irradiations with quasi-monoenergetic
neutrons and fluence determinations via recoil proton methods occurred
in Geel, activity counting in Jûlich and Vienna, respectively. At present
two articles are in print which result from this cooperations:

— "The Excitation Function for the Reaction 52Cr(n,2n)" by H.Liskien,
M.Uhl, M.Wagner and G.Winkler, which was accepted by Annals of
Nuclear Energy [1], and

— "Excitation Functions of (n,p) and (n,a) Reactions on Molybdenum
Isotopes" by H.Liskien, R.Wôlfle, R.Widera and S.M. Qaim, which
was accepted by the International Journal of Applied Radiation and
Isotopes [2].

The purpose of my presentation is not to present thu above
cooperative work, but to highlight two aspects of accurate neutron fluence
determinations in such experiments. I therefore show - only as an
example - two cross section results.

The chromium work was triggered by a discrepancy above 15 MeV
between theoretical calculations and the two available experimental
excitation functions, one of which published rather recently [3].The upper
part of Figure 1 shows our results for Cr(n,2n) Cr (28 days), which
agree well with theoretical results from ORNL [4] and calculations from
M.Uhl based on direct inelastic scattering, on preequilibrium emission
and on sequential evaporation from the equilibrated compound nucleus
[1].

The molybdenum work concentrated on activation products with
half-lives in the range 0.7 to 70 days and provides excitation functions in
the 12.5 to 19.6 MeV region. The following eight reactions where
observed:

92Mo(n, a) 89Zr, 92Mo(n,p)92mNb,
92Mo(n,np)91mNb, 95Mo(n,p) 95*Nb,
95Mo(n, p)95mNb 96Mo(n,p) 96Nb,
98Mo(n, a) 95Zr 100Mo(n,a) 97Zr.
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Figure 1 : Examples of recent cross section results from the cooperations
CBNM Geel/IRK Vienna and CBNM Geel/KFA Jûlich.
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Figure 2 shows the results for 98Mo(n,a)95Zr (64 days). Together with
earlier work from Julich below 10 MeV [5] there is now a complete
excitation function available. The curve shown is an eye-guide curve.

2. Correct averaging of fluence results

In the molybdenum work the 15 irradiated metallic samples were
disks 20mm 0 x 5mm, which were suspended from a graduated circle
with a nominal radius of 82.9 mm, the centre of which was adjusted above
the nominal source position. The samples were arranged symmetrically to
the ion beam direction and sandwiched between two 20mm 0 x lmm
aluminium sheets. We applied two independent methods to determine the
neutron fluence averaged over the sample volume :

The first set of 15 results (4>i) was obtained by determining the
neutron fluence at 0° with a proton recoil telescope, thus relying on the
n-p scattering cross section [6]. Knowing the source-sample geometry and
the angular distribution of the source neutrons and correcting for neutron
absorption and scattering in the target holder and within the samples
themselves allowed then the calculation of the neutron fluence averaged
over the sample volume.

The second set of 15 results ($2) was obtained by determining by
means of a calibrated Ge(Li)-detector the 24Na activities induced in the
aluminium sheets which sandwiched the samples, thus relying on the
well-known Al(n,a)-cross section [7]. Here it is interesting that the
deviation of the two activity results from a simple 1/r -law allows a check
on the sample absorption and scattering corrections. There is a bias of
typically 2.7 % (well within the expected uncertainties) between the two
sets, the results based on aluminium activation being higher.

The problem is now to obtain best values for the 15 averaged
fluences, that is, to properly average the two available sets $i and (J>2 to
obtain the 15 element output vector <J>0 by a linear least-squares fit [81. If
we construct a 30 element input vector $12 by simply catenating the
vectors <|>i and 4>2> then the expectation value for element i and i +15 (i = 1
to 15) is the same. That means the sensitivity matrix (S) of 15 x 30
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elements is simply two unity matrices catenated along their first axis.
The solution is then given by

4>0 = ( ST * COV4>i2 ~u S ) ' u ST * COV4>12 -
1* 4>i2

rp

where stands for matrix transposition, * for matrix multiplication, and
for matrix inversion. In this case it makes no difference if or not a

relative-difference approach is applied and if then <j>i or 4>2 a r e used as
prior-estimates. All these operations were performed in APL*PLUS on a
personal computer. Due to its special multiplication features, this
language is also best suited to calculate the covariance matrix COV(J>i2-
There are no arguments to assume any correlation between the two sets
4>l and 4>2- Therefore the 30 x 30 element covariance matrix COV4>i2
consists out of the two 15x15 element covariance matrices

COV4>k = 2 , CORR, x ( AE, °.x AE, ) k=i,2

the rest being zeros.The summation runs over all possible uncertainty
contributions 1. °. x is the external (multiplication) operator multiplying
each element of the partial uncertainty vector AE, with any element of
AE,. x is an operator multiplying each element of the correlation matrix
CORR, with the corresponding element of the matrix AE, °. x AE,.

The uncertainties involved in the fluence determination via the
proton recoil telescope show three different kinds of correlation pattern:

(1.1) The uncertainty of the telescope measurement (±2.7%) which is
common to all 15 results,

(1.2) the uncertainty of the source-sample distance (±2.6%) which we
assume to be uncorrelated,

(1.3) the uncertainty of the angular distribution of the source neutrons
(±0.8% to ±2.6%) and its distortion by the target holder (±1.1%
to ±4.1%, the uncertainty of ± 4.1% holds only for one sample pair
which is mounted nearly in the plane of the target backing and
therefore is affected by a big and uncertain scattering- and
absorption scattering correction). For this we assume full
correlation for symmetrically positioned samples and no
correlation otherwise, even if neighbouring angles are involved.
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This results in typical fluence uncertainties between 3.9 and 4.8 %.

The uncertainties involved in the fluence determination via the
aluminium activation again show three different kinds of correlation
pattern:

(2.1) the uncertainty of the 24Na activity counting efficiency ( ±3.8%)
which is common to all 15 results,

(2.2) the uncertainty of the 24Na activity counting statistics ( ±1.0% to
± 1.3%) with no correlation,

(2.3) the uncertainty in the 27Al(n,a)24Na monitor reaction ( ±0.3% to
±3.2%) with a correlation matrix which resulted from the
evaluation work of Tagesen and Vonach [9], Symmetrically
positioned samples are fully correlated, otherwise there are
coefficients between 0 and 0.4.

This results in typical fluence uncertainties between 4.0 and 5.1 %.

The covariance of the averaged fluences 4>0 is given by

COV4>o =(ST*COV4>12-1*S)-1,

which may be split into an uncertainty vector AF with

and a correlation matrix C0RR4>0 with

CORR$O (i, j) = COV$O (i, j) -[COV^ (i, i) COV<j)o (j, j)] " *.

The averaging procedure results in accuracies in the 2.5 to 3.1 % range
with a x2 of 3.9. Due to the existing correlations some of the averaged
fluences lie outside the interval formed by the two corresponding input
fluences.
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3. Determination of the exact neutron source position

Using an aluminium sample holder ring of 99 mm radius the 24
metallic samples (16x8x0.8 mm) from the chromium work were also
arranged symmetrically relative to the ion beam direction. It is evident
that in the case of neutron fluence determination via a proton recoil
telescope a better knowledge of the source-sample geometry leads to more
accurate neutron fluences at the sample position. Therefore we
determined more accurately the neutron source position by using the
activity ratios of symmetrically exposed samples and a-priori information
on the neutron source property and the excitation function:

If the true source position agrees with the nominal source position
then the activity ratio A[ of any symmetrically positioned sample pair is
unity, independently of the nominal neutron emission angle (aj) and the
nominal source-sample distance (R). A source displacement will change
this ratio not only by the new source-sample distances (rri and rji), but
also indirectly via the new neutron emission angles (ari and a\0 by the
changed neutron intensity (I) and energy (E):

Rli2-I(ari)-o[E(ari)]
Ai =

If we denote the source displacement in ion beam directions as x and
in perpendicular direction as y, then we find for the two new distances

Rli2 = R2-[(cosai - x/R)2 + (sinai - y/R)2],

and
Rri2 = R2-[(cosai - x/R)2 + (sinaj + y/R)2l-

If we denote the combined sensitivity of source intensity (I) and cross
section (a) against changes in emission angle ai as K,, then we find
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inai -2-x-R-cosa,+y2

{R2- 2-yR-sino.i -2-x-R«coscii

or to a good approximation

X'sina; - ycosa;
Aj = {1 + 4-y/R-sinajH 1

R - x-cosaj

The twelve activity ratios Ai were determined experimentally for each
sample pair. The needed sensitivity factors Kj were calculated from the
known T(d,n) He reaction kinematics and the known angular
distribution [10], and the theoretical excitation function for the
52Cr(n,2n)51Cr reaction as calculated by Uhl [1]. With this input data the
source displacement can be calculated by a least-squares procedure from
the above expression. The result obtained was

x = ( 0.24 ± 0.16 ) mm and
y = ( 0.60 ± 0.10 ) mm

with a correlation factor of 0.54.
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MEAflTODŒMT OF THE TI-47(H,P)SC-47 RKACTIOM CROSS SICTIOH
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ABSTRACT

In the neutron energy range between 1.2 and 8 MeV, the cross
section of the reaction Ti-47(n,p) was measured relative to the
fission cross sections of U-235(n,f) or U-238(n,f). In parallel,
the integral response of this reaction in a Cf-252 and a U-235
neutron spectrum was experimentally determined. All experiments
were related to a common radioactivity counting detector. Final
numerical data figures are given. A complete uncertainty
covariance matrix of this experiment has been derived from the
analysis.
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IMTKODOCTIOH

It was the aim of the present work to investigate the reason
for a 25 % discrepancy between the differential and the integral
data of the Ti-47(n,p) reaction. For this purpose simultaneous
experiments with differential (o(E) data) and integral data were
carried out. The differential work was done at ANL and the
integral work at PTB. The well-established procedures remained
unchanged in both kinds of experiments. The only departure from
the method used in previous work was that the radioactivity
determination was related to a common detector calibration. The
present results confirmed that this was the crucial point and
revealed previous problems in precisely calibrating a Ge(Li)
detector at the low photon energy of Sc-47 of 159.4 keV.

The present work supersedes a previous publication [1] and
was undertaken mainly to release final numerical data figures
and their uncertainties for future evaluation purposes. A
computer file with all numerical data and in particular, the
complete covariance matrix of this experiment, is available upon
request.

EXPERIMENTAL PROCEDURE

Differential measurements
The experiments were performed at the ANL Fast Neutron

Generator facility. Details of the method can be found in Refs.
[2] and [3] (and the references cited therein). Fast neutrons in
the 1.2 to 4.3 MeV energy range were produced by the Li-7(p,n)
reaction and 7 to 8 MeV neutrons were obtained using the D(d,n)
reaction. Lithium targets with thicknesses corresponding to
energy losses of 100 keV and 200 keV (for E p = 1.88 MeV), and
mounted on 0.25 mm thick tantalum backings were used. The
thinner targets were only used for the neutron production below
2 MeV. The deuterium gas target, 2.54 cm in diameter and 2 cm
long, was pressurized at 2000 hPa and was evacuated when
background measurements were performed. The neutron energy scale
was calibrated with protons by observing the thresholds for the
Li-7(p,n) and B-ll(p,n) reactions.

Disk samples of natural titanium metal, 2.54 cm in diameter
and 1.8 mm thick, with a nominal purity of 99 %, were attached
to a low-mass fission chamber placed at zero degrees at a
distance of about 4 cm from the neutron-producing target. The
fission chamber acted as the neutron fluence monitor. Enriched
fission deposits, 2.54 cm in diameter, fabricated by electro-
deposition on stainless steel plates were used. The neutron
fluence below 1.9 MeV was measured with U-235 deposits (93.25 %
enriched) and at higher energies with a U-238 deposit (almost
100 % enriched). For each sample, the duration of irradiation
was between 1 and 6 hours with typical incident beam currents of
13 uA.

- 122 -



In the sample position, the resolution (FWHM) of the inci-
dent neutron distribution was typically 70 keV below 1.9 MeV,
90 keV between 2.0 and 5.3 MeV, and 170 keV between 7 and 8 MeV.
To investigate the validity of some anticipated structures in
the Ti-47(n,p) cross section between 1.2 and 1.5 MeV and between
2.1 and 2.8 MeV, additional experiments with improved resolution
were carried out in both energy ranges. In these experiments,
lithium targets of 50 keV and 100 keV were used instead of the
above-mentioned ones. To compensate for the lower neutron
fluence, titanium samples of twofold thickness were used. In
these experiments the typical neutron energy resolution was
35 keV and 55 keV. The data obtained from these experiments were
regarded as shape data and were normalized by comparing the
corresponding energy integrals with those of the normal resolu-
tion data.

The activated titanium samples were measured at ANL with a
Ge(Li) detetor calibrated relative to the primary PTB detector
(see below). The decay parameters of Sc-47 used [4] were
(3.351 ± 0.002) days for the half-life and 0.690 ± 0.007 for the
photon emission probability. A value (7.4 ± 0.1) % was adopted
[5] for the isotopic abundance of Ti-47.

Cross section ratios relative to U-235(n,f) and U-238(n,f)
were derived from the experimental data. Corrections were
applied to account for diverse effects: solid angle and geometry
effects, neutrons from secondary energy groups and from break-up
reactions, background from the empty gas cell and from the
tantalum backings, neutron absorption and elastic and inelastic
scattering, fission fragment losses in the fission chamber,
contributions due to low-energy neutrons and fission events from
minor isotopes (U-235 deposit), activity decay and counting
geometry effects, and photon absorption in the samples.

Integral measurements
Spectrum-averaged neutron cross sections of Ti-47(n,p) were

measured in the PTB Cf-252 neutron field and a U-235 neutron
field at the Belgium reactor BRI at Mol. Details on the exper-
imental procedures are documented elsewhere [6 - 8].

In the integral experiments, the titanium samples were
1.0 cm in diameter and 0.25 mm thick with a nominal purity of
99.6 %. In both integral experiments the Ni-58(n,p) reaction was
used as a neutron fluence monitor. The integral values of
Ti-47(n,p) were obtained using the well-established integral
cross section of Ni-58(n,p) of (109 ± 3) mb [8] and
(117.6 ± 1.5) mb [9] in the U-235 and the Cf-252 neutron field
as a basis. Besides the photopeak efficiency calibration, the
main uncertainty contributions in the Cf-252 (U-235) experiment
were the correction for neutron field perturbation and scatter-
ing effects of 1.0 % (1.5 %) and the neutron fluence determina-
tion of 1.3 % (2.8 % ) .

- 123 -



The Ge(Li) detector used for the integral measurements and
located at PTB was also the primary detector used in the differ-
ential experiment. Special effort was made to calibrate this
detector precisely at the low photon energy of 159.4 keV of
Sc-47. Due to the lack of suitable monoenergetic radioactive
standard sources in the energy range between 120 keV and
280 keV, it is difficult to exactly determine the complex shape
of the efficiency curve in this range. This problem was circum-
vented by using a calibrated standard source of Ce-139. This
nuclide emits a single photon of 165.9 keV. The difference in
the photopeak efficiency between Ce-139 and Sc-47 is about 1 %
and can be determined without loss of precision, even when the
shape of the efficiency curve is not so well known. The Ce-139
standard source was calibrated at PTB using the coincidence
technique [10].

All this resulted in a 1.5 % uncertainty of the photopeak
efficiency of the PTB detector. Sample size and photon absorp-
tion corrections increased this value to 1.7 % for the samples
from the integral experiment. With the same detector and the
same geometry, one of the activated large samples from the
differential experiment was also measured. This sample acted as
a transfer instrument to calibrate the ANL detector. Due to
larger sample size corrections, the efficiency uncertainty
became 2.1 % and from the combination of this value with the
other uncertainty components of the transfer process, a final
uncertainty value of 2.5 % was obtained for the photopeak
efficiency calibration of the ANL detector.

Uncertainty analysis
In all, at 67 different neutron energies, the ratios of the

Ti-47(n,p) cross section relative to U-235(n,f) or U-238(n,f)
were determined. Making a complete uncertainty analysis was an
involved procedure for these data. A total of 18 independent and
non-negligible uncertainty components was identified. Of these
contributions, 7 were of a random and 11 of a systematic nature.
In Table I these uncertainty sources and their contributions to
the total uncertainty are listed. The random component comprises
the sample activity counting, the fission events counting, the
fission extrapolation correction, the fission background correc-
tion, the sample background activity, the nonuniformity of the
sample activity and the geometrical reproducibility. Based on
the experimental procedure, a unique correlation pattern was
established for each of the systematic uncertainty components.
The information necessary for this can normally be grouped in a
relatively compact form. However, a complete documentation of
the generation and particularly the representation of the final
covariance matrix, would clearly exceed the volume of this
paper.

It should be borne in mind that the purpose of such a covariance
matrix is to define clear "error propagation" rules which are
needed for further data evaluation. Matrices of the dimension
found in the present experiment can easily be handled
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Table Ii List of uncertainty components

Uncertainty sources

Random:

All random components

Systematic:

1. Fission deposit mass
2. Sample Ti content
3. Fission deposit thickness correction
4. Low energy neutron fission
5. Calibration procedure
6. Ti-47 isotopic abundance
7. Sc-47 decay scheme
8. Neutron source effects
9. Neutron absorption and scattering

10. Sample and uranium deposit
solid angle

11. Neutron energy scale definition

Total:

Range of
contribution

2.1 - 10.7 %

1.1 - 2.0 %
0.2 - 0.4 %
0.2 - 0.9 %
0.0 - 0.4 %
1.7 - 4.7 %

1.4 %
1.0 %
2.0 %

1.0 - 1.5 %
1.5 %

0.4 - 5.7 %

5.2 - 12.7 %

The value of 4.7 % is valid for the high resolution shape data
and includes the normalization uncertainty

within a computer system but are bulky for graphical representa-
tion. However, it seems worth explaining at least the principles
of the generation with a selected example of the present uncer-
tainty analysis.

The example is based on the systematic uncertainty component of
the fission deposit mass determination. In the present experi-
ment two types of deposits were used: a U-235 deposit with a
mass uncertainty of 1.1 % and a 0-238 deposit with one of 2.0 %.
Due to the fact that the mass determination of the U-238 deposit
is related to that of the U-235 deposit, the 1.1 % uncertainty
component is common to both deposits. This information is
summarized in Table II. It means that all experimental data
measured with the U-235 deposit are 100 % correlated, and the
same is valid for the data measured with the U-238 deposit.
Between two data points measured with different deposits the
degree of correlation is 55 %. The easiest way to transform the
compact information in Table II to the relative covariance
matrix of the present experiment is to supply each data point
with an identification tag indicating the type of deposit used.
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Table II: Uncertainty components of the fission deposit mass
determination

Deposit

U-235
U-238

Rel. Std. Dev.
%

1.1
2.0

Correlation matrix

1.00
0.55 1.00

Table III: Example of the uncertainty combination

c
c
c
c
c

* DEMO FOR GENERATION OF A RELATIVE COVARIANCE MATRIX C(I,K)
* THIS EXAMPLE SHOWS THE COMBINATION OF THE RANDOM AND
* ONE SYSTEMATIC (FISSION DEPOSIT MASS) COMPONENT

PROGRAM COMBINATION

PARAMETER (ND=67)
PARAMETER (NC=2)

Number of data points
Number of fission deposits

DIMENSION C(ND,ND),E(ND),RATIO(ND),STAT(ND),ID(ND)
DIMENSION RSD(NC)

c
c
c
c
c
c
c

c
c
c

* INPUT DATA
* E (I)
* STAT(I)
* ID (I)
*

*

*
Neutron energy , RATIO (I) : Experimental ratio *
Random uncertainty in relative units *
Identification of fission deposit : ID(I)=i U-235 *

ID(I)=2 U-238 *

1OO

200
c
c
c
c
c

DO 100 1=1,ND
READ(1,*) E(I),RATIO(I),STAT(I),ID( I)
***********************************
* RANDOM UNCERTAINTY CONTRIBUTION
**************
DO 200 1=1,ND
C(I,I)=STAT(I)*STAT(I)

only diagonal elements

* SYSTEMATIC UNCERTAINTY CONTRIBUTION (FISSION DEPOSIT MASS)

RSD(1)=0.011
RSD(2)=0.020

Relative standard deviation U-235 deposit
Relative standard deviation U-238 deposit

300

DO 300 1=1,NO
MI=ID(I)
DO 300 K=1,ND
MK=ID(K)
COR=1.00
IF (MI.NE.MK) COR=0.55
C(I,K)=C(I,K)+RSD(MI)*RSD(MK)*COR

different deposits
off-diagonal elements

END



This is demonstrated in Table III with a simple computer
program. This example also shows the combination of random and
systematic components. For each data point the program reads the
experimental parameters, the random uncertainty and the deposit
identification. It adds the corresponding components to the
covariance matrix and uses the parameter ID(I) to distinguish
between the deposits.

In the same way, with additional identification tags, the
contributions of the other systematic components were handled.
For all systematic uncertainty components, with the exception of
the energy scale definition uncertainty, a grouping similar to
that in Table II was possible. This last systematic component
was fully correlated but individual in its amount for each data
point. The resulting total relative uncertainty of the experi-
mental ratios is given in Tables IV and V.

RESULTS

Differential
The original experimental ratios measured relative to the
U-235 fission cross section are listed in Table IV and those
measured relative to U-238(n,f) in Table V. The values were

Table IV; Experimental ratios relative to U-235(n,f)

REFERENCE TI-47(N,P)

0

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

ENERGY
MEV

1.192
1 . 195
1 .218
1 .243
1 .267
1.293
1.299
1.317
1 .342
1.368
1.392
1.399
1 .418
1 .442
1.468
1 .498
1 .599
1.699
1 .799
1.899

—EXPERIMENT—

FWHM RATIO
MEV

.035

.069

.034

.034

.034

.034

.069

.033

.034

.033

.034

.064

.033

.033

.033

.062

.063

.060

.058

.057

9.118E-4
1.385E-3
2.385E-3
2.450E-3
1.987E-3
3.191E-3
3.272E-3
4.361E-3
3.768E-3
2.371E-3
1.870E-3
2.329E-3
1.799E-3
2.038E-3
2.22BE-3
2.250E-3
3.341E-3
7.444E-3
6.917E-3
7.732E-3

STD.DEV
%

12.73
9.76
8.31
7.86
7.13
8.57
7.07
7.13
7.58
8.49
8.21
6.63
8.28
7.89
6.08
5.88
5.77
5.72
5.67
5.82

-U-235I

SIGMA
BARN

1.1988
1.1990
1.2003
1.2016
1.2040
1.2072
1.2079
1.2100
1.2130
1.2162
1.2190
1.2199
1.2221
1.2249
1.2280
1.2315
1.2434
1 .2526
1.2618
1.2666

[N,FJ- DERI»

STD.OEV SIGMA
%

.54

.54

.54

.54

.51

.51

.51

.51
• 51
.51
.51
.51
.54
.54
.54
.54
.54
.52
.52
.54

BARN

1.093E-3
1.661E-3
2.863E-3
2.944E-3
2.392E-3
3.852E-3
3.952E-3
5.277E-3
4.571E-3
2.884E-3
2.280E-3
2.841E-3
2.199E-3
2.496E-3
2.736E-3
2.771E-3
4.154E-3
9.324E-3
8.728E-3
9.793E-3

/ED

STD.DEV
%

12.74
9.77
8.33
7.88
7.15
8.59
7.09
7.15
7.60
8.51
8.23
6.65
8.30
7.91
8.10
5.90
5.80
5.74
5.69
5.84
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Fia. 1; Neutron cross section of Ti-47(n,p) between 1 and 3 MeV
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transformed to Ti-47(n,p) cross sections with cross section data
for U-235(n,f) and U-238(n,f) taken from a preliminary vers .on
[11] of ENDF/B-VI. These data are plotted in Figs. 1 and 2.
Besides the data from the present work, the ENDF/B-V cross
section evaluation [12] and the data from a previous ANL experi-
ment [2] are shown. The data from Ref. [2] were renormalized by
replacing the ENDF/B-III fission cross section originally used
with data from ENDF/B-VI [11]. A cubic spline fit was applied to
the present data with regard to the experimental uncertainties.
The result is shown in Figs. 1 and 2 as a dashed line. It is
obvious that the present data are lower than the ENDF/B-V data
and those from the previous ANL experiment. The high resolution
data from this experiment clearly confirmed the structure of the
cross section curve between 1.2 and 1.5 MeV, and failed to
reproduce the structure shown in Fig. 1 between 2.1 and 2.8 MeV.

Integral Comparison
The present data cover almost the whole range of energy

response of the Ti-47(n,p) reaction in a fission neutron field.
This is shown in Fig. 3. The response function of the Ti-47(n,p)
reaction in the Cf-252 neutron field is plotted using the
recently evaluated neutron spectrum [13] as a basis. The
function is shown for the present data and for ENDF-B/V. It is
obvious that the present data's integral over the curve of
Fig. 3 is substantially smaller in comparison with the ENDF/B-V
data. To obtain quantitative figures for this, the spline fit
curve representing the present data was extrapolated to higher
and lower neutron energies.

Below 1.2 MeV and above 8 MeV, ENDF/B-V segments renormal-
ized to match the present cross section data were added to the
spline fit curve. With a calculated response of 0.4 % below
1.2 MeV and of 4.6 % above 8 MeV in the Cf-252 neutron spectrum,
the error of this artificial procedure remains small. In
Table VI, the experimental integral data of this work are
compared with calculated results. For the Cf-252 neutron field,
the calculations were based on the evaluated neutron spectrum
[13]. In the case of the U-235 neutron field, the information on
the spectrum is not so unequivocally established. Two different
representations were therefore chosen: the ENDF Watt distribu-
tion and the theoretical Los Alamos data [14]. In both neutron
fields, fair agreement between experiment and calculation is
obtained when using the present cross section data set. With the
original ENDF/B-V data the discrepancy between experiment and
calculation is obvious.

DISCUSSION

The present work removed a previous 25 % discrepancy between
the differential and integral cross section data of the
Ti-47(n,p) reaction. The data of the present experiment will
strongly influence any future evaluation of the Ti-47(n,p) cross
section in the 1.2 to 8 MeV range. It is obvious that the
ENDF/B-V evaluation [12] overestimates the cross section in this
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« 3: Response of Ti-47(n,p) in a Cf-252 neutron spectrum

Table VI; Fission spectrum-averaged Ti-47(n,p) data

Neutron
field

Cf-252

U-235

Experiment
< 0 >
(mb)

Present work

19.5 ± 0.5

17.7 i 0.6

Calculation
<o >
(mb)

19.49

24.06

18.20

18.11

22.45

22.31

C/E

0.999

1.234

1.028

1.023

1.268

1.260

o (E) from:

Present work

ENDF/B-V

Present work

Present work

ENDF/B-V

ENDF/B-V

Spectrum
representation

Evaluation

Evaluation

ENDF Watt spectrum

Los Alamos spectrum

ENDF Watt spectrum

Los Alamos spectrum
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Table Working set for the Ti-47(n,p) cross section between
1.2 and 8 M«V. Between the data, linear-linear
interpolation is valid

NO

1
2
3
4
5
6
7 1
8 1
9 1
10 1
11 1

ENERGY
MEV

1.192
1.212
1.232
1.272
1.312
1.342
1.392
1.422
.542
.582
.632

SIGMA
MB

1.34
2.10
2.59
3.17
4.07
3.90
2.63
2.37
3.11
3.83
5.65

NO

12
13
14
15
16
17
18
19
20
21

ENERGY
MEV

1.702
1.782
1.882
1.982
2.122
2.382
3.042
3.962
5.282
7.982

SIGMA
MB

8.40
9.00
9.72
13.01
17.72
25.53
33.73
50.76
68.31
98.64

energy range. The reason why the earlier ANL experiment [2],
which dominated the evaluation in this range, gave values which
were too high is not at all clear. The fact that several other
cross section sets reported in that work [2] are in good agree-
ment with other differential and integral data excludes a
fundamental error in the data analysis. A comparison of the
older ANL data [2] with the present data in the overlapping
energy range shows that a weighted average of 1.172 ± 0.017
describes the ratio of the ANL data to the present data fairly
well. This constant factor indicates a normalization problem
which is probably due to the earlier photon detector calibration
at 159 keV. We recommend that this older data [2] be regarded as
shape data without an absolute normalization.

A re-evaluation of the Ti-47(n,p) cross section is highly
desirable. However, such a step will require additional model
calculations to fill the data gap between 10 and 14 MeV and also
a careful analysis of other experiments performed below 10 MeV
and above 14 MeV. As an intermediate step, a recommended working
set has been derived from the present data. This set is given in
Table VII. The data of Table VII were obtained by approximating
the spline interpolation curve of the experimental data with
linear segments. The secondary condition in this procedure was
to tolerate only differences between the two curves which were
smaller than 3 %. This reduced data set of 21 points can, of
course, never compensate for an evaluation, but is believed to
be useful for practical application.

The correctness of the data in Tables IV and V depends on
the validity of some of the normalization constants. One of
them, the isotopic abundance of Ti-47, shows in recent litera-
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ture the tendency to be quoted as 7.3 % [15], which is lower
than the value used in the present work. If this value were
substantiated, then all the data in Tables IV and V would have
to be increased by a factor of 1.0137. However, it should be
noted that the same factor would also influence the integral
experiments and thus the internal consistency of the comparison
in Table VI is not affected.
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NEUTRON ACTIVATION CROSS-SECTION MEASUREMENTS ON ZIRCONIUM,
NIOBIUM AND MOLYBDENUM IN THE ENERGY RANGE OF 4 TO 10 MeV USING
RADIOCHEMICAL TECHNIQUES

S.M. Qaim
Institut fur Chemie 1 (Nuklearchemie)
Kernforschungsanlage Julien GmbH
D-5170 Jiilich, Federal Republic of Germany

Abstract

A brief review of our recent neutron activation cross-
section measurements on Zr, Nb and Mo is given. The quasi-
monoenergetic neutrons in the energy range of 4 to 10 MeV were
obtained using a D~ gas target at a variable energy compact
cyclotron CV 28. The neutron flux densities were determined
using standard monitor reactions. For measurement of radio-
activity mainly conventional i-ray spectroscopy was used. In
several cases, however, radiochemical separations were manda-
tory; use was made of low-level anticoincidence /$" counting or
X-ray spectroscopy. Several of the reported excitation functions
constitute first systematic studies near reaction thresholds.
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INTRODUCTION

The elements zirconium, niobium and molybdenum are important
or potentially important reactor materials. Until recently their
cross-section data base, especially for neutron threshold
reactions, was weak [cf. Réf. 1]. Over the last few years we
performed extensive studies in the neutron energy range of 4 to
10.6 MeV using the activation technique in combination with
radiochemical separations. A brief review of those measurements
is given.

EXPERIMENTAL

The quasi-monoenergetic neutrons were produced using a D2
gas target at our variable energy compact cyclotron CV 28 [cf.
Réf. 2]. Samples for irradiations consisted of high-purity ZrO2,
Nb powder or Mo powder, packed in polyethylene or PVC capsules
of 1.2 cm diameter. To each sample, monitor foils (Ni, Fe or Al)
were attached in front and at the back and the irradiations done
in the 0° direction relative to the deuteron beam. The irradia-
tion time was between 3 and 10 hours. The samples were held at
0.5 cm from the back of the beam stop of the deuterium gas
target. The primary deuteron energy was varied between 3.0 and
8.0 MeV, and the mean neutron energy effective at each sample
was calculated using a small Monte Carlo programme. The energy
of neutrons varied between 4 and 10.6 MeV.

The mean neutron flux density effective for each sample was
determined using one or more of the monitor reactions
58Ni(n,p)58Co, 56Fe(n,p)56Mn and 27Al(n,a)24Na. The cross sections
of those reactions are well known [Refs. 3,4]. The mean neutron
flux density was about 2xlO7 cm"2s"1.

The radioactivity of the activation product was determined
via one of the following three counting methods:

a) 7-ray spectroscopy

In most of the cases conventional Ge(Li) detector 7-ray
spectroscopy was used. The count rates were corrected for self-
absorption, pile up, coincidence loss, geometry, efficiency of
the detector and T-ray abundance. The uncertainties involved in
the various corrections have been described [cf. Refs. 2,5].

b) $~ counting

The products of reactions 90Zr(n,p)90Y, 91Zr(n,p)91Y and
93Nb(n,a)90Y are pure £" emitters. A radiochemical separation of
yttrium was therefore mandatory. Through repeated precipitations
of yttrium as fluoride, hydroxide and oxalate, followed by
conversion to Y2O3 at 900 °C, it was possible to obtain the
desired radio-yttrium free from the matrix activity. The
radioactivity of the separated sample was determined using a
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low-level anticoincidence p~ counter. The count rates were
corrected for the chemical yield, absorption in the counter
window, finite-size geometry, and efficiency of the detector.
The errors involved in all those corrections were somewhat
higher than in 7-ray counting.

c) X-ray spectroscopy

The 9ZMo(n,n'p+pn+d)91inNb reaction product decays by a
heavily converted internal transition to the ground state of
91Nb. For measurement of radioactivity by counting the 16.58 keV
Ka X-ray of niobium, a radiochemical separation and thin source
preparation were absolutely necessary. The irradiated Mo sample
was placed on a very thin Nb foil and heated in a quartz tube in
a stream of air at 1100°C. Molybdenum sublimed as M0O3. The
niobium left in the tube was taken up in a mixture of HF and
HNOo, precipitated as hydroxide and converted to Nb2O5 by heating
at 850°C. A thin source was then prepared by spreading it on an
aluminium backing. Counting was done on a Si(Li) detector. In
this case a special correction for self-absorption was
mandatory.

From the decay rates of the activation products the contri-
butions due to the background neutrons, which were produced via
the interaction of deuterons with structural materials of the
gas target as well as via the breakup of deuterons on D2 gas,
were subtracted. For the former contribution our own
gas in/gas out results were used [Ref. 2], whereas for the
breakup contribution literature data [6] were applied. From the
thus corrected decay rates the cross sections were calculated
using the known activation equation. The major sources of errors
and their magnitudes have been described earlier [cf. Ref s.
2,5].

RESULTS AND DISCUSSION

A list of the reactions investigated is given in Table I.
The half-lives of the products were between 49 min and 64 d. The
measured reaction cross sections at the minimum and maximum
incident neutron energies used are given. More details are
reported elsewhere [cf. Refs. 7-10]. For several reactions our
measurements constitute first systematic studies near their
thresholds. We discuss three typical cases in more detail below.

The excitation function of the 93Nb(n,2n)92mNb reaction,
determined using conventional T-ray spectroscopy, is shown in
Figure 1. This reaction is useful for neutron dosimetry and
detailed information was available in the 12 to 20 MeV range
[cf. Refs. 11-13]. However, only a few preliminary data
[Ref. 14], modified for detector efficiency [13], existed
between the reaction threshold and 12 MeV. Our measurements
[Ref. 8] thus provide some useful information near the threshold
of this reaction. In Figure 1, for the energy range between 12
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Table I. Activation cross sections for some fast neutron induced reactions on Zr, Mb and Ho

Nuclear reaction

90Zr(n,p)90mY
90Zr(n,p)90m+9Y
902ir(n,«)87lnY
91Zr(n,p)91mY
91Zr(n,p)91m+9Y
92Zr(n,p)92Y
94Zr(n,a)91Sr
96Zr(nf2n)

95Zr
93Nb(n,«)90mY

oo 93Nb(n,o)90m+'3Y

, 93Nb(n,2n)92mNb
92Mo(n,p)92mNb
92Mo(n,x)91lnNb
92Mo(n,a)89zr
95Mo(n,p)95Nb
96Mo(n,p)96Nb
97Mo(n,p)97Nb
98Mo(n,p)98mNb
98Mo(n,o)95Zr
100Mo(n,2n)99Mo

Q-value
(MeV)

- 2.18

- 1.50

- 0.49

- 1.32

- 0.76

- 2.85

+ 2.04

- 7.85

+ 4.24

+ 4.92

- 8.97

+ 0.29

- 5.34

+ 3.70

- 0.14

- 2.40

- 1.15

- 3.89

+ 3.19

- 8.29

Tj. of product
nuclide

3.2

64.1

2.8

49.7

58.5

3.5

9.5

64.0

3.2

64.1

10.2

10.2

62.0

78.4

35.0

23.3

72.1

51.3

64.0

66.0

h

h

h

m

d

h

h

d

h
h
d

d

d

h

d

h

m
m

d

h

Method of
measurement

a)

b)

a)

a)
b)

a)

a)

a)
a)
b)

a)
a,c)

c)

a)

a)
a)

a)

a)

a)

a)

Range of excitation function
investioatedd)

En[min](*)

5.4(0.05)

6.5(3.1)

6.5(0.02)

6.1(0.68)

6.5(3.0)

6.1(0.18)

6.5(0.07)

8.2(155)

4.1(0.04)

4.1(0.10)

9.1(1.2)

5.9(57)

9.0(0.09)

5.9(0.94)

5.9(1.21)

5.9(0.05)

5.9(0.05)

8.1(0.01)

6.5(0.16)

8.6(80)

Entmax](")

10.6(5.5)

10.6(21.7)

10.6(1.5)

10.6(9.6)

10.1(14.5)

10.6(4.8)

10.6(1.8)

10.6(1618)

10.6(2.6)

10.6(3.9)

10.6(163)

10.6(116)

10.6(2.8)

9.6(14.0)

9.6(16.3)

9.6(3.3)

9.6(2.8)

9.6(0.10)

9.6(1.6)

9.6(679)

Reference

9

10

9

9

10

9

9

9

8

8

8

7,16

16

7

7

7

7

7

7

7

^)Ge(Li) detector i-ray spectroscopy.
"{Radiochemical separation and p~ counting.
*j)Radiochemical separation and Si(Li) detector X-ray spectroscopy.
'Entmfni and E_rn<-v1 give the minimum and maximum incident neutre
bracke

aration and Si(Li) detector X-ray spectroscopy.
i and En,_,axi give the minimum and maximum incident neutron energies in MeV; the ^-values in
is give the corresponding cross sections in mb.
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Figure 1. Excitation function of 93Nb(n/2n)
92mNb reaction bassd

on experimental data reported in Refs. 8, 11-14. The
results of a model calculation [Ref. 15] are also
shown.

and 20 MeV only three sets of data are shown [Refs. 11-13] since
they were found to be most consistent [cf. Ref. 11]. A large
number of measurements have also been reported around 14 MeV
(for detailed list of references see a recent compilation by
Strohmaier [15]). The results of statistical model calculations
incorporating precompound effects [Ref. 15] are also shown. The
agreement between experiment and theory is good.
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Figure 2. Excitation function of 91Zr(n,p)91Y reaction.

The excitation function of the 91Zr(n,p)91m+Sy process,
measured via radiochemical separation and low-level /3~ counting,
is shown in Figure 2. A few data points existed in the low
energy region and around 14 MeV [cf. Ref. 1]. Our detailed
studies [Ref. 10] should furnish some further useful information
on the formation of the lDng-lived (Tj, = 58.5 d) activation
product 91Y.

The excitation function of the 92Mo(n,n'p+pn+d)91mNb
process, determined via radiochemical separation and X-ray
spectroscopy, is depicted in Figure 3 and constitutes the first
systematic study near its threshold [Ref. 16]. Statistical model
calculations incorporating precompound effects show that the
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[cf. Réf. 16].

major contribution to the summed cross section is furnished by
the (n,n'p) process. A comparison of Mo(n,p)92mNb and
92Mo(n,n'p+pn+d)91mNb cross sections suggested that the second
chance proton emission is significant for incident neutron
energies above 11 MeV; between 13 and 14 MeV it is comparable to
the first chance proton emission.

In conclusion we feel that our recent activation
measurements on several neutron threshold reactions should
strengthen the cross-section data base of the three elements
zirconium, niobium and molybdenum. Radiochemical methods proved
to be very advantageous, especially in those cases where $~ or
X-ray counting was involved. The cross-section data were found
to be interesting also from the fundamental point of view.
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ABSTRACT

The l65Ho(n,p), l65Ho(n,a), 20/(Pb(n,n'), 20*Pb(n,2n), 208Pb(n,p), 2°9Bi(n,p)
and 209Bi(n,ct) activation cross sections were measured at 14.3 MeV. Most of
the uncertainties were much smaller than in previously published work, and
should help to resolve some of the discrepancies noted by Forrest (1986) [1]
in his work on the systematics of neutron-induced threshold reactions.
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1 INTRODUCTION

Previously published values of the l65Ho(n,p), 208Pb(n,p) and 2°9Bi(n,p)
cross sections at 1̂4 MeV are thought to be discrepant, as noted by
Forrest (1986) [1] and Ait-Tahar (I987) [2] in their work on the systematics
of neutron-induced threshold reactions, and hence the purpose of the present
work was to re-measure them with greater accuracy. During the course of this
work it was also possible to include several other reactions which occur
simultaneously and are suitable for activation analysis, namely l65Ho(n,a),
2O')Pb(n,n'), 20*Pb(n,2n) and 2°9Bi(n,a). Both Pb and Bi cross section data
may be important for the fusion reactor programme.

