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INTRODUCTION

This specialists meeting was organised on behalf of the Nuclear
Energy Agency Nuclear Data Committee, and was carried out with the
financial support of the USDOE through the host laboratory, Brookhaven
National Laboratory*

The meeting is complementary to a series of specialized conferences
on fission product data sponsored by the International Atomic Energy
Agency, and its Nuclear Data Group.

The continuing series of meetings attests the importance of fission
product data in nuclear reactor and related applications. As suggested
by the title, the emphasis here is on the yield and decay data of
fission products, rather than on their neutron cross sections. Beta,
gamma, and delayed neutron emissions are of importance for reactor
control and decay heat problems, for waste disposal, for nuclear
material control and analysis, and for fuel handling.

There is a strong and close link between these applications and the
testing of nuclear models. The nuclei produced after fission are
neutron rich compared to stable nuclei and some lie far off the valley
of stability. The ability of nuclear models, which have largely been
developed by studying nuclei near neutron-rich stability, to predict the
behavior of these exotic, highly unstable species, represents a stern
test for these models. Thus the subject matter of this meeting is of
interest to the pure, as well as the applied, researcher. This fact is
reflected in several of the contributions presented here. Nevertheless,
the main content of these papers is strongly biased toward the applied
aspects.

The subject of fission product yields is covered in the first
quarter of this meeting. Included is not only yield data, but also the
interpretation of such data for the purpose of neutron dosimetry. The
measurement of beta- and gamma-ray spectra was reviewed. Beta-decay
parameters are essential in predicting the radioactivity of reactor
cores after shutdown. Th<i ability to predict such parameters is closely
linked to nuclear models which predict the distribution of beta decay
stlength and also to nuclear mass formulae. Neutrons are emitted when
the available energy after beta emission exceeds the neutron separation
energy; the properties of delayed neutron emitters are covered thorough-
ly both from an empirical as well as theoretical point of view. Inter-
esting "by-products" of these studies are predictions of the anti-
neutrino spectrum of reactors, and the analysis of nuclear fuels.
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The last quarter of this meeting was concerned with topics less
closely related to reactors. These included the testing of nuclear mass
formulas on the neutron rich side of stability; the applications to an
understanding of stellar nucleosynthesis, the measurements of spias and
moments, and the analytical applications of decay data.

Finally, a very important element of this meeting was the convening
of four workshops which operated parallel with the sessions. These
workshops covered four areas: decay heat, fission yields, beta- and
gamma-spectroscopy, and delayed neutrons. The goals of these workshops
were the same—namely to assess the needs against the status of nuclear
data in these areas; to suggest further measurements and evaluations;
and to plan future meetings. The summary reports of the workshops are
included in these proceedings and constitute an important product of
this conference; one which, it is hoped, will influence positively the
future research in this area.
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INDEPENDENT FISSION YIELD MEASUREMENTS

Hans Otto Denschlag
Institut fur Kernchemie der Universitat

D-65 Mainz, Germany-

Abstract: Various methods to measure independent yields
are reviewed and discussed. A survey an actual measure-
ments carried out after 1978 is being given.

INTRODUCTION

Independent fission yields are of importance for the tech-
nical application of nuclear fission in nuclear reactors in,
mainly, three respects:

1.)The control of nuclear reactors relies on the presence of
a sufficiently high fraction of delayed neutrons that,
besides by Pn-values is determined by the (independent)
yields of short-lived delayed neutron precursors.

2.)The size of emergency cooling systems required for power
stations depends on the independent yields of short-lived
fission products and their decay characteristics.

3.)Microscopic criticality studies besides neutron capture
cross sections require information on the (independent)
product yield distribution.

Whereas mass yield distributions have been measured with
sufficient precision for most fission reactions of technical im-
portance, the distribution of primary yields is still not com-
pletely known. The reason for this difference is that the mass
distribution of fission products does not change with time after
the fission reaction - if the small effect due to delayed neu-
tron emission is neglected.

Independent yields, however, describe the elemental distri-
bution of fission products that is undergoing a rapid change af-
ter fission because of the predominance of short-lived radioac-
tive nuclides.

The methods to measure independent yields, therefore, dif-
fer from those for the measurement of chain yields by the fact
that time is an important factor for the first ones.

A particular point within the discussion of independent
yields are the yields of single isomeric states. The distribu-
tion of the independent yield of a nuclide among two or more
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isomeric states has been measured only in a minority of cases.
In addition, while systematics exist that will be discussed in
a later contribution by J. Blachot and that describe fractional
independent yields of nuclides fairly well [80 Wahl- 83 Wahl],
predictions of isomeric states show a much higher uncertainty.
For these predictions, generally, a simple statistical model
[77 Madland] is used that assumes an initial angular momentum
of the fission fragments, independent of their mass and ne-
glects the effects of prompt neutron emission as well as any
multipolarities of y-ray deexcitation on the final isomeric ra-
tio. In spite of some recent efforts to refine the model by in-
cluding effects of excitation energy [76 Min] and individual
level densities for each isomer calculated by a combinatorial
method with single particle states for a spherical Wood's Saxon
potential [83 Wolfsberg] the situation is still not satisfacto-
ry. In consequence, there is interest not only in independent
yields but also in isomeric ratios wherever isomers exist.