These (n,p) cross sections are all very small and consequently difficult to
measure accurately. In addition several of the reaction products are pure $
emitters, so that the usual technique of measuring induced activation by
assay of^f activity is impossible. Most of these reactions have been measured
only a few times in the past, often over 20 years ago. The enormous spread in
the results reflects the large uncertainties, and indicates that fresh
accurate data are required.

2 EXPERIMENTAL MEASUREMENTS

2.1 Foil irradiations

14 MeV neutrons were produced from the D-T reaction, using a 150 keV deuteron
beam from the NPL SAMES accelerator incident onto a solid Ti-T target on a
thin pure Al backing. Full experimental details have been given previously by
Ryves and Kolkowski (I98I} [3] including details of the neutron fluence
measurements by the activation of Fe foils.

Thin 2.54 cm dia foils of the natural metals were irradiated in contact with
the target, sandwiched between standard Fe foils (80 mg/cm2 thickness, 99.99?»
purity) of the same diameter used as fluence monitors via the 56Fe(n,p)56Mn
reaction. In this geometry the average neutron fluence in the sample was
given by the expression (01+02)f/2, where 0X and 02 were the fluences
measured by the Fe monitor foils, and f was a factor close to unity which
assumed an exponential decrease in fluence through the sample. For the thick
Pb and Ho foils f was O.988 and 0.996 respectively, and for the other thinner
foils 1.000.

In order to prevent a few 56Mn recoils from the Fe foils entering the Ho and
Bi foils and also loss of recoils from the foils themselves (see Kolkowski
and Ryves (1989) [4]) thin protecting foils of Ho and Bi respectively were
usually interposed between the Fe and the metal under investigation. To
prevent contamination with tritium, the samples were wrapped in thin Ag foil
during irradiations. The mean neutron energy in this geometry was
(1*1.3+0.1) MeV, with an energy spread from 14.0 to 14.8 MeV, for which a
reference cross section of (112.9±1.0)mb for the 56Fe(n,p)56Mn reaction is
appropriate according to the recent evaluation of Ryves (I989) [5]-

For this work it was important to use pure materials with known small
impurity levels. The Pb foils (ll60 mg/cm2, 99-93% purity) were analysed by
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optical emission spectroscopy, revealing principal contaminants (by mass) of
Cu (O.OtyS) and Sn (0.02%). The Ho foils (10-30 and 460 mg/cm2 thickness,
99.9% purity) contained Er (O.O^), Eu (0.02?!) and other lesser components.
The Bi foils (30 mg/cm2 thickness, 99.975! purity) contained 0.02?! Cr. It was
found impossible to obtain thinner unsupported Bi foils which were stable,
and no suitable backing materials were found, l'l MeV irradiation tests
performed on several possible backings, (eg carbon, polyethylene, polyester,
Nb) always yielded short half-life (ie < 10 m) p-activities due to the
activation of low level impurities (such as Si) which made them unsuitable
for measuring the short-lived 2O6T1 activity produced by the 209Bi(n,ct)
reaction which has a very small cross section.

2.2 y-counting

The Pb and thick Ho samples were assayed with a 50 cm3 Ortec intrinsic
Germanium detector, using a computer programme written by Smith (1988) [6] to
estimate the areas of the photopeaks. Because of the low activity from the Pb
reactions, the 511 keV p"+ annihilation peak from the O.OUjK Cu impurity (via
the Cu (n,2n) reactions) was prominent in the y spectra.

The Ge detector was calibrated with standard y-sources, sandwiching the thin
sources between Pb or Ho foils of half the thickness of the activation
samples and ensuring that they were at the same distance (approx 15 cm) from
the detector. It was also demonstrated experimentally that the variation in
y-efficiency with foil thickness was negligible. A 0.9 g/cm2 perspex absorber
was placed between sample and detector to absorb all the beta rays.

The corrections for y-ray summing in the Ge detector were always << 1%, both
for foils and calibration sources, and so were not applied.

2.3 ft-counting

For the other reactions, l65Ho(n,p)l65Dy, 209Bi(n,p)2°9pb and
2o9Bi(n,a)2o6Tl, the reaction products decay by beta emission and were
assayed by the usual 4np" counting technique. The composite p" decay was
analysed by the multi-half-life decay programme FMHLIFE written by
Axton (1978) [7]. In the case of Ho it was essential to wait for 7 hours
after irradiation to allow the decay of the dominant l6*Ho activity arising
from the (n,2n) reaction (half-life c.30m), and to include in the analysis
the 9-3h *5 2i«Eu decay originating from the (n,2n) reaction of the small Eu
impurity. For the short-lived zo6jj_ from the 2°9Bi(n,ot) reaction any
production of the metastable isomer zoôm^l w a s a i s 0 included in the cross
section. It was possible to assign only an upper limit to the cross section
because the possible contribution from impurities was unknown.

The p" efficiencies of the metal foils used in the 4np counting were
calculated using the method of Ryves (1970) [8] but employing two beta
range-energy relations, and could be checked against some Unpy" coincidence
measurements. The beta range-energy data of ICRU-37"(1984) [9] gave very good
agreement with measurements of 2*Na in Al and Mg foils, while the empirical
Katz and Penfold (1952) [10] formula fitted the measurements of ^'Au in Au
foils. By comparing calculations using the two sets of range-energy data it
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was possible to estimate the beta efficiency of the foil thickness for each
radionuclide and assign a realistic error.

3 ANALYSIS OF THE MEASUREMENTS

The nuclear data in Table I were used. The results for Ho and Bi were simply
averaged assuming equal weights for each measurement. In the case of Pb, the
five gamma rays of Table I were assayed simultaneously by the Ge detector,
usually in association with a neutron fluence determined by the Fe monitor
foils. A detailed least squares analysis of all the data was made, allowing
for the correlations introduced by the fluence measurements, which yielded
the results and correlation matrix of Table II. A total of 80 gamma ray
measurements was included initially, of which 3 were rejected on statistical
grounds (divergence > 3 <r). leaving 77 measurements, with a V2/DF = 1.069,
indicating a very good statistical fit to the data.

k RESULTS AND UNCERTAINTIES

Results are give,n in Table III, and the detailed l-o uncertainties in
Table IV.

5 DISCUSSION

The cross sections were all very small, some less than 1 mb, and so it was
essential to use high-purity materials and prevent the capture of 56j5n
recoils from the surrounding Fe foils which were used to monitor the neutron
fluence. This is especially true for the measurements employing hnf!> counting,
which cannot discriminate between different beta activities by energy
discrimination but only by multi-halflife activity analysis.

Our cross section values differ widely from many earlier results, notably for
l65Ho(n,p) and (n,a) and 2°9Bi(n,p), and most have considerably smaller
uncertainties than previously published work, much of which is over 20 years
old. It is to be hoped that these measurements will help to resolve some of
the major outstanding doubts/discrepancies in the experimental lH MeV (n,p)
cross sections (ie for l65Ho, 208Pb and 2°9Bi) which are noted by
Forrest (1986) [1] in his work on the systematics of neutron-induced
threshold reactions, and also by Ait-Tahar (19&7) [2].

5.1

Our result of (̂ .07*0.27) mb exhibited an unexpectedly large statistical
spread of 6.2# from 5 measurements. The original (discarded) measurements
contained a 20# contribution from 5 6Mn recoils from the surrounding Fe
reference foils. This cross section was previously measured by
Fukuzawa (1961) [11] as (4l±10)mb at 1*1.1 MeV, which is a factor 10 greater
than our result. However the technique employed by Fukuzawa, who irradiated a
stack of 20 composite Ho203 powder foils interleaved with thin plastic
scintillators which were used to assay the p-activity, was considered to be
highly suspect. Forrest (1986) [1] calculated 3-7 mb in excellent agreement
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with us, and the discrepancy noted in his work is now removed.

5.2 l 65Ho(n,a) l 6 2Tb

This cross section has been measured only twice, giving values of (1.2±0.4)mb
Prasad et al [12] (1969) and (1.25±O.35)mb Qaim (1984) [13] both results
being nearly double our result of (O.68±O.O3)mb, which may not be significant
in view of the large uncertainties. The calculation of Forrest (1986) [1]
gave 1.32 mb.

5.3 20*Pb(n,n')20/tl»Pb

Our result of (74.4±2.9)mb is in reasonable agreement with 3 other
measurements which carry errors of 9 to 20%, namely those of Hankla et al
(1972) [14] of (51±10)mb at 1*1.4 MeV, Csikai and Peto (1967) [15] of
(76.5±8.O)mb at 14.7 MeV and Decowski et al (1972) [16] of (63.3±5-7)mb at
14.18 MeV.

5.4 20i|Pb(n,2n)203Pb

There are 10 measurements from the literature, all but one over 15 years old,
and carrying errors of 5 to 40#. The two most accurate values are by Dilg et
al (1968) [17] of (2110±110)mb at 14.7 MeV and Banal et al (1986) [18] of
(l86O±95)mb at 14.7 MeV, which are both lower than our result of (2210±ll4)mb
at 14.3 MeV. The calculation by Pearlstein (I967) [19] gave 2410 mb.

5.5 2 0 8Pb(n,p) 2 0 8Tl

The literature results in Table V show a very considerable spread. Our value
is close to the experimental value used by Forrest (1986) [1] but only half
his calculated value.

5.6 2°9Bi(n,p)2°9pb

Our value of (1.21±0.12)mb is higher than the two most accurate previous
measurements by Belovickij et al (1976) [20] of (0.60±0.10)mb at 14.5 MeV and
Mukherjee et al (1961) [21] of (0.7*0.l)mb at 14.8 MeV, but in agreement with
that of Coleman et al (1959) \.22~\ of (1.33±O.27)mb at 14.5 MeV. The
calculation by Forrest (1986) [1] gave 2.42 mb.

5.7 2°9Bi(n,ct)206Tl

This measurement is very sensitive to impurities with large cross sections
which produce indistinguishable short-lived f> activities. According to the
manufacturer (Goodfellow Metals Ltd, Cambridge, UK) a typical analysis of the
Bi foils gave significant impurity levels of Cr: 200 ppm (by mass) and
Cu: 8 ppm, together with others which were less important. Taking into
account the cross sections for the 52Cr(n,p) reaction which produces
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3.75 m 52v, and the 63Cu(n,2n) reaction which produces 9-7 m 62Cu, a
correction of (1̂ 4±4 ) ît was applied for the effect of impurities. Our
upper-limit value of (O.57±O.O3)mb agrees remarkably well with values of
(0.52±0.08)mb at 14.5 MeV by Columan et al (1959) [22] and (0.6±0.1)mb at
14.8 MeV by Mukherjee et al (196l) [21]. This cross section was omitted from
the evaluation of Forrest (1986) [1], but application of his formula yields a
value of 0.64 mb.
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TABLE I Nuclear data

Isotope a* Half-life Intensity Reference
keV

100

100

100

52.3

1.42

1.42

7.76(10)m

2.334(6)h

4.l83(17)m

3.053(4)m

51.873(9)h

67.2(3)m

882
888

1190
305

/:1527

Y --583

X =279

' 899
912

42.8(20)
13-4(6)
38.7(18)

83(2)
15(2)
1.7(2)

100

84.5(7)

80.8(2)

90(15)
99.18(8)
97(15)

100 3.253(l4)h /?:645 100

Helmer (1985) [23]

Peker (1987) [24]

Lederer and Shirley (1978) [25]

Martin (1986) [26]

Schmorak (1985) [27]

Schmorak (I987) [28]
Lederer and Shirley (1978) [25]

Martin (1977) [29]

isotopic abundance of target

TABLE II Least-squares fitted cross sections for Pb

Reaction y energy Cross section*
keV mb

Correlation matrix

2o8Pb(n,p)2o8Tl 583 0.777+0.019

20ilPb(n,n')20'lmPb 374 78.2+0.5

899 74.4+0.6

912 69.7±0.5

2°4pb(n,2n)2°3Pb 279 2210+12

100 11 8 8 10

11 100 41 38 53

8 41 100 33 46

8 38 33 100 44

10 53 46 44 100

lo statistical uncertainties; ^2/DF=1.069; DF=72.
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TABLE III Cross section results at 14.3 MeV.

4.07 ± 0.27

l65Ho(n,a)l62Tb 0.68 ± 0.03

20"Fb(r..n1)20'lmPb jHA ± 2.9

2o')Pb{n,2n)2O3Pb 2210 ± 114 *

2o8Pb(n,p)2o8Tl 0.78 ± 0.04

1.21 ± 0.12

2°9Bi(n.a)2o6Tl 0.57 * 0.03
(upper limit)

* using a revised value of V-efficiency.

TABLE IV l a uncertainties [%).

Statistical

Fluence and
energy

jS or y effic-
iency

y intensity

Y counting
geometry
Halflife

fi impur-
ities
y summing

y dead-time

Total

* 899 keV

Ho(n,p)

6

1

2,

0.

-

6.

.2

in 
in

• 7

7

y-ray

Ho(n,4)

2

3

2

1

1

1

0

1

5

.6

.0

.0

.0

.0

• 3

A

.0

.0

Pbfn.n1)

0

3

2

0

1

0

0

-

3

.8

.0

.0

.1*

.0

.5

A

.9

Pb(n

0.

3.

0.

1.

0.

-

5-

i.2n)

5

0

0

2

0

1

Pb(n.p)

2

3

2

0

1

0

0

-

.5

.0

.0

.8

.0

.3

A

.6

Bi(n,p)

2.

1,

10.

0.

—

-

10.

.1

• 5

.0

3

3

Bi(n.oC)

1

1

3

1

-

5

.2

.5

.0

.0

.0

A
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TABLE V 2o8Pb(n,p)2o8Tl cross section

Neutron energy o
MeV mb

Reference

14.5 0.96 ± 0.96 Paul and Clarke (1953) [30]

14.5 ± 0.1 0.94 ± 0.19 Bass and Wechsung (1968) [31]

14.4 ± 0.4 0.46 ± 0.06 Hankla et al (1972) [14]

14.6 ± 0.2 1.26 ± 0.20 Maslov et al (1972) [32]

14.5 0.50 ± 0.10 Belovickij et al (1976) [20]

14.2 0.50 ± 0.07 Lakshmana Das et al (1981) [33]

14.3 ± 0.1 0.78 * 0.04 Present work

14.5 Evaluation
0.8 ± 0.6
Calculation
1.75

Forrest (1986) [1]
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IN NEUTRON ACTIVATION CROSS SECTION MEASUREMENTS

by
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and

G. Winkler, H. Vonach and M. Wagner
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Universitât Wien, Boltzmanngasse 3
A-1090 Wien

Austria

ABSTRACT

An intercomparison is made between a collection of five uranium deposits used for
neutron fluence determination in neutron activation experiments at Argonne National
Laboratory (ANL), Illinois, U.S.A., and a single corresponding deposit from the Institut fur
Radiumforschung und Kernphysik (IRK), Vienna, Austria. The predominant uranium
isotope in each of these deposits is U-238. Two methods were used in the study:
low—solid—angle alpha counting and the measurement of fast—neutron fission yield ratios.
This investigation produced the following calibration values for the IRK deposit:
(160.6 ± 1.7) micrograms from alpha counting and (163.3 =fc 2.0) micrograms from fission
ratio measurements. The latter value is a weighted average of twenty—four separate
measurements.

*Thi» work was supported by the U.S. Department of Energy, Energy Research Programs, under
Contract W-31—109—Eng-38.
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I. INTRODUCTION

The use of calibrated uranium deposits in fission chambers for neutron fluence
determination in neutron activation cross section experiments has proved to be a reliable
technique (e.g., Refs. 1 and 2). Low-mass fission chambers inflict minimal perturbations on
the neutron field, fission event pulses are easy to measure, fission cross sections of the
major uranium isotopes are now known to standard or near-standard accuracy
(e.g., Ref. 3), and uranium deposit masses and isotopic compositions can be determined to
good accuracy (e.g., Refs. 4 and 5). In this context, it is important that intercomparisons
be made between the deposits used at various laboratories in order to identify and
eliminate systematic errors in deposit mass calibrations. The present work was undertaken
to intercompare a set of five uranium deposits routinely used at the Argonne National
Laboratory (ANL), Illinois, U.S.A., for neutron activation cross section measurements with
a coiresponding single deposit which is employed in similar measurements at the Institut
fur Radiumforschung und Kernphysik (IRK), Vienna, Austria, the Central Bureau for
Nuclear Measurements (CBNM), Geel, Belgium, and the Physikalisch Technische
Bundesanstalt (PTB), Braunschweig, Federal Republic of Germany. The investigation
involves only deposits whose major isotopic constituent is U—238 and which are, therefore,
used mainly in threshold—reaction studies.

This paper reports the results of a uranium deposit mass intercomparison carried
out at ANL. This experiment involved alpha counting of the IRK deposit in the same
low-solid-angle apparatus previously used at ANL in the calibration of the
above—mentioned uranium deposits. Fast—neutron fission yield ratio measurements were
also made of the IRK deposit, relative to each of the five ANL deposits, using a neutron
field produced at the ANL Fast—Neutron Generator (FNG) accelerator facility. The ?>ults
of this investigation, and of earlier calibration studies carried out in Europe, are discussec.

II. PROPERTIES OF THE IRK DEPOSIT

The principal features of this deposit are summarized in Table I. The deposit was
prepared by vacuum evaporation of UF< onto the backing plate. Visual inspection shows
that the thickness of this deposit varies by no more than 2% over its entire surface.
According to the supplier, this material is 99.98% U-238. The remaining 0.02% is probably
mainly U—235 (which contributes negligibly to the total alpha activity); however, a trace
amount of U—234 is present which accounts for an estimated 2% of the total deposit
activity. The observed alpha activity of the fabricated deposit is approximately 2 Bq. This
deposit was calibrated by alpha counting in a 2ir counter at PTB [6]. After correcting for
the U—234 activity, it was determined that the mass was (158.4 ± 1.3) micrograms.
Another alpha emission measurement was made at CBNM using a low-solid—angle counter
[71. This yielded (159.7 ± 0.5) micrograms for the mass, and also showed that (2.1 ± 0.1)%
of the activity is indeed due to U—234. The value for the U—238 half life used in these
determinations is (4.468 ± 0.005) x 10s years |8j. At IRK, the deposit mass was deduced
through a ratio measurement involving the well—known 14.7—MeV cross sections for U-238
neutron fission [3] and the Al-27(n,a)Na-24 reaction [8]. This experiment yielded the
value (168.2 ± 2.5) micrograms. The discrepancy between these previous results from
alpha-counting and the neutron measurement was the main motivating factor for
undertaking the present investigation.

III. PROPERTIES OF THE ANL DEPOSITS

Five deposits, possessing widely varying isotopic compositions and masses, were
considered in the present intercomparison. The main properties of the ANL deposits are
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summarized in Table I. These deposits were fabricated by dectrodeposition of uranium
onto the backings. The particular deposits considered in this study were selected for good
uniformity from a larger batch. They were originally calibrated and intercompared using a
combination of techniques, including alpha counting, mass spectrometry, and isotopic
dilution. Furthermore, their masses have been periodically rechecked and intercompared in
a variety of ways (including alpha counting and fission yield ratio measurements in various
neutron fields) over a period of two decades. Details are provided in Refs. 4 and 5, and in
other documents referenced therein. Specific errors for the ANL deposit masses are not
provided in Table I, since a detailed analysis of these errors has never been performed.
However, the principal sources of error that are known to influence our knowledge of the
masses for these deposits are: geometry factor (0.3%), alpha-decay half-lives (0.1%),
isotopic composition (variable), alpha spectrum analysis (variable), and counting statistics
(variable). The uncertainty values that have been assigned to these deposits in earlier
works from ANL all fall in the range 1 — 2%. Furthermore, this range of errors seems to be
consistent with the scatter seen in the present work for the neutron measurement data
(ANL-01 to ANL-24), as is evident from Fig. 2.

IV. ALPHA COUNTING MEASUREMENTS AT ANL

Each of the deposits considered in this study was alpha counted in a low-solid
angle detector, as described in Ref. 4. Two positions were used. The lowest-activity
deposits (IRK and ANL-U238-060) were counted with a geometry factor of about 220
(i.e., 0.45% efficiency), while the higher activity deposits were counted with a geometry
factor of about 940. These geometry factors were calculated, and they are considered to be
quite reliable because of the well-defined cylindrical geometry, the general uniformity of
the deposits, and the flatness of the backing plates (the estimated uncertainty is < 0.3%).
The resolutions observed for all the measured spectra were quite adequate to isolate the
contributions from U—238. The only problem encountered in alpha counting was the
presence of a long, low-energy tail which varied in magnitude for the different deposits.
Inexplicably, it was the worst for the IRK deposit (perhaps because of the relatively low
atomic number of its aluminum backing). Background spectra for the alpha counter were
also recorded. In the case of the IRK deposit, the resolution of the recorded spectrum was
consistent with that observed in the corresponding measurement at CBNM [7], and this
served to confirm that the deposit is indeed very uniform. The alpha-count results for the
ANL deposits agreed with similar earlier measurements, within the errors. Based on a
half—life of (4.468 ± 0.005) x 10B years for U-238, the value obtained for the mass of the
IRK deposit from the present measurement is (160.6 ± 1.7) micrograms. The sources of
experimental error included here (see Table II) are: counting statistics (1.0%), half—life of
U-238 (0.1%), and counter geometry (0.3%). The result from this experiment agrees quite
well with those obtained from the European measurements described above.

V. FAST-NEUTRON FISSION YIELD RATIO MEASUREMENTS AT ANL

A series of fast—neutron fission yield ratio measurements was carried out at the
ANL FNG accelerator facility, using the apparatus shown in Fig. 1 and pulsed—beam
time-of-flight techniques. The neutron source was the 9Be(d,n)i°B reaction. A collimated
beam of 7—MeV deuterons incident upon a 0.076-cm—thick Be metal disk (this thickness
was sufficient to stop the deuterons) yielded a continuous neutron spectrum which
extended from < 200 keV to about 11.4 MeV. The details of the neutron field, the
apparatus, and the measurement procedures are discussed in Refs. 9 —11. Each
measurement involved a ratio of fission event yields for the IRK deposit relative to an ANL
deposit. Twenty-four such measurements were made, four for each of the ANL deposits
plus a repeated set of four in the case of the ANL deposit ANL-U238-213. The four
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measurements associated with each deposit pair correspond to an exchange of deposit
positions in the fission chamber and of the electronics components employed in processing
the fission pulses. The use of a pulsed beam and coincidence methods enabled fission events
corresponding to room—return neutrons and accidental coincidences to be eliminated during
the processing of the measured time-of-flight spectra.

Conceptually, these measurements are quite simple, but various experimental
details added to the complexity of processing the recorded data. The ANL deposits had
diameters in the range 2.510 - 2.837 cm, but the IRK deposit was only 1.000 cm in
diameter. Therefore, significant corrections for geometry and neutron source anisotropy
were required. The backing geometries and compositions vaiiod considerably among these
deposits. This led to some complications in mounting certain deposits in the fission
chamber (Fig. 1 does not show this) and also in determining the neutron absorption and
scattering corrections to the data. The measured fission pulse-height spectra had to be
extrapolated to correct for fission events masked by small signals due to alpha particles,
proton recoils in the methane filler gas, and detector noise. A calculated
thickness-dependent correction was applied for those fission fragments which are emitted
near 90° and consequently are lost in the deposit. Another very important correction is for
the fission events from the minor uranium isotopes present in these deposits. This
correction was calculated using the measured integral neutron fission cross sections from
Ref. 11.

The IRK deposit mass values (and total errors) which were deduced from these
measurements appear in Table III. These results are also shown in Fig. 2. The error sources
are summarized in Table II. Many of these are correlated in ways too complicated to
describe in this paper. However, all correlations were carefully considered in developing a
data covariance matrix, in accordance with principles discussed in Ref. 12. The error
correlation matrix for the ANL-01 to ANL—24 mass values appears in Table IV. It is
evident from Fig. 2 that, with the exception of one discrepant value with a large assigned
error (ANL—14), all of the measured values are consistent within their quite modest errors.
Although there appears to be a small bias for the mass values deduced from ratio
measurements with ANL deposit ANL—U238-060, it is insignificant considering the
measurement errors. A weighted average (including correlations) was computed using the
method described in Ref. 13. Percent errors were employed in deriving weighting factors.
This analysis gives the value (163.3 ± 2.0) micrograms (also shown in Fig. 2). The
normalized chi-square for this analysis is 0.95, indicating that the scatter in the measured
values is consistent with the errors. This result can be compared with the (168.2 ± 2.5)
microgram value from the neutron measurement in Europe. They are not quite consistent
within the errors (see Fig. 2).

VI. CONCLUSIONS

The weighted average mass value deduced from neutron fission ratio measurements
in the present experiment is consistent with the present ANL alpha count result, within the
errors. Also, it falls between the results obtained in Europe by alpha counting and by a
neutron measurement. It is evident from Fig. 2 that the present average neutron
measurement result is inconsistent with the alpha—count results from Europe and it falls
just short of consistency with the European neutron measurement value. (It must be kept
in mind that all the errors indicated in these works are one-sigma errors; furthermore, the
error assigned to the CBNM alpha-count result seems to be rather small.) In view of the
significant discrepancy between the three alpha-count results (which are among themselves
consistent) and the neutron measurement result from Europe, it is evident that the
experimental technique and the nuclear data applied in the 14.7—MeV neutron irradiation
experiment must be further investigated and the experiment repeated under different
conditions.
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From the facts collected one can draw the conclusion that, for the IRK deposit, the
average mass value deduced from the neutron measurements in the present experiment
should be adopted, but with an increased uncertainty range in order to take into account
the alpha—count results and the result from the European neutron experiment. A U-238
mass value of (163.3 ± 4.0) micrograms offers an acceptable compromise for practical
purposes, as a preliminary oasis for further applications of the IRK deposit, pending any
additional deposit mass intercomparisons.
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Table I: Principal Properties of the Uranium Deposits

IRK ANL Deposits
Property Deposit No. 060 No. 015 No. 210 No. 213 No. 009

Deposit:

Mass (/zg)

Radius (cm)

Isotoœs:2

U-233

U-234

U-235

U-236

U-238

Backing:

Material

Depth (cm)

Radius (cm)

168.21

0.500

N3

T<

(< 0.02)5

N

99.98

Al

0.02

1.000

1961

1.270

N

N

N

N

100

Fe

0.0254

3.493

359.7

1.419

3.15

N

>0.01

N

96.83

Mo

0.0127

3.493

1180

1.270

N

1.01

2.36

0.14

96.49

Pt

0.0127

2.540

597.6

1.255

N

1.01

2.36

0.14

96.49

Pt

0.0127

2.540

383.6

1.260

10.05

>0.02

>0.01

N

89.91

Mo

0.0127

3.493

a priori value, based on a neutron measurement in Europe.

2Atom abundances in percent.

Negligible for practical purposes.

•Trace amount. Responsible for 2% of total alpha activity.

5Estimated but not verified.
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Table II: Sources of Experimental Error Considered for the ANL Neutron Fission
Yield Ratio Measurements

Error Source Magnitude (%)

1. Counting statistics (IRK)i 0.65 - 0.74
2. Counting statistics (ANL)i 0.21 - 0.48
3. Fissions extrapolation — method 0.30
4. Fissions extrapolation — deposit (IRK) 0.73
5. Fissions extrapolation - deposit (ANL) 0.20 — 1.45
6. Fissions thickness — method 0.30
7. Fissions thickness - deposit (IRK) 0.35 - 0.86
8. Fissions thickness - deposit (ANL) 0.10 - 1.52
9. Multiple scattering 0.14 — 0.16

10. Fission deposit separation 0.19 — 0.26
11. Absolute distance from neutron source 0.02
12. Deposit diameter (IRK) 0.04
13. Deposit diameter (ANL) 0.10
14. Neutron absorption (IRK) N2-0.30
15. Neutron absorption (ANL) N-0 .50
16. Neutron source - energy spectrum 0.45
17. Neutron source — anisotropy 0.39
18. Deposit isotopic composition N — 0.40
19. Minor-isotope fission events N - 0.92
20. Alpha decay half life 0.11-0.13
21. Alpha counter geometry 0.3
22. Reproducibility 0.50 - 11.233

iIRK= IRK deposit. ANL = set of five ANL deposits.

2N = Negligible or non-existent.

^Except for data point ANL-14, this error was < 1.3%.
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Table III: IRK Uranium Deposit Mass Values from the ANL Neutron Fission
Yield Ratio Measurements

Data Point Mass (microgram) Error (microgram)

ANL-01
ANL-02
ANL-03
ANL-04
ANL-05
ANL-06
ANL-07
ANL-08
ANL-09
ANL-10
ANL-11
ANL-12
ANL-13
ANL-14
ANL-15
ANL-16
ANL-17
ANL-18
ANL-19
ANL-20
ANL-21
ANL-22
ANL-23
ANL-24

.16761E+03

.16402E+03

.16729E+03

.16809E+03

.16323E+03

.16518E+03

.16129E+03

.16172E+03

.16174E+03

.16087E+03

.15904E+03

.16237E+03

.16497E+03

.14417E+03
15913E+03

.16535E+03

.16367E+03

.16317E+03

.16196E+03

.16676E+03

.16725E+03

.16291E+03

.16041E+03

.16360E+03

.44175E+01

.39327E+01

.39278E+01

.44143E+01

.30544E+01

.29548E+01

.29499E+01

.30805E+01

.28144E+01

.32993E+01

.32960E+01

.28814E+01

.29646E+01

.18480E+02

.36454E+01

.29956E+01

.35833E+01

.30332E+01

.30299E+01

.35833E+01

.32258E+01

.38429E+01

.33058E+01

.30707E+01
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Fig, i: Diagram of apparatus used in fission ratio measurements. Beryllium target:
A - Be disk; B - tantalum aperture; C - insulating spacer. Fission chamber:
D — back-to-back uranium deposits.
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. Fig- 2: IRK deposit mass values and their errors. ANL-01 to ANL-24 are fission ratio results.
Identity of ANL deposits is shown. Vertical solid line indicates the weighted average of ANL-01 to
ANL—24. Vertical dashed lines show the one-sigma error for this average.



NEUTRON ACTIVATION CROSS-SECTIONS OF 58NI AND ^ N I FOR 8 -12 MEV
NEUTRONS

H. Vonach and M. Wagner

Institut fur Radiumforschung und Kernphysik der Universitât Wien
Boltzmanngasse 3, 1090 Wien, Austria

and
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Abstract: The cross-sections of the reactions Ni(n,pJ Co, and
Ni(n,p) Co were measured for E n - 8 - 12 MeV using the H(t,n) He reaction

for neutron production. It is shown that the H(t,n) reaction is very well
suited for cross-section measurements in the difficult neutron energy region-
8 - 1 2 MeV, where most other source reactions are no longer truly
monoenergetic. In these first preliminary measurements the uncertainties
still amount to 3 - 7%, however from the experience gained in this experiment
it can be concluded that an accurracy of 2-3% can be obtained in future
experiments.

The results for Ni(n,p) Co deviate considerably from previous measurements
and suggest that the nuclear data libraries for this reaction should be
revised considerably.
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1. Introduction: Neutron cross-sections for 8 - 1 2 MeV incident neutron
energy are still rather inaccurate or even lacking for many nuclear reactions
of technical interest. This is due. to the fact that most common source
reactions like D(d,n), T(p,n), Li(p,n) become "contaminated" by low-energy
neutrons from 3 body break-up processes and also the obtainable neutron
fluences are rather modest, which makes it difficult to measure the cross-
sections for formation of long-lived nuclides. Already some time ago it has
been pointed out /I/ that the H(t,n) He reaction may be especially useful
for cross-section measurements in the S - 12 MeV region, as the c. m. effects
in this reaction produce considerable kinematic focusing of the emitted
neutrons into the forward direction and provide truly monoenergetic neutrons
up to 17.6 MeV. Recently a high-current hydrogen gas target has been
developed for the Los-Alamos Tandem van de Graaff /2/ for neutron production
by means of the triton beam of this accelerator. The purpose of this work was
to demonstrate the possibilities of this neutron production facility for the
measurement of activation cross sections and simultaneously to obtain
important nuclear data for the two main Ni isotopes.

2. EXPERIMENTAL AND DATA ANALYSIS PROCEDURES

2.1 Irradiation and neutron fluence measurement

Approximately monoenergetic neutrons of 8 - 12 MeV were produced by
bombarding a high-pressure rotating gas-cell /2/ with 13.5 - 19 MeV tritons
of the Los Alamos Tandem van de Graaff accelerator. The tritons entered the
cell through a 25 ftm thick Mo window and were eventually stopped in a 0.5 mm
gold backing. Samples of natural Ni (a sandwich consisting of two 25 mm
diameter, 0.5 mm thick discs) were irradiated attached to a U fission
chamber for fluence measurement as shown in figure 1. The neutron energy
distributions due to the H(t,n) He reaction averaged over the area of the Ni
samples are shown in figure 2. The distributions were calculated by
integration over both the length of the gas target and the area of the
samples using the cross-sections evaluated by M. Drosg et al. /3/ for the
source reaction.

In addition to the direct source neutrons there are two sources of background
neutrons: source neutrons scattered elastically or inelastically by either
the gas target-construction and backing or within the sample itself and
neutrons produced by tritium breakup and (t,n) reactions in the window and
backing of the gas-target.

Concerning multiple scattering within the gas-target the H(t,n) He reaction
has very favorable properties. Due to kinematic focusing neutron emission is
restricted to a forward cone of about 60° and the neutron production cross-
section has a pronounced maximum in the forward direction /I/. This has the
consequence that the contribution of the scattered flux to the direct flux at
the sample position remained below 2%. The main contribution to the scattered
flux («80%) is due to elastic scattering with angles <25°. These neutrons
have energies which are similar to those of the source neutrons (=1 MeV
lower). The contribution of low-energy evaporation neutrons amounts to =0.4%.
Accordingly an uncertainty contribution of 0.5% was added for this effect
(see table 4).
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Neutron production within the window and backing of the gas target however is
a significant source of background and thus measurements of this background
were performed at all energies. For these measurements the H2 gas was removed
and replaced by Ar-eas of 1.5 . 10J Pa which produced the same eneenergy loss as
the H2 gas used in the "gas-in" runs. Thus the Ar runs give the same neutron
production in both window and backing, but in addition also a contribution
from neutron production in the Ar gas. Originally it was assumed that this
contribution will be small. A subsequent measurement of the source spectrum
with H,- and Ar-filled cells, at E n = 7.7 MeV and E n - 12 MeV however showed
that the Ar contribution to the intensity of the breakup neutrons in the
"gas-out" runs amounted to 35% and 15% respectively and had to be taken into
account. Accordingly, before subtraction, the "gas-out" fission-chamber and
activation results were both reduced by the estimated fractions of the Ar-
breakup neutrons and normalized to the charge of the gas-in runs. The
relative contributions of these corrected "gas-out" rpeasurements to the
various reaction rates are shown in table 1. As the table shows, the
background neutrons may contribute up to 40% to the "gat:-in" reaction rates
and accurately normalized background measurements are thus very important if
the H(t,n) He reaction is to be used for precision measurements of cross-
sections. The impact of uncertainties in the foreground/ background ratios
depend very much on the specific reaction to be measured and the standard
used. For example the 23°u standard and the Ni(n,p) Co reactions show a
very similar behavior because the excitation functions are rather similar and
thus the cross-section ratio is very insensitive to uncertainties in the
background fraction. For the Ni(n,p) Co reaction this cancelation is less
pronounced and the corresponding uncertainties are larger. For the error
estimate (see table 4) we made the conservative assumption that the "gas out"
fractions, that is the normalization factors between "gas-in" and "gas-out"
runs, may have an uncertainty of 10% and that the Ar fractions have
uncertainties of about ±50%. The neutron fluence was measured by means of a
2 3 8U fission chamber*.

Table 1 : Contribution of neutrons from window and backing to reaction rate
from the H(t,n) He gas target

Et(MeV)

13.57
15.18
16.55
17.74
18.95

En(MeV)

7.71
9.03
10.11
11.05
12.00

(Reaction
rate>gas-out/

238U(n,f)

.115±.042
.19±.060
.28+.075
.34±.O75
.40±.075

58Ni(n

.09±.
• 17±.
• 25±.
• 29±.
• 36±.

/ (Reaction
rate)gas-in

,p)58CO

03
05
065
065
065

60Ni(n

#

•

06±.
105±
15±.
15±.
19±.

,P)60Co

02
.03
04
035
035

p O Q

The samples were irridiated back-to-back with the U deposit of equal
diamater (see fig 1). Ar-gas of atmospheric pressure was used as chamber gas.

* The authors are indebted to Dr. D.L. Smith for supplying one of his fission
chambers for this experiment
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The neutron fluence at the sample position was determined from the total
number of fission counts taking into account corrections for dead-time (<1%)
extrapolation of the pulse height spectra to zero pulse height (=0.5 - 2%) ,
self-absorption of the fission fragments within the fission deposit (=0.9%),
position difference between the samples and the fission deposit (2.6%) and
neutron absorption between the centre of the samples and the U deposit
(1.1%). Typical irradiation times were two hours resulting in integrated
neutron fluences of «1.5 x 10 neutrons cm" .

2.2 Activity measurements

The measurement of the 7-ray activities from the decay of the reaction
products Co and Co was carried out at the Institut fur Radiumforschung
und Kernphysik, Vienna, Austria, employing a calibrated 15%-efficiency
(relative to a 7.62 cm Nal(Tl) crystal) intrinsic Ge 7-ray detector. The
full-energy peak areas of the principal 7-rays emitted in the decay of the
produced Co isotopes were evaluated; the relevant decay data are listed in
table 2. When the measurements were started, the Co isomer (half-life -
9.15 ± O.lOh / V ) h a d completely decayed to the ground state.

Owing to the relatively low Co 7-ray count rates of the Ni foils,
especially of those employed in the "gas-out" irradiation runs, for the
activity measurements the two 0.5 mm thick foils irradiated simultaneously in
each run were placed one above the other at a distance of 0.5 cm from the
surface of the detector. In the spectra the 1332.5 keV 7-ray peak from the
Co decay was clearly separated from the relatively intense 1321.8 keV sum

peak from the decay of &Co. In order to check the reliability of the
determination of the background in the 1332.5 keV 7-ray peak in close
neighourhood to a quite intense interfering peak, the 1173.2 keV 7-ray peak
was evaluated as well; very good agreement of the reaction rates was obtained
in all cases.

The efficiency calibration of the Ge 7-ray detector was performed by means of
calibrated point-like 7-ray sources supplied by the Laboratoire de Métrologie
des Rayonnements Ionisants, Gif-sur-Yvette, France. For the evaluation of the

Co activities, a calibrated source was available. For Co, the efficiency
of the detector for the 810.8 keV 7-rays was interpolated between values of
the full-energy-peak efficiency obtained by employing a set of various 7-ray
sources, particularly of Mn. These calibrated sources were also used to
study the variation of the efficiency with the distance from the detector and
with the displacement from the axis of the detector set-up. The absolute
efficiency for an extended source with 2.5 cm diameter was then obtained by
integration over the source area.

en

In the case of Co a correction for the summing of the annihilation 7-rays
and the 810,8 keV 7-rays in the detector had to be carried out. For this
purpose single-7-ray sources, e.g. Sr (514 keV 7-rays), Cs, Mn, served
to measure the total efficiency of the detector versus different positions of
the sources. Efficiency modifications due to the finite area of the Ni

** except for one measurement, where a rather bad fission chamber spectrum
resulted in an extrapolation of =10X
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samples were determined with the method described above. The correction for
losses of -y-ray counts due to summation effects were performed according to
the decay scheme of Co; they amounted to (3,7 ± 0.9)% of the count rate in
the 810.8 keV 7-ray peak. Moreover, a correction for the self-attenuation of
the 7-rays in the (2 x 0.5 mm) thick Ni foils was applied. Considering the
close position of the samples to the detector, this correction was determined
experimentally. A Ni foil, 0.5 mm thick and 2.5 cm in diameter, but not
irradiated with neutrons, was positioned beneath one of the active foils so
that the thickness of the entire sample stack again amounted to 1.0 nun, and
its 7- ray activity was measured. The procedure was repeated with the second
Ni foil employed in the same irraditation run; then the results of both
activity measurements were averaged. When determining the correction factors
for the self-attenuation of the principal 7-rays of Co (1.038 ± 0.005) and
60Co (1.030 ± 0.004 for the 1332.5 keV 7-rays), the different distances of
the middle plane of the single activated Ni foil and of both irradiated foils
together from the Ge detector were taken into account.

The activation enhancement due to elastic neutron scattering in the samples
and to the inscattering of neutrons from the 0.5 mm thick steel wall of the
fission chamber was estimated. Therefore, data for the differential elastic
cross sections for Ni and Fe were taken from ref. /5/. The corrections for
the scattering in the samples amounted to « 1.1% - 1.3%;

3. Results and discussion

The results are summarized in table 3 which also gives the mean neutron
energies, the neutron energy resolution and the ENDF/B-VI cross section for

U(n,f) /6/ used as standard. The uncertainties of the mean neutron energy
were derived from the estimated uncertainties of the triton energies ( ),
thickness of the Mo-window (3%), stopping power of Mo and Ho gas-pressure
(3%) adding all error contributions in quadrature. Error estimates for all
identified sources cf random and systematic errors are given in table 4 for
all cross-section measurements. The total cross-section errors were
calculated by quadratic addition of these error components and the errors of
the reference cross-sections listed in table 3.

As apparent from table 3 and 4 it is possible to use the H(t,n) He reaction
for accurate cross-section ratios if the two excitation functions are similar
like U(n,f) and Ni(n,p). If the excitation functions are different, the
"gas-out" background can produce considerable systematic uncertainties, as
for example in the case of Ni(n,p) where the total error is determined by
the uncertainties of the gas-out subtraction (see table 4). This, however, is
rather a problem inherent to this measurement than a general disadvantage of
the use of the H(t,n) He reaction. If gas-out runs are really performed with
an evacuated cell and special attention is paid to the relative normalization
of gas-in and gas-out runs it will be possible to reduce this error by a
factor of 2 - 3 compared to the values given in table 3 and it should be
possible to perform the cross section measurement with about 3% accuracy also
for reactions with excitation functions different from the U(n,f) process.
One genuine disadvantage of the use of the H(t,n) He reaction is the fact
that the "gas-out" spectrum extends, although with rather low intensity, to
neutron energies above the energy of the neutrons from the H(t,n) projess,
because of the positive Q-values of the (t,n) reactions in most materials.
This has the consequence that the reaction cannot be used for cross-section
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measurements just above thresholds, because in this case the gas-out fraction
becomes very large since the high-energy part of the gas-out neutrons has
much higher cross-sections than the genuine source neutrons.

Fig. 3 and 4 compare our results to other recent measurements /7 - 14/ and
evaluations /15 - 17/. As figure 3 shows there is good agreement between our
values of the Ni(n,p) Co cross sections and other recent measurements and
our measurements also agree quite well with the predictions of the ENDF/B-V
dosimetry file within its rather wide uncertainty limits. It appears that the
average of all recent cross-section measurements in the E n - 7 - 10 MeV
range is about 10% higher than the values obtained by D.L. Smith /7/, which
are the most important data source also for energies below 7 MeV. Thus it
would be very useful to check whether this trend extends to lower energies by
new cross-section measurements at lower energies. In the energy range above
E n — 7 MeV a new evaluation using all recent data will provide improved
cross-section values with much smaller uncertainties than in ENDF/B-V.

In the case of Ni(n,p) our results are in good agreement with the
evaluation of Uhl /17/ based on statistical model calculations, but disagree
strongly with the only existing measurement of Paulsen /12/. We cannot
reproduce the structure in the cross-section above 10 MeV (which however
appeared already to Paulsen as rather questionable) and more important our
cross section values are on average -30% lower than Paulsens values in the
E n - 8-11 MeV range. A very similar behaviour was found some time ago by
Winkler et al. /18/ for the reaction Cu(n,a) Co which was measured by
Paulsen together with the Ni(n,p) Co reaction. It is thus very probable
that the use of the C(d,n) and N(d,n) reactions introduced some
systematic errors in both measurements of ref. 12. This is also confirmed by
cross-section measurements in the Cf field /19/ which are about 30% lower
than the value calculated from the ENDF/B-V dosimetry file which is based on
the data of ref. 12. Also in the 14 MeV region there is a noticable
discrepancy between the results of ref. 12 and more recent measurements
/13.14/.

Thus it appears necessary to revise the dosimetry evaluation for this cross-
section as soon as possible. For this purpose it would also be very desirable
to perform a new measurement between threshold and 8 MeV as the discrepancies
found in this work will probably extend also to neutron energies below 8 MeV.
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Table 2; Relevant decay data of 58Co and 60Co.

Radio-
nue lide

60Co

Abundance of the
target isotope

(%)

68.27±0.01
26.10±0.01

Half-life

70.916±0.015 d
5.271±0.001 y

Ref,

/*/

/V

Energies of
the / -rays
emitted (keV)

810.78
1173.24
1332.50

Emission
probabilities

0.9944 ±0.0002
0.9989 ±0.0002
0.99983±0.00001

Ref.

/20/
/20/
/20/

Table 3: Experimental Results

En(MeV)

7.71±.

9.03+.

10.11+.

11.05±.

12.00±.

a

05

05

05

05

05

En(MeV)
b

.65

.59

.54

.52

.50

238U(n,

991.

997.

986.

983.

985.

f)Ref.C.S.

±12.3

9±11.5

8±12.1

±13.6

±13.3

a(jnb)

58Ni(n,p)58Co

645±17.5

595±32

585±16.5

629±18

567±15

60Ni(n,p)60CO

62 ±2.3

81 ±5.4

99 ±5.8

125.5+9.2

130.5±8.

a) Centroid of neutron energy distribution
b) Half-width (FWHM) of neutron energy distribution



Table 4; Experimental uncertainties considered in the calculation of the cross-section

errors-

All values are given in percent

Reaction

Neutron energy (MeV)

Random errorsa)

Fission counting statistics

y-ray-counting statistics

Irridiation geometry

Systematic errors*3)

U-deposit mass

Fission fragment absorption

Fission fragment spectrum
extrapolation0^

Sample mass

Efficiency of y-ray-countingd)

^-ray-absorption in sampled

Neutron scattering in sample

Neutron absorption between
sample and U-deposit

58Ni(n,p)58Co

7.71

S.I

0.10

U • J

1,

1.11

0.5

0.13

0.1

9.03

0.11

5.

0.5

0.12

0.1

10.11

0.11

1.

0.5

0.12

0.1

11.05

0.10

0.5

0.5

0.11

0.1

12.00

0.15

0.5

0.5

0.11

0.1

60Ni(n,p)60Co

7.,71

1.26

1.

1 1 1
X* XX

0.4

0.13

0.1

9.03

1.40

5.

0.4

0.12

0.1

10.11

1.34

1.

0.4

0.12

0.1

11.05

1.20

0.5

0.4

0.11

0.1

12.00

1.26

0.5

0.4

0.11

0.1



Table 4 (continued)

Neutron scattering in
gas-target assemblye'

Subtraction of "gas outl|C)
neutrons

Total

0.

0.

2.

D

8

7

0.

in

8

4

1.

2.

1

8

1.

2.

3

9

1.

2.7

1.

1.

3.7

2

6

.8

.6

4

5

.3

.8

5.

6.

8

5

5.

6.

3

1

•p.

I

(a) uncorrelated errors

(b) 100% correlated errors unless otherwise specificated

(c) 100% correlated for different reactions at the same neutron energy

(d) 100% correlated for the same reaction

(e) «50% correlated
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Figure 1: Experimental set-up (schematic)
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Figure 2 : Calculated neutron energy distributions averaged over the sample
area
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NEUTRON CAPTURE CROSS SECTION MEASUREMENTS
IN THE ENERGY REGION 2.0-7.7 MeV

USING ACTIVATION TECHNIQUE.

R. Zorro

University of Land, Institute of Physics, Lund, Sweden

Abstract

A summary will be given of work performed at Lund to investigate
sources of systematic errors in (n, 7) activation cross section mea-
surements. The experimental setup, the correction methods and
the results for the n5In(n,7)116mIn and 197Au(n,7)198Au reactions
in the energy region 2.0-7.7 MeV will be presented.
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1. Introduction

Capture cross-section measurements in the MeV region using the activation
technique are easy in principle but difficult in practice if the excitation func-
tion rises several orders of magnitude as the neutron energy decreases down
to the thermal region. A small amount of background neutrons whose en-
ergy, on the average, is much lower than the energy of the primary flux can
seriously vitiate the measurements.

The present paper is a summary of (n,<y) activation experiments performed
with the 3 MV Pelletron tandem accelerator in Lund. The main goal of these
experiments was to investigate sources of background neutrons, to minimize
the background fluxes and to apply adequate correction methods when no
further background reduction is practical. The methods were applied to
cross section measurements of the usIn(n,'y)116mIn and 197Au(n, 7)198Au re-
actions in the neutron energy region between 2.0 and 7.7 MeV [1-4] using
the n5In(n,n')115mIn cross section as reference [5]. This reaction offers sev-
eral advantages for the present studies. It is a threshold reaction and thus
not sensitive to low-energy neutrons. Above threshold the cross section rises
steeply and becomes, at En =2.5 MeV, almost constant for several MeV.

The background neutrons may be grouped into two classes according to their
origin. One of the groups includes the primary neutron background that is
produced by (p,n) and (d,n) reactions along the beam line, in collimators and
in the constituents of the neutron-production target. In the other group one
may include the background of secondary neutrons produced in reactions
such as (n,n'), (n,np), multiple elastic scattering etc. initiated by the primary
flux in the sample, materials in the vicinity of the target-sample system and
in the laboratory walls.

Studies performed during the last decade showed that this background of
secondary neutrons was the main cause of large errors (in some cases a factor
of ten) in early measurements of (n,-y) activation cross sections at 14-15 MeV
[6-10]. At 14 MeV the primary neutron background could be disregarded. At
lower energies it turns out that the primary-neutron background is at least
as important as that from secondary neutrons.

In the next section the relevant parts of the experimental setup and procedure
are briefly outlined. Section 3 deals with the background-neutron sources
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ai SOLID TARGET ARRANGEMENT

i l SAS TARGET ARRANGEMENT
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2. SAMPLE

J . HOLYtOEMtH FOIL
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Figure 1: Details of the experimental arrangements for measurements with (a) solid targets
and (b) the gas target.

and their treatment. The results and discussion are presented in section 4.
Finally, in section 5 some conclusions are outlined.

2. Experimental setup

Monoenergetic neutrons were produced with one of the reactions T(p, n)3He
and D(d, n)3He. The ion beam was focused to a beam spot diameter less than
3 mm at the target position and the current was typically 0.5 ̂ A. The position
and width of the beam were continuously checked during irradiation with the
aid of two collimators in the last beam line section. We required the current
on these collimators to be less than 1% of that on the target. Solid targets
and a deuterium gas-cell system were utilized in the measurements. Fig. 1
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illustrates the target-sample arrangements. When solid targets were used
the irradiations took place in a near spherical aluminium chamber designed
to keep the amount of material near the sample to a minimum [9].

The deuterium gas-cell system was also constructed taking into account the
requirement of a material amount as small as possible in the proximity of
the sample. The cell itself is a stainless tube 1.0 cm in diameter, 1.0 cm long
and 0.2 mm thick with a 4.2 mg/cm2 thick molybdenum entrance window
and a 0.45 mm thick gold beam stop. The molybdenum foil was attached
to the cell with two thin ring shaped indium seals and the gas pressure was
typically 410s Pa. Both solid targets and the gas cell were air cooled. The
stability of the neutron flux was checked with a long counter.

The indium and gold samples were shaped as small disks 7.5 and 10 mm
in diameter, respectively, and had thicknesses in the range 0.2-1.9 g/cm2

(indium samples) and 0.5-2.0 g/cm3 (gold samples). An indium disk (0.1-0.2
g/cm2) was glued on the gold samples. The irradiations lasted 0.5-1.5 hours
for indium samples and 2-3 hours for gold samples.

The 7-rays from the induced activity were detected with Ge(Li) detectors
and the corrections for sample self-attenuation and summing effects were
determined experimentally [1-3].

3. Background treatment

3.1 Primary-neutron background

For the solid targets the background from (p,n) and (d,n) reactions was de-
termined by exposing a sample to the neutron flux from targets containing
ordinary hydrogen instead of tritium or deuterium. These "empty" targets
were made in the same way, at the same time and exposed to the same proton
or deuteron current as the tritiated or deuterated targets. The background
from the gas cell was routinely obtained with the cell empty. Checks showed
that the background yield was the same when the cell was filled with H2.

Table I shows the target arrangements used in the experiments. The denota-
tion T(Ti + Al), for example, means tritium absorbed in a deposition layer
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Table I - Properties of the different target types

Target

Solid
Solid
Solid
Gas

Reaction

T(p,n)
T(p,n)
D(d,n)
D(d,n)

Backing/beam stop

Material

Al
Au
Au
Au

Thickness

[nun]

0.5
0.2
0.2

0.45

Absorption

Material

Ti(nat)
90Zr

Zr(nat)

layer

Thickness

[mg/cm3]

1.8-2.4
1.8-2.4
1.8-2.4

Denotation

T(Ti+Al)
T(90Zr+Au)
D(Zr+Au)

of natural titanium which in turn is evaporated on an aluminium backing.
Fig. 2 displays the signal-to-background ratio, Y,/Y(,, plotted as a function of
source-neutron energy for the different targets. Y, is here the 116In(n,'y)ll6roIn
activation yield from the source reaction and Yb is the corresponding empty-
target yield.

The upper limit of a target's useful energy range was set at
Y,/Yfc «2. This value was chosen taking into account the reliability of the
empty targets. We found that the reproducibility of the background yield
was better than 10%. Taken as the background uncertainty, this figure gener-
ally gives unacceptable contributions to the total uncertainty for Y,/Yj, <2.
Hence, the requirement limits the T(Ti+Al), T(90Zr+Au) and D(Zr+Au)
targets to neutron energies below 4.4, 4.8 and 5.4 MeV, respectively. With the
gas target acceptable signal-to-background ratios are obtained up to En »8
MeV.

3.2 Background from secondary neutrons

The effects of secondary neutrons can be determined by varying the exper-
imental parameters. One important source of background at the energies
considered here is (n, ri) reactions within the sample. For thin samples the
activation yield from secondary neutrons is approximately proportional to
the sample thickness. Hence, the correction for secondary neutrons produced
in the sample may be determined by varying the sample thickness. Fig. 3
provides an example of the activation-yield dependence on effective sample
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Figure 2: Signal-to-background ratios for the different target arrangements. The signal and
the background are the 115In(n,7) l!3mIn activation yields obtained with the active and the
empty targets, respectively. The lines are drawn to guide the eye.

thickness. The dashed line is a linear least-squares fit to the data and the
solid line is a calculation of the secondary-neutron contribution based on the
assumptions that the neutrons are produced uniformly in the sample and
emitted isotropically. The energy spectrum of secondary neutrons needed
in the calculations was obtained with the aid of the statistical model (see
ref. [9] and refs. therein). The effective sample thickness is defined as the
average path length of secondary neutrons in the sample and is thus a func-
tion of both sample thickness and diameter. The results of fig. 3 are for
ia7Au(n,'Y)ie8Au at a neutron energy of 3.4 MeV but the slope is nearly
the same in the whole range between 2.0 and 7.7 MeV. The same trend is
observed for n6In{n,7)ll6mIn as well.

The most important sources of secondary neutrons outside the sample are
(n,n') reactions in structures near the target-sample system and neutrons
scattered from the walls. The influence of this neutron background may be
determined by studying the dependence of the activation yield, Y(n,7), on
sample-target distance.
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Figure 3: Dependence of the activation yield on effective sample thickness. The dashed line
is a linear least-squares fit to the data and the solid line shows the calculated contributions.
The uncertainties are only statistical.

The activity, A(n,i), induced in a sample can be expressed by

a (1)

where the first term on the right-hand side relates to capture of primary
(source) neutrons and the other two account for capture of secondary neu-
trons. Neutron fluxes are represented by $ and the corresponding cross
sections by a. The subscript "sec" stands for neutrons produced in {n,n') re-
actions in the target or near the target-sample assembly and "room" denotes
neutrons generated elsewhere in the room. The activation yield is obtained
from

(2)

For a point source, Y(n,i) in eq. 2 nearly becomes an analytical function
of sample-target distance [3]. Here, however, the average neutron flux <$0)
from a source with finite dimensions has to be calculated. This calculation
was performed with a Monte Carlo code which also was used to estimate
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Figure 4: Dependence of the activation yield on sample-target distance. A solid deuterium
target and a gas target were used in the measurements at 5.3 and 6.5 MeV, respectively.
The uncertainties are only statistical.

(*«<:) over the sample. Assuming that <$room) is constant in a small region
around the sample, c0 can be extracted by fitting the calculations to the
experimental data. Fig. 4 shows least-squares fits tc data at 5.3 and 6.5
MeV using this procedure. The shaded region stands for the contribution
yield from secondary neutrons produced in the target and the region above
is the contribution from room-scattered neutrons.
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4. Results and discussion

The neutron capture cross sections were determined for the 115In and 197Au
nuclei relative to the evaluated mIn(n,n')11SmIn cross sections of ref. [5].

The data have been corrected for the contribution of secondary neutrons by
using the measured activation yield dependences on effective sample thickness
and target-sample distance.

The total uncertainty in the final cross sections amounts to typically 10-25%.
The main contributions come from statistical uncertainties (typically 5-10%)
which also include the uncertainty in the empty-target yield and from the
uncertainty in the n5In(n,n')11SmIn cross sections. Small contributions come
from the relative efficiency of the Ge(Li) detector (2%), the 7-ray correction
factors (1-3%) and the half-lives and branching ratios (1-3%). The correction
for secondary neutrons, produced both inside and outside the sample, was
typically 1 mb and was determined with an uncertainty of ±0.4 mb. This un-
certainty gives a small contribution to the total uncertainty at lower energies
but dominates in the upper part of the energy region.

The cross sections are shown in fig. 5 together with results of other activation
measurements [14-22] and, for gold, also together with data from prompt
-y-ray experiments [11-13]. The lines are the results of compound nucleus
and direct-semidirect model calculations (see ref. [4] for details). P'or gold,
above 4 MeV there are only the early results of Johnsrud et al. [14] in
addition to the present. However, it may be deduced from fig. 4 that there
is rough agreement among the majority of the results for E?l <3 MeV but
the deviations increase with increasing neutron energy. It seems reasonable
to assume that sufficient corrections were not applied, neither in most of the
earlier works [14,16,20] nor in a more recent experiment [I9j.

The present data are in good agreement with those obtained in the region 5.7-
7.1 MeV by Kornilov et al. [22]. Good agreement is also obtained with the
data of Menlove et al. at neutron energies below 4 MeV. However, the values
of Menlove et al. become constant (around 6-7 mb) for neutron energies above
6 MeV and are significantly higher than the present results. Comparison with
measurements at 14-15 MeV [9], where the discrepancy is roughly a factor of
7, indicates that not even in this case sufficient background corrections were
applied.
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Figure 5: Cross section results for the 197Au(n,'7)1!)8Au and n s In (n ,7 ) 1 1 O m In reactions.
The lines are the results of compound-nucleus (solid lines) and direct-semidirect (dashed
line) calculations. The data of Joly et al. [13], Gupta et al. [12] and Poenitz [11] were
obtained using the prompt 7-ray method.

- 186 -



5. Conclusions

Accurate activation (n,i) cross-section measurements in the MeV region be-
low 8 MeV can be performed provided background effects are minimized and
proper corrections applied to the remaining contributions.

The first requirement can be satisfied by carefully designing the experimen-
tal setup, in the sense that the mechanical structures of the neutron target
and surroundings should be kept to a minimum. Small samples and short
target-sample distances should also be used in the experiments. Corrections
can be obtained by studying the variation of the activation yield when the
experimental parameters are varied. The experiments show that the correc-
tions increase with sample size and sample-target distance but do not vary
appreciably with energy in the region considered here for a fixed experimen-
tal setup. However, the true capture cross sections decrease by almost two
orders of magnitude and the corrections become consequently more and more
importante. As an example, the thickness correction for a 0.5 g/cm2 thick
indium sample (typical for the 115In measurements) is 0.6 mb. This value
is negligible at neutron energies around 2 MeV, is well below 10% around 5
MeV but becomes higher than 25% of the true cross section at En «8 MeV.

For the neutron energies considered here, in addition to the secondary neu-
tron background attention has to be paid to the background of primary neu-
trons produced by (p,n) and [d,n) reactions mostly in the constituents of the
neutron target. For the upper energies the best results are obtained using a
gas target and still better signal-to-background conditions may be obtained
by increasing the gas pressure and the length of the cell. In the present
application, the pressure (4105 Pa) is as high as the molybdenum foil can
withstand and the cell length is limited by the need for small target-sample
distances.
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TOPICAL DISCUSSIONS - SESSION H

EXPERIMENTAL WORK

Moderator: D. Smith

The following reports are summaries of the discussions held on each topic, as
prepared by the discussion leaders.

14—MeV Measurements

Discussion Leader: Y. Ikeda

The general scope of this topic was given by Ikeda. The subjects discussed were:
(A) how these efforts are being carried out, and (B) how these efforts will serve to satisfy
the activation data needs that have been defined in this area (see Table 1). However, since
this scope covered broader aspects than could be discussed in the given session time, stress
was placed on what is needed at this moment and in the future, in terms of the deficiency
of data and the identification of tasks to be performed.

From the viewpoint of consistency of the data, one of the most essential tasks is to
resolve large discrepancies in the data obtained at different facilities. Regarding the
experimental programs which are currently in progress, and which have recently provided a
considerable amount of data, a recommendation was made to investigate the problem
through appropriate collaboration. To enhance the task of guiding the work in this area,
more frequent communication is needed. This can be achieved by forming a working
group, by the use of network communications, and by setting up informal meetings.

The second item discussed was what future tasks should be performed.
Measurements on radioactive isotope reactions, rare reactions, long—lived and short—lived
activity production reactions, and /^-emitter activity production reactions were addressed.
Again, for these measurements, the need for collaborative effort was pointed out.
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Table 1

Examination of the 14-MeV Measurement Programs
Currently in Progress

A) Ongoing Programs

• Facilities where programs are currently in progress
• Source strength / Flux density
• Machine availability
• Irradiation geometry
• Neutron field characteristics / Spectrum, background
• Energy range / Energy points / Mean Energy
- Samples / Size, Enriched isotopes,

Counting method
• Data processing 4 analysis / corrections

Overall experimental uncertainty

B) Application fields :

* Fusion / Fission / General

Induced Activity / Dose rate / Afterheat / Shielding

Radioactive waste disposal / Long-Lived Activity
Damage / Gas production, He production
Dosimetry / normalization ; standard
Enhancement of understanding of nuclear reaction theoretical
prediction

* Data base needed
Scope : How many reaction cross sections can be measured.

What kind of materials must be subjected.

C) Issues to be examined

* Products with half-lives Ti^z < 1 min
Ti'2 > 102 years

Secondary step reactions
A(n,X)B(n,Y)C
A(n,Z)B

Û A(Z,W)D : TBe in LiîO
Rare reaction (small cross section)

f (n.n'a), (n,t), (n,2p)
I (n.n't),
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Differential Studies

Discussion Leader: H. Liskien

These discussions excluded the many experiments around 14 MeV and concentrated
on experiments in the difficult 8.9—12.6 MeV region. Above 8 MeV, neutrons produced by
the D(d,n)-source reaction are seriously contaminated with breakup neutrons, while
neutrons down to 12.6 MeV can still be produced by the T(d,n)-source reaction using
backward emission angles and deuteron energies in the few—MeV range.

The discussion revealed the importance of determining accurately not only the
intensity of the quasi—monoenergetic neutrons, but also the intensity and the energy
spectrum of neutrons outside the main energy peak. This principally stems for the source
itself (for example, breakup neutrons) or from neutron interaction with the surrounding
material (neutron—producing target backing, target holder, sample holder, and the sample
itself). In this sense, there is no principal difference between an "integral" and a
"differential" experiment. Multiple—foil activation spectrometry cannot deliver sufficiently
good results; time-of—flight spectrometry should be applied whenever feasible.

Along these lines, the very careful determination of intensities and energies of
D(d,np) neutrons, as performed by PTB at Braunschweig, FRG, for forward emission
angles, were of high interest. Also discussed was the unique installation existing at LANL
which accelerates tritium and, therefore, allows the realization of an H(t,n)—source with a
kinematically focused neutron beam. In any case, suitable sources for differential
experiments in the above—defined neutron energy range are extremely scarce. The
discussion, therefore, turned to the questions of how these sources and the likewise
seriously reduced availability of experienced manpower can best be exploited on an
international scale.

These discussions prepared the ground for one of the tasks to be tackled in the
NEANDC working group on activation (see the report which appears elsewhere in these
proceedings).

Integral Studies

Discussion Leader: W. Mannhart

The importance of integral neutron fields for the testing of differential cross-section
data was noted. Such tests in relatively "simple" neutron fields are essential for the
improvement of the differential cross—section database. The 235U and 252Cf neutron fields
have been used extensively in the past for differential—integral comparisons. Both neutron
fields, with average energies in the vicinity of 2 MeV, are strongly oriented toward fission
neutron needs. The neutron spectrum of spontaneous fission of 2S2Cf is now
well—established in the range between 20 keV and 20 MeV, and is also well—documented.
At present, it represents the only neutron field for which a complete uncertainty
specification is available. This field can be realized in a very clean form, i.e., without
significant perturbations of the spectral shape. All reactor-driven neutron fields, as the
235U neutron field, require the careful regard of often—large corrections for the deviation
between the pure and actual spectral shape.

The average energy of a neutron field is not always a good indicator of the
energy—dependent sensitivity of such a field. The energy response range of high—threshold
neutron—activation reactions in fission neutron fields extends to relatively high neutron
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energies, and is most sensitive to the slope of the excitation function over a few—MeV range
above threshold. As long as the spectral shape of the high-energy portion of a fission
neutron field is well—known, such fields are most useful for integral-differential testing,
even at high neutron energies.

However, there is an additional demand for integral fields with an improved
sensitivity at high neutron energies. Such neutron fields, based on the interaction of
deuterons or protons with a thick Be target, can be generated easily with available
charged—particle accelerators. By variation of the incident particle energy, the
accelerator—based neutron fields can be adjusted to specific energy—range needs. The
neutron spectra can be determined by time-of—flight techniques to a high degree of
reliability. Some experimental integral studies in such neutron fields have been
undertaken; however, more systematic studies of the specific neutron spectra are needed.

In the future, the quality of integral—differential comparisons should improve by
consistent and complete handling of both the cross sections and neutron spectrum
uncertainties. Only through consideration of such detailed information will reliable
conclusions of deficits in the database be obtained.

Activity Measurements

Discussion Leader: S. Qaim

Cross section measurement via the activation technique involves a determination of
the absolute activity of the radioactive product. The most common counting technique
applied today is 7—ray spectroscopy using semiconductor detectors. The parameters
demanding special consideration include peak area analysis, background correction,
coincidence effects, efficiency of the detector, and 7—ray intensities. Because of the
generally high resolution of the detectors used, the analysis of peaV area is relatively
simple, unless very closely spaced complex 7-ray peaks are involved. A correction for
background effects, originating both from the detector surroundings and the source itself, is
essential. The dead—time losses are in general corrected for instrumentally. The
coincidence loss, on the other hand, can be estimated from the decay scheme of the
radioisotope, if it is known accurately. In practice, it is common to determine this loss
empirically. The efficiency of the detector is a crucial parameter, and its accurate
knowledge is absolutely mandatory. The efficiency is, for the most part, determined for a
particular counting geometry using standard sources. In all such quantitative 7—ray
spectroscopic studies, it is imperative that 7—rays of well—known intensities be used.

Despite the widespread use of 7—ray spectroscopy, 0' counting cannot be altogether
ignored. In 0' counting, preparation of a thin source and estimation of self—absorption
effects are essential. Several of the low—energy 0- emitters can be conveniently determined
via liquid scintillation counting.

Occasionally, the radioactivity of purely 0* emitting radioisotopes is determined via
conventional 7—ray spectroscopy using the annihilation peak at 511 keV. There is some
uncertainty in this method. For 0* emitters, a preferable method could be 77—coincidence
counting.

For studies of metastable isomeric states decaying by highly converted internal
transitions, and for radioisotopes decaying by electron capture (with no accompanying
7-radiation), X—ray spectroscopy is the method of choice. Preparation of a thin source is
mandatory and an accurate knowledge of X-ray intensities most essential.
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Radioactivity standards used for determination of detector efficiencies are available
from various suppliers. It is urged that only certified standards be used. Occasionally,
there may be some discrepancies in the standards. It may, therefore, be advisable to
intercompare various standards.

Absolute activities can be determined generally with errors of about 5%. In
precision work, it is possible to achieve values with errors of about 3%.

Data Corrections

Discussion Leader: D. Smith

The need lor data corrections arises because of the indirect relationship between
what is measured and the nuclear parameters sought from the investigation. There was
considerable discussion of data corrections and the problems associated with this effort
throughout the meeting, not just in this session.

Data corrections are generally factors which are deduced by either experimental or
analytic procedures, and they are applied to raw data or are represented as multiplicative
factors which adjust the derived parameters. The discussions explored several aspects of
this problem. It was pointed out that it is very important to ensure that all significant
corrections are applied. Application of a few corrections and neglect of others can lead to
biased results which are sometimes inferior to what would have been obtained if no
corrections were applied. One of the problems associated with data evaluation is that of
trying to deduce from incomplete documentation whether reported data were indeed
corrected for important effects. This is a serious problem with many older works where the
standards for data correction and reporting were inferior to more modern techniques.
Another area of discussion had to do with measured corrections vs. calculated ones. It was
generally agreed that measured corrections are best, but it also was conceded that often
this is not possible.

Calculated corrections involve detailed specification of considerable auxiliary
information, e.g., neutron absorption and scattering cross sections, radioactive decay
schematics, etc. In many instances, such information is inadequate if the corrections to be
determined are substantial. The only approach, then, is to redesign the experiment (if
possible) so that the corrections can be avoided or are small. Thus, the judgment of the
experimenter is crucial, as well as his integrity in reporting his methods and the difficulties
encountered in applying them.

There was a general consensus that it would be a good idea for different laboratories
to standardize the use of computer codes and procedures used to calculate some corrections,
e.g., those for neutron scattering. One thing that emerged from the discussion of this issue
is that there is some confusion over the meaning of certain terms. For example, the term
"multiple scattering" is interpreted somewhat differently by different individuals. This
was a somewhat surprising revelation. It was concluded, however, that in those instances
where similar experimental configurations were commonly used in different laboratories, it
would be beneficial to share in the methodology for the corrections, because there would
then be some cross checking of procedures to promote elimination of some possible sources
of systematic error that might be inherent in the work from particular laboratories. As a
result of tuese discussions, it is likely that there will be some sharing of codes, although no
commitments were made at this meeting to do so.

There was considerable discussion on the importance of neutron—source—related
corrections. It was stressed that, in fact, there is no such thing as a truly "monoenergetic"
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measurement. It is clear that workers in this field are now much more aware of this
particular aspect of data correction than they were only a few short years ago. As a result
of the recognition of this point, it has become apparent that an important part of the work
of experimental activation measurements in the future will be attention to neutron source
characterization.

Finally, it was pointed out that estimation of the uncertainties in data corrections
are important because these errors are the main source of systematic error in
measurements. Such exercises are essential if reliable data covariance matrices are to be
constructed to serve the needs of evaluators and of applications for the data.

Data Uncertainties

Discussion Leader: W. Mannhart

For each contemporary experiment, documentation of the experimental
uncertainties is mandatory. This requires more than just the quota-ion of total
uncertainties. Without sufficiently detailed documentation of the various uncertainty
components, an experiment loses most of its credibility. In addition, further processing of
the data and, especially, inclusion of the data in future evaluations, is strongly hampered
by incomplete uncertainty documentation.

Today's evaluation tools allow relatively objective handling of individual
experiments, as long as a reliable experimental "design" matrix can be derived from the
quoted uncertainties. However, this requires, at least, complete description of the
individual sources of uncertainty, their magnitudes, and specification of the correlations
between these data. All this information is automatically available in the uncertainty
estimation process, and should therefore be presented during this stage of data analysis by
means of "appropriate" documentation.

Different procedures for such documentation have been discussed. The difficulty of
including all details in journal articles is recognized. Therefore, it was strongly
recommended to document the required details in supplemental laboratory reports. It was
generally agreed that it makes no sense to quote large-^ized covariance matrices in a
printed form. These matrices, which are mainly needed for evaluation purposes, should be
stored in computer files that are available upon request. It was also shown that often the
information needed for the generation of the whole matrix can be organized in a compact
form. Generation of the final matrix can then be controlled by a few identification tags for
each data point, employing simple computer programs. Even though this procedure is
straightforward, there are still possibilities for mistake. Therefore, inexperienced people
should never try to apply this method because it may lead to production of erroneous
matrices through incomplete understanding. Such matrices can never be corrected if the
original documentation is lost.

In summary, all experimenters were encouraged to document the uncertainties for
their experiments in a detailed and complete form. Since a posteriori estimation of
correlations between the data requires extensive knowledge of the details, an
experimenter—based estimate of the degree of correlation is of great advantage. There is no
need to quote a final covariance matrix. The generation of such a matrix can, of course, be
done on a voluntary basis by the experimenter, but this is never a substitute for complete
uncertainty documentation.

The quality of future cross—section evaluations will be improved significantly if
experimenters regard these relatively simple rules in reporting their data.
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Exotic Reactions

Discussion Leader: S. Qaim

Nuclear reactions with very low cross sections are termed here as exotic reactions.
At incident neutron energies of about 14 MeV, the relevant processes are (n,t) (n,3He), and
(n,2p). Very little information is available for the (n,2p) reaction. The (n,t) and (n,3He)
processes have been investigated in more detail and the systematics of cross sections have
been developed. The (n,t) reaction has a relatively high cross section in the light mass
region. In the medium and heavy mass regions, however, the process is rather rare. The
(n,3He) reaction has a very low probability in all the mass regions.

Studies of exotic reactions demand the use of interdisciplinary techniques. The
(n,3He) process has been studied at 14 MeV almost exclusively via radiochemical
techniques; at higher energies, both radiochemical and mass spectrometric measurements
have been done.

Information on (n,t) and (n,3He) cross sections is needed for estimating the amounts
of long-lived radioactive products, as well as for testing nuclear models. In view of the
high 14-MeV neutron flux in a fusion reactor, although the cross sections of the processes
in the medium and heavy mass regions range between a few fib and 1 fib, the activities
formed via these processes should be taken into consideration. Two examples are given
below.

Nuclear T1/2 of a at 14 MeV Estimated activity»
reaction product (fib) GBq(mCi)/cc of element

(d)

58Ni(n,t)58Co 78.8 90 5.40(146)

»3Nb(n,3He)9iY 58.5 3 0.16(4.4)

^Assuming tpn = 1015 cnrV1 ; irradiation time, 1 year.

Similar estimates for radioactive products expected from all potential wall and
blanket constituents should be done.

Hauser—Feshbach calculations done on medium and heavy-mass nuclei have shown
that the (n,t) cross section can be described by the statistical model with partial success.
In the case of the (n,3He) reaction, however, the statistical model gives values which are
very low, as compared to the experimental data. For predicting unknown cross sections,
therefore, at present one has to rely strongly on the systematics reported at 14 MeV.

New Measnrffmpnt Methods for 8—15 MeV

Discussion Leader: R. Haight

Activation measurements have traditionally been difficult in the neutron energy
range 8—15 MeV because "monoenergetic" neutron sources in this region are contaminated
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with lower-energy, breakup neutrons. The commonly used 2H(d,n) reaction, for example,
has significant breakup neutron yield at energies less than 6 MeV below the
"monoenergetic" peak. In addition, there are parasitic neutrons that can be produced by
reactions on gas—cell windows, on contaminant materials, and in the beam stop.

Before addressing new methods, this discussion treated some old methods which
can, in certain cases, be very useful for activation cross-section measurements. Important
considerations are:

• reaction threshold energies,
• subtraction of contributions from parasitic neutrons, and
• correction for source breakup neutrons.

Again, using the 3H(d,n) reaction as an example, if the cross sections to be measured have
thresholds above the breakup neutron energies for both the reaction studied as well as
monitor reaction(s), then there is a reduced net effect from these lower energy neutrons.
The effect of parasitic neutrons can be subtracted by irradiating additional samples with a
"gas—out" source; the difference between "gas—in" and "gas-out" activation, suitably
normalized, is then due to neutrons from deuterons on 2H. (Some care needs to be taken to
understand effects of the change in deuteron energy at the beam stop, since the beam loses
no energy in the gas region with "gas-out".) Finally, even with breakup neutrons above
reaction thresholds, a correction can be made if the breakup spectrum as well as the cross
section at breakup energies are known. An example of activation measurements carefully
treating these effects is given in Ref. 1.

New methods consist of new reactions or old reactions used in new ways. The new
reaction reported at this meeting is the lH(nB,n) reaction (Ref. 2). This source is quite
clean of breakup and parasitic neutrons. It requires an "B beam in the 50—70 MeV
range—in this case, from a tandem electrostatic accelerator with a high terminal voltage.

An eld source reaction reported at this meeting is the lH(t,n) reaction (Ref. 3). At
these energies, breakup neutrons from collisions of tritons with hydrogen are not
energetically allowed. Parasitic neutrons from interactions of the triton beam with the gas
entrance foil, the beam stop, or contaminants are possible, however. This source reaction
is being used at high intensity with a high-pressure hydrogen gas cell that is rotated to
allow maximum beam currents from the accelerator. A triton beam in the range of
12—20 MeV is required.

Finally, it was pointed out that many activation cross sections can be determined
by in-beam gamma-ray detection using a "white" neutron source. This approach is used
at ORELA at the Oak Ridge National Laboratory (Ref. 4), and more recently at the
Target-4 neutron source at LAMPF at Los Alamos (Ref. 5). From the yield of
de-excitation gamma rays in the residual nucleus, the activation cross section can be
deduced. This approach works best if most of the de-excitation goes through one
low—lying state. The neutron energies are well separated by time-of—flight techniques, and
the excitation functions are measured all at the same time. Furthermore, the induced
activity does not need to be counted and, hence, cross sections to very long—lived species
(and even stable ones), or to those with difficult-to-measure radiations, can be
determined.

With these new measurement methods, it can be expected that activation data in
the 8—15 MeV region may be markedly improved in the next few years.
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TESTING NEW APPROACHES TO CALCULATE RADIATIVE CAPTURE CROSS-SECTIONS

J. Kopecky, M.G. Delfini and H. Gruppelaar

Netherlands Energy Research Foundation ECN, P.O Box 1,
1755 ZG Petten, The Netherlands

M. Uhl

Institut ftir Radiumforschung und Kernphysik, Universitat Wien,
Boltzmanngasse 3. A-1090 Vienna, Austria

The impact of using global parameters on the calculation of the capture
cross-section has been studied. A simplified statistical model MASGAM, with
1/v and direct-semidirect components has been developed at ECN. The input is
prepared from minimum information such as Z, A and level scheme information,
using global systematics of relevant parameters. Some preliminary results are
shown and compared with more sophisticated calculations.

Further, the influence of different models for El- and Ml Y-ray strength
functions on the results of model calculations of the total radiative width,
capture cross-sections and Y-ray spectra was studied with the IRK code
MAURINA.

The results suggest that the predictability of radiative capture cross-
section models for unstable targets could be increased.
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1. INTRODUCTION

The importance of radiative capture cross-sections in fusion reactor de-
sign calculations has been recognized recently. The neutron flux spectra in
present design studies have a large thermal and epithermal component and thus
the quality and accuracy of cross-sections in the whole energy range is rele-
vant. Further due to the large neutron flux even small contaminants can play
an important role in induced radioactivity calculations and
thus essentially all stable and radioactive (with T1 ,? > 1/2 day) nuclides
have to be considered as targets. Of special interest are activation reac-
tions leading to metastable states.

These facts have brought three new aspects into the evaluation of radia-
tive capture cross-sections. Firstly, there is a need for a code suitable for
mass production of data with minimum input requirements. Secondly, since for
many radioactive targets no experimental information is available, the relia-
bility of present calculations without the possibility of parameter adjust-
ment should be tested and used assumptions inspected. Finally, there is a
strong need to improve the capability of the codes to compute cross-sections
of reactions leading to meta-stable states. In particular the role of ï-ray
strength functions in the calculation of cross-sections for (n,T) reactions
both to ground and meta-stable states is quite important.

In this paper we present some preliminary results of calculations carried
out at ECN-Petten and IRK-Vienna. These calculations refer to the first two
problems mentioned above. Further study on the isomer ratio calculations is
needed.

2. SIMPLIFIED STATISTICAL CODE MASGAM

In view of the fact that the European Activation File (EAF-1) consists of
about 625 targets and that for more than 3n0 no evaluation exists, model cal-
culation codes should be adapted for mass production. Especially the input
has to be minimized and based as much as possible on available systematics.