In the following, I will refer and discuss methods used to
measure independent yields both of nuclides and single isomeric
states with emphasis to new trends. Recent measurements (1978
to 7/1983) will be referred as far as they concern cases of
practical importance for the reactor technology.

There is a whole wealth of fission yield studies whose im-
portance is for the understanding of the fission process and of
the general behavior of matter in a state of collective excita-
tion. These will, however, not be covered due to the scope of
the conference and due to the limitation in time and space. Ex-
amples of these areas NOT covered are: charged particle induced
fission, fission of elements beyond Cm, subthreshold fission,
fission isomers (i.e. fission out of the "second minimum"),
ternary fission, fission yields associated with a specific con-
dition of low yield (e.g. high kinetic energy of the fragments).
Measurements of chain yields of fission products (past prompt
neutron emission) will partly be covered as in some cases (e.g.
in direct Y-ray spectroscopy) there is a smooth transition be-
tween the measurement of independent yields and chain yields,
depending on the time program used. However, methods that are
specifically designed for mass yield determination, like isotope
dilution mass spectrometry, will not be discussed. Also, mea-
surements of fission fragments (prior to prompt neutron emis-
sion) will not be covered.

FISSION YIELD MEASUREMENTS

The determination of fission yields spans a wide range of
techniques from a selective and clean isolation of one element
out of the fission product mixture to a Y-ray spectroscopic
analysis of unseparated fission products.

An important point is time. Long irradiation times combined
with a delay sufficient for short-lived isotopes to decay prior
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to measurement will provide mass (chain) yields whereas short
times of irradiation, handling and measurement will give the in-
formation on independent yields that is of primary interest to
this contribution. In the following the different approaches
will be referred and discussed.

1. Direct Y~ray spectrometry

The method consists in irradiating a sample of fissile ma-
terial for varying lengths of time and following the decay of
the fission products by taking sequential y-ray spectra of high
resolution.

The y-ray spectra are quite complex, especially when short
irradiation- and counting times are used that are necessary to
obtain information on independent yields rather than on chain
yields. An example of such a spectrum is shown in Fig. 1. In
spite of the complexity of these Y-ray spectra, an analysis is
possible for nuclides with reasonable yields and y-ray line

i intensities by optimizing irradiation- and counting times ac-
j cording to different ranges of half-lives.
| The advantages of the method are: A survey on fission
j yields is provided in a relatively short time; no chemical sep-
j aration is needed; the amount of fissile material required is
! small; the handling of the fissile material is reduced, a fact
| that may be important for higly toxic nuclides.
I The disadvantages are: The data analysis is complicated

and relies on the decay characteristics of short-lived nuclides
(Y-ray line intensities, branching ratios, and half-lives) tha':
are often not well knovm. The accuracy of the method is limited
(to ± 10 % at best). Low yield regions are not accessible to
the method and require supplementary chemical separations.

The method has been widely used during the last years. It
has provided more yield values than all the other methods taken
together that will be discussed in this article. However, most
of the yields provided are chain yields or independent yields
of the later members of the decay chains.

Different laboratories have developed characteristic
techniques and in the following I will cover some typical ex-
amples starting from more instrumental techniques.

The most extreme method with respect to speed and instru-
mental character has been developed at ORNL by Dickens et al.
These authors irradiated the fissile material for very short
times ( H s ) . Fractional independent or -cumulative fission
yields were generally obtained by the analysis of growth and
decay curves of daughters and parents and, hence, depend on
their half-lives and only in second order on y-ray line inten-
sities. The method was so far applied to the thermal neutron
induced fission of z29Th [82 Dickens, 83 Dickens], 239Pu
[80 Dickens, 81 Dickens-3] , 2ltlPu [79 Dickens], 2Zf5Cm
[81 Dickens-2] , and 2"9Cf [81 Dickens-1].
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A pure Y-spectroscopic technique has also been used by a
group of the Moscow Technical Physical High School for the mea-
surement of the cumulative yields of short-lived (Tj/2 - 7 to
54 s) isotopes in 233U(nt>,,f) * [81 Gudkov-2] and long-lived
isotopes in 2*9Cf(nth,f) " [81 Gudkov-1].