2.1 Basic ideas behind the simplification

We have developed a new code to calculate (n,T) cross-sections, called
MASGAM. This code calculates the cross-sections, which consist basically of
three components, namely the 1/v-component, the statistical part and the
direct-semidirect contribution. The resolved-resonance region is not included
and the smooth statistical part is extended down to the energy E = 0.5 Do
and coupled to the 1/v-term. The choice of the energy E, is rather arbitrary.
However, inspection of the existing data in ref. (1) suggests that this value
is an acceptable compromise. Each of these three components, separately cal-
culated, can be examined at a typical energy (see Table I) and renormalized
either to an experimental value or to a value from systematics.
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Table I. Renormalization energies

Component Energy range Energy point Renormaliza-
tion to

1/v

statiitical
direct

10"5 eV -
0.5 eV -
0.5 Do -
10 MeV -

0.
20
15
20

5 Do
MeV
MeV
MeV

0

30
14

.0253bf

L keV
.5 MeV

Exp,
Exp,
Exp.

a)
;b)

Exp. or syst. w

a)
If no experimental value is available, a value from neighbouring

, v nuclides could be used.
The value of E. could be adjusted to obtain agreement with the

> experimental value of the resonance integral.
c ; See ref. (2).

MASGAM consists of two subprograms. The program FIRST prepares and organ-
izes the input for the calculation with the statistical-model code FISGIN
(3,4). FISGIN is an extended and improved version of the Bologna code
FISPRO-II (5), based upon the Hauser-Feshbach formula with width fluctuation
correction and a direct and collective capture contribution.

In order to speed up and simplify the calculation many input parameters
are prepared from the available global systematics. The input contains only
Z, the mass A and some level scheme information of the target nucleus. The
choice of other parameters is discussed below.

Optical model parameters

We have adopted the prescription for the global spherical potential
of Moldauer, which overall best reproduces the S^, S. and R' experimental
results at low incident energies (6). The largest deviations from experiment
have been found in the rare earth region where the deformations are large.

Level density parametrization

The composite Gilbert-Cameron formula is used in FISGIN to describe the
level density. For the compound nucleus no discrete levels are used in the
calculation; of the target nucleus the level scheme of low-lying states has
to be known. The energy at which the continuum commences has been chosen as
E = E (n) + 0.5 (E (n)-E (n-1)) above the highest level energy E (n). The
influence of the number or levels on the results will be discussed later.

For the parametrization of the continuum, the level-density parameter a
and the matching energy U are taken from the global systematics of these
quantities versus neutron number as given by Reffo (7.8). We adopted a tabu-
lated form rather than an analytical expression (e.g. in (9)) because it
takes to some extend the local variations into account.
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Reaction Q-values and pairing corrections

Neutron binding energies are calculated from the atomic mass data tables
of Wapstra and Bos (10) supplemented with data from a theoretical expression.
The pairing energy corrections were taken from ref. (11).

Gamma-ray decay parameters

For the energy dependence of the radiative width r a traditional expres-
sion is assumed, based on the Brink-Axel estimate. Only El radiation is con-
sidered, to simplify the assumptions, and thus only the El giant resonance
parameters are needed.

For the description of these parameters the systematics based on a smooth
dependence of the resonance energy E» of a single isovector resonance (12).
has been chosen, because of its simplicity. The expression E_(MeV) =

31.2 A"1'3 + 20.6 A ' fits experimental data in the mass range 40 < A < 200
rather well and the neglect of the double resonance peak for deformed nuclei
can be accepted in such a global parameterization.

A convenient way to describe the resonance width I"n as a function of A
has been proposed by Reffo (7)- He observed that the ratio 1"./En versus A is
approximately constant and amounts to 0.3 and this prescription is used.

The value of the peak cross-section of the El giant resonance has been
included in the absolute normalization of the calculated total radiative
width P which is obtained from the eye-guiding curve through experimental
points as given in fig.22 of ref.(7).

2.2 Preliminary results and discussion

Uncertainties in the above described global parameters affect the accuracy
of the calculations in general. Other sources of inaccuracy come from the
simplifications in the applied model, e.g.:

(a) the 1/v assumption up to energy E, ,
(b) the neglect of resolved resonances (if no data are available), and
(c) the restricted number of discrete target levels.

In order to gain some experience on these problems, we have calculated
cross-sections for some selected targets, with the special aim to test
the results around closed shell nuclides, where local irregularities in
global parameters may play a role. The following targets were used; even-A

targets: 1 0 V d , 1 3 8Ba, 11|2Nd, 158Gd and odd-A targets: 93Nb and 105Pd.

The results of present calculations are compared with two previous evalu-
ations, those of Benzi et al. (13) and the RCN evaluations (if available) of
JEF-1. In both cases essentially the same model was used, but all input para-
meters were based on individual adjustment to experimental information and
therefore they can be used to test the global systematics of input parameters
in MASGAM.
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Three target nuclides, namely Pd, Nd and Qd, were selected to de-
monstrate typical features of odd-A and even-A targets. The three nuclides
differ essentially in their bound-state spacing and in the energy of the
first excited state, which are 0.28 MeV, 1.57 MeV and 0.08 MeV, respectively.

Three options were used in the KASGAM input for discrete levels of the
targets, using one, two or, as used by Benzi (13), &H known levels. No re-
normalization has been applied. The calculated cross-sections are displayed
in figs. 1-3 for incident neutron energies between 1 keV and 10 MeV.

Two observations can be made based on these test calculations:
1. The 1/v component naturally has a large uncertainty which cannot be
removed unless the experimental data are used for renormalization. The defi-
nition of the energy E. reasonably reflects the experimental situations,
especially if the resonance integral is adjusted to the experimental value.
2. Below the energy of the first excited state, the uncertainty of the
cross-section is due to the uncertainty of the global parameters, which is
small except for closed-shell nuclides, and thus the calculation agrees sa-
tisfactorily with the results of Benzi (13). The number of discrete levels of
the target can be restricted for targets withj.small spacing which may further
simplify the input (see figs. 1 and 3)» The Nd capture cross-section shows
a larger uncertainty, typical for closed-shell nuclei, due to problems with
global parameterization. Large spacing makes also the start of the continuum
of level densities unreliable if a small number of levels is used.

3. GAMMA-RAY STRENGTH FUNCTIONS WITH MODIFIED LORENTZIAN

Gamma-ray strength functions characterize the average electromagnetic
properties of excited nuclei. Besides their fundamental importance for the
mechanism of capture reactions they are an indispensable tool for applied
nuclear reaction model calculations.

The widely adopted model for the El strength functions is the giant dipole
resonance (GDR) model based on the Brink hypothesis (14). Primary El reso-
nance capture measurements indicate that the GDR model describes the experi-
mental data much better than the single particle model. However, the simple
Lorentzian shape of the absorption cross-section is inadequate at energies
close to and below the neutron threshold (15,16). Various empirical prescrip-
tions have been proposed to correct for these insufficiences: e.g. a "depres-
sed" Lorentzian (17) or an "energy dependent Breit-Wigner" shape (18).

The uncertainties in the parawetrizations of the El strength function
affect the ability to calculate capture cross sections and T-ray spectra. As
a consequence such calculations often use relative strength functions of a
given shape and apply some normalization. A popular approach is to normalize
the Ml, E2,.... strength, using the single particle model, to the dominant
El contribution and to find the absolute value of the latter by reproducing
the ratio <rT>/<DQ>.

More detailed models for the El strength function have been proposed by
Zaretskij et al. (19), Kadmenskij et al. (20) and Sirotkin (21). They rely on
the theory of Fermi liquids and account for microscopic properties of the
GDR. An essential point in their approach is that the finite limiting term
for E —> 0 exists and this term as well as the spreading width depends on
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the temperature on which the giant resonance is built. The latter has been
experimentally demonstrated in heavy-ion capture (e.g.(22)) and is at va-
riance with the Brink hypothesis.

Kopecky and Chrien recently analysed the El and Ml strength functions
deduced from average resonance capture (ARC) data for Pd and Au targets
(23.24) in terms of the modified Lorentzian following the above mentioned
models. They have proposed an alternative formula (based on the approach of
ref.(20)) for the El strength function which is attractive because it is cor-
rect in the low energy limit and differs from the Lorentzian negligibly
(less than 1%) at the neutron binding energy:

« E r(E ) o.7rn4n
2T2

f (E ,T) = 8.68-10 ° o r [ \ 1 5 + a= ] , /l/
E1 T ° ° {E*E2)2+E*r{E)2 E5QQ

where r(ET) = r_(EY+'»n T )/E and the nuclear temperature T

For Ml radiation they used the giant resonance prescription based on
the spin-flip model of Bohr and Mottelson (25) and found it in good agreement
with the data. The behaviour of Ml radiation was studied in many ARC experi-
ments and the reader is referred to existing literature (e.g.(26)). Evidence
has grown recently that also the strength function for E2 radiation may be
related to a corresponding giant resonance (23.26,30).

3.1 Calculation with MAURINA

In this section we present the impact of these models for the three most
important strength functions on nuclear reaction model calculations. For Ml
radiation the single particle model adjusted to experimental data is»also
considered., for comparison. For four spherical target nuclei, Nb, Pd,

Nd and Au, we have calculated the average total s-wave radiative width,
(average) capture cross-sections for incident neutron energies between 0.01 -
3 MeV and T-ray spectra and compared them to available experimental data. The
calculations were performed with the code Maurina (27) at IRK-Vienna.

For the detailed results and description of the auxiliary quantities
employed in calculations (neutron optical potentials, level densities) we
refer to a forthcoming paper of Uhl and Kopecky (28). Only some essential
information concerning the TT-ray decay is given here. For all pertinent mul-
tipolarities (El, Ml and E2) the GDR model was used. Parameters of correspon-
ding giant resonances have been taken for:

El radiation — > experimental data from the compilation (29).

Ml radiation — > E. = 4lA~l/3 (25), I"n = 4 MeV (23) and
-1 17.

E2 radiation — > EQ = 63A
 / 3 (12), rQ = 6.11 - 0.012A (30),

aQ = l.lJxlO"1* Z 2 EQ / A~
1 / 3 rQ (30).

The employed strength functions reproduce independent experimental infor-
mation as resonance capture data and/or photonuclear data. The only normali-
zation adopted from experimental data was for Ml radiation, for derivation of
the peak cross-section o~ and of the adjusted single-particle model value.
No_ further normalizations were adopted. The results are displayed in Table II
and figs. 4-6. Recommended results are underlined in Table II.

- 206 -



Table II. Calculated and experimental total s-wave radiative width in tneV
(the back-shifted Fermi gas model for level densities)

compound
nucleus <rv>u1 <rv>r,1 <rv>Do <rv>totai <rv>

T n± T CiJ. i Ei£. T i Gxp

9 V 15.5a 240.9">e SJ)" 262.5
62.7 145 ± 10.

„„.; 102.1 112
51.5 24ÔT9^'e 307-5

108.9 (31.32)
147.2

106Pd 10.5a 416

. ^.*. ,̂̂ .̂  145 ± 8 (1)
72.4d

53.5"
233.7

223. if 3_iia 229.5
24.2° 30.7
73.0^ 79.5 80 ± 9 (1)

14.9 223.1" 241.8
24.2 43.0
73.0c 91.8

*Au 10 .la 402.9a*e 5̂ 6.a 4l8.6
76. G3'* 92.3

, 132.5 ' 148.2 128 ± 6 (1)
43.4d 402.9>'e 451.8

76.6b'e 125.6
132.5°'e 181.5

, Standard Lorentzian
Lorentzian with energy dependent damping width (first term
in eq./l/)b

, Lorentzian with the E r — > 0 term (eq./l/)
Single particle model adjusted to experimental data
Pygmy resonance included (parameters from experimental data)

Discussion of results

The results of the model calculations critically depend on the strength
functions for El and Ml radiation and that specifically at low E energies,
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where no direct experimental information is available. By studying strength
functions which reproduce photoabsorption and/or average resonance data but
differ at low energies, such model calculations can be used to test their
behaviour.

The comparison with experimental data in Table II shows, according to
the ARC data, that the El-strength function with the standard Lorentzian
results in much too large radiative widths. On the other hand, assuming the
Ml giant resonance approach and the generalized Lorentzian with a finite Ey
--> 0 limit, a resonable simultaneous reproduction of the total radiative
width, the ARC - and the photoabsorption data is achieved (underlined num-
bers). Similar agreement is obtained with the combination of a Lorentzian
with an energy dependent spreading width and an adjusted (to experimental
data) single-particle model for Ml. However, an energy independent Ml
strength is excluded from experimental information on transitions between low
excited states (33) and the established mass dependence of Ml primary transi-
tions (3*0. Thus, for Ml radiation a standard Lorentzian in the frame of the
giant resonance model was used in further calculations.

A weak dependence of the shape of the cross-section on the low energy be-
haviour of the Y-ray strength function is found. However, the absolute magni-
tude shows a similar dependence as in case of the total radiative width (see
figs. 4-6). The best reproduction of the experimental cross-sections is ob-
tained with the GDR for Ml and the generalized Lorentzian for El radiation.
The above mentioned weak shape dependence provides the basis for the norma-
lization procedures applied in earlier calculations. On the other hand, the
use of the present approach (without renormalization) could lead to much bet-
ter predictions of the radiative capture cross-sections for nuclides without
resolved-resonance information. This point, noticed earlier by Gardner (36),
is quite important to evaluate cross-sections for unstable targets.

Since the total radiative width and the capture cross-sections essentially
provide some integral information on the Y-ray strength, more detailed know-
ledge can be obtained from the analysis of the T-ray spectra, of their magni-
tude and especially of their shape. Unfortunately, we found experimental
Y-ray spectra only for two of the considered nuclei. Figs. 4 and 6 clearly
show that for emission energies between 1 and 4 MeV the shape of spectra de-
pends on the model for f_.(E~) and the data favour again the choice of the
generalized Lorentzian. To reproduce the high-energy end of the spectra an El
pygmy resonance of Lorentzian shape with parameters from refs. (24,35) was
used.

By combining all results we find strong support for a representation of
the El strength function that is based on a Lorentzian with energy dependent
spreading width and exhibiting a finite E — > 0 limit depending on the
nuclear temperature. The consequences for predicting radiative capture
cross-sections of unstable targets look favourable. The results also suggest
that progress could be made in isomer-ratio calculations. Clearly, a more
systematic study is required, before the new expressions could be used in the
massproduction of nuclear data for the European Activation File.
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Fig. 1 The neutron capture cross-section of Pd.
The solid curve displays results from ref. (13). Remaining curves
were calculated with MASGAM varying the number of discrete levels
in the target nucleus, as indicated in the figure.
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Fig. 2 The neutron capture cross-section of
The same notation used as in fig. 1.
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SOME NEUTRON AND PHOTON REACTIONS ON THE
GROUND AND ISOMERIC STATES OF"«237Np

D. G. Gardner and M. A. Gardner
Lawrence Livermore National Laboratory

Livermore, CA 94551 USA

ABSTRACT

We present results of calculated neutron- and photon-induced reactions on the 1.1 x 105-y
ground state and 22.5-h isomer of 236Np and on the 2.1 x 106-y ground state and 68-ns isomer of
237Np. Of primary concern are the isomeric ratios produced although some photon absorption and
photoneutron results are given. We discuss the production of the short-lived isomer of 236Np, via
the (n,2n) and (y,n) reactions on 237Np, leading eventually to the high-energy y-ray emitter, 208Pb;
the photoproduction and destruction of the 60-keV, 68-ns isomer of 237Np, a possible gamma-ray
laser candidate; and the use of photoexcitation and destruction of nuclear isomers in the field of
nuclear waste disposal. The effect of the choice of the physics parameters on the calculated
results is also illustrated.
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INTRODUCTION

We present some recent, along with some older, unpublished, calculations involving photon
and neutron interactions on the 1.1 x 105-y ground state (gs) and 22.5-h isomer of 236Np and on
the 2.1 x 106-y gs and 68-ns isomer of 237Np. The nuclear reaction code that we are currently
using, STAPLUS, is our most recent modification of the STAPRE code [1]. At present, STA-
PLUS does not contain a fission model, and so the calculated isomeric ratios could be in error
near the fission barriers. In some cases, we have used energy- independent values of TJT{ when
approximate cross sections were desired, only to illustrate trends or relative magnitudes.

Our original interest in Np calculations concerned the reaction 237Np(n,2n)236m'8Np. The
short-lived, 1+ isomer of 236Np, at 0.077 MeV, decays 48% by (3~ emission to 236Pu (2.85 y), which
decays eventually to 208Pb releasing a 2.6-MeV y-ray. This presents a shielding problem, both in
reactor design [2] and also in our national space program [3], where 238Pu may be used as a power
source in certain space vehicles, and 236Pu impurities are clearly undesirable. The results of our
1983-84 calculations of the gs/isomer ratio, for incident neutrons from threshoH to 16 MeV, were
reported [4,5] and will be discussed later.

In 1987, we reported on three other types of calculations involving 237Np. In our modeling
of multipole strength function for elements up to bismuth, we always found the fraction of El
sum rule that was exhausted was unity. However, by fitting total neutron capture data and aver-
age resonance capture (ARC) measurements for various actinides, we found the Ml/El ratio to be
the same as in the case of the lanthanide elements, but that the total multipole transition strength
was larger by about 27% [6]. In our present calculations, we retain this enhancement and apply it
to the isoscalar E2 transitions as well. We had examined [7] the interaction of photons from
about 0.2 to 5 MeV in energy on the 5/2* gs and the 5/2~, 68-ns isomeric state at 0.060 MeV in
237Np. We found that for two small ranges of photon energies, near 0.5 and 0.9 MeV, the isomer
ratio c(m)/c(g) was about 4. Because 237Np had been suggested as a possible y-ray laser [8], the
possibility to have such an inversion was of interest. In addition, we found that the value of the
isomer ratio depended strongly on the magnitude of the Ml strength function compared with that
for the El. Finally, we modified our STAPLUS code to allow the population of one (or more)
specific J™ state in an excited nucteus to be an input parameter. Thus, we can calculate the cas-
cade of y-rays from that J* state and determine the primary y-ray intensities and the intensities of
y-rays among the discrete levels. The example used [9] was y-ray decay of the known shape
isomer in 237Np at an energy near 2.8 MeV.

We report here our latest calculations for the reactions 237gNp(n,2n)236mBNp,
237sNp(y,n)236m>eNp, and 2î6m'8Np(y,y')236miSNp. In order to determine the best reactor conditions for
producing 238Pu, while minimizing the 236Pu contamination, both the (n,2n) and the (y,n) reaction
excitation functions must be known, of course, but the effect of y-rays on the isomer and gs of
236Np must also be understood. We felt it necessary to repeat some of the older calculations
because we are now incorporating a spin-dependent precompound model into STAPLUS.

CALCULATIONS
All calculations were performed with several modified versions of the STAPRE code [1],

which uses the Hauser-Feshbach statistical model (compound-nucleus) formalism with complete
conservation of angular momentum and parity, plus an exciton-type precompound evaporation
model. The latest version, called STAPLUS, contains a modification of the precompound model
[10], in which an exciton number and energy-dependent spin cut-off parameter has been incorpo-
rated, together with the ability to enter as input the level density parameters for the parent and all
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daughter nuclei involved with the precompound evaporation, and to choose one of two methods
for computing the matrix element for the residual interactions. The inclusion of a spin depend-
ence in the precompound model should affect primarily calculations of angular distributions and
isomer ratios [11], We have only begun to test the modifications, but fortunately the effects on
the Np isomer ratio calculations varied from small to none. In our latest calculations, the precom-
pound spin cut-off parameter, o2. (N.,E) is taken to be

. (1)

Here E is the excitation energy in the daughter nucleus, O"£(E) is the usual energy-dependent
parameter for the compound nucleus

, (2)

and N. and Nc are, respectively, the number of particles plus holes in the ith exciton state undergo-
ing particle evaporation, and the number of particles plus holes in the final exciton state. The
particle spectrum from the ith exciton state is distributed in the daughter nucleus with the spin
distribution

Fj (E,J) = ( 2 j * 1} exp - [(J + l/2)2/2gjs(E,Ni)] • (3)
2O£(bJN i)

It is necessary to normalize Eq.(3) to unity each time, because the partition of the level
density expression into the product of a parity term, an energy-dependent term, and the term
expressed in Eq.(3) is only an approximation, and the sum over J of Eq.(3) increasingly deviates
from unity as the Op(E,N.) decreases in magnitude. For precompound evaporation, we are trying
a = A/8 and Ô = 0 for the level density parameters shown in Eq.(2). The matrix element men-
tioned above is often parameterized as IM2I = kE~'A~3, with k being a normalizing constant derived
from fits to data. STAPRE (and STAPLUS) also have the option of

, (4)

termed "Milano" but unreferenced [1]. The symbol A is the mass number, and g = 6a/7t2. Using a
= A/8, Eq.(4) has the value k = 262, and the matrix element becomes IM2I = 262E'A 3. Fu [12]
has found this type of approach to be useful, particularly when the compound level density is
changing rapidly with mass number, A; we are evaluating it with good results so far.

Fc the compound nucleus part of the calculations, we use the well-known Gilbert-Cameron
formalism, and force agreement of the constant temperature portion at low energies with the large
sets of modeled, discrete levels that we use [4]. For 237Np, we have 89 levels up to 1.2 MeV, and
for 236Np, we use 935 levels up to 1.4 MeV. At the neutron separation energy, we try to reproduce
Dob, the s-wave neutron resonance spacing, by adjusting the level density parameter, "a," in the
Fermi gas portion. For 236>237Np, we used the calculated Dob values of Antsipov et al., [13]. To aid
the following discussion, we show the first few levels from each Np set in Table I. Figure 1
shows how the 935 levels of 236Np agree with the constant temperature extrapolation of our con-
tinuum level density formulation, while Fig. 2 illustrates how the spin cut-off parameter, k, in
Eq.(2) is determined from the discrete levels. Details concerning the codes that modeled these
levels are covered in Refs. 4, 14, and 15. Among the discrete levels, it is assumed that intraband
transitions are much faster than interband transitions, thus the y-ray cascade proceeds first down
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Table I. Low-energy levels for "*Np and 237Np.
J*
8"
2+

V
7"

6-

22.5-h isomer

l . l x N H v

E(MeV)
0.133
0.096
0.077
0.053
0.000

J"
7/2"
9/2+

5/2"
7/2*
5/2*

W 7 Np

68-ns isomer

2.1 x 10« v

E(MeV)
- 0.103
- 0.076

0.060
0.033
0.000

Edn

>•

53
2

a
a

,01

: 935 levels

a

m j

• ^

bÈÙkb
• levels

:

o

£ 90

5 60

• 30

J

/,n>N
alc k= 0.2-1 oH

k = 0 146
E S S from levels

\

0.3 0.6 0.9
E(MeV)

1.5 9 11
SPIN J

13 15 17 19 21

Figure 1. Comparison of the level density
from the 935 levels of 2J*Np with the
constant temperature portion of the
Gilbert-Cameron expression.

Figure 2. Comparison of the spin distri-
bution derived from the 935 levels of "'Np
compared with that calculated from Eq.
(2) with k = 0.24 (solid line) and with
k = 0.146 (dashed line).

each band; decays to other bands originate only from bandheads. Bandheads de-excite only by
dipole and E2 transitions, following the K-quantum number restrictions and with conservation of
spin and parity. The energy dependence of such transitions is E<2/+1).

Upward transitions due to incident photons, and downward transitions within the continuum
and from the continuum to the discrete levels, are modeled as follows. ^Tie El strength function
is based on the double-peak Energy Dependent Breit-Wigner (EDBW) line shape for the giant
dipole resonance [16]; the single adjustable parameter, Ex, has been fixed at 11 MeV, based on
our study of 176Lu [17]. The Ml strength function is modeled as a Weisskopf, single-particle type,
independent of energy: fM1 = 1.44 x 10n A4/3 MeV 3, even though we know this must be incorrect
since it does not yield a finite sum rule value. The isoscalar E2 is modeled as a single-peak
resonance [18], with either a Lorentz or EDBW line shape, and when multiplied by E? is about
1 % of the El strength. The peak parameters are EE2 = 63 A"1/3 MeV, TE2 = 18.9 A""3 MeV, and
aE2 = 2.65 x 10"2(2?/A2/3)mb. The variation with energy of these multipole strength functions is il-
lustrated in Fig. 3. Although theoretically incorrect, the flat Ml strength function reproduces
experimental observations in a number of cases. In ARC measurements in the actinide and
lanthanide regions, the El/Ml ratio is about 10, depending upon the neutron separation energy;
and among the discrete levels, for excitation energies in the 0- to 1-MeV range, the same ratio is
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often 0.15 [15,17]. These numbers agree better with the EDBW line shape for El transitions than
with the Lorentz line shape. Further support for our systematics for El transitions is found in
Fig. 4. The calculation used the multipole strength functions from Fig. 3. The calculation is
compared with Lorentz line shape fits to two sets of experimental data [19]. Our El systematics
require that all nuclei be double-peaked prolate spheroids with G]Vl = 0.5 o2fr The spacing of
the peaks is determined from the deformation parameter, |32. However, the ratio of peak areas is
an input parameter, and might have been adjusted to emphasize more the second peak. The p\
value we used was 0.28, which might have been increased to achieve a better fit. However, for
preliminary calculations, our systematics are fairly reliable. Finally, our dipole strength functions
were shown to match the compilation by McCullagh et al. [20], in the report by Gardner et al. [6].
The Dob values and the partial and total radiation widths for 23«37Np obtained here, calculated with
an energy bin size of 0.2 MeV, are gi' en in Table II.

The calculation of the photon induced population of compound nucleus J* states is made
using Eq.(5).

(5)

where I is the spin of the target state. In terms of multipole strength functions of type XJP,

= 3.85 V2 ' b a r n (6)

The y-ray cascade is then followed from each such state, conserving spin and parity, until it
terminates at the ground or an isomeric state. For low-energy incident photons that reach energy
bins occupied solely by discrete levels, the available spins and parities associated with the levels
in the bin are determined first; then the allowed cross section is evenly distributed over those
levels with the appropriate J* values. If a multipole transition can reach J" states that are not
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Figure 3. Various calculated multipole
strength functions for 237Np.

Figure 4. Calculation of the 237Np pho-
toreaction cross section, using our sys-
tematics (without adjustment), compared
with Lorentz line shape fits to two sets of
experimental data [19].
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Table II. Computed values
Quantity

Dub(MeV)
fE1(MeV^)atE7 = Sn

f,,,(MeV-5)atE=Sn

r^(meV)
rB(meV)
rM1(meV)
r(meV)
27iry/D at Sn

Sn(MeV)b)

for D . and some radiative
23*Np

2.01 x 10-7

1.43 x 10-7

9.47 x 1 0 "
2.10 x 10-8

16.42
0.70
18.20
35.32
1.104
5.74

widths for "'Np and 237Npa).
237Np

8.88 x 10"*
2.06 x 10-7

1.08 x 10-10

2.10x10-*
18.13
0.77
19.44
38.34
2.711
6.57

II . .

a) All strength functions increased by 27% above our systematic values for nuclei up to Bi.
D) Neutron separation energy.

represented by the levels in the bin, that portion of the photon-absorption cross section is deleted.
Once the discrete levels within a bin are populated, the y-ray cascade proceeds as usual.

REACTIONS 237Np (n,2n)23fcn*Np, 237Np(y,n)236m*Np,

We show the general situation of concern in Fig. 5. If one wishes to produce 238Pu via
neutron capture on 237Np and P~ decay of 238Np, it is important to minimize the production, by
higher energy neutrons, of 236Np. We calculated in 1983 the 236Np isomer ratio so produced [4,5],
and found fairly good agreement with experiment [21]. Since then, Ignatyuk et al. [22], essen-
tially duplicated our calculated results. Our latest results for the fraction of the 237Np(n,2n) reac-
tion that produces the 6" gs are shown in Fig. 6. Also shown are the results from the M7Np(y,n)
reaction, of which we will speak later. These calculations are sensitive to the number of levels
and the number of rotational bands in the 236Np level set. Here we used 935 levels and 96 rota-
tional bands, to an energy of 1.4 MeV. Some previous results [4] with a few truncations of this
large set appear in Figs. 7(a,b). It would seem that for a permanent rotor, a good distribution of
K-quantum numbers is required if dependable isomeric ratios are to be calculated. Keep in mind
that our code does not now include fission competition, and therefore our results may not be
accurate near threshold. However, if we apply a constant factor, rjTt, obtained from an examina-
tion of the calculations in Ref. 22, to roughly correct for fission competition, we obtain the remits
shown in Fig. 8. Here, our calculated excitation function for the production of the 1+ isomer in
236Np is compared with several sets of experimental data [23-27]. The agreement is surprisingly
good.

From Fig. 5, we ses that the (y,n) reaction on 237Np leads to the same problems as does the
(n,2n) reaction. Although the reaction thresholds are about the same, the reaction cross sections
and the initial spin distributions will differ. The latter is particularly important, because with inci-
dent photons limited to the transition types El , Ml, and E2, only a small spread in the initial spin
and parity continuum distributions will be produced, and will be essentially independent of
energy except for magnitude. In contrast, incident neutrons may bring in 15 partial waves or so at
the higher energies. This is illustrated in Figs. 9(a,b), where we show the spin and parity
distributions in 237Np produced by 14-MeV neutrons and photons. Also shown are the spin distri-
butions (both parities) over the levels in 236Np following the y-ray cascade from the continuum.
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Figure 5. The production of 234Np via the
(n,2n) reaction on "'Np, and the decay
chain leading to 208Pb and its 2.6-MeV
Y-ray.
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Figure 7. (a) The ratio O(6-)/CT(1+) in 23tNp from M7«Np(n,2n), calculated with various trun-
cations of the ̂ Np level set: A(998 levels), B(453), C(50), and D(14); (b) corresponding
K-quantum number distributions. The datum point is from Ref. 21.
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Clearly the (y,n) reaction favors the 1* isomer
in 236Np, as can be seen in Fig. 6 where be-
tween 90% and 98% of the (y,n) reaction
populates the isomer, as opposed to the (n,2n)
reaction where only 45% to 82% feeds the
isomer.

In Fig. 8, we arrived at a rough estimate
of the 237Np(n,2n)236mNp excitation function by

using a constant value of TJT{ to scale our calculations. The same process was used in the (y,n)
case, where the rjT{ estimate was obtained from Geraldo et al. [28]. This is a reasonable ap-
proach, as can be seen in Fig. 10. Here, we show our calculated photonuclear reaction and pho-
toneutron production excitation functions compared with data [28,29] for target 237Np. There
appears to be some structure in ihe photoneutron data near threshold that is not reproduced in our
calculations, but because the calculations lack true fission competition, such deviations are not
unexpected.

li the reactor conditions are such that the production of the 236Np isomer by y-rays is impor-
tant, then it is also important to know how efficiently the 6" gs and the 1* isomeric state are
interconverted by photons. We have made these calculations for incident photons in the energy
range 2 to 10 MeV. Our results appear in Fig. 1 l(a), where the 6" gs is the target, and in
Fig. 1 l(b), where the target state is the 1+ isomer. If the desire is to minimize the 236mNp produc-
tion, our results are not encouraging. Figure 11 (a) shows that the irradition of the gs tends to
produce primarily the isomer, with a c(l+)/o"(6~) ratio of about 3, whereas photons hardly destroy
the isomer at all, as Fig. 1 l(b) shows. However, from the viewpoint of reactor waste disposal,
photons can pump up the 236Np gs to the isomer, and eventually destroy it. This particular ex-
ample is probably not a major concern of the reactor community, but it illustrates how y-radiauon
may play a role in nuclear waste disposal, particularly in nuclei with one or more isomeric states.

THE REACTIONS M7l"8Np(y,y')237m'8Np

As mentioned in the INTRODUCTION, we have calculated the production and destruction
of the 68-ns 5/2" isomer of ^'Np at 0.060 MeV by photons in the energy range 0.2 to 5 MeV [7].
Our interest initially involved the suggestion [8] that this isomer might be a possible y-ray laser
candidate. Our calculations showed that when either the gs or the isomeric state was exposed to
photons within certain energy groups, the production ratio aja was significantly larger than
unity. However, our calculations showed that the isomer ratio was sensitive to the energy of the
incident photon, the modeling of the Ml strength function, and, of course, the y-ray branchings
assigned to the discrete levels. Figures 12(a,b) show the photoproduction of the gs and isomer,
when either is the target state exposed to photons. The energy bin size used here was 120 keV.
The figure shows that, for photons reaching the continuum above the discrete levels (above
1.2 MeV), both states are produced about equally. Incident photons with energies less than
1.2 MeV produce some differences, which are more apparent in Fig. 13. At energies around 0.5

- 224 -



distributions

b "

'IV
E

o

X

: / \

/ N

1
o

0
0

spin distributions '

*J»Np levels

x 83TNp - parity

k E, - 14 MeV

\

s a
J

10 12

Figure 9. (a) Calculated spin and parity distributions produced by 14-MeV neutrons on
U7Np; the symbols show the continuum distributions in U7Np and the solid curve, the spin
distribution over the levels in ^Np. (b) same as Fig. 9(a), except that the distributions result
from 14-MeV photons on M7Np.

2 0.1

Total photo-nuclear

A fata

~" Calculation

Photo-neutron

0 # Data

^^Calculation

0.01

6 8 10
Photon energy (MeV)

12

Figure 10. Calculated and measured
[28,29] results for photoabsorption and
photoneutron cross sections for target

and 0.9 MeV, the isomer ratio, om/ag, ap-
proaches 4 for both target states. The observa-
tion that the isomer ratio is rather independent
of the parity of the target state is a consequence
of the way in which we model the Ml strength
function. Among the discrete levels, we as-
sumed the ratio of Ml to El equals 6. Because
237Np is a good rotor, the y-ray transitions tend
to go back down the bands of the same parity
as that of the target state.

A number of sensitivity studies were car-
ried out with the 237Np gs as target, some of
which we note here. Increasing the bin size
used in the calculation corresponds to increas-
ing the energy spread of the incident photons.
We find that a photon resolution of 120 keV is
about the largest energy spread that will permit
the observation of the peaks in Fig. 13. Even
an increase from 120 to 150 keV is sufficient to
reduce the isomer ratios to less than unity.
Another observation is that when the y-ray
branching ratios for 19 modeled levels below
0.6 MeV were replaced by experimental
branching ratios compiled by Henry [30], the
isomer ratio peak near 0.5 MeV fell below
unity but the 0.9-MeV peak remained un-
changed. Finally, decreasing the Ml strength
by a factor of 10 produced no change in the
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935 i3'Np levels, no fission

"-> ground ( 6 - ) .
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Figure 11. Interconversion of the ground and isomeric states of 23*Np when (a) the 6~
ground state, or (b) the 1+ isomeric state, is the target.

10"

10"

- (a ) 237Nptarget:gs,5/2+

| Y-ray absorption limit
j — gs production
:~ * Isomer production

r (b) 237 Np target: Isomer, 5/2

1 0.2 1

Gamma-ray energy (MeV)

Figure 12. Photon absorption and production cross sections of the ground and isomeric
states of M7Np when the target state is (a) the 5/2+ gs, and (b) the 5/2" isomeric state.

0.5-MeV peak, but enhanced significantly the 0.9-MeV peak and also the isomer ratio in the
incident energy region around 0.3 MeV. These last observations suggest an experiment that
could shed light on the magnitude and energy dependence of the Ml strength function. Using a
bremsstrahlung photon source, and requiring electron-photon coincidence to produce photon
interactions with good energy resolution for the 2378Np(y,Y')237niNp reaction, the production and
decay of the 60 ns isomer could be observed over a wide range of incident photon energies.
Comparison with calculations might yield definitive information on the low-energy behavior of
the Ml strength function in this mass region.

DE-EXCITATION OF M7Np SHAPE ISOMER

The shape isomer of 237Np can decay by fission or by a transition to the first well followed
by y-ray transitions to the discrete levels in that well. From systematics [31], perhaps over 99% of
the decay occurs through the y-ray branch. An experimental study was made [30] using the
238U(p,2n) reaction at 12 MeV to produce 237Np at 2.8 ± 0.4 MeV of excitation. The total y-ray
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nuclear «citation (MeV)
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Figure 14. Calculated primary y-ray
intensities from a 5/2+ level in M7Np.
Some prominent y-rays are identified by
their multipolarity and the J* value of the
final level. The dashed line is the two-
sigma detection limit.

Figure 13. Same as Figs. 12(a,b), except
the results are plotted as the isomer
ratio, GyjGtf vs. photon energy. The
solid histogram represents the results
from the gs as target, while the dashed
histogram denotes the isomer target
results.

branch was estimated to be 40 (i.b. The two-
sigma detection limit for any single primary
y-ray with an energy between 1.6 and 3.3 MeV
was 5.3 nb, and no such y-ray was measured.
Either many weak primary y-rays were emitted,
or else the y-ray cascade proceeds through
many low-energy steps. To understand this,

we used the code modification mentioned in the INTRODUCTION; we calculated primary y-ray
intensities, the total intensity of transitions among the discrete levels, and the spectral dependence
on initial state spin and parity for 10 positive-parity and 10 negative-parity states for all spins
from 1/2 to 15/2, and at 3 energies near 2.8 MeV. In all cases, the entire 40 \ib of cross section
was assumed to reside in each J* state. The results of a typical calculation [9] are shown in
Fig. 14. Altogether, 15 primary y-rays have intensities greater than 1 |xb. Other initial state J*
values produced from 3 to 16 y-rays with intensities greater than 1 |j.b. In general, it appears that
y-rays with energies exceeding 1.6 MeV account for more than 40% of the isomer decay for all
spins. Thus, numerous primary y-rays, all with similar intensities, could account for the negative
experimental results. Furthermore, the calculations indicate that there is a good chance that the
shape isomer of 237Np could be detected by measuring the low-energy transitions among the
discrete levels utilizing conversion-electron spectroscopy. For example, the 208-keV transition
out of the 3/2" level at 267 keV might easily be observed if the initial state spin was 1/2, 3/2, or
5/2 with either parity. Higher initial state spins would favor other transitions, but should still be
observable.

We would like to acknowledge the interest in this work of Dr. F. M. Mann of Westinghouse
Hanford Company, which stimulated us to compile, update, and make our latest calculations for
the isotopes of Np. We also thank Laura Whipple and Coralyn McGregor for their efforts in
preparing this manuscript.
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CALCULATION OF ISOMERIC STATES PRODUCTION WITH
A SIMPLIFIED-INPUT NUCLEAR CROSS SECTION CALCULATION SYSTEM

Nobuhiro Yamamuro
Data Engineering, Inc.

Midori-ku, Yokohama 226 Japan

Abstract

Isomeric states production cross sections are given by A Simplified-Input
Nuclear Cross Section Calculation System, version-II (SINCROS-II). The cross
section calculations were performed with the ELIESE-GNASH joint program, and
the results of these are able to convert to the activation cross section file
10 of ENDF/B format. The calculated isomer cross sections resulted in a good
agreement with the experimental data. The availability of the SINCROS-II for
the prediction of cross sections, which were not measured, will be
demonstrated.
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I. Introduction

A Simplified-Input Nuclear Cross Section Calculation System, version-II
(SINCROS-II), has been developed in order to calculate the cross sections for
neutron and proton induced reactions up to about 40 MeV. The system is
composed of three parts.
(1) Main program in the system for calculation of cross sections of reaction
processes is a ELIESE1'-GNASH2' joint program3' (EGNASH2). In one execution of
computation, ELIESE prepares the particle transmission coefficients and GNASH
calculates the cross sections and the emitted particle spectra. Since many
parameters are previously determined and programmed, the input data of EGNASH2
is a small number, and then the cross section calculation can be efficiently
performed.
(2) The discrete level data are obtained from ENSDF and are edited by the
formal conversion and correction using a personal computer. The direct
inelastic scattering cross sections are calculated with the code DWUCKY, which
is a simplified-input version of the DWUCK4 '. These data are stored in file 8
and file 33, respectively, before the cross section calculation. It is
important for the estimation of isomeric state production to prepare valid
discrete level data.
(3) The results of cross section calculation can be stored in various files
and those are conducted to the standard or the reasonable format of data
according to their applied fields by the process codes, many of which can be
operated by a personal computer. New process codes will continuously be
written.

The composition of SINCROS-II and the flow of data processing are shown
in Fig. 1.

In this paper, the parametrizations for optical-model potential,
preequilibrium process, and level density in the code EGNASH2 are briefly
described , and some results of calculation, especially for the isomeric
state production cross sections are compared with experimental data. In
summary, the usefulness of the Simplified-Input Nuclear Cross Section
Calculation System for nuclear data evaluation is demonstrated.

II. Optical-Model Potentials

In the SINCROS, as a general rule, the global optical-model potentials
are used to calculate the particle transmission coefficients. Then, the
following potentials are built in the EGNASH2: A modified Walter-Guss5'
potential for the neutron, Perey ' and Walter-Guss combined potential for the
proton, and Lemos set modified by Arthur and Young ' for the alpha-particle.

Walter and Guss recommend their potential to be applied above 53 in mass-
number and 10 to 80 MeV in energy range. To calculate the cross section below
10 MeV, a surface absorption term W (in MeV) is assumed between 0 to 20 MeV,
as follows,

Wg = 7.71-14.94(N-Z)/A. (1)
Above 20 MeV, the original parameters remain. This assumption applies only to
the nonelastic scattering cross sections, as shown in Figs. 2 and 3, but not
to the total neutron cross sections.

The Perey potential for the proton reproduced well the data for medium
weight nuclei, but underestimated proton reaction cross sections above 20 MeV
for heavy nuclei. For the same reason as in the case of the neutron, Perey and
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Walter-Guss potentials are combined at 10 MeV, to expand the energy region of
cross section calculation from 0 to 40 MeV. As shown in Figs 4 and 5, Perey
and Walter-Guss combined potential is better for the calculation above 20 MeV.
The gap between proton reaction cross sections which were calculated with both
potentials is about 5 percent at most, then it is thought that this gap does
not strongly affect the cross section calculation.

Lohr and Haeberli°' potential for the deuteron and Becchetti,Jr. and
Greenlees ' potentials for triton and He-particles are also built into the
EGNASH2. The SINCROS can accept the more refined optical-model potential
parameters, if a user wants to use it.

III. Preequilibrium and Direct Processes

The preequilibrium and the direct processes of particle emission are
treated with the code PEECO written by Kalbach ', which was coupled in the
code' GNASH.

In the EGNASH2, the single-particle state density is calculated by the
formula,

g = <6/;L2)a, (2)
where "a" is the level density parameter. In addition to the normalisation
factor F2, which equals the Kalbach constant divided by 100, the adjusting
factor F3 and F4 are inserted for the pick-up and knock-out processes of
particles in the PRECO code, respectively.

When we have the experimental neutron spectra at 14 MeV, the factor F2
and the contribution of direct inelastic scattering are adjusted so that the
calculated neutron emission spectrum is in agreement with the experimental
data at higher energies, as shown in Fig.6. The lower energy part of the
neutron spectrum depends on the level density parameter of the target nucleus.
The value of F2 also refers to the proton emission spectrum. The details of
the experiment shown in Fig.6 are described in Sec. V.

The pick-up process factor F3 is determined from the alpha-particle
emission spectra. In the case of Fig.7, F3 is set to be 0.5. Since this value
is suitable for almost all medium-mass nuclei, the value 0.5 is cited as the
defaulted one. The factor F4 for knock-out process is 1.0 in the cross section
calculation for neutron induced reactions.

IV. Level Density Parameter and Discrete Levels

In the continuum level region, the Fermi-gas and the constant temperature
model are used to represent the level density of the nucleus. The GNASH code
is able to automatically determine the nuclear temperature, if the discrete
levels in the low energy region and Fermi-gas level density parameters "a"
were suitably inputted. The level density of the nucleus in the continuum
region, then, can be described by the parameter "a" only. In some nuclei,
however, the code is unable to match discrete levels, and thus the
temperature, which connects smoothly between the Fermi-gas and discrete
levels, is not determined. For those cases, the temperature is calculated with
the equation,

T = 7.50 a~0<84, (3)
in the code EGNASH2. Fig. 8 shows the temperature as a function of level
density parameter, derived from the more than 100 cases in which the

- 231 -



temperature is successfully determined in the code. The equation (3) is
represented by the straight line in Fig. 8.

When the experimental value of the average spacing of s-wave neutron
resonances at the neutron binding energy is known, the level density parameter
"a" was calculated from the average spacing. Although the value of level
density derived from the level spacing was used at the beginning of
the calculation, it is adjusted to reproduce well the experimental cross
sections not only for the objective nucleus but also for the neighboring
nuclei which are described by the sane parameters.

With the cross section calculations for about 50 nuclei, the level
density parameters "a" of about 200 isotopes were determined, and stored into
the EGNASH2 as the data initialization statement, at this time. The relation
between these "a" and the total shell correction S given by Gilbert and
Cameron ' is shown in Fig. 9. The systematic relation was not satisfied, but
many of "a" fall in the region within the +10 percent lines of the tentative
formula,

a/A = 0.008 S + 0.170. (4)
This formula is programmed in the EGNASH2 to give the initial value of "a" for
the undeformed nuclei, for which the cross section calculation is not yet
carried out.

The data of discrete levels; excitation energy, spin, and branching ratio
of gamma-ray transitions to the lower levels, were prepared from the ENSDF
through the format conversion and the editorial work. It is not necessary that
too many levels are quoted from the ENSDF, rather it should be assured that
the cumulation of levels increases approximately as an exponential function of
the excitation energy. By these rules of preparing the discrete level data,
the nuclear temperature can successfully be determined in the program EGNASH2,
as mentioned above.

V. Isomeric State Production Cross Sections

The SINCROS-II calculates and stores the isomeric state production cross
sections as well as the ground state production cross sections. When the
isomeric states are indicated in the last row of input format of EGNASH2, the
production cross sections of these isomer are printed out and stored in file
12. The ground state productions for the same nucleus are also shown in the
list and stored in the same file. To make the file 10 of ENDF/B format for the
activation cross sections, the process code XTOB10 has been written, as shown
in Fig.l. A 42-group constant for activation cross sections is also estimated
with the code XTOTTTI. The sum of ground and isomeric states production cross
sections equals the total reaction cross section for the production of the
daughter nucleus. Some calculations of isomeric cross section are described
below as examples.

(1) ̂ Coproduction
DUCo is mainly produced by the auNi(n,p) and D<>Cu(n,<x) reactions. The

calculated cross sections of both reactions are shown in Figs. 10 and 11 with
experimental ones, respectively. The excitation functions of isomeric and
ground state production have almost the same shape for both reactions. The
total ^Ni(n,p) cross section agrees fairly well with the data of Graham et
al. ) and Ikeda13', but disagree with Paulsen's^' measurement.

In the reaction 6 Cu(n,ot), the calculated value of the cross section and
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total alpha-particle production are in agreement with the lower energy part of
Winkler et al.'s^' data, and 9 MeV data of Ahmad et al.16', and 15 MeV data
of Grimes et al. ' and Kneff et al. 'i respectively. The measured values of
Paulsen did not agree with the calculated cross sections in both reactions,
especially around 10 MeV.

(2) 9°Y production
90Y is produced via the three reactions, 90Zr(n,p), 91Zr(n,n'p), and

93Nb(n,0(). Fig. 12 shows that the isomer production is in good agreement with
Ikeda et al.'s*9' measurement. The calculated ground state production, and
total cross sections are also shown. The ^f production by the reaction

Zr(n,n'p) is shown in Fig.13, in which the cross sections include Zr(rud)
reaction cross sections, because both reactions produce the same residual nf.
The agreement of the calculated isomeric state production cross section with
Ikeda et al.'s ' data is also good.

The results of calculation of the 3Nb(n,0() reaction cross sections are
shown in Fig.14, in which the isomeric state production around 14 MeV agrees
fairly with the data of Ikeda et al. ' The total (n,0f) reaction cross section
also agrees with the data of Tewes et al. and Bayhust et al. cited from
NESTER-2 around 14 MeV, but disagrees with them iu lower and higher energy
regions. The total helium production at 15 MeV, however, is in good agreement
with Kneff et al.'s ' data, as shown in Table I, in which the comparison
between the calculated helium production and Kneff et al.'s ' measurement for
several isotopes are examined and good results are indicated.

The isomer ratios {isomer/total) at around 14 MeV for three reactions are
different from each other. One of reasons of this fact is that the spin of
target nucleus, 9OZr(O+), 91Zr(5/2+), and 93Nb{9/2+), for each reaction is
different.

(3) 9lm production
3iSNb is produced through the reactions aoNb(n,2n) and 3^Mo(n,p). The

calculated results of both reactions are shown in Figs.15 and 16. The
calculated isomeric state production cross section of Nb is in good
agreement with the experimental data measured by authors, as shown in Fig.15,
especially Paulsen and Widera's^0' (except around 16 MeV), and Ikeda et
al.'s19' data. The total (n,2n) cross section, which is the sum of ground and
isomeric states production, shows slightly small values in the threshold
region compared to Frehaut's results cited from NESTOR-2.

The calculated isomeric state production cross section for 9 Mo(n,p)
reaction is in good agreement with Ikeda et al.'s*9' measurement, although the
energy dependence of the cross section slightly disagrees with the experiment.
The isomer ratio (isomer/total) of this reaction around 14 MeV is different
from that of the reaction 93Nb(n,2n), like in the case of 90Y production,
because the spin of the target nucleus, 93Nb(9/2+) and 92Mo(0+), for both
reactions is different. The ground state production is also given in Fig.16.

(4) 1(^Ag production
108Ag is produced via the reactions 109Ag(n,2n) and 108Cd(n,p>. Fig.17

shows the cross sections of ground and isomeric states production for the
109Ag(n,2n) reaction. Since the half-life of the isomeric state is 127 years,
we have only measurements of ground state production. Several authors give the
cross section around 14 MeV and Augustyniak et al. ' provide data from 13 to
18 MeV. The calculated result for ground state production agrees fairly well
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with the 14 MeV data and above 16 MeV with Augustyniak et al., but disagrees
with their 13 to 15 MeV. In the present calculation, to examine the total
(n,2n) cross section, a comparison of the calculated and the experimental
neutron emission spectra is carried out. Watanabe et al. ' measured double
differential 14 MeV neutron emission cross section for Ag, Cd, In, Sn, Sb, and
Te at 70 degrees, and proved that the angle-integrated energy spectrum agrees
with 4 7L times the energy spectrum at 70 degrees within the statistical
uncertainty for In(n,xn) reaction. Therefore, the agreement of calculated
neutron spectrum with that of 4 ic times neutron emission spectrum at 70
degrees for Ag, as shown in Fig.6, means that the Ag(n,2n) cross section
around 14 MeV may be reliable.

Fig.18 shows the calculated cross sections for the reaction Cd(n,p),
for which there are no experimental data.

VI. Summary

A main aim of the SINCROS is an easy access to the detailed calculation
of nuclear cross sections. Many parameters for the model calculation were
predetermined and built into the code. In the calculation of nuclear decay-
chain, free parameters are only the level density and radiative width of each
nucleus, after the preequilibrium process parameters are selected. Since the
recommended value of level density and radiative width for about 200 nuclei
are programmed in the code as the data initialization statement, at the
present time, the cross section calculation for about 50 nuclei can easily be
performed.

When good discrete level data were prepared, the correct isomeric states
production is given as well as the ground states production, as shown in the
examples of Sec. V. If the half-life of the radioactivity is very much shorter
or longer, the experimental measurements of cross sections were rarely carried
out. Even if this is the case, the SINCRÛS-II is able to calculate the cross
section using the set of parameters, which was cross-checked by the many
experimental data available. The wide applicability of the SINCROS-II for the
cross section calculation is thus demonstrated. A manual of the SINCROS-II
will be published as JAERI-M report23'.
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CALCULATION OF THE PRODUCTION CROSS SECTIONS OF HIGH-SPIN
ISOMERIC STATES IN HAFNIUM

M. B. Chadwick
Nuclear Physics Laboratory, University of Oxford, UK

P. G. Young
Los Alamos National Laboratory, Los Alamos, New Mexico, USA

ABSTRACT

The F = 16+ isomeric state in 178Hf (E* = 2.447 MeV), which has a halflife of 31 years,
poses a threat for serious radioactive activation problems in some fusion reactor designs if its
production in 14-MeV neutron reactions is significant The relatively high excitation energy of
this state results in it lying in the continuum region, so it is necessary in a calculation to
reconstruct the salient nuclear structure around the state, particularly rotational band levels that
might be populated and would feed into it. Using preequilibrium and Hauser-Feshbach statistical
theories, the cross sections for this and other hafnium isomeric states are calculated and
compared with experimental measurements, where available.
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1. Introduction

Fusion systems operating on the deuterium-tritium reaction will give rise to intense neutron
fluxes that will cause the structural components to be activated. The first wall, in particular, will
be subjected to neutron damage such that, in designs envisaged at present, it might have to be
replaced every few years. Disposal or re-use of the material would be facilitated if the activation
could be kept to low limits and there is therefore a search for materials which will give rise to the
minimum activation. As part of this effort, the UK Fusion Program is in the process of estab-
lishing a nuclear data library and inventory code package to enable activation in virtually any ma-
terials to be estimated.

The neutron fluxes in fusion systems are expected to be so high that multiple reactions, in
which a given nucleus interacts with a succession of neutrons, will be possible. As a result, the
nuclear data library must include cross sections for unstable nuclides as well as the stable ones.
In assembling the library to fulfill this requirement, it became clear that more information on the
production of certain isomeric states was desirable as these could play an important role in the
production of long-lived activity. In particular, the possibility of including small amounts of
tungsten and tantalum in the first wall material has been suggested, and (n,2n) and (n,p)
reactions in these elements could lead t J an isomeric state in 178Hf(Jrt = 16+) with a halflife of 31
years. This state, if formed in sufficient quantity, could lead to the first wall being active for a
very long time after it is removed from the reactor, and the high excitation energy of the state
(2.447 MeV) results in rather harmful gamma-radiation on its decay. In order to assess the
production of this isomer, it is necessary to have values for the cross sections that lead to that
state. Because there is a dearth of measured cross-section data, it was decided to attempt to
calculate the required data using appropriate models. In this paper the cross sections for the
production of the 178mHf(16+) isomeric state from isotopes of hafnium are calculated.

To determine the accuracy of our theoretical calculations, the production cross sections of
other hafnium isotopes for which experimental measurements exists are also calculated. An ex-
periment has been performed recently [1] in which natural hafnium was irradiated by 14-MeV
neutrons in order to determine the cross sections for production of the 178mHf(16+) state, and
these measurements provide a useful check on our calculations. The present calculations were
performed prior to the release of any information from the latter experiment.

The 179Hf(n,2n) and 178Hf(n,n1) reactions both give the 178mHf(16+) isomer, with the
(n,2n) reaction expected to be the dominant production mode. There is, however, also an iso-
meric state in 17^Hf(Jn = - j - ) with a lifetime of 25 days, which is sufficiently long-lived for sub-
sequent neutron-induced reactions to occur. Once this 179mHf(_- ) iSOmer is produced, it would
be expected that subsequent (n, 2n) reactions could take place with a relatively large cross section
leading to 178mHf(16+), as the spin difference between these isomers is small. Thus we also cal-
culate the cross sections for 179mHf(y-)(n,2n)178mHf(16+) as well as those for the production
of the 17'mHf(-2- ) state. Figure 1 indicates the reaction pathways that have been investigated.

The 178mHf(16+) isomeric state is a four-quasi-particle state with K = 16, formed by the
alignment of two protons and two neutrons in high j-orbitals, which decays mainly to a 13' level
(K = 8) by E3 internal conversion [2]. It is the large hindrance factor due to the five-time K-
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forbidden E3 transition that leads to the halflife of 31 years. Both the 16+ and the -y- isomeric
states are rotational band heads, though none of the other rotational band members has been
experimentally detected. The high excitation energy of these states (2.447 and 1.106 MeV,
respectively) results in very few of their neighboring states being resolved. When calculating
the cross sections to discrete states, a knowledge of the level structure around those states is
critically important as the reaction cross section is distributed among these states. We indicate in
Sections 2 and 3 how we construct the salient nuclear level structure in the hafnium isotopes,
particularly rotational bands that feed into the isomeric states.

At 14 MeV the dominant reaction mechanisms are preequilibrium and compound nucleus
processes. Section 2 gives a description of the preequilibrium and compound nucleus theories,
along with the optical model coupled-channel calculations and the models used to describe the
nuclear structure. Section 3 shows the results of the calculations for the production cross sec-
tions of the isomeric states compared with data, and some conclusions are given in Section 4.

2 . Theoretical Models and Codes

The framework for the present calculations is the GNASH reaction theory code [3].
GNASH utilizes Hauser-Feshbach statistical and preequilibrium theories to calculate particle and
gamma-ray cross sections and emission spectra.1 The preequilibrium calculations are carried out
with the exciton model [6,7] and are applied as corrections to the binary reactions calculated with
Hauser-Feshbach theory. Such corrections are typically 20-30% for 14-MeV incident neutrons.
The inverse cross sections required for the preequilibrium calculation and the particle transmis-
sion coefficients for the Hauser-Feshbach calculations are obtained from coupled-channel optical
model calculations, as described below in this section. Gamma-ray competition is calculated us-
ing effective transmission coefficients obtained using the Brink-Axel hypothesis [8], normalizing
a Lorentzian shape with empirical values for the gamma-ray strength function [9].

The phenomenological level density model of Gilbert and Cameron [10], together with the
parameters of Cook et al. [l 1], are used to describe continuum level densities. The continuum
level densities are matched to experimental level data for each residual nucleus in a calculation, so
as to reproduce the cumulative number of levels at low excitation energy, while joining smoothly
to the Fermi gas formulation at higher energy. An example of the matching of the continuum-
discrete level regions is shown in Fig. 2 for 17^Hf. In this case, the matching energy is approxi-
mately 0.7 MeV, above which the experimental data is judged to be incomplete and the
continuum formulation is used.

Calculating the production cross section of the 16+ state in 178Hf and the-y- state in 179Hf
is particularly difficult as the high excitation energies of these states result in their lying in the
region where states are described statistically. Both these states are band heads with rotational
bands built upon them, and, in addition, there is a 14~ band-head state above the 16+ state that
decays into the latter. As a large proportion of the production cross section of these high spin

lln addition to GNASH, the COMNUC reaction theory code [4] was used for comparison calculations at lower
energies (En<2MeV), where width fluctuation corrections were included [5].
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states comes via gamma-cascade from higher energy states, it is important to include some of
these levels explicitly in the calculations. Accordingly, the GNASH code was modified to allow
discrete levels to be embedded within the continuum of statistically described levels. The
rotational band members above the 16+ and 14* states in 178Hf and the -y- state in 179Hf have
not been experimentally resolved, so their excitation energies were assessed theoretically. From
the energy levels of low-lying rotational bands in these nuclei, the moments of inertia of 178Hf
and 179Hf were deduced and found to be fairly constant for each isotope. These values were
then used to calculate the excitation energies of the first five levels in each rotation band. Table I
shows the rotational states and their corresponding excitation energies that were explicitly
included in the calculations in addition to the low-lying experimentally observed discrete states.

As noted above, both the exciton model and the Hauser-Feshbach theory require optical
potentials to calculate inverse cross sections and particle transmission coefficients. Neutron
emission was the only particle emission channel included, since proton and alpha particle emis-
sions are siîiall due to the large Coulomb barrier, and result in only minor corrections to the neu-
tron cross sections. As the hafnium isotopes are highly deformed, a coupled-channels code,
ECIS [12], was used to obtain neutron transmission coefficients for the Hauser-Feshbach calcu-
lation and to evaluate the elastic cross section and the cross section for inelastic scattering to the
first two excited states.

An optical model potential that has been widely used for the analysis of neutron reactions
on tungsten [13] was modified by adjusting the isospin terms for use in hafnium reactions.
Table n shows the optical potential and deformation parameters that were used. Figure 3 shows
the comparison between the optical model calculations and data for the neutron total cross section
for energies between 40 keV and 20 MeV, where reasonable agreement is evident. The elastic
(shape plus compound) cross section is compared with data in Fig. 4, and Fig. 5 shows the
shape elastic cross section as a function of angle for 8-MeV incident neutrons, compared with
data. In both Figs. 4 and 5, the theory is seen to underpredict the scattering data. This might be
due to an incomplete resolution of the ground-state scattering as the experimental resolution was
90 keV, approximately the same energy as the first excited states in 178Hf and 180Hf. Figure 5
also shows the theoretical elastic cross section with the inelastic scattering cross section to the
first excited 2+ state added, and the agreement with data is improved. Certainly for these
calculations of high-spin isomer-production cross sections, the accuracy of the optical model is
quite sufficient.

As much data exists for the Hf(n,y) cross sections at low incident neutron energies, the
calculations were performed at incident energies ranging from 3 keV to 2 MeV in addition to the
14-MeV calculations, to check the theory. At these low incident energies, the width fluctuation
corrections of Moldauer [5] were applied. Figure 6 shows the theoretical predictions for the
178Hf(n,y) cross section compared with data.

3 . Results

The sensitivity of the theoretical cross sections for isomeric state production to variations of
the level density, spin cut-off parameters and the percentage of preequilibrium emission was
investigated. When these parameters were varied within their experimental uncertainties, the
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isomeric state cross sections changed by less than 10%. The greatest uncertainties in the calcula-
tions were the details of the nuclear level structure above the isomeric states. If, for instance,
another undetected rotational band exists above the 16+ state in 178Hf which decays into it, then
the production cross section of the 16+ state could be considerably enhanced through gamma-
cascades from these higher states. To estimate the effects of such a band, we supposed that there
exists a 14+> 15+, 16+... rotational band starting at 3 MeV that decays into die 16+ isomeric state.
Inclusion of this band resulted in the isomeric 16+ state cross section increasing by 40% for
l78Hf(n,n')178inHf, 30% for 179Hf(n,2n)178mHf and 10% for the 179mHf(n,2n)178mHf reac-
tion. Similarly, if instead of this hypothetical band, a 10+, 11+, 12+...rotational band exists,
then the 16+ isomeric state cross sections were enhanced by a factor of six for
178Hf(n^')178mHf, 60% for !79Hf(n,2n)178mHf, and 2% for the 179n»Hf(n,2n)178mHf. The
existence of such undetected bands that decay fully into the 16+ state is physically unlikely,
especially in the case of the 10+, 11+, 12+ ... band, and their effect on the isomeric state cross
sections represent upper limits for the enhancement. The above calculations do, however, enable
us to qualitatively estimate the uncertainties in the theoretical calculations.

There is also a more fundamental uncertainty in Hauser-Feshbach and preequilibrium cal-
culations. Optical model parameters derived from the scattering of projectiles on the ground state
of nuclei are used to describe the interactions of emitted particles with the residual nucleus that is
one of its excited states. Therefore, the particular nuclear structure of the excited nuclear states is
neglected, and any effects due to the structure of the states, other than their spin and parity, can-
not be included in the calculations.

With the above uncertainties and parameter sensitivities, we estimate that the theoretical
cross sections to isomeric states are accurate to about a factor of 2-3, particularly for the
dominant (n,2n) reactions. Table m shows the calculated cross sections for the production of
the 16+ state in 178Hf and the - y isomeric state in 17^Hf through the most important reactions,
compared with measured data where available. The reactions are numbered in Table m
according to the pathways indicated in Fig. 1. Reactions 1 to 6 are the pathways of interest for
determining the amount of the 178mHf(16+) isomer that could be produced in fusion reactors. As
experimental data exist for the production of some other isomers in 178Hf, 17^Hf, and 180Hf, we
also show these data alongside the calculated cross sections (reactions 7,8, and 9 in Table HI).

The production cross section of 2.9 mb to the 16+ state via the reaction
179Hf(n,2n)178mHf(16+) is made up of the following contributions: 1.6 mb from the gamma de-
cay of statistically described states; 0.2 mb from the gamma-cascade from higher K = 16 band
members; 1 mb from the gamma-cascade from the K = 14 band, and only 0.1 mb from the direct
population of the state in the (n,2n) reaction. This shows that a significant fraction of the isomer
production cross section comes from the population of higher-energy rotational band states,
which then gamma-cascade down into the 16+ state.

4 . Conclusions

Given the lack of knowledge of the level structure of hafnium, the theoretical calcula-
tions for isomer production cross sections agree surprisingly well with experimental
measurements and in most cases the measurements lie within the estimated theoretical
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uncertainties. The results indicate that the dominant production modes of the *?8raHf(16+, t\fi =
31y) state are through (n,2n) reactions on the ground state of 179Hf (<y ~ 2.9 mb) and on the
excited state 179mHf(y-, ti/2 = 25d) (c ~ 158 mb). Indeed, the theory suggests that the
production cross section of the -y- isomeric state through (n,2n) and (n,n') reactions is itself
significant (~ 7.4 + 5.7 mb) so that the second mode may be the most important source of the
16+ isomeric state in fusion reactors.

There are a number of other isomeric states that are also considered to pose possible acti-
vation problems at fusion energies. In many cases estimates of the relevant cross sections to
within factors of 2-3 are adequate for fusion reactor design analyses. The present work shows
that it may be possible in many instances to perform sufficiently reliable theoretical calculations to
meet the fusion data needs.
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178mHf(16+) 6 179m

1 7 8 Hf (g.s.)

Hf(25/2-)

Hf (g.s.)

Fig. 1. The reaction pathways for forming 178mHf(16+) that have been investigated. Pathways
2,5 and 6 are (n,2n) reactions; 1 and 4 are (n,n') reactions; and pathway 3 is a (n,y) re-
action.

0.0 0.5 1.0 1.5
Excitation Energy (MeV)

2.0 2.5

Fig. 2. The cumulative number of levels against excitation energy for 17^Hf. The full line
shows the discrete levels as observed experimentally and the dashed line indicates the
Gilbert-Cameron statistical model prediction. The upper matching point above which the
statistical model is used is 0.701 MeV for 179Hf.
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Fig. 4. The total elastic cross section for neutrons on natural hafnium with incident energies
ranging from 0.3 MeV to 10 MeV, compared with data. The data were taken from the
Brookhaven National Laboratory SCISRS file.
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Fig. 6. The cross section of the (n,y) reaction on 178Hf for neutron energies ranging from 3 keV
to 2 MeV, The data were taken from the Brookhaven National Laboratory SCISRS file.
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Table I. The rotational band states above the 16+ and 14" and (— ) isomeric states. Their
eigenvalues have been assessed theoretically, as they have not been resolved
experimentally.

178Hf(16+) band

J"

16+

17+

18+

19+

20+

E (MeV)

2.45

2.86

3.29

3.74

4.22

178Hf(14-) band

JT

14-

15-

16-

17-

18-

E (MeV)

2.57

2.93

3.32

3.73

4.16

17eHf(25/2-) band

25/2-

27/2-

29/2-

31/2-

33/2-

E (MeV)

1.11

1.41

1.74

2.09

2.46

Table II. The optical model parameters used to describe the scattering of neutrons on hafnium
isotopes for neutron energies below 14 MeV.

Optical Potential (MeV)

V"1 = 49.79 - OAE - 1 6 ^ ^

«C;o* = -1.8 + 0.2F

V,-o = 7.5

W',™/ = 5.17 + 0.76E-8&^ E < 4.5A/eV

Wi™/ = 8.78 - Q.IE - 8^j2i E > A.5MeV

r(fm)

1.26

1.26

1.26

1.24

1.24

a(fm)

0.61

0.61

0.61

0.45

0.45

fc=0.27 -0.069
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Table m. The theoretical cross sections for the production of isomeric states in hafnium
compared with data, where available. The reactions are numbered according to the
pathways shown in Fig. 2. All experimental data were taken from the Brookhaven
National Laboratory SCISRS fde except those of Patrick.[l]

1

2

3

4

5

6

7

8

9

Isomer Production Reaction

"•Hf(n,n') 1TlmHf(16+,31y)

mHf(n,2n) 17tmHf(16+,31y)

17aHf(n,7) mmHf(25/2-,25d)

mHf(n,n') 179mHf(25/2-,25d)

IIOHf(n,2n) 179mHf(25/2-,25d)

"»mHf(n,2n) 17*mHf(16+,31y)

»°Hf(n,2n) 17»"Hf(l/2M8.7f)

licHf(n,n') 1M"Hf(8-t5.51i)

mHf(n,2n) m"Hf(8-,4s)
+ 17iHf(n,n') 17<"Hf(8-,4s)

Theoretical
cross-section

4.8 x 10-2mb

2.9 mb

1.9 x 10-smb

5.7 mb

7.4 mb

158 mb

220 mb

19 mb

1200 mb

Experimental
cross-section

5.9 ± 0.6 mb
Patrick

29.5 ± 3.4 mb
Patrick

598 mb Sothras
690 mb Rurarz
570 mb Prasad

12.4 mb Hillman

1452 ± 116 mb Salaita
749 ± 75 mb Sothras
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TOPICAL DISCUSSION - SESSION m

THEORETICAL WORK

Moderator: D. Smith

The following reports are summaries of the discussions held on each topic, as
prepared by the discussion leaders.

Developments fa fttyjc Nuclear Theory

Discussion Leader: C. Fu

The discussion was confined to the developments of basic nuclear theories relevant
to the calculation of activation cross sections. From papers presented in this meeting
(Yamamuro, Young, Kopecky, Gardner, Fu), it is clear that the nuclear theories of interest
to this group are those used or needed in modern Hauser—Feshbach codes with pre—
equilibrium correction and gamma—ray cascades. The Hauser—Feshbach formalism is
indispensable due to the sensitivity of the calculated results, especially isomeric ratios
(Young, Gardner, Kopecky), to the spins and parities of the discrete levels as well as to
the spin distributions in the total and exciton level densities.

Topics discussed were optical model, gamma-ray strength function, total and
exciton level densities, and pre-compound model. These are summarized below.

OPTICAL MODEL

The dispersion relations connecting the real and imaginary parts of the optical
potential remove many of the anomalies that arise when the spherical optical model is used
to analyze accurate neutron data (A.B.Smith). Of primary concern to the calculation of
activation cross sections is the well—known fact that the global optical potentials all
overestimate the neutron total cross sections in the region of the minimum around 1 MeV
and also the calculated (n,n') and (n,2n) cross sections just above threshold. It is now
known that a consistent dispersion analysis gives lower values of the total cross sections
near the 1—MeV minimum in agreement with the experimental data. Since the dispersion
relations also represent the coupling of the elastic and inelastic channels, a consistent
dispersion analysis of total cross sections and differential elastic scattering data would also
lead to improved reliability and extrapolability in the calculated (n,n') and (n,2n) cross
sections as well.

GAMMA-RAY STRENGTH FUNCTION

Theories of gamma—ray strength functions are important for the correct prediction
of (11,7) cross sections where normalization to experimental data is impossible, and for the
calculation of (n,z) cross sections above (n,zn) threshold. The giant dipole theory is
commonly used for El and the Blatt—Weisskopf estimates for Ml, E2, etc. Kopecky
presented the application of the depressed giant dipole model and Gardner the energy—
dependent Breit—Wigner model to the calculation of (n,7) cross sections, isomeric ratios,
and gamma-ray production spectra. These models give flatter tails in the gamma—ray
strength functions than those resulting from a pure Lorentzian shape, and are in better
agreement with the experimental data. These models are easy to implement and may soon
be widely adopted in model codes. There is evidence that the Ml strength function can be
related to a giant resonance around 8 MeV with a width of about 4 MeV (Kopecky).
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LEVEL DENSITY

Total and exciton level-density formulas are used in modern Hauser-Feshbach
codes. A common practice is to use the two-fermion total level-density formula (the
Fermi-gas formula as in Gilbert and Cameron) for the Hauser-Feshbach part of the
calculation and the one—fermion exciton level density formula for the precompound part,
and normalize the sum of the latter to the former at each excitation energy to force
consistency. This has been pointed out (Fu) to be incorrect because the exciton—number
dependencies in the one— and two-fermion exciton level-density formulas are quite
different. It was pointed out that the normalization practice would lead to a harder
emission spectrum that may agree with experimental data, but in reality only masks the
collective component. There are some calculations of exciton level densities from realistic
single-particle states that naturally account for their pairing and shell effects. The
challenge is to parameterize the calculated results into formulas that are easy to use.

PRE-COMPOUND MODEL

All calculations of activation cross sections presented at this meeting included pre—
equilibrium effects. The current approach in most codes is to combine the pre-equilibrium
results, calculated without angular momentum conservation, with the H—F part that
conserves angular momentum. There are ongoing efforts (Gruppelaar, Zhang, Reffo,
Marcinkowski, Fu, etc.) to make the two parts of the calculation as consistent as possible.
Angular momentum conservation in the pre-equilibrium model automatically accounts for
the enhanced surface emission and may lead to improved accuracy in the calculated
isomeric ratios. Alpha—cluster formation is also known to be sensitive to angular
momentum effects.

A consensus reached during the discussions is that many problems in nuclear
theories and in their implementation in model codes exist, and at present we simply over—
stretch the model parameters to fit the available data; hence, the predictability of the
present generation of model codes remains no better than a factor of two.

Model Parameter Status and Prospects

Discussion Leader: M. Gardner

Input values for a variety of parameters are required in many aspects of activation
cross—section modeling: optical model potentials, nuclear level densities, discrete nuclear
levels and their associated gamma-ray branches, gamma-ray strength functions,
pre-equilibrium processes, etc. Because several recent meetings have addressed the areas
of potentials, level densities, and pre-equilibrium processes in some detail, the discussion
leader suggested that this session be concerned mainly with the parameterization of
gamma—ray strengths and how one can best supplement experimentally observed discrete
levels (and branchings) to obtain complete sets of level information. Reliable systematics
in these latter two areas of modeling are of key importance to activation and isomer
production calculations. Suitable modeling of El, Ml, and E2 strength functions is
necessary for accurate calculations of total and partial radiation widths, capture cross
sections, photonuclear reactions, gamma—ray emission spectra, and primary capture
gamma—rays. Complete discrete—level information is important in describing nuclei at low
excitation energies, obtaining improvements on global level—density parameterizations,
predicting unknown DOb values, computing valid radiation widths, obtaining spin cut-off
parameters, calculating gamma—ray production spectra, deducing absolute El and Ml
strengths, analyzing primary gamma-ray spectra, and, with gamma-ray branches,
calculating correct isomer ratios.
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M. Gardner led off the discussion by describing typical cross—section needs that she
and D. Garner must fulfill for their laboratory's nuclear device diagnostics program; that
is, accurate calculated activation cross sections on unstable and isomeric-state targets
where no experimental data exist. This demands reliable systematics of input parameters
required by the various reaction codes and an understanding of the low—energy physics of
specific mass regions. An illustration of the value of a dependable calculational capability
was given by the example of how their calculations recently uncovered discrepancies
between published experimental total capture cross sections and accompanying gamma—ray
emission spectra for 24 targets [Nucl. Sci. Eng., 96 343 (1987)]. In answer to the proposed
question of whether one needs to invoke an El pygmy resonance, she showed a recent
calculation of the gamma—ray emission spectrum for 0.57—MeV neutrons incident on 175Lu,
where good agreement was obtained with the measured data of Igashira et al. [Nucl. Phys.
A457 301 (1986)] without using a pygmy El resonance. Their calculation used an El
strength function modeled as a double-peak giant dipole resonance, with each peak having
an energy-dependent Breit—Wigner line shape, an Ml strength function modeled as a
Weisskopf, single—particle type, with a constant value, a single-peak resonant isoscalar E2
strength and 291 modeled levels for the rotational odd-odd nucleus, i?6Lu. These results
suggest that the gamma—ray spectral shape can be accounted for by using a realistic
discrete—level description of the odd-odd nucleus at low excitations rather than invoking a
pygmy El resonance. Also, she gave a brief description of a PC code that the Gardners are
developing which will construct discrete—level branching ratios where no experimental
information exists, and search for typographical and physics errors in large discrete—level
sets and their multipole branches. They have observed good results for spherical nuclei and
some transitional nuclei, but poor results for true rotational nuclei. P. Young commented
that they have made similar calculations for unknown branchings, but not in an automated
way.

In response to the question of how to model the energy dependence and magnitude
of the El and Ml strength functions, J. Kopecky described the model which he and R.
Chrien have proposed for the El strength. Based on the approach of Kadmenskij et al.,
and others, they suggest a modified Lorentzian which allows for the existence of a finite
limiting term as the energy approaches zero, and the fact that this term, as well as the
spreading width, depend on the temperature of both the initial and final states. For
downward (as opposed to upward) transitions, this leads to an essentially constant value of
the El strength function at energies below about 5 MeV. For the Ml and E2 strengths,
Kopecky uses giant resonance prescriptions. D. Gardner pointed out the basic differences
between his and Kopecky's modeling of the El and Ml strength functions. He showed
that, although both approaches yield combined El and Ml strengths that have essentially
the same energy dependence, the Gardner modeling leads to an Ml strength that is
considerably larger than the El strength at low energies (below about 2 MeV), whereas the
opposite holds for Kopecky's model. J. Kopecky mentioned an experimental study that is
now underway involving thermal neutron capture in 143Nd that should shed light on the
shape of the El strength function at very low energies, and, in a paper on 236>237Np
presented at this Meeting, another experiment for studying the Ml strength function was
suggested by D. Gardner and M. Gardner.

Questions that were not addressed in this session due to the lack of time included:
how important is it to include E2 transitions from rotor bandheads; is it necessary to use
an energy-dependent "a" in level density formulations; how does one go about modeling
more realistic parity distributions and are BCS results dependable for this purpose; and
how can one determine the energy dependence of collective enhancement? Since there are
so many problems that concern good cross-section and spectral calculations, perhaps more
time (another meeting or a Working Group project?) should be allocated for these things.
Topics addressed should be very specific, such as how to identify and determine the
important parameters in a particular mass region. Self—consistency, rather than one
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approach being better than another, should be emphasized. For example, different
approximate level-density formulations are in use and none are complete or "correct."

Nuclear Model Code Intercomparisons

Discussion Leader: P. G. Young

This topical discussion focused on the question of their significance to date regarding
the calculation of neutron activation cross sections. P. Young began the discussion by
listing past model code comparisons that have been sponsored by the NEADB, as follows:

• Average Resonance Parameters, NEANDB Newsletter #27, July 1982

• Spherical Optical and Statistical Model, NEANDC-152"A", Oct. 1983

• Coupled-Channel Model, NEANDC-182"A", Jan. 1984

• Spherical Optical Model for Charged Particles, NEANDC-198"U", May 1985

• Preequilibrium Effects, NEANDC-104"U", Sept. 1985

• Weisskopf-Ewing Calculations, NEANDC-227"U", Jan. 1987

• Hauser-Feshbach Calculations, NEANDC-228f(U", Jan. 1987

• Blind Intercomparison (Neutron Emission), NEANDB Newsletter #34,
Feb. 1989

A very brief summary of the results of these comparisons was then given by Young:

• Blind Intercomparisons: Except for Ex < 5 MeV, neutron spectra for
En = 26 MeV agree fairly well. At Ex < 5 MeV, probably direct excitation
of collective levels is responsible for discrepancies. Results from experienced
calculators generally agreed reasonably well with the measurements for
Ex > 5 MeV.

• Hauser Feshbach: Preliminary analysis showed pretty reasonable agreement
among the experienced contributors. Cross Sections agreed within a few %
using various WFC models. Angular distributions are mainly very similar.
A few calculations differed significantly, as usual.

• Preequilibrium Effects: Angle— and energy—integrated neutron emission
cross sections were in reasonable agreement, but large discrepancies exist for
(n,p) and (n,a) results. Neutron emission spectra were reasonably predicted
except for extreme (low and high) excitation energies. Forward peaking is
underestimated.

• Optical Model Tests: Integrated cross sections are computed quite well.
Differential cross sections and polarizations are not as well determined,
particularly for one model code.

The following questions were then introduced and discussed:
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• How valuable are the model code comparison activities as compared to, for
example, the CRP on Methods for the Calculation of Fast Neutron Data for
Structural Materials, or Advisory Group Meetings such as the 1987 Beijing
meeting on Nuclear Theory for Fast Neutron Nuclear Data Evaluation, etc.?

• Are new code comparison exercises likely to improve our ability to calculate
activation cross sections? If so, what quantities should be calculated?

• What type of comparison is likely to benefit neutron activation calculations
the most, that is, a comparison with well-defined parameters or a blind
comparison?

In the discussion that followed, it was generally agreed that model—code
comparisons can indeed be useful in obtaining neutron—activation cross sections. Of
particular interest and applicability is the ability of the codes to calculate cross sections
that are difficult to measure and that might not be obtained by any other means. As a
result, it was decided that blind model—code calculations of the neutron reactions on 60Co,
as discussed at the evening meeting of the Activation Working Group (see Appendix III),
would be a worthwhile exercise. In particular, it was recognized that this exercise would
provide an estimate of some cross sections that would be difficult to measure and should
give some gauge of the spread or uncertainties in such calculations. D. Gardner suggested
that the group might also wish to consider model code calculations of production cross
sections for some high-spin isomeric states that would test the sensitivity of such
calculations to spin dependence in pre—compound treatments. While there was general
interest in assessing this effect, it was decided to limit ourselves at present to one official
code comparison due to manpower limitations. It was decided that such isomeric state
calculations might be reconsidered at the next meeting of the Activation Working Group.

It was agreed that the n+80Co blind comparison would focus on calculation of the
60Co(n,p) cross section to 20 MeV, with calculation of the 60Co(n,7) cross section also
being requested of those interested in performing such a calculation. It was decided to
request that the NEA Data Bank oversee the calculational comparison, and S. Cierjacks
agreed to act as coordinator for assessment of the results of the comparisons. While it was
recommended that the NEANDB issue a general announcement of the exercise, tentative
agreement was given that D. and M. Gardner, C. Y. Fu, N. Yamamuro, F. Mann, and
P. Young would participate in the exercise. It was further recommended that the
calculations be completed in time for discussion at the meeting of the Activation Working
Group in conjunction with the Jiilich Conference in May 1991.

Merging of Theory and Experiment by Means of Statistical Methods

Discussion Leader: Y. Kanda

Theoretical formulae of nuclear reaction cross sections usually have parameters
whose physical meaning are known to a certain extent but whose values are not reliable
enough to calculate absolute cross sections. In relation to activation cross sections, the
current theoretical formulation is overwhelmingly based on the Hauser—Feshbach and pre—
equilibrium models employing the optical model to calculate the transmission coefficients
for interacting particles (hereafter designated simply as the H—F model). In this context,
the important parameters relate to level densities and the optical model. These parameters
must be determined in order that the H—F model calculations reproduce available
experimental data. Usually, this is qualitatively performed by adjusting the parameters by
a trial—and—error intuitive procedure.
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If it is assumed that the uncertainties of the H—F Model formulae, their parameters,
and the experimental values can be treated by statistical methods, this procedure can be
algorithmically conducted by a computer. Bayes' theorem in statistics can then be applied
to estimate the parameters. A feature of this method is that a priori parameters and their
uncertainties can be given. This is a great advantage, since the parameters are not free
ones but are numerically limited to the ranges which are physically constrained by other
measurements. In this method, the a priori parameters are adjusted to reproduce the
experimental data, and the a posteriori parameters are the most probable values expected
from the available database.

In regard to the parameter estimation, another important assumption is that the
H—F model, the parameters, and the available experimental data are physically consistent,
i.e., the H—F model calculation using a priori parameters nearly agrees with the
measurements within the errors when the uncertainties of the H—F model, the parameters,
and the experiments are taken into account. However, this condition is not always
satisfied, but matters are rarely so bad that such studies must be abandoned.

What is the target we must aim at in order to improve the situation? At the
present time, the major effort in this field concerns parameter searches. Can we expect to
achieve our purpose by this strategy? Is it reasonable, moreover, to employ the H—F
model, while using parameters derived in such a way, for calculating activation cross
sections which involve interpolation to reactions where no data exist or for extrapolation to
higher energy regions? These are important questions which must be investigated by
people in the activation cross-section field.

Uncertainties in Nuclear Model Results

Discussion Leader: H. Vonach

Dr. Vonach gave a short introduction to the topic. He pointed out that both the
uncertainties in the model parameters and the inherent deficiencies of the models to
describe the real processes contribute significantly to the uncertainties of cross sections
derived from model calculations.

If the uncertainties are dominated by parameter uncertainties, a covariance matrix
of the calculated results can be derived from the estimated parameters in a way very
similar to the procedure used to derive covariance matrices for experimental data.
Uncertainties in the cross sections derived from models will tend to be quite strongly
correlated in most instances.

The uncertainties from inherent model deficiencies are much harder to quantify;
procedures for this purpose have been developed. Indications for the amount of these
uncertainties may be the quality of the fits of the calculated cross sections to the
experimental data for cases in which a large amount of high-quality cross-section data of
various kinds are available for one nuclide.

In addition, it was pointed out by H. Vonach that a detailed comparison of the
forthcoming evaluations ENDF/B-VI, EFF-2, and JENDL-3 will provide very useful
material for a study of the inherent uncertainties of present model calculations. For
example, in the 58Ni(n,a)55Fe cross section, unexpected differences in the shapes of the
excitation functions have been found between different evaluations.

The participants largely agreed with those statements for the given example of the
58Ni(n,a) reaction. It was suggested that existing uncertainties in the o-particle optical
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potential might be responsible for the observed shape differences between various excitation
functions.

The question was raised as to why theorists have not standardized the treatment of,
and numerical values for, certain routinely used parameters, e.g., level densities, optical
model parameters, etc., much as experimentalists have agreed upon neutron fluence
standards. A lively discussion ensued. In the final analysis, it was concluded that the
situations for the experimentalists and the theorists are not comparable. Model parameters
are not fundamental constants of nature. As theory and modeling practice develop and
mature, old model—parameter prescriptions may very well be abandoned and replaced by
new and more descriptive ones.
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EFFICIENCY EXAMINATIONS FOR REACTION PARAMETER ESTIMATION
BY A STATISTICAL METHOD AND EXPERIMENTS

Y. Kanda, Y. Uenohara, and T. Kawano
Department of Energy Conversion Engineering,

Kyushu University
Kasuga, Fukuoka 816, Japan

Nuclear reaction parameters in reaction model formulae have been
estimated with Bayes method by using experimental data. A feature of the
method is that prior parameters can be assumed taking account of early
information. In the present work, prior optical potential parameters are
changed and then posterior cross sections calculated from the estimated
parameters of the early and the present are compared. They approximately
agree in spite of the difference between the two prior cross sections. It
shows that the estimation of the parameters does not depend on the initial
values. In addition, proton-induced data are used to estimate the
parameters together with the early neutron-induced reaction data. It is
useful to obtain the parameters required for calculating activation cross
sections.
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1. Introduction

Nuclear reaction model formulae available for nuclear data evaluation
have parameters which are physically defined but are not always known
sufficiently to calculate reliable cross sections, which must be absolute
values in the nuclear data evaluation. Therefore, the parameters are
inevitably adjusted to reproduce measured cross sections in order to apply
the model formulae for calculating absolute cross sections.

The most widely-used model for reaction cross section calculation is
based on the Hauser-Feshbach model, pre-equilibrium model, and transmission
coefficients of particles from the optical model, hereafter designated
Hauser-Feshbach model all together. Major adjustable parameters in the
model are' level density parameters for every residual nuclide and optical
model parameters for a neutron, proton and or-particle. There are many
measured data available for estimation of the parameters. If the model and
the measurements are physically correct, the parameters can be easily
determined. In practice, physical approximation of available models are not
so accurate to be able to compute absolute cross sections and the
measurements have errors. It is reasonable in this situation to employ
statistical methods in order to produce the most probable values of the
parameters or cross sections. Bayes' theorem has been applied to estimate
the parameters in the Hauser-Feshbach model formulae by using experimental
data [1,2,3].

The neutron reaction parameters for the Hauser-Feshbach model formulae
have been estimated to reproduce many kinds of experimental data for medium
Z nuclides. In the early studies, these are only neutron-induced nuclear
processes. According to the statistical theory, it is preferable for the
estimation of the most probable parameters that the used experimental data
include not only numerous measured data but also the data measured in
different experimental conditions. To study these effects, a few proton-
induced reactions are supplemented to the early database of the neutron-
induced nuclear processes. In addition, the optical model parameters of
a -particles are changed from Huizenga-Igo [4] to Lemos [5].

In the present work, the results for these changed conditions are
discussed. In the next section, a brief description of the statistical
method is presented and the results are discussed in the last section
comparing them with the results of previous works.

2. Parameter Estimation

The methodological description and formulae for the parameter
estimation are briefly presented here because they can be found in the
previous report [1]. Applications of Bayes estimation in statistics and B-
spline functions are features in our estimation. The prior parameters p 0

are assumed and they resulted in the posterior parameters p with the
following equation,

p = po+XoAo*<I>t(<5AoXo»**+V)-My-<E>^o),

where the superscripts t and -1 denote matrix transposition and inverse
matrix, respectively. The parameters p and po are vectors; X o is the
covariance matrix of po; y is the experimental data vector; V is the
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covariance matrix of y; do is the vector of the cross section calculated
with the model formulae using po; $ is the B-spline matrix; and Ao is the
sensitivity matrix of do to the parameters and is calculated in the
neighborhood of po.

The used computer codes are ELIESE-3 [6] and GNASH [7] for the optical
model and Hauser-Feshbach model calculation, respectively. The prior
parameters of the optical model for n,p and a are taken from Becchetti-
Greenlees [8], Menet et al. [9] and Lemos [5], respectively; the level
density parameters are taken from Gilbert-Cameron [10]. The prior
covariance matrix Xo was commonly given by assuming fractional standard
deviation of 30% for diagonal elements and correlation coefficient zero for
non-diagonal elements.

The target nuclides used in the estimation are Ni-58, Ni-60 and Co-
59. Table I shows the the nuclides whose level density parameters are
estimated and the experiments which are used in the estimation. The
estimated parameters are totally twelve optical model parameters for the
neutron, proton and a-particle, and twenty level density parameters of the
residual nuclides.

3. Results and Discussion

The transmission coefficients of a-particles given by Lemos result in
smaller cross sections for the a -emitting reactions than the previous ones
calculated by Huizenga-Igo. Concerning (n,p) and (n,2n) cross sections,
the results nearly equal to the previous ones are obtained for every target
nuclide. Typical results are shown in Figs.1-4. One pair of cross section
curves is the result of Huizenga-Igo's optical model parameters and another
pair is one of Lemos'. The prior and posterior parameters are summarized
in Table II and Fig.5. The posterior cross sections of both cases
approximately agree in spite of the difference between the two prior cross
sections. Thus the estimation of the parameters does not greatly depend on
the initial values. This result demonstrates that the statistical method
employed in this study can be reliably used to estimate reasonable
parameters. However, this is correct only for the case that the
experimental data are available over an interesting energy range. If the
data are localized like the example of Fig.3, it is approximately correct
in the energy region where the experiments are available but at the region
lacking in measurements the results are uncertain.

In Figs.6-8, the posterior cross sections after addition of a few
proton-induced reaction data to the previous experiment database are shown
in order to compare the results with and without the former data. It is
not clear in the present study whether the addition of the proton-induced
reaction data improves parameter estimation. However, the potentiality of
the method is verified by presenting the possibility to include charged-
particle reaction data: These can supplement new information to the
evaluation of the neutron-induced activation cross sections. They are
expected to contribute to expanding of evaluation regions of isotopes and
energies. It is very useful to evaluate activation cross sections which
have not been measured because of being far from stable isotope regions,
and to extrapolate calculation of activation cross sections to the higher
neutron energy region where available measurements are scarce.

The covariance matrices calculated by this method can be applied to
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compute those for neutron dosimeters [11]. They are more reliable than the
earlier ones because the product is based on a large amount of information.
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Table I . Target Nuclei, Reactions (Neutron or Proton Induced),
and Their Residual Nuclei.
Underlined reactions are used in the present work.

Target
Residual

61Cu
60Cu
59Cu
58Cu
57Cu

61Ni
60Ni
5 9 N j

58Nj

5 7Ni

6 0Co
59Co
58Co
57Co
56Co
55Co
54Co

59Fe

58pe
57Fe
56Fe
5 5p e
5 4Fe

56Mn
55Mn

Total

60Ni

(P, r )
(Pj«l)

(p,2n)

(n,r)
(n,n')(p,P')
(n,2n)(p,np)

(n,p) 'Psp
(n,np)

(p,a)
(p,na)

(n,a) *asp
(n,na)

(n,total)

58Nj

(p,r)
(p,n)
(P,2n)

(n, r)
(n.n'Xp.p1)
(n,2n)(p.np)

_(n,_pj_ " Psp
(n,np)

(p,a)
(p,na)

(n.a) ' «sp
(n.na)

(n,total)

59Co

(P,r)
(p,n)
(p,2n)

(n,r)
(n,n')(p,p')
(n,2n)(p,np)

(n,p)
(n,np)

(p,a)
(p,na)

(n,na)

(n,total)

Psp.'asp .' Proton, a-Particle Emission Spectrum
at 14.8MeV Neutron Energy
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Tab Ie n - Optical Model Parameters for Neutron, Proton, and a-Particle.
The upper row of posterior parameter '. use Huizenga-Igo's parameters for a-particle
and the lower row '. use Lemos' parameters.

Parameter

Real
Potential
Va

Imaginary
Potential
W s "

Real
Rad ius
r 0

1 mag inary
Radius
r s "

Neutron

Prior

56.3
[MeV]

13.0
[MeV]

1.17
[fm]

1.26
[fm]

Poster i or

54.4

51.7

10.0

11.0

1.16

1.21

1.19

1.12

Proton

Prior

49.9

4.20

1 .16

1.37

Posterior

48.5

47.0

4.09

4.08

1.22

1.16

1.32

1.44

a -Particle

Prior

50.0

193.0

10.26

21.0

1.17

1.37

1.17

1.37

Posterior

49.5

189.1

10.37

20.8

1.21

1.49

1.30

1.27

'' Volume absorption type for a -Potential
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Figure 1 : Coiparison of calculated 69Co(n,a) cross section.
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Figure 2 : Comparison of calculated 59Co(n,2n) cross section.
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Figure 3 : Comparison of calculated 5eNi(n,ot) cross section.
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Posterior Parameters (Hu izenga-!go for a )

1

10
En LMeVJ

Figure 4 : Comparison of calculated 6eNi(n,p) cross section.
Prior Parameters (Lemos for a )
Posterior Parameters demos for a )
Prior Parameters (Huizenga-Igo for a )
Posterior Parameters (Huizenga-Igo for a )
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Figure 6 : Comparison of calculated "Co(n.a) cross section.
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Figure 8 : Coaparison of calculated 88Ni(n,p) cross section.
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Figure 9 ". Comparison of calculated 68Ni(p,np) cross section.
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A Review of Activation Cross Sections in the ENDF/B-VI
General Purpose Files for Cr, Fe, Ni, Cu, and Pb

C. Y. Fu
Oak Ridge National Laboratory

Oak Ridge, TN 37831 USA

ABSTRACT

Isotopic evaluations for 50,52,53,54^ 54,56,57,58^^ 58,60,61,62,64Nii 6 3 , 6 5 ^

206,207,208pb a r e inciuded in ENDF/B-VI for the first time. These general purpose files,
all by the ORNL evaluation group, include many activation cross sections. In this review,
the 34 activation reactions for these materials in the priority-I CSEWG list were checked
for their presence and contents in the general purpose files. These cross sections are re-
viewed in terms of the experimental data base and the evaluation methods. Most of them
have been significantly improved over ENDF/B-V through the improved data base and
the use of advanced codes such as SAMMY for resonance analysis, GLUCS for handling
ratio data and covariances, and TNG for cross-section shape and for extracting individual
cross sections from the measured particle spectrum.
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1. INTRODUCTION

In producing the ENDF/B-VI general purpose files with limited man power, not
enough attention has been paid to some "small" cross sections and cross sections of iso-
topes with "low" natural abundance. However, for activation analysis these small cross
sections can be important. This timely NEANDC meeting has drawn our attention to the
importance of activation cross sections, particularly those needed for fusion reactor design.
Our first response was to check and see if all of the priority-I activation cross sections in
the May 1984 CSEWG list1 are included in the files we are responsible for, leading to plans
for some additional work. The second purpose is to delineate adequate and inadequate
evaluations, hopefully resulting in recommendations either for adoption in a new Activa-
tion File or for additional evaluations and/or measurements. To this goal, the evaluation
methods and the data base are summarized.

The priority-I list1 for ENDF/B-VI activation cross sections was checked against the
high priority fusion activation data table of Cheng2 to make sure that the fusion data
needs for activation cross sections are also covered in this review. In addition, one reaction
from the priority-II list,1 206Pb(n,2n)205Pb, is also included. The high-priority need for
this cross section is based on the work of Forrest and Endacott3 in which it is shown
that, for a neutron spectrum in the first wall of a DEMO fusion reactor, the production
of 205Pb in natural Pb by 206Pb(n,2rc) is 200 times greater than by 204Pb(n, 7). Since the
latter is included in the priority-I list and 205Pb has a half life of 14 million years, it is
desirable to upgrade 206Pb(n,2n) to priority I. The reactions 58Fe(n,7) and 63Cu(n,2n) are
also included in this review as they are commonly used dosimeters for fission and fusion
applications.1'2 The total number of reactions included in this review is thus 37.

The evaluation methods and data base are summarized in Sect. 2. The activation
cross sections being added to the presently approved (April 1989) ENDF/B-VI general
purpose files mentioned above are listed in Sect. 3, along with conclusions from our
preliminary investigation. Section 4 summarizes the adequacy of each reaction based on
the experimental data available and the sophistication of the evaluation methods used.

2. SUMMARY OF EVALUATION METHODS AND DATA BASE

The evaluation methods chosen depend on the type of reaction and on the number and
quality of data available. On these basis, we group our review as follows. The evaluation
method and data base for each individual activation cross section are summarized in Table
1 (see Sect. 4).

SAMMY FOR RESONANCE ANALYSIS

SAMMY,4 an R-matrix code based on the Reich-Moore formalism and the Bayes'
Equations, was used for the resonance region of 58Ni. The analysis5 was based on measured
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cross sections for total and capture, and the angular distributions of elastic scattering. The
resulting 58Ni(n, 7) cross section is of the highest quality currently achievable.

MUGHABGHAB RESONANCE PARAMETERS

The other (n,j) cross sections for which extensive SAMMY analysis was not per-
formed have also been significantly improved over ENDF/B-V because the experimental
information compiled by Mughabghab6 on neutron and gamma-ray widths, which were
used in the evaluations, has vastly increased since the earlier edition. For example, the
number of resonances in S8Fe has increased from 6 in ENDF/B-V to 67 in ENDF/B-VI.
Energies and widths of distant resonances were generated using SAMMY to account for
thermal cross sections and the background in the total cross sections. The point cross
sections for capture were checked with experimental data if available for determining the
background cross sections.

A weakness in most of the (n,7) evaluations covered in this review exists around
0.5 < En < 1.0 MeV, the upper energy of the resonance region in which resonances
become unresolved, energy-averaged experimental data are scarce, and accurate statistical
model calculations are difficult. Experimental data are most needed in this energy range
to establish the background cross sections near the upper end of the resolved resonance
region and to provide a point of normalization for calculated values for the higher energy
range.

GLUCS FOR RATIO DATA AND COVARIANCES

GLUCS,7 a generalized least-squares code for updating evaluated cross sections with
new data (including ratios and covariances), was used for the dosimetry cross sections
54 '56Fe(n,p), 58Ni(n,p), 63'65Cu(ra, 2n), and 63Cu(rc,o<), all of which were linked by ratio
data. The code was upgraded to read and write new ENDF/B-VI covariance format (LB
= 8 for positive defmiteness of the covariance matrix). Recent ENDF/B-VI data8 for
235>238U(ra,/), an evaluation of 27Al(n,a) by Vonach,9 and an evaluation of 32S(ra,p) by
Divadeenam10 were used as standards for handling ratios. Other details are the same as
reported earlier.11'12 Cross sections of 27Al(ra,p) and 46>47>48Ti(re,p), not covered in this
review, were also linked to the others by ratio data in the present work.

For this group of reactions analyzed with GLUCS, improvements over ENDF/B-V are
mainly in the resulting covariances which are more credible and mathematically sound. Ex-
perimental data aie believed adequate for activation analysis and probably so for dosimetry
purposes. The most difficult (and uncertain) part of this work was to extract covariance
information from the experimental papers.

TNG FOR PREDICTION

TNG,13 a multistep Hauser-Feshbach/preequilibrium model code, was used for calcu-
lating all non-resonance cross sections required for coupled neutron and gamma transport
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calculations. In general, optical model and level density parameters were adjusted to ob-
tain the best simultaneous overall fit to minimize the size of normalization of each reaction
cross section to experimental data. Reaction cross sections not dominated by statistical
reaction mechanisms, such as (n, d), (n, tf), and (rc,3He), are evaluated by the empiiical
methods described below.

The statistical model codes, such as TNG, are particularly useful for extracting the
cross section of a reaction having a long-lived daughter from the measured particle spec-
trum. Due to the long half life of the product nuclide, the reaction cross section cannot
be easily measured by activation methods. However, the measured particle spectrum of-
ten includes more than one reaction. The statistical model code can be used to fit the
measured spectrum and separate the cross section of several combined reactions into indi-
vidual ones. An example, the proton spectrum of the RiCu(n,px) reaction for En — 14.8
MeV, is shown in Fig. 1. Due to the long half life (100 years) of the daughter nuclide,
the (n,p) cross section has not been measured directly. The available proton spectrum14

is composed mainly of (n,p) and (n,np) and the model calculation was used to separate
the two reaction cross sections. Note that in the model calculation, as seen in Fig. 1, the
(n,np) and (n,pn) are separate channels; (n,np) results from a proton competition with
gamma rays in the (n,n') channel and (n,pn) comes from a neutron competition with
gamma rays in the (n,p) channel. In this case, knowledge about the gamma-ray strengtli
function plays a role. Since the (n,p) part of the proton spectrum is in the high-energy
end of the total proton spectrum, the pre-equilibrium effect is also important.

For the 50Cr(r?., 2n) reaction, the available data cover a large part of the energy region
but the shape of the cross section defined by the data differs from the calculated shape.
In this case, it was decided to use the data directly.

INTEGRAL DATA

Integral data have not been used systematically in the present differential evaluations
but have been used to guide evaluation of the 60Ni(n,p)60Co cross section for which large
discrepancies in the differential data exist. Two sets15'16 of data have 50% difference in the
important energy range between 7 and 13 MeV. We chose the lower data set16 for better
agreement with the integral value measured for a 252Cf benchmark field by Mannhart.17

The integral values calculated from ENDF/B-V and ENDF/B-VI are 3.44 mb and 2.61
mb, respectively, while the measured one is 2.39 ± 0.13 mb.

14-MEV SYSTEMATICS OR DATA

Systematics of Qaim et al.18 for the (n,d), (n,t), and (n,3He) cross sections at 14
MeV were used where measured data are not available. The shape of (n, d) and (n, t) cross
sections were taken from the TNG calculation for (n, p),, adjusted for threshold differences,
and that of (n,3He) from (n,«). For heavy targets such as Pb, the {n,p) and (n,a)
cross sections are very small and since the model calculations become unreliable for small
cross sections, systematics were used for normalization where data are not available. A
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single experimental datum near 14 MeV was treated in the evaluation process in the same
manner.

3. EVALUATIONS IN PROGRESS

A general purpose file for 204Pb, omitted due to its low natural abundance, is needed.
Not only would the file contain the three priority-I activation cross sections, 204Pb(n,7),
(n,p), and (n, 2n), the presence of a general purpose file for this isotope would also properly
account for the capture cross section for natural Pb in the energy region for En between
2 to 10 keV. In this energy range, the 1% 204Pb contributes 30% to the capture cross
section for natural Pb.19 An effort is being made to add a 204Pb evaluation to complete
the isotopic evaluations for Pb.

Other priority-I cross sections being added to the presently approved (not yet released)
ENDF/B-VI general purpose files are 50Cr(n,d)49V, 54Fe(n,d)53Mn, 6 5Cu(M)6 3Ni,
61Ni(n,2p)60Fe, and 206Pb(n, ndf 04Tl

Preliminary investigations for the above eight activation cross sections have been
made. They are included in the summary table below as if completed.

4. SUMMARY TABLE

Table 1 lists the activation reactions, induced radionuclides and their half lives, and
comments. The comments have the following 9 categories in order of the quality of the
available data and the evaluation methods.

1. Sufficient data , GLUCS analysis, Covariances: 6 reactions

2. Sufficient data, SAMMY analysis: 1 reaction

3. Sufficient data, TNG calculation: 7 reactions

4. Curve drawn through data: 1 reaction

5. Conflicting data, integral data used to guide evaluation: 1 reaction

6. Insufficient data, TNG calculation: 4 reactions

7. Mughabghab parameters and SAMMY: 7 reactions

8. 14-MeV systematics or data: 7 reactions

9. TNG prediction only: 3 reactions
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These comments are self-explanatory, though their assignments are somewhat subjec-
tive. For example "insufficient data, TNG calculation" simply means that the available
data cover only a "small" energy range and the shape of the cross section was largely
determined by theory.

Among the three that depended on "TNG prediction only", the cross section of
60Ni(n,2n)59Ni will need experimental confirmation because (1) the evaluated cross sec-
tion is relatively large (350 mb at 14 MeV), (2) according to Forrest and Endacott,3 this
reaction is nearly equal in importance as 58Ni(n,7)S9Ni for producing 59Ni, and (3) the
daughter nuclide has a half life of 75 thousand years. The cross section of 61Ni(n, 2p)60Fe
is small (less than 1 mb at 14 MeV) but the product half life is 0.3 million years; the
importance of this cross section for fusion reactor design may need to be established.

5. CONCLUSION

The present NE AND C meeting has drawn our attention to review the important
activation cross sections included in the preliminary ENDF/B-VI general purpose files and
led to plans for remedial work for the neglected ones. It is hoped that the present review
cf 37 activation cross sections, many of them improved significantly over ENDF/B-V, will
help data library assemblers in making choices and experimentalists in paying attention to
data perceived to be needed from the view point of evaluators.

A C K N O W L E G E M E N T S

The evaluators contributing to the cross sections reviewed here are, alphabetically,
C. Y. Fu, D. M. Hetrick, D. C. Larson, N. M. Larson, C. M. Perey, and F. G. Perey, all
of Oak Ridge National Laboratory. This work was sponsored by the Office of Energy Re-
search, Nuclear Physics, U.S. Department of Energy, under contract DE-AC05-84OR21400
with Martin Marietta Energy Systems, Inc.

R E F E R E N C E S

1. F. M. Mann, Minutes for SAF (Special Application Files) subcommittee meeting
during the May 19S4 CSEWG (Cross Section Evaluation Working Group) meeting
(1984).

2. E. T. Cheng, Nuclear Data Needs for Fusion Energy Development, GA-A17881 (1985).

3. R. A. Forrest and D. A. Endacott, Activation Data for Some Elements Relevant to
Fusion Reactors, AERE-R-13402 (1989).

- 280 -



4. N. M. Larson and F. G. Perey, Users Guide for SAMMY: A Computer Model for Multi-
level R-Matrix Fits to Neutron Data Using Bayes' Equations, ORNL/TM-7485 (1980);
Updates ORNL/TM-9179 (1984), ORNL/TM-9179/R1 (1985) and /R2 (1989).

5. C. M. Perey, F. G. Perey, J. A. Harvey, N. W. Hill, N. M. Larson, and R. L. Macklin,
58iVi! +n Transmission, Differential Elastic Scattering and Capture Measurement and
Analysis from 5 to 813 keV, ORNL/TM-10841 (1988).

6. S. F. Mughabghab, M. Divadeenam, and N. E. Holden, Neutron Resonance Parameters
and Thermal Cross Sections, Academic Press (1981).

7. D. M. Hetrick and C. Y. Fu, GLUCS: A Generalized Least-Squares Program for Up-
dating Cross Section Evaluations with Correlated Data Sets, ORNL/TM-7341 (1980).

8. ENDF/B-VI standards, evaluated by the CSEWG standards subcommittee, chaired
by A. D. Carlson of National Institute of Science and Technology. Data obtained from
R. W. Peelle, Oak Ridge National Laboratory, Private Communication (1989).

9. H. Vonach, Physik Daten, 13-3 (1981).

10. M. Divadeenam, in ENDF/B-V Dosimetry File, unpublished (1982).

11. C. Y. Fu, D. M. Hetrick, and F. G. Perey, "Simultaneous Evaluation of 32S(n,p),
56Fe(n,p), and 65Cu(n,2n) Cross Sections," p. 63, Proc. Conf. Nuclear Cross Sections
for Technology, NBS-SP-594 (1979).

12. C. Y. Fu and D. M. Hetrick, "Experiences in Using the Covariances of Some ENDF/B-
V Dosimetry Cross Sections: Proposed Improvements and Addition of Cross-Reaction
Covariances," p. 877, Proc. 4th ASTM-EURATOM Symp. on Reactor Dosimetry.,
NUREG/GP-0029, CONF-820320 (1982).

13. C. Y. Fu, Nucl. Sci. Eng. 100, 61 (1988); K. Shibata and C. Y. Fu, Recent Improve-
ments of the TNG Statistical Model Code, ORNL/TM-10093 (1986).

14. S. M. Grimes, Phys. Rev. C19, 2127 (1979); R. C. Haight and S. M. Grimes, UCRL-
80235 (1977).

15. A. Paulsen and H. Liskien, Nukleonik 10, 91 (1967).

16. H. Vonach, University of Vienna, Private Communication (1989).

17. W. Mannhart, "Average Neutron Cross Sections in the Cf-252 Benchmark Field," p.
637, ibidref. 12 (1982).

18. S. M. Qaim, Nucl. Phys. A295, 250 (1978) and A382, 225 (1982).

- 281 -



19. B. J. Allen, R. L. Macklin, It. R. Winters, and C. Y. Fu, Phys. Rev. C8, 1504 (1973).

100
ORNL-DWG 78-6740

E

10

0

14.8-MeV
63Cu (n.xp)

-\- GRIMES AND HAIGHT

6 8
Ep(MeV)

10 12 14

Fig. 1. A model analysis of the measured proton spectrum to extract 14.8-MeV
63Cu(n,p), (n,np), and (n,pn) cross sections. The data are from Grimes and Haight (ref.
14) and the model code u&ed is TNG (ref. 13).
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Table 1. Activation Cross Section Summary

Element

Cr

Fe

Ni

Cu

P b

Key

7
3
6
8
4

7
3
3
1
1
6
8
7

1
3
6
8
3
5
7
2
9
9
6

7
1
1
3
8
1

3
8
9
8
7
3
8

Reaction
5 0Cr(n,7)MCr
52Cr(n,2rc)51Cr
50Cr(n,np)49V
50Cr(n,d)49V
50Cr(ra,2n)49Cr
54Fe(n, 7)55Fe
56Fe(n,2n)S5Fe
54Fe(n,a)51Cr
S4Fe(n,p)54Mn
56Fe(n,p)56Mn
54Fe(n,np)53Mn
54Fe(n,d)53Mn
58Fe(n,7)59Fe
58Ni(n,p)58Co
58Ni(n,2n)57Ni
58Ni(n,np)57Co
58Ni(n,d)57Co
58Ni(rc,a)55Fe
60Ni(n,p)60Co
" 'Ni^-y^Ni
58Ni(n,7)59Ni
60Ni(n,2n)59Ni
61Ni(n,2p)60Fe
62Ni(n,a)59Fe
63Cu(,,,^)64Cu
65Cu(n,2n)64Cu
63Cu(n,2n)62Cu
63Cu(n,p)63Ni
65Cu(M)63Ni
63Cu(n,a)60Co
204Pb(n,2n)203Pb
204Pb(n,p)204Tl
206Pb(n,nd)204Tl
2 0 8Pb(n,02 0 4Tl
204Pb(n,7)205Pb
206Pb(n,2n)205Pb
206Pb(7i,a)203Hg

Half Life

27.7 d
27.7 d
330 d
330 d
42 m

2.7 y
2.7 y
27.7 d
313 d
2.6 h
3.7 x 106 y
3.7 x 10r> y
45 d

71 d
36 h
271 d
271 d
2.7 y
5.27 y
100 y
7.5 x 104 y
7.5 x 104 y
3 x 105 y "
45 d

12.7 h
12.7 h
9.74 m
100 y
100 y
5.27 y

52 h
3.8 y
3.8 y
3.8 y
1.4 x 107 y
1.4 X 107 y
46.8 d

Key: 1 - Sufficient data, GLUCS analysis
2 - Sufficient data, SAMMY analysis
3 - Sufficient data, TNG calculation
4 - Curve drawn through data
5 - Conflicting data, integral data used
6 - Insufficient data, TNG calculation
7 - Mughabghab parameters and SAMMY
8 - 14-MeV data or systematics
9 - TNG prediction only



PRESENT STATUS OF THE JENDL ACTIVATION FILE
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ABSTRACT

Evaluation on activation cross section data for the JENDL
activation file was started two years ago. Since there are
already big activation libraries in western Europe and in the
United States, we are aiming at more accurate evaluation of
important reactions to applications to fission and fusion
reactors rather than aiming at as many reactions as in these big
libraries. About 1,000 reaction cross sections have been
evaluated for 37 most important elements up to 20 MeV. In this
fiscal year we are going to evaluate about 1,000 reactions of 22
elements designated as the second priority. The JENDL activation
file will be finalized by March 1991.
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1• Introduction

Evaluation for the JENDL-3 general purpose file[lj had been
completed in March 1988. Since then JNDC has focused their
efforts on the evaluation and compilation of various kinds of
special purpose files. The evaluation and compilation of
activation cross section data for the JENDL activation file was
started two years ago. Since there are already big activation
libraries REAC-ECN-4[2] and UKACT1[3] in western Europe and
USACT-88[4] in the United States, we are aiming at more accurate
evaluation of important reactions to applications to fission and
fusion reactors rather than aiming at as many reactions as in
REAC-ECN-4 UKACT1 and USACT-88. For this purpose the evaluated
data in JENDL-3 have been employed for a lot of reactions. These
cross sections have been evaluated by using advanced nuclear
model codes CASTHY[5], ELIESE[6], GNASH[7], PEGASUS[8], TNG[9]
and DWUCK-4 [10]. They have been also evaluated to reproduce
recently measured reliable experimental data[ll]. The present
evaluation is based on the codes(CASTHY, ELIESE, GNASH and
DWUCK-4) and the recently measured reliable experimental data.

2. Selection of activation reactions

All elements below Z=83 were examined thoroughly from the
point of the applications, and were classified into three groups
according to their importance for applications to the fission and
fusion reactors. The priorities decided are shown for each
element in Table I.

In the selection of the activation cross sections the
following items and criteria have been employed:

(1) the half life of target nuclides: longer than 1 day,
(2) the half life of daughter nuclides: longer than 1 day

and shorter than 101* seconds,
(3) the threshold energy: lower than 18 MeV,
(4) the reactions: (n,X), (n,n'), (n,2n), (n,3n), (n,p),

(n,d), (n,t), (n,np), (n,nd), (n,nt), (n,2p), (n,a),
(n,3He), (n,na).

The following reactions were also included in the file:
the reactions whose product nuclides have the half life
shorter than 1 day and longer than 1 minute but which are
important to the applications,
and the reactions which produce the nuclides whose daughter
nuclides are radioactive and have the half life longer than
1 day.

About 1,000 reaction cross sections have been evaluated for
37 elements designated as priority 1 up to 20 MeV. In this
fiscal year we are going to evaluate about 1,000 reactions of 22
elements designated as priority 2. The remaining 24 elements
designated as priority 3 will be considered in the next version
of the JENDL activation file.
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3 . Evaluation of __the__a_ç.tiva t i on cross sect ions

3.1 Evaluation of H, Li, Be, B, C, N, 0y Na, J>lJ__Si.i_jbrJ__Ça_l
Ti, V, Cr, Mn, Fe ,Co[~12]

The activation cross sections satisfying the conditions
mentioned in Section 2 were taken from the JENDL-3 general
purpose files when available. The agreement between evaluated
data and experimental values is excellent. There is no need to
reevaluate the cross sections taken from the JENDL-3 general
purpose file.

There are no or scarce experimental data except the cross
sections which were taken from JENDL-3 general purpose file. We
are not able to base the evaluation of these reactions on the
experimental data. The cross sections of these reactions have
been evaluated using the ELIESE and GNASH codes. ELIESE has been
used to calculate for incoming and outgoing particles the
transmission coefficients, which have been used to calculate the
cross sections with GNASH. The global optical model
potential!13] was used in ELIESE. The level density parameters
have been determined by using level schemes in ENSDF[14]. They
have been modified a little by taking into account the
systematics.

3.2 Evaluation of Cu, Zr, Nb, Mo, Aq, Cd, In, Sn, Sb, Ta
[15],[16]

For these elements almost all activation cross sections were
newly evaluated independently of the JENDL-3 general purpose file
and FP file. The results of the present evaluation are generally
close to the evaluated data in JENDL-3. The evaluation was
carried out with the DWUCK-4, CASTHY, ELIESE and GNASH codes.
The global optical model parameters have been utilized for the
calculation. First of all, the calculations were carried out for
the nuclides and the reactions whose experimental data were
available. When differences between the calculated values and
the experimental data were observed, the nuclear parameters were
modified and the calculation was carried out again. This process
was repeated to obtain good agreement between the calculation and
the experimental data. The normalization of the calculated
values to the experimental data was avoided. This method is
better for obtaining the systematics of the nuclear parameters
than the normalization. From these calculations some systematics
of the nuclear parameters were found. These systematics were
adopted to calculate the cross sections for the nuclides and the
reactions whose experimental values were not available. An
example of the evaluation is shown in Fig. 1. Although the total
(n,2n) reaction cross section of 9SMo is a little different from
JENDL-3, the present results are in good agreement with the
recently measured datafll].
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3.3 Evaluation of Ni, Eu, Gd, W[15]

The evaluation of these nuclides has been carried out so
that the evaluated data are consistent with the JENDL-3 general
purpose file. For the same reactions as in JENDL-3 the evaluated
data have been employed from JENDL-3. When isomeric states exist
in the product nuclides, only isomeric ratios have been
calculated with GNASH and compiled into the file. The example of
the results is shown in Fig. 2. The evaluated excitation
functions of the ground state and isomeric state are consistent
with the experimental data.

4. Conclusion

The evaluation and compilation of the JENDL activation file is
in progress. More than 2,000 reaction cross sections will be
compiled in the file. It will be finalized by March 1991. We
are doing our best to complete the file for 57 elements which are
important to the nuclear fission and fusion energy technologies.
The elements which will not be contained in the file will be
considered in the next version.
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Table I. Priority of materials required for activation file

z
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Element

H
He
Li
Be
B
C
N
0
F
Ne
Na
Mg
Al
Si
P
S
Cl
Ar
K
Ca
Sc
Ti
V
Cr
Mn
Fe
Co
Ni

Priority

1
2
1

M

1
1
1
1
2
3
1
2

M

1
2
2
2
1
2
1
3
1
1
1
1
1

M

1

Z

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

Element

Cu
Zn
Ga
Ge
As
Se
Br
Kr
Rb
Sr
Y
Zr
Nb
Mo
Te
Ru
Rh
Pd
Ag
Cd
In
Sn
Sb
Te
1
Xe
Cs
Ba

Priority

i-i
 

i

2
Oi
Z.

2
2
3
3
3
3
2
2
1

M

1
3
3
3
2

M

1
1

l-i
h-

i

3
3
3
3
1

Z

5?
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

Element

La
Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
W
Re
Os
Ir
Pt
Au
Hg
Tl
Pb
Bi

Priority

3
3
3
3
3
2
1

M

2
2
2
2
2
3
3
1
1

M
h-

i

2
2
3
3
3
3
1
1

Priority 1: 37 elements
Priority 2: 22 elements
Priority 3: 24 elements
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Figure 1: ssMo (n,p) 'sNb reaction cross section. It is difficult ^ g
experimental data between the ground state cross section and the total cross section
in Fig 1 There are only two points for the ground state cross section by Atsumi
et al. and Qaim et al., which are the closest points to 30 mb. The other points
larger than 30 mb are the total cross sections. JENDL-3 should be compared with
total reaction cross section i.e. sum of the ground state (9/2+, 35d) cross section
and the isomeric (1/2", 3.6d) cross section. The present evaluation is a little
different from JENDL-3, but close to the recently measured experimental data by
Ikeda et al.[Il].
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A SIMULTANEOUS EVALUATION OF SOME IMPORTANT
CROSS SECTIONS AT 14.70 MeV

T B Ryves*

Commission of European Communities
Joint Research Center, Geel Establishment
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B-2440 Geel, Belgium

Abstract

A simultaneous evaluation of the 27Al(n,a), 5&Fe(n,p), 63Cu(n,2n),
65Cu(n,2n), J9?Au(n,2n), 93Nb(n,2n), 32S(n,p), ^(n.n), 27Al(n,p),
59Co(n,a), 235u(n,f) and 238U(n,f) cross sections at an energy of
14.70 MeV has yielded a consistent set with uncertainties (1-a) of 0.5 -
1.5# together with a correlation matrix. The large number of experimental
results included were either ratio measurements or 'absolute'
measurements relying on neutron fluences determined by the associated
particle technique. The method of weighted least-squares, taking into
account correlations, was used in the simultaneous evaluation. Good
agreement was found with several recent evaluations.

*Visiting Scientist, National Physical Laboratory, Teddington, Middlesex,
UK.
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1. Introduction

Accurate lH MeV neutron cross sections are required for several
important physical applications, especially in fusion technology,
neutron dosimetry, neutron activation analysis and for developing
refined nuclear theory. Over the past 35 years an enormous number of
measurements have been made in the narrow energy interval lying
between 14 and 15 MeV, an energy region which is readily accessible
with small cheap low-energy accelerators through the D-T reaction.
Although much of the early work was done between 1950 and 1970 mostly
in Europe and the USA, a steady output of fresh results continues up
to the present day originating from more and more countries worldwide.
A fresh impact has come from the recent IAEA Coordinated Research
Programme on Measurement and Analysis of 1^ MeV Neutron Nuclear Data
[1]. Over the years experimental techniques have changed considerably,
and there has been a steady improvement in nuclear decay data and
standard cross section reference values.

A number of evaluations of 14 MeV data have been made, most of the
earlier ones consisting simply of a weighted mean of the results for a
particular reaction, often after correcting them for obvious mutual
discrepancies, e.g in nuclear decay schemes. Recently some
simultaneous evaluations have appeared, in which a group of
inter-related measurements of cross section are considered together
with their correlations, and a weighted cross section is produced.
This latter approach is applied here for twelve inter-related
reactions, namely 27Al(n,a)2*Na, 56Fe(n>p)56Mn,

 63Cu(n,2n)62Cu,
65Cu(n,2n)6''Cu, 93Nb(n,2n)9

2roNb, 197Au{n,2n)196>"-8Au
^{n.nHH, 27Al(n,p)27Mg, 59Co(n,a)5

6Mn, 235U(n,f) and

Cross sections were normalised to a common energy of 14.70 MeV, and a
large number of corrections and sources of correlated error have been
considered, see ref. [2], which contains a more detailed account of
the work here presented. In previous simultaneous evaluations [3.^]
only the first eight of these reactions were included, with a much
smaller data base and far fewer corrections and correlations. Hence
the present work constitutes a significant improvement on the previous
evaluations.

2. Theory of the Evaluation by the Method of Least Squares

In this section the development and notation follow that given by
C Bastian [5] in a presentation describing his APL computer programme:
'EVAL : an interactive facility for multiparametric covariant
evaluation'. This programme was used successfully in the present
evaluation.

The data base consists of n measurements Mt , M2,.. .Mn (vector M) of
quantities expressed as functions, F1 , F2,...Fn (vector F). The
functions F are made up from p physical parameters x1 , x2,...xp
(vector x), which are the quantities to be evaluated. Thus Mt is a
measurement of FL {x1 , x 2,...x p). The parameter set is overdetermined
by the measurement set, ie. n>p. The measurement uncertainties are
given by the n x n variance-covariance matrix Z, which must be
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constructed from the experimental details of the measurements. Then
the least squares evaluation finds the values of x minimising ,\2 »
where

(M - F{x))T . Z-1 . (M - F(x)) = x2 (1)

If the variance-covariance estimate is correct, the evaluation should
provide a value of s2 = x2/(n-p) approx. equal to 1. In this
evaluation the functions F consist of cross section ratios (xk/x1) and
cross sections (x ) measured 'absolutely' by the Associated Particle
technique.

A practical solution for equation (1) is to linearise F by a Taylor
expansion in the vicinity of initial guessed values x0 of x,
introducing:

X = x - x0 Parameter variation

Y = M - F(x0) Observation vector

Then F(x) = F(x0 ) + A.X

where A is the Design Matrix, with components Aik = dFj^/dx,

Equation (1) then becomes in linear approximation:

(Y - A . X ) T . Z"1 . (Y - A . X) = x2 (2)

The normal equation minimization solution of equation (2) is:

X = (AT . Z"1 A"1) . AT . Z-1 . Y (3)

The variance-covariance of X is:

V = (AT . Z-1 . A)" 1 (4)

3. Corrections and Adjustments to the Measurements

3.1 Conversion to a standard neutron energy of l4.7O MeV

The experimental cross sections were measured at energies in the range
14.1 to 15-3 MeV, and corrected by factors fE to their values at
14.70 MeV. fs is a correction factor depending on the assumed shape of
the excitation function, and is tabulated in [2],

3.T Adjustment of the quoted neutron energy

In a few cases the assigned neutron energy was reduced, often from a
quoted value of 14.8 MeV to s 14.7 MeV, in experiments where the
deuteron energy in the accelerator was £ 150 MeV onto a solid Ti-T
target. While it is true that the maximum neutron energy corresponding
to the maximum in the D-T cross section is about 1^.8 MeV, it is known
from many experiments and calculations, eg [6,7], that after allowing
for deuteron energy loss in the target, the mean neutron energy is S
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14.7 MeV, depending on the age and condition of the target. In many
cases, where the excitation functions have a similar energy dependence
(e.gAl(n.a), Fe(n.p)), the effect of this energy correction on the
cross section ratio is practically negligible.

3-3 &+ Annihilation In Flight (AIF)

If v-ray spectrometry of 5 H keV annihilation radiation is used to
assay the positron intensity, allowance must be made for a small
fraction of the annihilation radiation which is lost from the region
of the photopeak due to AIF. A convenient nomogram has been given by
Kan tele and Valkonen [8] from which it is apparent that the effect
increases with positron energy and also the Z of the stopping
material. In this evaluation the only positron emitters are 62Cu (ER
= 2.9 MeV) and 6"Cu (E&+ = 0.6 MeV) from the Cu(n,2n) reactions, whiifi
entail corrections of 13-5 ± 1.0)^ and (0A ± 0.3)% respectively. It
is assumed that these corrections were not made by those earlier
experimentalists who used 7-ray spectrometry (since they were not
mentioned in the original papers). It can be shown that for 7-7
coincidence counting the correction is much smaller. In other cases
where ^-counting or integral 7-counting was used, no correction for
AIF was required.

3.4 Nuclear decay schemes and half lives

These have been taken from the latest Nuclear Data Tables and are
tabulated in [2]. The only significant corrections apply to some
measurements of 27Mg, 62Cu, 6ilCu, 92mNb and 196«Au. A serious problem
arises because many authors do not quote the decay scheme used, so
that the evaluator must deduce some value related to the date of the
measurement, or take a compromise value with an appropriate error.

The branching ratio corrections required for 27Mg and 92inNb were quite
large, ranging up to 4#. Those for 64Cu have been discussed in detail
by Winkler and Ryves [4] and may range up to 8% in a few cases. Even
for 196gAu the corrections may rise as high as 1%.

3-5 Target scatter

Some of the primary neutrons from the D-T reaction are scattered
(elastically or inelastically) in the target backing and assembly,
producing a small low-energy component in the neutron field. In
well-designed experiments employing thin target backings and air
cooling the effect is negligible, but in other measurements employing
massive water-cooled targets, the activation sample activities may be
increased by several percent. In many cases, where excitation
functions have a similar energy dependence, the effect on cross
section ratios will hopefully be small, but for (n,f) and (n,2n)
reactions, where excitation functions decrease rapidly with energy
below 1̂ .7 MeV, the effect may be significant. In practice a small
correction (up to 2%) has been applied to some measured ratios
together with an appropriate error.
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3.6 The hydrogen scattering cross section

Proton recoil telescope (PRT) measurements prior to 1971 used the old
H(n,n) scattering data of Gammel [9] but since then the data of
Hopkins and Breit [10] have been used. Thus the earlier PRT
measurements should be corrected by 2.8%. In addition a few later
measurements using the Hopkins and Breit data did not convert
relativistically from the CM to Lab. systems, entailing a correction
of 0.7*.

l\. Uncertainties

The uncertainties were taken from the original papers, and in some
cases increased for the various reasons detailed in [2]. Examples were
suspected target scatter due to poor experimental conditions, decay
scheme data, and a large scatter of other results from the same
laboratory relative to the evaluated results (consistency of the
data). It was assumed, unless otherwise stated, that l-o errors were
quoted. For a few cases where uncertainties were given at the 95% or
99% confidence level, the uncertainties were simply halved to give l-o
errors.

In the case of the H(n,n) reaction there was an additional uncertainty
due to the angular distribution which clearly affects all the PRT
measurements, and has been simply added in quadrature to the result of
the evaluation. Other correlated decay scheme uncertainties (apart
from those included in the evaluation such as 27Mg, 6*Cu) were
negligible.

The final uncertainties calculated from the evaluation were increased
by a factor s (see Section 2) of 1.16 to allow for a possible
deviation of the data from a normal distribution.

p. Correlations

The inclusion of the correlations which exist between many of the data
forms an essential part of this evaluation. Two types of correlation
are considered, the 'local' and the 'general*. By 'local' correlations
are meant those which involve only the group of measurements performed
at a single laboratory by one experimental group. Occasionally there
may be a further correlation with another laboratory who used a
similar technique or shared some of the equipment. 'General1

correlations involve all (or most) measurements of a particular
reaction, which depend on common factors such as nuclear decay scheme.
The correlations are listed in [2].

'Local' correlations included common uncertainties in experimental
techniques, eg. neutron fluence determination or detector efficiency,
and may be quite large. It was also assumed that each laboratory had
its own systematic uncertainty in its assigned neutron energy, which
would affect all its measurements in a systematic fashion. Thus an
'error' of 30 keV in a laboratory could alter a cross section by -O.'J
to O.7#. with an associated particle fluence change of 0.5#. 'General'
correlations included AIF corrections and variations of the excitation
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functions with energy (fE).

A small common uncertainty of 0.2?! was also included for all
associated particle measurements to cover possible systematic effects
in the technique (eg. estimation of the average deuteron energy in the
solid target, the contribution to the a-spectrum of protons from the
D-D reaction and of a1s from the D-3He reaction).

6. Results

The detailed results of the least squares evaluation are given in [2]
for each of the 204 measurements in the data base, together with
detailed notes on covariances and corrections, the input values and
l-o uncertainties, and the calculated fit and the residuals expressed
in standard deviations. The graphical results are also shown in [2]
for all the cross sections. A representative fit, for the 93Nb(n,2n)
reaction, is given here in Figure 1, in which the experimental data
are plotted in increasing order of accuracy ('y-axis') against the %
deviation from the mean {'x-axis').

The distribution of measurements for individual reactions is given in
Table I, from which it is seen that the most popular reactions
involved were 27Al(n,a)2/|Na (91 measurements) and 56Fe(n,p)56Mn (55
measurements), and the least popular 197Au(n,2n)196m*8Au and
63Cu(n,2n)62Cu (both with 16 measurements) and 32s(n,p)32P (13
measurements).

The mathematical fit as calculated by the computer programme EVAL is
given in Table II, together with the correlation matrix. In Table III
the final rounded-off cross sections are given, with uncertainties
derived by multiplying those of Table II by a factor s = 1.16 to allow
for the possible non-normal distribution of data. In addition the
uncertainty of the 'H(n,n)'H cross section was increased by 1.0% to
cover the anisotropy in the n-p scattering which affects all the PRT
measurements.

7. Discussion

In the evaluation the cross sections are 'normalised' through the 47
measurements where the neutron fluence was determined by the
'absolute' associated particle technique, corresponding to the
diagonal elements of Table I. The evaluated cross sections in
Table III have very small l-o uncertainties, lying between C.5 and
1.5%- The 204 measurements of the data base have a nearly normal
statistical distribution, as can be seen from Figure 2, with a x2/DF
of 1.34. It was only necessary to reject one reading on purely
statistical grounds (ie residual > 3c) namely the measurement of Aron
et al (1964) [11].

After the main evaluation had been completed, a further case was run
incorporating the recent averaged results given in a paper by Dushin
et al (1983) [12] which may replace the precise fission cross section
measurements of Arlt et al (I98I) [13] and Adamov et al (1979) [14] in
the data base. However it made a negligible difference to the result
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of the evaluation (< 0.1% for all cross sections).

As mentioned in Reference [3]. when natural Fe and Cu are irradiated,
small contributions to the observed radioactivity arise from the
competing reactions 57pe(n,d or np or pn)56Mn and 63Cu(n,7)64Cu. These
have been ignored in the present work.

The present simultaneous evaluation (Table III) supersedes previous
ones [3.4] which included many of the same reactions, because the data
base has been more than doubled and now includes a number of recent
precise measurements, the input data have been carefully revised, and
many more correlations have been added. As a result the x2/DF has been
reduced from 2.43 to 1.3**- Nevertheless the present results all lie
within the combined uncertainties of the two provided evaluations
(ie between 0.6 and 2.3%)• In particular the 32S(n,p) cross section
has been increased from (215 * 3) to (220 ± 3)n>b, largely due to a
revision of the most accurate Robertson et al (1973) [15] measurement
(involving an increase in the value of 2% due to the !K' correction,
and in the uncertainty of 0.9% due to estimation of p"-counting
efficiency), and both the Cu(n,2n) cross sections have been slightly
increased due to the AIF correction. The Nb (n,2n) data base has been
doubled by the inclusion of more recent measurements, and the previous
data revised, increasing the cross section by 2% with a reduced
uncertainty.

In Table IV the present results are compared with other selected
evaluations. The agreement is generally good, especially for the
important standard cross sections ^(n.n) based on ENDF/B5, 27Al(n,a),
235u(n,f) and 238U(n,f). The uncertainties have been considerably
reduced in most cases. However, if the n-p cross section data of
ENDF/B6 is used, the agreement for ^(n.n) worsens due to the
increased anisotropy.

Rejected experiments are listed in [2]; the list includes about 60
measurements made since I960. Most measurements made before then were
arbitrarily excluded, since it was felt that the early results have
large quoted uncertainties (ie > 10%) and would carry little weight
even if included in the evaluation.

8. Conclusion

The simultaneous evaluation has produced a consistent set of cross
sections at a discrete energy of 14.70 MeV with l-o uncertainties
between 0-5 and 1.5%. relative to the 'absolute* associated particle
technique. The close agreement with several other equally precise
evaluations by Tagesen and co-workers [16,17]. which were done quite
independently, is very encouraging. This evaluation supersedes several
other earlier evaluations [3.4]. Simultaneous evaluations with a wide
data base can obtain very precise results, with uncertainties much
smaller than those of the present ENDF and other computer based data
files. Discrete energy evaluations can therefore act as 'anchor
points' for normalising large energy-dependent data files. The success
of the evaluations depends on selecting data with strongly
interrelated ratio measurements and on rejecting experimental data
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which are clearly wrong. In view of the small uncertainties being
claimed, it might be of interest to investigate possible fine
structure effects in the (n,p) and (n,a) cross sections around 14 HeV,
which will require improved energy resolution over that currently
available.
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Table I - The distribution of ratio and absolute measurements in the evaluation

o

Reaction*

1

2

3

4

5

6

7

8

9

10

12

14

1 2

11 15

7

3

2

2

4

4

8

6

1

3

V
Jl

11

1

0

1

1

6

12

2

1

0

0

2

7

4

3

0

2

0

1

2

8

1

3

3

2

1

3

0

1

9

17

7

3

0

0

0

0

0

4

10

6

6

0

0

0

0

1

2

0

1

12

2

3

0

1

1

1

0

3

2

2

6

14

2

0

0

0

0

0

0

2

0

0

11

5

Total**

91

55

16

24

16

22

13

21

33

18

32

20

* Reaction group No. from Table III.
** Total measurements of each reaction. The diagonal elements represent associated particle measurements.

the remainder are ratio measurements.



Table II - The least squares evaluation results calculated by the programme EVAL

1
CO

oLO
1

Reaction

ALNA

FENP

CU63N2N

CU65N2N

AUN2N

NBN2N

SNP

HNN

ALNP

CONA

U35NF

U38NF

Fitted value

1.12733EO2

1.O8394EO2

5.48388EO2

9.68382E02

2.12732E03

4.59872E02

2.19679E02

6.54247E02

6.88426EO1

3-15523EO1

2.09120E03

1.19186EO3

Error %

.404

.404

.851

.841

1.060

.940

1.309

.604

.847

.734

.601

• 730

100

63

35

38

34

33

23

47

35

37

25

21

63

100

32

36

25

27

23

56

32

47

27

22

35

32

100

44

15

17

12

34

21

20

13

11

38

36

44

100

16

17

13

33

20

23

14

12

Correlation

34

25

15

16

100

15

9

19

14

16

11

10

33

27

17

17

15

100

10

22

15

17

12

10

Matrix

23

23

12

13

9

10

100

17

11

15

8

7

47

56

34

33

19

22

17

100

24

30

22

19

35

32

21

20

14

15

11

24

100

19

13

11

37

47

20

23

16

17

15

30

19

100

19

14

25

27

13

14

11

12

8

22

13

19

100

63

21

22

11

12

10

10

7

19

11

14

63

100

No. of Data =* 204. x2/DF = 1.34



Table III - Final results of the evaluation at 14.70 MeV

Group

1

2

3

4

5

6

7

8

9

10

12

14

Reaction

27Al(n,a)2*Na

56Fe(n.p)56Mn

63Cu(n.2n)62Cu

65Cu(n,2n)6*Cu

i97Au(n,2n)i96g-mAu

93Nb(n.2n)92»Nb

32S(n,p)32P

1H(n,n)1H

27Al(n.p)27Mg

59Co(n,a)56Mn

235u(n,f)

.»u(..r)

Cross Section
mb

112.7 ± 0.5

108.4 ± 0.5

548 * 5

968 * 9

2127 ± 26

460 ± 5

220 ± 3

654 * 9

68.8 ± 0.7

31.6 ± 0.3

2091 ± 15

1192 ± 10

Uncertainty '1 >

0.5

0.5

1.0

1.0

1.2

1.1

1.5

1.3 <2'3>

1.0

0.9

0.7

0.8

(, ) Calculated uncertainties from the evaluation (Table II) multiplied
by s = 1.16

( 2 ) Systematic uncertainty of 1.0# added for anisotropy which affects
PRT measurements

( 3 ) Using ENDF/B6 differential n-p cross section, aH is reduced to
644 mb
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Table IV - Comparison of results with other evaluations

Reaction

27Al(n,a)2*Na

56Fe(n,p)56Mn

63Cu(n,2n)62Cu

65Cu(n,2n)6*Cu

197Au(n,2n)196g*»Au

93Nb(n,2n)92mNb

32S(n,p)32p

^ ( n . n ) ^

27Al(n,p)27Mg

59Co(n,a)56Mn

235U(n,f)

238u(n,f)

Cross section
(mb)

113
112

109
106
108

543
548

989
968

2252
2127

483

460

219
220

661
658
654
644

70.
68.

30.

31.

2101

2091

1191

1192

.1

.7

.2

.4

5
8

2
6

± 0.5
± 0.5

± 1.0

* 3
± 0.5

± 5

* 5

* 9

± 26

± 48
- 87
* 5

± 3

± 9
± 9

± 1.4
± 0.7

± 0.4*
± 0.3

± 84

* 15

± 51

± 10

Literature

Tagesen and Vonach (1981)
Present Work

Ryves and Axton (1979)
Forrest (1986)
Present Work

Tagesen et al (1979)
Present Work

Bychkov et al (1979)
Present Work

Bychkov et al (1980)
Present Work

Philis and Young (1975)

Present Work

Dudey & Kennerley (1975)
Present Work

Hopkins and Breit (197D
Carlson et al (1985)
Present Work - ENDF/B5

- ENDF/B6

Evain et al (1985)
Present Work

Evain et al (I985)
Present Work

INDC/NEANDC Nuclear
Standards File (1982)
Present Work

INDC/NEANDC Nuclear
Standards File (1982)
Present Work

Ref.

[16]

[18]
[19]

[17]

[20]

[20]

[21]

122}

[10]
[23]

[24]

[24]

*to be increased by a small amount - see D L Smith (1987) Reference [25].
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EVALUATION OF CROSS SECTIONS FOR IMPORTANT NEUTRON DOSIMETRY
REACTIONS

M. Wagner, J. Martinez-Rico, A, Pavlik, B. Strohmaier,
S. Tagesen and H. Vonach

Institut fur Radiumforschung und Kernphysik
der Universitât Wien

Boltzmanngasse 3, 1090 Wien, Austria

Abstract:

The evaluation of the cross sections for a number of important
neutron dosimetry reactions carried out at the IRK about ten
years ago were updated taking into account recent experimental
results reported up to June 1989. Besides, new evaluations
are performed for four additional dosimetry reactions,
namely 52Cr6(n,2n)

 5lCr, S9Co(n,2n)S8Co, 93Nb(n,2n) 92mNb and
Au(n,2n) Au. The evaluations comprise the neutron energy

range from threshold to 20 MeV, in a few cases this range is
extended up to 21 MeV or 30 MeV. Cross sections were evaluated
in energy groups with widths of 0.1 MeV to 2.0 MeV and relative
correlation matrices were derived describing the uncertainties
of the evaluated cross sections at different energies. The
results of the updated evaluations are compared to the previous
ones and in the case of the reaction 2 Al(n,a)24Na also to an
evaluation reported by Kornilov.
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1. INTRODUCTION:

In recent years considerable effort has been devoted to
increasing the accuracy of cross section measurements for
important neutron dosimetry reactions, and a number of
precision measurements was carried out. Therefore, it was
considered to be timely to update the evaluations of the cross
sections for a number of dosimetry reactions performed at the
IRK about ten years ago [1-3, 21] taking into account recent
experimental data reported up to June 1989. Besides, new
evaluations are in progress regarding fpur additional high-
threshold g2reactionsrf7 namely Cr(n,2n) ^ r , Co(n,2n) sCo,
3Nb(n,2n)9 mNb and a Au(n,2n) 6Au. These reactions have gained
increasing importance since they show some favorable properties
which recommend their application for neutron dosimetry
purposes.

2. OUTLINE OF THE GENERAL EVALUATION PROCEDURE

The procedures used in the previous IRK evaluations are
described in detail in refs. 1-3. With some minor modifications
they were also applied in this work, thus only a very brief
summary is given in this section.

The evaluation procedure consists of two main steps: the
establishment and critical review of the experimental data base
and the calculation of the evaluated group cross sections and
their covariance matrix. In the first step all experimental
data are checked for necessary renormalizations in order to
take into account changes in the cross section standards and in
relevant nuclear data since the time the respective experiment
was carried out; the reported results are renormalized if
necessary. Superseded and obviously wrong data sets are elimi-
nated. The most important point is to check whether all error
estimates given by the authors are complete, i.e. whether all
relevant sources of systematic errors have been included. If
necessary, the errors are increased according to the best esti-
mate of the evaluators in order to obtain a realistic la un-
certainty for each accepted data point.

In the second step the accepted data are used to calculate the
evaluated cross sections and their uncertainties and corre-
lations. For this purpose the whole excitation function is
divided into suitable energy groups. Evaluated cross sections
are obtained as weighted averages of the experimental data
within each group, which, in a first step, have been normalized
to the energy at the group center. Both the internal and exter-
nal errors of these averages are calculated and the larger of
the two is taken as the uncertainty of the evaluated group
cross section. The widths of the energy groups are chosen
according to the slopes of the excitation function, the density
of the experimental data points and the neutron energy reso-
lution of the reported measurements. In cases where no experi-
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mental data exist, cross section calculations based on nuclear
reaction models are used to fill the gaps as described in
detail in ref. 2.

Finally, relative correlation coefficients between the
uncertainties of the evaluated cross sections for different
energies are calculated under the following simplifying
assumptions:

1) The results obtained by different authors are uncorrelated.
For the dosimetry reactions in question this is true to a
good approximation (see the discussion in section II. 2 of
ref. 1 ) ;

2) The correlations existing between the data given for each
measurement of the excitation function of one reaction can
be expressed by an average correlation coefficient, which is
obtained from the error information given in the papers. If
the measurements extend over a wide energy range this may be
a rather crude approximation; on the other hand, however,
detailed information concerning the correlated and uncorre-
lated error components is often lacking especially in
earlier works and the degrese of correlation has to be esti-
mated, which of course implies subjective judgement.

The authors are aware of the fact that in principle a more
rigorous evaluation procedure based on the general least-
squares method should be used for such evaluations as was done
for example in the simultaneous evaluation of dosimetry
reactions by Fu [4]. However, such a change in the evaluation
procedures would have caused considerable delay and thus was
postponed to the next update in order to complete the new
evaluations in time for an IRDF update at the end of this year.
This decision was also influenced by the fact that the
uncertainty estimates of our previous evaluations [1-3] have
been confirmed in all cases where they could be checked by
later precision measurements (see section 3 ) .

3. EVALUATION OF THE CROSS SECTIONS FOR THE SINGLE DOSIMETRY
REACTIONS AND RESULTS THEREOF

3.1 Updated evaluations

3.1.1 The reaction 27A1 (n,ot) 24Kfa

The evaluation performed by Tagesen and Vonach in 1981 [3]
proved that in the energy range 13.40 MeV to 14.90 MeV the
cross sections of this important dosimetry reaction are known
with a high accuracy (the uncertainties of the evaluated cross
sections for 0.1 MeV wide energy groups; are less than 1.0%,
from 13.6 MeV to 14.8 MeV they amount to 0.3% - 0.6% only). In
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the 12.0 - 13.4 MeV and 15-20 MeV ranges uncertainties of 2-4%
have been obtained, whereas the situation is less favorable in
the 8-12 MeV region where cross section data were scarce. From
8.5 MeV to 9.5 MeV the uncertainties even amounted £o « 7-9% so
that the evaluated cross sections for the Al(n,a) Na reaction
as a whole have not yet fully met the requirements specified
for a category I dosimetry reaction. Moreover, the existence of
structure in the lower-energy range remained an open question.

Since 1981 several precision measurements were carried out. The
new data comprise the energy range from above threshold to
«20 MeV and lead to a noticeable improvement of the accuracy of
the evaluated cross sections especially from 6.2 MeV to 12 MeV.

The most important new data sets are the following (see also
figure 1):

a) A measurement of the excitation function from 5.87 MeV3 to
9.86 MeV relative to the fission cross section of *U,
carried out by Geraldo et al. [5]. Gamma-ray activities of
Na were measured by means of an intrinsic Ge-detector; the

accuracies obtained range from » 8% to 3.7%. Proper
corrections for the D(d,np) break-up neutron component were
performed.

b) Neutron irradiations of Al and Mg samples were carried out
at the PTB, Braunschweig, FRG, by Bôrker et al. [6],
employing^ the D(d,n) He reaction as a neutron source. The
Al(n,a) *Na cross sections were measured at 26 energies

from 8.3 MeV to 14.7 MeV relative to U(n,f). The
continuous neutron energy distribution of the D(d,np) break-
up component was determined by recording neutron time-of-
flight spectra simultaneously with the activation procedure
in order to correct for its contribution to thus g activation
process and especially to the fissioning of U. In the
region overlapping with the experiment performed by Geraldo
et al. [5], the results agree within the small uncertainty
limits.

c) In 1985 Enz et al. [7] carried out measurements of cross
sections from « 6.40 MeV to 8.30 MeV. Their results, too,
agree well with those given by Geraldo et al. [5], yet due
to the large errors obtained (« 9-12%) only little weight
could be attributed to them.

d) In the energy region 14 MeV - 19.9 MeV a precision
measurement was performed by Kudo et al. [8], which in
general, supports the outcome of the earlier evaluation.

e) In the 14 MeV range the measurements reported by Csikai et
al. [9,10] and by Greenwood [11] agree excellently with the
outcome of earlier precision measurements, but due to the
very small uncertainties reported already for the evaluated
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results in 1981 they do not influence significantly the
updated version.

The results thereof are shown in figure 2 and compared to the
previous evaluation. The most noticeable improvement was
obtained in the 8.5 - 12 MeV region; the group widths could be
reduced to 0.5 MeV, thus permitting more reliable
interpolations; besides the errors of the evaluated cross
sections are less than 3.5%. As evident from figure 2 the
results are generally somewhat higher in the 6 to 12 MeV energy
range compared to those given in ref. 3, from 12 MeV to 13 MeV
neutron energy they are slightly lower, yet the differences do
not exceed the combined uncertainty limits in most cases. Above
15 MeV the recent data from Kudo et al. [8] supplement the data
base and permit to choose a refined group structure in the 15.0
- 17.0 MeV interval. Yet the evaluated cross sections and their
uncertainties have not been modified to a great extent in the
higher energy region up to 20 MeV.

There is experimental and theoretical evidence that the
Al(n,a)24Na excitation function does in fact exhibit some

structure especially in the region from 6.5 MeV to 8 MeV. The
results of the present evaluation are averaged across energy
groups of 0.20 MeV to 0.25 MeV in the energy range in question,
thus small-scale structures are smoothed to a great extent.
This procedure, however, is justified in those cases where the
reaction Al(n,a) Na is used for neutron-fluence measurements
in neutron spectra with an energy resolution > 100 keV, which
applies to a great part of experimental arrangements routinely
used.

In figure 3 our updated evaluation is compared to that
presented by Kornilov et al. [12]. The authors expressed the
energy dependence of that cross section by means of an
analytical approximation by rational functions (Pade-
approximation) . From 6.0 MeV to 8.5 MeV they keep to the
renormalized experimental data given by Schmitt and Halperin
[13]. Above 8.5 MeV the agreement of Kornilov1s results with
ours is remarkably good; differences are to be attributed to
the different data bases available. In the 14 MeV range our
work provides a more detailed information. Kornilov et al.
present two error estimates: the lower boundaries of the cross-
section uncertainties stem from the statistical error of the
approximant as a function of energy; the upper boundaries are
derived from error information taken from a number of
experimental works. A realistic error estimate appears to
approach those upper limits from 8.5 MeV to 11 MeV and to
correspond to the lower limits in the 14 MeV range; for the
remaining portions of the excitation functions the mean of both
values should be taken.
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3.1.2 The reaction 24Mg<n,p)24Na

In the case of the 24Mg(n,p)24Na areaction24the situation is
similar to that described for the Al(n,a) Na reaction, both
for the results of the previous evaluation performed at the IRK
and the recently reported experimental data. The most important
contributions stem from the measurements carried out by Geraldo
et al. [5] from above threshold (5.038 MeV) to 9.85 MeV, by
Bôrker et al. (8.33 MeV -14.74 MeV) [6], Li Ji-Zhou et al. [14]
in the energy range from 12.18 MeV to 18.26 MeV and finally by
Janczyszyn et al. [15] (13.59 MeV - 17.86 MeV).

Figure 4 displays the new data together with the group cross
sections given in ref. 1, in figure 5 the results of the
updated evaluation are compared to the previous one. Due to the
data supplied by the recent precision measurements the overall
accuracy of the evaluated results could be raised; the most
substantial improvement has been obtained in the near-threshold
region and from 8 MeV to 11 MeV, where the group structure
could be refined. The results as such agree with those given by
Tagesen et al. [1] within the combined limits of uncertainties,
in the 8 - 1 2 MeV range they tend to be slightly higher and the
structure is more pronounced. From 12 MeV - 13.5 MeV they are
slightly lower than the previous ones. The 24Mg(n,p) 24Na
excitation function exhibits considerable structure up to
15 MeV.

The updated evaluation proves that the 24Mg(n,p)24Na reaction
can now be regarded as a category I dosimetry standard in the
entire range from » 7 MeV to 20 MeV.

3.1.3 The reaction 64Zn(n,p)64Cu

The evaluation of the cross sections for this reaction reported
by Tagesen et al. in 1979 [1] revealed quite an unsatisfactory
situation due to the poor consistency of the experimental data.
Since then the problem has not yet been resolved. Nevertheless,
an update was considered worthwhile taking into account a major
revision of the Cu decay data reported by Christmas et al.
[16] and several recent measurements. The most relevant data
were published by King et al. [17] for neutron energies from
2.12 MeV to 4.84 MeV and by Nemilov et al. [18] in the 7.60 MeV
- 9.30 MeV region. Yet the unexplored discrepancy between the
results obtained by Santry and Butler [19] and by Smith et al.
[20] remains the predominant feature of this evaluation. The
cross sections measured by Nemilov et al. lie between those
obtained by Santry and by Smith, the uncertainties given,
however, amount to « 12%. Therefore, the inclusion of these
data does not modify the results of the evaluation to a great
extent. Figure 6 shows the new experimental data compared to
the former evaluated group cross sections.
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For the updated version, the structure of the energy groups
chosen by Tagesen has been retained. Thus the comparison to the
previous version is straightforward; it is presented in
figure 7. The new results are generally higher; this is not
only due to additional measurements but egually to the
extensive renormalizations required in order to account for the
improved knowledge of the branching ratios in the Cu decay.

Generally, the uncertainties of the evaluated cross sections
could be reduced. In the energy ranges from 4.0 MeV to 5.5 MeV
and in the 14 MeV region they are now less than 5%, from 7 MeV
to 11 MeV the external errors amount to ~ 9-11% (formerly they
ranged from 13.5% to « 17%). Despite the improvements attained,
the status of the evaluated cross sections for the *Zn(n,p) Cu
reaction is still far from being satisfactory for quite a large
portion of the excitation function. Therefore, new measurements
should be performed particularly in the 5.5 MeV to 12 MeV
region in order to clarify the existing discrepancies and to
supply a broader data base.

3.1.4 The reaction 58Ni(n,2n) S7Ni

The previous evaluation performed by Pavlik and Winkler at the
IRK in 1983 [21], which is not yet included in the
International Reactor Dosimetry File, comprises the data of the
measurements reported until 1982. For the update the results of
12 experiments carried out from 1982-1988 were accepted. All
these measurements, contributing 4 2 new data points altogether,
were performed in the 14 MeV range. They confirm the previous
evaluation, therefore the updated results for the group cross
sections differ barely from those obtained previously. The
uncertainties, however, are somewhat reduced so that now the
excitation function is known to an accuracy of « 2% in the 14
MeV region and to 4-6% for neutron energies beyond that range.

9 0 8 d

3.1.5 The reaction Zr(n,2n) Zr

The evaluation by Tagesen et al.[l] contained in the IRDF is
based on the experimental data published until 1978. As no such
data were available from threshold to 13.4 MeV neutron energy,
the excitation function was extrapolated to the threshold by
means of a model calculation using the code STAPRE [22]. A
precision measurement [23,24] carried out at the IRK and the
CBNM supplied data in the entire energy range from near
threshold to 19.5 MeV. Therefore, the former evaluation was
already updated in 1982 [23,24], including experimental results
only. Since then eleven additional experiments were reported,
enlarging the data base by another 56 cross section values. In
the energy range from threshold to 13.4 MeV the recently
updated evaluation is now based on two independent
measurements, the second one being reported by Zhao et al.
[25]. Figure 8 shows the evaluated group cross sections
contained in the IRDF and the results of the measurements
performed since 1979. Except for the region immediately above
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threshold, the results of the latest update of the evaluation
agree with those obtained by Tagesen et al. [1] within the
uncertainty limits. The accuracy, however, is increased
significantly due to the results of the precision measurements.
In the energy region from threshold to 13.3 HeV the
uncertainties of the group cross sections amount to 5-10%, in
the 14 HeV range they are less than 2%, and from 15-20 MeV they
amount to «2,5%-

3.1.6 Th« reaction B3Mb(ii,n»)S3"Nb

The situation for this reaction has greatly improved. Our old
evaluation had to be based completely on nuclear model
calculations and had to admit uncertainties of 15-70%. In the
meantime rather accurate cross section measurements have been
carried out in the energy range below 5 HeV [26,27] and at 8
and 14 HeV [28,29]. In addition, a new set of nuclear model
calculations for all neutron induced reactions on Nb has been
performed by Strohmaier [30] which agrees reasonably well with
the mentioned experiments (see figure 9) and also with the
existing measurements in the Cf neutron field [31]. Thus it
is intended to replace the evaluation of ref. 2 by the new
result of ref 30. The uncertainties of the new evaluation have
still to be estimated. Considering the accuracy of the
experimental data and the agreement between the measurements
and calculations, it can be expected that the uncertainties
will be smaller than 10% for most of the excitation function
below 14 MeV. Nevertheless it would be desirable to have some
additional measurements in the energy range above 5 HeV.

3.2 Evaluations regaining unchanged

The scarcity or lack of recent experimental data for the
. . •*19_. _ , 18_ 3ln, . J r V . 6 3 _ . . 6 2 _ ,

reactions F(n,2n) F, P(n,p) Si, Cu(n,2n) Cu and
103Rh(n,n')10 mRh does not permit updating of the evaluated
group cross sections reported in [2].
3.3 New evaluations

New evaluations were performed or are in progress for the
reactions s Cr(n,2n)SICr, S9Co(n,2n) 58Co, 93Nb(n,2n)92mNb and
197Au(n,2n) 196Au, and are suggested to be included into the
updated version of the International Reactor Dosimetry File.
Their very favorable properties with respect to the half-lives
of the reaction products and the f-radiation emitted, which
permits high-precision activity measurements, recommend their
application for dosimetry purposes.

3.3.1 The reaction 52Cr(n,2n) 51Cr

A recent measurement of the excitation function of this high-
threshold reaction by Liskier. et al. [32] provided reliable
cross section data for the energy range from 12.7 MeV to
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19.5 MeV. Though experimental data are quite scarce except for
the 14 NeV region, an evaluation of the excitation function was
undertaken; in the vicinity of the reaction threshold the
measured cross sections are supplemented by the results of a
nuclear model calculation by means of the code MAURINA
performed by Uhl [32].

A critical review of the data reported in the literature
resulted in the rejection of the measurements carried out by
Bormann [33] and by Ghorai [34]. The shape of the excitation
function reported in both works above 16 MeV deviates
significantly and increasingly from the results obtained by
Liskien et al.; these in turn are confirmed by the results of
recent model calculations performed by Uhl and independently by
Hetrick et al. [35].

Besides, single data points measured by Maslov et al. [36] and
Araminowicz et al. [37] in the 14 MeV region were disregarded
due to their discrepancy with the main body of the experimental
data.

For the evaluation procedure the excitation function was
divided into 14 energy groups. Due to the large variation of
the cross section with neutron energy near threshold a group
width of 0.1 MeV was chosen; from 13.0 MeV to 15.0 MeV a width
of 0.5 MeV was considered to be appropiate, as a choice of
smaller energy groups results in artificial, unphysical changes
of the slope of the excitation function and in fluctuations of
the relative uncertainties of the group cross sections caused
by the scatter of the experimental data. Above 15 MeV, where
only the results obtained by Liskien et al. are available, a
group width of 1 MeV was chosen; there the excitation function
exhibits a smooth trend and becomes almost flat above 18 MeV.
The results of the evaluation procedure together with the
experimental data of the accepted works are represented in
figuçe 10. Ovegr a large portion of the energy range in question
the 2Cr(n,2n) excitation function is established quite well;
the uncertainties of the evaluated group cross sections are
less than 5% except from 15 MeV to 16 MeV, where they amount to
6.3%; in the 14 MeV range (13.5 MeV to 15 MeV) the accuracy
obtained is about 2.5%.

3.3.2 The reaction S9Co(n,2n) s8Co

The evaluation of the cross sections for this reaction was
based completely on experimental data. Twenty-one experiments
with a total of 111 data points were included. Six experiments
were rejected for various reasons.

The evaluation procedure was performed in three steps: At
first, a preliminary evaluation of the whole excitation
function was carried out, excluding the absolute measurements
reported by Paulsen and Liskien [38]. The shape of the
excitation function given by them agreed with the results of
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other comparable experiments in the relevant energy region,
whereas the absolute values of the cross sections appeared to
be too low. A normalization factor was derived by fitting their
data to the preliminary evaluated excitation function.
Ultimately, a final evaluation was performed, this time
including the normalized cross sections of ref. 38.

In the energy range from 11 to 12.5 MeV, but also above 20 MeV,
the uncertainties amount to 5 - 10%. From 12.5 to 20 MeV they
are less than 5%, especially between 13 MeV and 15 MeV, where
they do not exceed 2.5%. The preliminary results are compared
to a previous evaluation carried out by Guenther et al. [39]
and shown in figure 11.

3.3.3 The reaction 93Nb(n,2n) 92mNb

This evaluation will be done within the next months.

3.3.4 The reaction 197Au(n,2n) 196Au

For this reaction sufficient data are available to perform an
evaluation based completely on measurements. The evaluation was
carried out in two parts: In the energy range from 13.5 MeV to
15 MeV the evaluation work already done by Ryves [40] was used
in the following way: The absolute value of 2127 ± 26 mbarn
derived at E n = 14.7 MeV was adopted as the weighted average of
all absolute cross section measurements in this energy range
and combined with the existing 11 rather accurate shape
measurements of the cross section in order to obtain the
complete excitation function in the 13.5 MeV - 15 MeV neutron
energy range. Below 13.5 MeV and above 15 MeV the evaluation
procedure was carried out in the standard way.

Altogether, the results of 17 experiments with a total of 151
data points were included. Five experiments had to be rejected
for various reasons. The existing data made it possible to
extend the evaluation up to a neutron energy of 30 MeV. The
preliminary results of the evaluation are shown in figure 12.

From 13.5 to 15 MeV neutron energy the uncertainties are around
1.5%. Outside this energy range they are typically 3 - 5%,
except for the energy region from 10 to 11.5 MeV, where an
uncertainty of ± 10% is caused by discrepancies between
different experiments. A large uncertainty is also observed
just above the threshold. Thus, further measurements should
concentrate on these two energy regions in which the
uncertainties are rather large.

A detailed description of the evaluations together with the
data bases available for the various reactions and the final
results will be published in Physics Data.
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4. COMPARISON WITH INTEGRAL DATA

The evaluated cross sections obtained for the various dosimetry
reactions were averaged over the cf neutron spectrum using
the shape given by Mannhart [41] and compared to recommended
<a> values [31] obtained from an evaluation of experimental
data. The preliminary results are presented in table 1. The
uncertainties of the calculated <a> values comprise 25the
uncertainties of both the evaluated cross sections and the Cf
neutron spectrum.

Table 1: Integral cross sections obtained bys folding the
evaluated cross sections with the S2Cf neutron
spectrum, compared to recommended experimental <a>
values.

Reaction

27Al(n,a)24Na

24Mg(n,p)24Na

64Zn(n,p)64Cu

58Ili(n,2n)57Ni

90Zr(n,2n)89Zr

52Cr(n,2n)51Cr

59Co(n,2n)58Co

197Au(n,2n)196Au

<a>calculated<mb)

1.048 ±0.018

2.171 ±0.039

42.14 ±0.87

(9.237 ±O.612)xlO~3

0.2212±0.0117

0.0970±0.0056

0.4254±0.0155

5.785 ±0.183

<a>recommended(mb> [311

1.021 ±0.015

2.005 ±0.048

40.47 ±0.75

(8.965 ±O.297)xlO"3

0.2211±0.0061

0.4058±0.0101

5.531 ±0.099

Good agreement of the calculated and experimental spectrum -
averaged cross sections is obtained for the Ni(n^2n)5?Ni, and
6°Zr(n,2n^*

9Zr sgreactions^ in tthe caseig6of
 2 Al(n,a)2*Na,

4Zn(n,p) 4Cu, 59Co(n,2n) Co and 1 Au(n,2n) 196Au the results are
fiirly consistent taking into account that the experimental
integral cross sections for the 64Zn(n,p) 64Çu reaction have to
be renormalized to the recent decay data of Cu. In the case of
*Mg(n,p) 4Na the outcome of the calculation is not quite
consistent with the recommended <a> value; for the
52Cr(n,2n)51Cr reaction no experimental <a> data were found in
the 1iterature.
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TOPICAL DISCUSSIONS - SESSION IV

EVALUATION WORK

Moderator: D. Smith

The following reports are summaries of the discussions held on each topic, as
prepared by the discussion leaders.

Evaluation Methodology

Discussion Leader: J. Kopecky

Two items were brought up and discussed during this topical session. First, the
importance of horizontal evaluations, both global and regional, was emphasized. As an
example, two cross-section systematics originating from IRK Vienna were mentioned,
namely: i) the global systematics for the (n,n") reactions with Jm > Jg, and ii) the regional
systematics of the (n,2n) cross sections used to derive the long—lived isomeric cross sections
discussed by Vonach during the IAEA-CRP meeting.

Furthermore, the frequent overestimation of level densities close to neutron binding
energy, as given in the BNL cross-section compilation, was pointed out. This results in
significant deviation in Do, an important input parameter for model calculations. Careful
treatment with the proper correction for missed and p—wave resonances is highly
recommended.

14—MeV Evaluations

Discussion Leader: T. B. Ryves

14 MeV is the energy of fusion neutrons, at which energy a vast amount of
experimental cross-section data exist.

The 14.7—MeV simultaneous evaluation described by Ryves at this meeting was
generally accepted as the basis for a reliable standard set of cross sections for the important
dosimetry reactions considered (excluding the n—p cross section). There is a clear need for
many more detailed (but not necessarily simultaneous) evaluations for individual cross
sections, following on the careful evaluations already made by several groups, e.g., Tagesen
and Vonach (IRK) and D. L. Smith et al. (ANL). One such example was presented at this
meeting by Wagner et al. for a large number of reactions. In many cases, e.g., (n,p) and
(n,a) reactions on Ho, Bi, Pb, etc., the 14—MeV databases are very small, so the evaluation
effort would be relatively simple.

Several useful and comprehensive compilations at about 14—MeV have appeared
recently, such as the work of Forrest (AERE) and of Lu Hanlin et al. (IAE) presented at
this meeting.

Future work is dependent on recruiting scientists to replace those who are likely to
retire. Cross Section evaluation is especially suitable for mature scientists with some
experimental and mathematical expertise, rather than for fresh graduates. The present
severe lack of funding will inevitably curtail the work efforts at many laboratories.
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Activation Crow Section Librarie»

Discussion Leader: F. Mann

There are three general types of cross section libraries in which activation cross
sections are important:

1. General Purpose Libraries
ENDF/B, EFF/JEF, JENDL

2. Dosimetry Library
ENDF/B, IRDF

3. Activation (large number of reactions)
JENDL, REAC, REAC-ECN, URACT

Besides cross section libraries, decay data libraries are important in activation calculations.

Evaluations are beginning to be shared. For example, the 5SMn evaluation is
expected to be in both ENDF/B-VI and JENDL. Comparisons among libraries is already
occurring, both due to individual involvement and to formal exchanges. The FENDL
(Fusion Evaluation Nuclear Data Library) effort has already compared evaluations from
ENDF/B-V, ENDF/B-VI, EFF-1, JENDL-2, and JENDL-3. Next year, an expanded
review of 256 activation evaluations will occur.
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SOME PERSONAL REFLECTIONS ON THE MEETING

Alan B. Smith
Engineering Physics Division
Argonne National Laboratory

Argonne, Illinois 60439
U.S.A.

These views are essentially unbiased. We all know that is possible only when
speaking from ignorance—as in my case. The last work I did involving half-lives greater
than that of the compound nucleus was published in The Physical Review (Vol. 86, p. 98)
in 1952. One of our English visitors pointed out that the publication date was April first,
"April Fool's Day". That aside, I embark on these remarks with an open mind.

"Quality is Job #1". It is essential in the measurements, the calculations, and the
product—evaluations. It is unfortunate that preliminary, qualitative, or even crude
results tend to be sanctified with time. As a consequence, particularly with respect to
evaluations, there results the invalid assumption of completeness, with a negative program
impact. The engineering user has confidence in quantities that deserve no confidence, and
program management has a false sense of completeness and quality. There is no substitute
for quality in any aspect of the data program.

This meeting was essentially a fusion activation meeting. The needs are large and
well enunciated. But a fusion—energy economy is a long way off, maybe never. There are
other data needs that are equally important. Behind you in this room is a large display
illustrating various aspects of the IFR (Argonne Integral Fast Reactor program). That
large "F" means "fast", not "fusion". Data for fission-energy development is a "now"
problem. For example, there is often an acute lack of capture information at lower
energies. Much of the existing knowledge of that nature is old and questionable (e.g.,
o-(n,7) for cobalt and vanadium). Careful activation measurements, with modern
techniques, have the potential for a valuable and wide—scope ff(n,7) measurement program.
There are other applications of activity information, e.g., materials analyses, medical
procedures, etc. Alone, the needs of any one of these applications may not be large, but
they are important. It is, perhaps, unfortunate that the meeting did not take a wider view
of the applications of activation processes.

The measurement techniques discussed were generally conventional. 7—ray
detection with germanium diodes remains the workhorse. There was some note of /J-ray
detection of a conventional nature, with and without chemical separations. No innovative
new detection techniques were discussed. The measurements are characterized by careful
calibrations and corrections. These aspects of the measurements offer a potential for
cooperative exchange of computer codes, calibration sources, etc. At present, the
accuracies of the better activity measurements appear to have largely stabilized at the
2—4% level. That accuracy is sufficient to meet the majority of the applications
requirements.

The flux measurements described also applied conventional methods, e.g., reference
activation standards (as per the 27Al(n,a) reaction), fission chambers (as 238U), H(n,n)
telescopes, and, to a limited extent, the associated—particle method. Where are the other
and more innovative methods for flux determination? There was, for example, no mention
of the use of residual source activities (e.g., the 7Li(p,n)7Be* reaction), the absorption
bath, the black detector, etc., techniques that have been very effectively used for flux
monitoring in other contexts. There should have been more diversity of flux—measurement
techniques. The current level of flux—measurement accuracy is probably no better than
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2%, as has been so for many years. Where standards are involved, this is a concern which
is not nearly as restrictive in more general applications of activation processes.

Make no mistake, the majority of these experimental problems require
monoenergetic neutron sources. The workhorse reactions are, and will continue to be, the
Li(p,n), T(d,n) and D(d,n) reactions (although they are not without their problems).
However, they received remarkably little attention, and one was entirely ignored. The
H(t,n) source has been addressed with improved technology. M. Drosg (University of
Vienna) has long pointed out that this reaction offers a tenfold intensity advantage, and
access to the 10-13 MeV "blind spot". I am not too sanguine about the intensity
advantage, as it must be evaluated in the context of the cost of operations of a
tritium-contaminated accelerator. However, the monoenergetic energy coverage is unique
and should be fully exploited. Quite properly, that is being done. It is unfortunate that no
entirely new source concepts were discussed. For example, whatever happened to the
white-spectrum unfolding scheme, conceived at ANL and experimentally examined at
Jiilich? The concept seemed to have the potential for efficiently addressing a wide energy
region (including the "blind spot") at modest facilities, cost effectively and with good
intensity.

Not surprisingly, prior optimism as to the accuracy of reference standards has
proven premature. Measurement consistency is at the 2—4% level, not < 1%. This may
not be a concern from the point of view of most activity-data needs. However, it is a
concern that the international fissile-foil standards are deteriorating. The high quality of
the early '80s is being lost.

Nuclear structure information is a vital factor in measurements and calculations
relevant to activity data, and in a far wider scope. Nuclear Data Sheets should be
stimulated with underlying spectroscopic studies. The respective fields are largely
moribund, and the Data Sheets are 5+ years old, on the average. Statistical level
properties are another facet of nuclear structure. Knowledge of such properties remains an
outstanding problem. One presentation outlined some very nice ^-production
measurements that will augment the knowledge of nuclear structure, even well off the line
of beta stability.

Detailed uncertainty specifications will not make a good experiment out of a bad
one. The formalism simply projects the experimental uncertainties through the inter-
pretation to the final results. I think I can learn to master the formalism, but I am far less
certain about the underlying experimental uncertainties. Therein is the problem,
particularly in the complex and speculative measurements that often offer the most reward.
Every effort should be made to carefully quantify experimental uncertainties but, in many
cases, how? I also have concern for the uncertainties resulting from statistical evaluation
methods. Too often they appear to me to be unbelievably small, even when dealing with
simple, self—normalizing, total cross sections.

It seems to me we have seen little new in the way of calculation and theory. The
fundamental concepts discussed are a quarter century or more old. The meeting
emphasized calculational technology rather than true theory. To a large extent, this is
probably a measure of the advances in computing technology, which, I believe, is again
spurting ahead with the advent of powerful "workstations". To me, some of the
calculational results were impressive; for example, I have spent many hours agonizing over
the peculiarities of the 80Ni(n,p) cross section, attempting to explain structure that
calculation now strongly suggests is not there. However, I have a feeling that many of the
calculational limitations and discrepancies are of a fundamental physical nature, and will
be resolved only when the underlying fundamental issues are addressed. The technology of
the calculations does appear to be essentially correct, and the number of mechanical
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discrepancies (e.g., code errors) seems considerably reduced. In the future I expect
increased scope and economy 0/ calculation, with some welcome qualitative but realistic
specification of calculational uncertainties. However, in my view, the key factor will
remain fundamental understanding. The neutron remains a unique probe of the nucleus—
attention should be given to using it for that purpose.

Comprehensive evaluation remains an art at present and, I believe, into the
foreseeable future; a considerable amount of human judgment is required. Such evaluations
must reconcile observations and calculations, must be internally consistent, and must
attempt quantitative uncertainty specification. The magnitude of the task is illustrated by
the broad—ranging chromium and iron evaluations cited at this meeting. Encouraging
examples of the coalescence of models, measurements, and statistical adjustments,
including uncertainty indications, were reported. Of course, there is the inherent
requirement that the physical reality and the model are consistent, and that cannot be
assured. Activity files are of an enormous scope that transcends realistic measurement
capability, and thus are largely derived from calculations. The only realistic experimental
approach in this area is benchmark measurements designed to test the calculational
concepts that are then extrapolated to the far wider scope. One has the impression that
these large activity files are somewhat inbred, frequently based upon the same measured
data and employing the same calculational techniques. 14-MeV evaluations are unique for
their accuracy (realistically considerably less than 1%), and evaluations of some widely
accepted standard reactions suggest accuracies of better than 5% over wide energy regions
(e.g., 27Al(n,a) cross sections). Furthermore, chronologically sequential evaluations seem
to be systematically converging to better accuracies as new information is added to the
database. However, one should not confuse evaluation uncertainties, derived from a very
redundant database, with measurement uncertainties, the latter being an order-of—
magnitude larger in some cases, and showing little indication of converging with time.
This implies that a considerable improvement in measurement accuracy will be required if
a single or few new measurements are to significantly improve some of these precise
evaluations. At the other extreme are some applied activation needs (e.g., in the
waste—disposal area) where reasonably reliable order-of—magnitude estimates are
sufficient. There was some comment contrasting "vertical" and "horizontal" evaluation
methods. The historical and administratively-convenient "vertical" procedure may not be
the optimum approach. The suggestion that widely used strength—function compilations
may be distorted due to the lack of corrections for missing resonances is disturbing. The
consequence is a concern in a number of contexts.

I fear that the play of this meeting was on too narrow a stage. This is particularly
so of experimentalists; calculators and theorists seem to have a wider outlook. Often the
"truth" is better approached with comprehensive evaluations. Undue fixation on particular
model concepts should be avoided, as they are usually limiting approximations. Nature is
more complex, and the overall goal should be physical understanding. There is much
benefit to be gained from an improved correlation with fundamental endeavors. Examples
that strike me are: charged—particle studies from which models necessary for applications
calculations are derived (e.g., a-particle optical models), and improved knowledge of
high-spin states, obtained from basic heavy-ion studies, that would enhance isomer
calculations.

There is the growing concept of user facilities, or "have foil will travel". Given the
worldwide facility situation, there will be more of this sort of thing. However, precision
measurements require carefully characterized facilities and accurate flux monitoring,
features that are not common to brief measurement periods at general—purpose facilities.
It is essential that a repertoire of well—understood monoenergetic—source facilities be
maintained. They are an increasingly endangered species.
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A thread of concern for information transfer and compilation went through the
meeting. Comprehensive documentation in laboratory reports should be encouraged. Data
should be promptly transmitted to the respective centers. If they are not, the results are
frequently of little value. There is also the question of data geriatrics. The use of older
data and their questionable uncertainties will remain a matter of judgment that cannot be
avoided, as it is unrealistic to expect a complete replacement of the world database with
new and precisely defined information.

In the data field there are two types of international cooperation. The first (Class I)
is specifically goal oriented. Examples are: the NEANDC Task Forces (e.g., on 238U
resonance properties) and the IAEA CRP of earlier this week. The secona (Class II) is
more generically oriented. This activation area seems ideally suited to the Class—II
approach. The experimental methods are conventional, and generally simple and
transportable. Calculational tools have greatly matured and are widely available. The
efficiency of facilities and personnel can be optimized by cooperation. There is a clearly
enunciated data need and a close relationship between experimental and calculational
efforts. Class—II international cooperation in this field, under NEANDC auspices, is very
promising. I strongly encourage it.

I would now like to turn to some other essential matters, commencing by
paraphrasing two quotations: "Old soldiers never die, they just fade away"—as do
neutron physicists. "Let it be known that the torch is passed to a new generation"—
unfortunately, their numbers are few. However, have courage, they are good men. I
hereby turn the NEANDC Chair over to Dr. S. Qaim. We look forward to his leadership.

For more than a third of a century it has been my privilege to work with a fine
group of people. Any credit to me is equally a credit to them. This meeting is an example
of their skills. It is Donald Smith's meeting. Assisted by the Organizing Committee and
Mrs. Michaels, he has done an excellent job that is very much to the credit of our group,
the Engineering Physics Division, and this Laboratory. Personally, and on behalf of the
Laboratory management, I wish to express my most sincere appreciation.

Finally, who was that Englishman who was enamored of the Chicago Bears? We
tried to get "Refrigerator Perry" in the door, but he would not fit. However, he left his
football. I "pass" it to you Dr. Forrest.
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CLOSING REMARKS

Donald L. Smith, Meeting Chairman
Engineering Physics Division
Argonne National Laboratory

Argonne, Illinois 60439
U.S.A.

Alan (A. B. Smith), we appreciate your reflections on our meeting. You emphasized
that you are an outsider in-so—far as activation data are concerned. That may be, but
since there are very few such areas in the field of nuclear data research upon which you
have not left an important mark during your long and very productive career, your
thoughts about our particular field and our endeavors at this meeting are well worth taking
to heart. On behalf of all of us, thank you for agreeing to speak to us today.

We have just witnessed the ceremonial transfer of responsibility for NEANDC
business from the former Chairman, Alan Smith, to the new Chairman, Syed Qaim. We
wish you well, Syed, during your tenure in this important post. We are privileged to have
you as one of our colleagues in the activation field, and we look forward to benefiting from
your involvement in the Activation Working Group which was organized at this meeting.
Hopefully, this particular working group will prove to be one of the bright lights in your
constellation of NEANDC activities.

Now, after three long days (actually five for those of us who also participated in the
IAEA Meeting on Monday and Tuesday just preceding our meeting), we come to the time
you are no doubt anxiously awaiting, the end of this meeting!

The hour is late and the bus will soon be here to pick you up. I know you will want
to have a few moments to say "good—bye" to old friends and to consolidate new friendships
established at this meeting. Of course, there is the inevitable pile of papers to gather and
organize for your trip back home.

We have completed the business of our agenda, and I believe the job has been well
done. Credit goes to you participants who have worked so diligently, to Herbert Vonach,
our Secretary, to the Program Committee, to Phyllis Michaels for all her efforts, to Claes
Nordborg at NEA for his work behind the scenes, to the NEANDC who gave birth to the
idea for this meeting, to Alan Smith for his unflagging encouragement, and to many other
individuals who have supported this meeting along the way. Therefore, it is with great
pleasure that I declare this meeting adjourned!

I wish all of you a safe and pleasant journey home, and I know you will be anxiously
awaiting receipt of your copy of the Proceedings.
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APPENJiXXI

Agenda for the NEANDC Specialists' Meeting on
Neutron Activation Cross Sections for

Fission and FnffiQV Energy Applications

Date: 13-15 September 1989
Time(s): As noted in detail below
Place: Engineering Physics Division, Building 208

Argonne National Laboratory, Illinois, U.S.A.

WEDNESDAY, 13 SEPTEMBER 1989:

0830-0850 Chairman's Opening Remarks (D.L. Smith)

0850-1040 Technical Papers, Session I: Data Needs/Status
Session Leader: B. Patrick
— S. Cierjacks (20 + 5 min.)
— E. Cheng (20 + 5 min.)
— J. Kopecky (20 + 5 min.)
— J.-C. Sublet (20 + 5 min.)

[1030-1040 Break]

1040-1230 Topical Discussions, Session I: Data Needs/Status
Moderator: D.L. Smith
— Standards and Dosimetry Cross Sections (H. Vonach, 50 min.)
— Materials Damage (L. Greenwood, 30 min.)
— Waste Disposal (E. Cheng, 30 min.)

1230-1400 Lunch

1400-1700 Technical Papers, Session II: Experimental Work
Session Leader: T. Katoh
— Y. Ikeda (20 + 5 min.)
— L. Greenwood (20 + 5 min.)
— R. Haight (20 + 5 min.)

[1530-1540 Break]

— T. Katoh (20 + 5 min.)
— H. Liskien (20 + 5 min.)
— W. Mannhart (20 + 5 min.)

1800-2100 Reception and Banquet
Holiday Inn, Willowbrook, Illinois (Conference hotel).
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THURSDAY, 14 SEPTEMBER 1989:

0830-1050 Technical Papers, Session II: Experimental Work
(Continuation)
Session Leader: T. Katoh
— S. Qaim (20 + 5 min.)
— T. B. Ryves (20 + 5 min.)
— D.L. Smith (20 + 5 min.)
— H. Vonach (20 + 5 min.)
— R. Zorro (20 + 5 min.)

[1040-1050 Break]

1050—1230 Topical Discussions: Session II: Experimental Work
Moderator: D.L. Smith
— 14-MeV Measurements (Y. Ikeda, 30 min.)
— Differential Studies (H. Liskien, 30 min.)
— Integral Studies (W. Mannhart, 30 min.)

1230-1400 Lunch

1400—1640 Topical Discussions, Session II: Experimental Work
(Continuation)
Moderator: D.L. Smith
— Activity Measurements (S. Qaim, 30 min.)
— Data Corrections (D.L. Smith, 30 min.)
— Data Uncertainties (W. Mannhart, 30 min.)

[1530-1540 Break]

— Exotic Reactions (S. Qaim, 30 min.)
— New Measurement Methods for 8—15 MeV (R. Haight, 30

min.)

1640—1830 Technical Papers, Session III: Theoretical Work
Session Leader: D. Gardner
— J. Kopecky (20 + 5 min.)
— M. Gardner (20 + 5 min.)
— Y. Yamamuro (20 + 5 min.)
— P. Young (20 + 5 min.)

2100-2400 Meeting of the Working Group on Activation
Holiday Inn, Willowbrook, Illinois (Conference hotel)
See Appendix II for agenda
Chairman: D.L. Smith

FRIDAY, 15 SEPTEMBER 1989:

0830-1110 Topical Discussions, Session III: Theoretical Work
Moderator: D.L. Smith
— Developments in Basic Nuclear Theory fC.Y. Fu, 30 min.)
— Model Parameter Status and Prospects (M. Gardner, 30 min.)
— Nuclear Model Code Intercomparisons (P. Young, 30 min.)
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[1000-1010 Break]

— Merging of Theory and Experiment by Means of Statistical
Methods (Y. Kanda, 30 min.)

— Uncertainties in Nuclear Model Results (H. Vonach, 30 min.)

1110-1230 Technical Papers, Session IV: Evaluation Work
Session Leader: P. Young
— Y. Kanda (20 + 5 min.)
— C.Y. Fu (20 + 5 min.)
— Y. Nakajima (20 + 5 min.)

1230-1400 Lunch

1400-1500 Technical Papers, Session IV: Evaluation Work
(Continuation)
Session Leader: P. Young
— T.B. Ryves (20 + 5 min.)
— M. Wagner (20 + 5 min.)

[1450-1500 Break]

1500-1630 Topical Discussions, Session IV: Evaluation Work
Moderator: D.L. Smith
— Evaluation Methodology (J, Kopecky, 30 min.)
— 14-MeV Evaluations (T.B. Ryves, 30 min.)
— Activation Cross Sections Libraries (F. Mann, 30 min.)

1630-1650 Reflections on the Meeting (A.B. Smith)

1650-1700 Chairman's Closing Remarks (D.L. Smith)
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APPENDIX H

Agenda for the Meeting of the NEANDC Working
Group on Activation Cross Sections

Date: 14 September 1989
Time: 2100-2400 hours (approximately)
Place: Holiday Inn, Willowbrook, Illinois (Conference hotel).

The following topics were addressed at this meeting:

— Review participation in the working group (based on a Questionnaire).

— Establish methods for fostering communication between participants.

— Establish methods for encouraging active participants to be accountable for their
ongoing commitments (e.g., develop procedures for measuring progress and for
determining the completion point for each project which is undertaken).

— Conduct general discussions on those specific technical issues which are of interest
to the Working Group participants.

— Define and initiate specific Working Group projects, including designation of the
project leaders and initial participants.
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APPENDIX m

Minuta of the Workjpg ÇîWP Meeting

The first meeting of the participants of the NEANDC working group on activation
reactions was held the evening of 14 September 1989 at the Conference hotel, Holiday Inn
Willowbrook, Illinois.

LIST OF ATTENDEES:

E. T. Cheng, U.S.A. Y. Nakajima, Japan
S. Cierjacks, FRG B. H. Patrick, U.K.
R. A. Forrest, U.K. S. M. Qaim, FRG
C. Y. Fu, U.S.A. T. B. Ryves, U.K.
R. C. Haight, U.S.A. D. L. Smith, U.S.A.
Y. Ikeda, Japan J.-<3. Sublet, U.K.
Y. Kanda, Japan H. Vonach, Austria
T. Katoh, Japan M. Wagner, Austria
J. A. J. Kopecky, Neth. Wang DaHai, Austria
M. A. Lone, Canada N. Yamamuro, Japan
F. M. Mann, U.S.A. P. G. Young, U.S.A.
W. Mannhart, FRG

The Chairman, D. L. Smith, opened the meeting by reviewing some statistical
information derived from responses to a Questionnaire which had been mailed out earlier in
the year. Individuals who responded to this Questionnaire are automatically members of
the working group. Responses were received from thirty individuals representing eight
countries: The national origin of these individuals can be summarized as follows: Austria
(3), Federal Republic of Germany (4), France (2), Japan (6), Netherlands (1), Peoples'
Republic of China (1) [not an NEA country], United Kingdom (4), and United States (9).
The expertise of these individuals, who may be knowledgeable in more than one area, can
be represented as follows: experiment (19), theory (11), and evaluation (20).

The members of the working group discussed the questions of communication, joint
meetings, and the starting of definite joint research projects. In the course of this
discussion, the following conclusions were reached:

1. It was felt that joint meetings should be held at a cycle of 18—24 months, and it is
proposed to hold the first such meeting in connection with the Jiilich conference on
Nuclear Data for Science and Technology in May 1991.

2. Concerning communication between meetings, the existing Fast Neutron Newsletter
was considered to be sufficient, and it is recommended that it be used regularly for
this purpose by all participants.

3. It is recommended that the NEANDC committee be regularly kept informed about
activities of the working group by the group's members. Inasmuch as Dr. Qaim, the
new chairman of the NEANDC committee, is also a member of the working group,
he might perform that task at present.

4. A number of possibilities for joint work were discussed, and two proposals were
finally accepted for the work of the group until its next meeting.

a) Comparison of cross-section measurements in the neutron energy range
6—14 MeV by means of the D(d,n)3He and H(t,n)3He neutron source
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reactions. Two new developments have improved the situation for neutron
cross-section measurements in this energy range. On the one hand, careful
new measurements of the intensity and spectrum of the breakup neutrons in
the D(d,n)3He reactions have been performed at PTB Braunschweig,
Germany, which enable the corrections to be calculated for these neutrons
with rather high accuracy. On the other hand, the use of the reaction
H(t,n)3He, which produces truly monoenergetic neutrons up to more than
14 MeV, has become possible using the triton beam at the Los Alamos
Tandem van de Graaff accelerator. It was felt, therefore, that a comparison
of cross-section measurements employing these two methods would be very
useful for checking the validity of the different correction procedures in either
method. It was thus agreed to perform activation measurements for the
S8Ni(n,p) reaction and one additional reaction with a higher threshold
relative to the 238U fission cross-section, at both ANL and PTB Braun-
schweig with the D(d,n)3He reaction, and at Los Alamos with the H(t,n)3He
reaction. Absolute gamma—ray counting will be done IRK (Vienna), at
ANL, and at PTB Braunschweig, with an exchange of samples between the
three facilities, and neutron fluence measurements will be done with 238U
fission chambers, using the same chamber at Argonne, Los Alamos, and
Braunschweig. In this way, it should be possible to isolate the specific effects
due to the breakup corrections in the DD reaction and the "gas-out"
neutrons in the H(t,n)3He reaction, and to check the accuracy of the
corresponding corrections. Dr. Vonach, IRK (Vienna), will coordinate this
effort, which should be carried out in 1990.

b) In order to test the predictive power of model calculations, it was agreed that
the cross section for a radioactive nuclide, which cannot be measured, should
be calculated by a number of members of the working group, using their
respective best estimates of the input parameters to the cross-section
calculations. After some discussion, the reaction 80Co(n,p)60Fe was selected
for this purpose, and it was agreed to calculate its excitation function from
threshold to 20 MeV. Dr. Fu, ORNL, Dr. Yamamuro, Japan, and Dr.
Young, LANL, agreed to participate in this effort, which will be coordinated
by Dr. Cierjacks, KfK, Karlsruhe, Germany, and should also be carried out
in 1990.

5. Dr. F. Mann brought to the attention of the working group a list of 240 especially
important activation reactions that have been selected for review of existing
evaluations at the next FENDL meeting and asked the participants to work on
evaluations for these reactions in order to promote this effort. After some
discussion, the working group recommended that the individual members should
decide how much time they could devote to this task, which, in principle, was
accepted as useful within the scope of the working group.
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APPENDIX IV

Worldne GrouD ParticiDants and Addresses

The following individuals have indicated their interest in participating in
NEANDC Working Group on Neutron Activation Cross Sections:

the

Dr. Satoshi Chiba
c/o Dr. Alan B. Smith
Engineering Physics Division
Building 316
Argonne National Laboratory
Argonne, Illinois 60439
U.S.A.

Permanent address:
Department of Physics
Japan Atomic Energy Res. Inst.
Tokai-mura, Ibaraki-ken 319-11
Japan

Dr. Sigfried Cierjacks
Kernforschungszentrum

Karlsruhe GmbH
Institut fur Kernphysik II
Weberstrasse 5 - Postfach 3640
D-7500 Karlsruhe
Federal Republic of Germany

Telephone: 07247/824243
Telefax: 07247/825070

Dr. B. Duchemin
ORIS/DAMRI/LMRI
CEN Saclay
B P 6
91192 Gif-sur-Yvette, Cedex
France

Telephone: (1)69.08.27.78
Telex: ENERG X 604 641 F MRI+
Telefax: (1)69.08.26.19

Dr. R.A. Forrest
Nuclear Physics and Instr. Div.
B418 Harwell Laboratory, UKAEA
Oxfordshire OX11 ORA
United Kingdom

Telephone: 0235 24141-ext. 4024
Telex: 83135
Telefax: 0235 432793

Dr. Eric Fort
DRP/SPRC/LEPH, Bâtiment 230
CEN Cadarache
13108 St. Paul-lez—Durance, Cedex
France

Telephone: (33)42257442
Telex: CEA.CA.440 678 F
Telefax: (33) 42254849

Dr. C.Y. Fu
Oak Ridge National Laboratory
Building 6010 MS 6356
P.O. Box 2008
Oak Ridge, Tennessee 37831-6356
U.S.A.

Telephone: (615)574-6116
Telefax: (615)574-9619
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Dr. Donald G. Gardner
Dr. Maureen A. Gardner
Nuclear Chemistry Division,
L-234
Lawrence Livermore National Lab.
P.O. Box 803
Livermore, California 94451
U.S.A.

Telephone: (415)422-4522 [DGG]
(415)422-5544 [MAG]

Telefax: (415)422-3160

Dr. Lawrence R. Greenwood
Chemical Technology Division,
Bldg. 203
Argonne National Laboratory
9700 S. Cass Avenue
Argonne, Illinois 60439
U.S.A.

Telephone: (708)972-4351
Telex: 910-258-3285USDOECH ARGN
Telefax: (708)972-5287
Bitnet: B18820QANLCMT

Dr. Steven M. Grimes
Department of Physics
Ohio University
Athens, Ohio 45701
U.S.A.

Telephone: (614)593-1979
Telex: 810-239-2992
Telefax: (614)593-1229
Bitnet: GRIMES@OUACCVMB.BITNET

Dr. Robert C. Haight
Group P-15, MS-D406
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Telephone: (505)983-2829
Telefax: (505)667-0401
Bitnet: HAIGHT@LAMPF

Dr. P.E. Hodgson
Nuclear Physics Laboratory
Oxford University
Keble Road
Oxford OX1 3RH
United Kingdom

Telephone: 0865 273301
Telex: 83295 NUCLOX G
Telefax: 0865 273418

Dr. Yujiro Ikeda
Fusion Reactor Physics Lab.
Dept. of Reactor Engineering
Japan Atomic Energy Res. Inst.
Tokai-mura, Ibaraki-ken 319-11
Japan

Telephone: 0292-82-6016
Telefax: 0292-82-5709
Bitnet: J3365@JPNJAERI

Dr. Yukinori Kanda
Dept. of Energy Conversion Eng.
Kyushu University
6—1 Kasuga, Fukuoka 816
Japan

Telephone: 092(573)9611-ext. 390
Telefax: 092(575)1352
Bitnet: A71014@KYUSHU

Dr. Toshio Katoh
Department of Nuclear Eng.
Nagoya University
Furo-cho, Chikusa-ku
Nagoya 464-01
Japan

Telephone: 052-781-5111-ext 4682
Telex: 4477-355
Telefax: 052-782-8318
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Dr. Katsuhei Kobayashi
Research Reactor Institute
Kyoto University
Kumatori-cho, Sennan-gun
Osaka 590-04
Japan

Telephone: 0724-52-O901
Telex: 0724-53-0360

Dr. Jiri Kopecky
Physics Department
Netherlands Energy Research

Foundation (ECN)
Westerduinweg 3
P.O. Box 1
1755 ZG Petten (NH)
The Netherlands

Telephone: 2246-4483
Telex: 57211REACPNL
Telefax: 2246-4480
Bitnet: ESU0117@HPEENR51

Dr. Fred Mann
Physics Applications
Westinghouse Hanford Company
HO-36
P.O. Box 1970
Richland, Washington 99352

Telephone: (509)376-5728
Telefax: (509)376-1293
Bitnet: MANN#FRED%MFE.MFENET

@ANLVMS.BITNET

Dr. Wolf Mannhart
Physikalisch—Technische

Bundesanstalt
PTB 7.23
Bundesallee 100
D-3300 Braunschweig
Federal Republic of Germany

Telephone: (531)592-7230
Telex: 952 822 PTB D
Telefax: (531)592-4006
Bitnet: MANNH620@DBSPTB

Dr. Rudolph Pepelnik
GKSS Forschungszentrum

Geestacht GmbH
Postfach 1160
D-2054 Geestacht
Federal Republic of Germany

Telephone: 04152-87-1865
Telex: 0218712 GKSSG
Telefax: 4152-87-1618

Dr. Syed M. Qaim
Institut fur Chemie 1

(Nuklearchemie)
Kernforschungsanlage Jiilich GmbH
P.O. Box 1913
D-5170 Jûlich
Federal Republic of Germany

Telephone: (2461)613282
Telex: 833556-0 KFD
Telefax: 61-5327

Dr. T. Bruno Ryves
Division of Radiation Science

and Acoustics
National Physical Laboratory
Teddington, Middlesex TWll OLW
United Kingdom

Telephone: 01-943-6856
Telefax: 01-943-2155

Dr. Donald L. Smith
Engineering Physics Division, Bldg. 314
Argonne National Laboratory
9700 S. Cass Avenue
Argonne, Illinois 60439
U.S.A.

Telephone: (708)972-^021
Telex: 910-258-3285 USDOE-CHARGN
Telefax: (708)972-2206
Bitnet: B18245@ANLOS
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Dr. Jean-Christophe Sublet
Culham Laboratory
UKAEA, AP&T Division
Abingdon, Oxfordshire 0X14 3DB
United Kingdom

Telephone: (0235)21840-ext. 3330
Telex: 83189
Telefax: (0235)463435

Dr. Herbert Vonach
Institut fur Radiumforschung

und Kernphysik
Universitat Wien
Boltzmanngasse 3
A-1090 Wien
Austria

Telephone: 222/342630 or 347205
Telex: PHYS A 116222
Telefax: 222/3102338

Dr. Maria Wagner
Institut fur Radiumforschung

und Kernphysik
Universitat Wien
Boltzmanngasse 3
A-1090 Wien
Austria

Telephone: (0222)342630-«xt. 493
Telex: PHYS A 116222
Telefax (0222)310 2338

Dr. Nobuhiro Yamamuro
Data Engineering, Inc.
60 Kitahassaku, Midori—ku
Yokahama, Kanagawa, 226
Japan

Telephone: (045)932-0854

Dr. Phillip Young
Theory Division
Group T-2, Mail Stop B-243
Los Alamos National Laboratory
Los Alamos, New Mexico 87545
U.S.A

Telephone: (505)867-7670
Telex: 66-04-95
Telefax: (505)667-1754
Bitnet: 074575%MFE@LANL.GOV

Dr. D. Zhou
Nuclear Physics Division
Institute of Atomic Energy
P.O. Box 275(41)
Beijing
Peoples' Republic of China

Telephone: 868221 (ext. 830)
Telex: 222373 IAE CN

NOTE: Not affiliated with
OECD/NEA

Dr. Gerhard Winkler
Institut fur Radiumforschung

und Kernphysik
Universitat Wien
Boltzmanngasse 3
A-1090 Wien
Austria

Telephone: 222/342630-ext. 470
Telex: PHYS A 116222
Telefax: 222/3102338
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Kuala Lumpur
Malaysia Tel. 756.5000/756.5425
Telefax: 757.366i
Information Publications Pte. Lid.
Pei-Fu Industrial Building
24 New Industrial Road No. 02-06oad N 0 2 0 6

Tel. 283.1786/283.1798

'070)78.99.11
070)78.98.80
070)47.63.51

Singapore 1953
Telefax: 284.8875
Netherlands - Pays-Bas
SDU Uitgcverij
Christoffel Plantiinstraat 2
Postbus 20014
2500 EA's-Gravenhage Tel.
Voor bestellingen: Tel.
Telex: 32486 stdru Telefax:
New Zealand -Nouvelle-Zélande
Government Priming Office
Customer Services
P.O. Box 12-411
Freepost 10-050
Thorndon, Wellington
Tel. 0800 733-406 Telefax: 04 499-1733
Norway - Norvège
Narvesen Info Center - NIC
Bertrand Narvesens vei 2
P.O. Box 6125 Etterstad
0602 Oslo 6

Tel. (02)67.«3.10/(p;
Telex: 79668 NIC N Telefax: (47 :
Pakistan
Mirza Book Agency
65 Shahrah Quaid-E-Azam
Lahore 3 Tel. 66839
Telex: 44886 UBL PK. Ann: MIRZA BK
Portugal
Livraria Portugal
Rua do Carmo 70-74
1117 Lisboa Codex Tel. 347.49.82/3/4/5
Singapore/Malaysia
Singapour/Malalsie
See "Malaysia/Singapore"
Voir "Malaisie/Singapour"

>.)6S.40.20
1)68.53.47

Spain - Espagne
Mundt-Prcnsa I.tbros S.A.
Caslcllo 37. Aparlaclo 1223
Madrid 28001 Tel. (91)431.33.99
Telex: 49370 MI'1.1 Telefax: ("I) 275.39.98
Libreria Internacional AliDOS
Conscio de Cicnto 391
08009 -Barcelona Tel. (93) 3O1.-Sf.-I5
Telefax: (93) 317-01-41
Sweden - Suede
Fritzes Fackboksforetagct
Box 16356, S 103 27 Sill
Rcgerinsssaian 12
DS Stockholm Tel. (08)23.89.00
Telex: 12387 Telefax: (08)20.50.21
Subscription Age ncy/ Abonne me ins:
Wcnnersren-WiJIiams AB
Box 30004
104 25 Stockholm Tel. (08)54.12.00
Telex: 19937 Telelax: (08)50.82.86
Switzerland - Suisse
OF.CD Publications and Information Centre
4 Simrockstrasse
5300 Bonn (Germany) Tel. (0228)21.60.45
Telex: 8 S6300 Bonn
Telefax: (0228)26.11.04
Librairie Payot
6 rue Grenus
1211 Genève 11 Tel. (022)731.89.50
Telex: 28356
Madilec S.A.
Ch. des Palettes 4
1020 Renens/Lauianne Tel. (021)635.08.65
Telefax: (021)635.07.80
United Nations Bookshop/Librairie des Na-
tions-Unies
Palais des Nations
1211 Genève 10

Tel. (022)734.60.11 (cxt. 48.72)
Telex: 289696 (Attn: Sales)
Telefax: (022)733.98.79
Taïwan - Formose
Good Faith Worldwide Inl'l. Co. Lid.
9th Floor, No. 118, Sec. 2
Chung Hsiao E. Road
Taipei Tel. 391.7396/391.7397
Telefax: (02) 394.9176
Thailand - Thalande
Suksit Siam Co. Lid.
1715 Rama IV Road, Satnyan
Bangkok 5 Tel. 251.1630
Turkey - Turquie
Kiiliur Yayinlari Is-Tiirk Ltd. Sti.
Atalûrk Bulvari No. 191/Kat. 2!
Kavakliderc/Ankara Tel. 25.07.60
Dolmabahce Cad. No. 29
Besiktas/lstanbul Tel. 160.71.88
Telex: 43482B
United Kingdom - Royaume-Uni
H.M. Staliorc-y Office
Gen. enquiries Tel. (01) 873 0011
Postal orders only:
P.O. Box 276, London SW8 5DT
Personal Callers HMSO Bookshop
49 High Holborn, London WC1V 6HB
Telex: 297138 Telefax: 873.8463
Branches at: Belfast, Birmingham, Bristol,
Edinburgh, Manchester
United States - États-Unis
OECD Publications and Information Centre
2001 L Street N.W., Suite 700
Washington, D.C. 2003S-4095

Tel. (202)785.6323
Telex: 440245 WASHINGTON D.C.
Telefax: (202)785.0350
Venezuela
Libreria del Este
Avda F. Miranda 52, Aptdo. 60337
Editicio Galipan
Caracas 106

Tel. 951.1705/951.2307/951.1297
Telegram: Libreste Caracas
Yugoslavia - Yougoslavie
Jugoslovenska Knjiga
Knez Mihajlova 2. P.O. Box 36
Beograd Tel. 621.992
Telex: 12466 jk bgd

Orders and inquiries from countries where
Distributors have not yet been appointed
should be sent to: OECP Publications
Service, 2 rue André-Pascal, 75775 Paris
Cedex 16.
Les commandes provenant de pays où
l'OCDE n'a pas encore désigné de dis-
tributeur devraient être adressées â : OCDE,
Service des Publications, 2, rue André-
Pascal, 75775 Paris Cedex 16.
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