Christiane Hamelin (Grenoble) used a fast pneumatic system
for short irradiations (4 s, 15 s, 90 s) of 2 3 5U, 2 3 8U and
232Th by 3 MeV neutrons. The isomeric ratio of 1 3 5 mi to 13e9i
was obtained in 235U(nth,f) and

 235U(n3,f) [80 Hamelin]. By
combining direct Y-ray measurements with results obtained by
the emanation technique (to be discussed later) fairly complete
sets of independent yields could be obtained [80 Blachot,
81 Mariolopoulos, 83 Hamelin-1].

Toppare et al. (Ankara) have measured the spontaneous fis-
sion of 252Cf [82 Toppare] and Laurec et al. (Bruyeres-le-
Chatel) have studied the fission of 2 3 3u, 2 3 SU, 2 3 8U and 239Pu
by fission neutrons and 14 MeV-neutrons [82 Laurec]. In both
cases, however, mainly chain yields are obtained and only the
independent yield of one shielded nuclide is given (136n>i o r
1 3 S C s ) .

A method based on a combination of direct Y-ray spectro-
metry and radiochemical separations after both short and long
irradiation times (30 s to 36 h) was developed by a group of
the Nuclear Physics Laboratory at Gent. Information on indepen-
dent yields is based on Y-ray measurements starting 5 s after
a 30 s irradiation and involving 60 consecutive Y-ray spectra.
Classical radiochemical separations were used to measure the
independent yields of some low yield fission products with
long-lived or stable precursors. The method was applied to
study both independent and mass yields in the photon induced
fission of 2 3 5U and 2 3 8U using bremsstrahlung of the following
energies: 12, 15, 20, 30, and 70 MeV [83 De Frenne, 82 De
Frenne, 80 De Frenne, 80 Jacobs, 79 Jacobs]. The evolution of
charge distribution with increasing excitation energy of the
compound nucleus is beeing discussed [82 De Frenne]. A few
isomeric ratios have been measured in the two fission reactions
[79 Jacobs, 80 Jacobs, 83 De Frenne, 83 Proot] and the corre-
sponding initial angular momenta of the fragments were deduced.
A comparison of experimental data with predictions according to
[77 Madland] and [76 Min] was carried out [83 Proot].

A similar method developed by a group of the Argonne Na-
tional Laboratory has been used to follow the variation of
(mainly mass-) yields as a function of the energy of the neu-

In the present article U(rithff) symbolizes the thermal neutron (ntj,)
induced fission of uranium-233. Correspondingly, n^ stands for fast
neutrons, n for reactor neutrons, n, for 3 MeV neutrons etc.
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trons (between 0.17 and 8.1 MeV) inducing fission in the fol-
lowing nuclides: 232Th [80 Glendenin], 2 3 sU [81 Glendenin],
2 3 8U [78 Nagy], and 239Pu [83 Gindler]. In addition, the fol-
lowing fission reactions have been studied:
229Th(nth»f) [31 Gindler-3], 236Np(nthrf) [81 Gindler-1l,
21f6Cm(sp.f> [81 Gindler-2], and z% 9Cf (nth/f) [81 Gindler-4].

The Livermore group has used a similar technique (50 min
irradiations with direct y-ray spectroscopy and 10 h irradia-
tions followed by radiochemical separations) to study the fission
of 2 3 5U and 2 3 8u induced by neutrons of 6.0, 7.1, 8.1, and
9.1 MeV [78 Chapman] and the following fission reactions in-
volving highly radioactive a- emitters: 2"°Pu(nf,f) [78 Myers],
2ItlAm(nf/f) [83 Sigg] , and 2ItlAm(nj5,f) [79 Prindle]. Besides
several independent yields of nuclides, a few isomeric ratios
of cumulative yields were obtained. True isomeric ratios
(of independent yields) could be calculated for 128Sb and 131Te
by subtracting estimated contributions from the 3-decay of pre-
cursors [79 Prindle].

A group at Bombay has combined direct Y-ray measurements
with fission track counting to determine the absolute number of
fissions, thus replacing the conventional measurement relative
to a 2 3 5U sample or the use of neutron monitor foils or of fis-
sion counters [79 Ramaswami]. The method has been tested on
235U(nth,f) and

 239Pu(nfch,f) [80 Ramaswami-1]. It has been ap-
plied to 232Th(nf,f) and

 233U(n+v,,f) [81 Ramaswami] and to
5Cm(ntn,f) [82~Ramaswami-1]. So far, practically, only mass

yields were obtained. Pure y-ray spectroscopy was used to follow
the growth and decay of mother daughter systems and to determine
fractional cumulative yields of 1 3 SI and 1*°Ba in 2"5Cm(nth,f)
[80 Datta-1] and of 13*Te and 1 3 5I in 252Cf(sp.f) [78 Manohar].
The fractional cumulative yield of 138Xe in 252Cf(sp.f) was
obtained by the growth and decay of its daughter 1389Cs
[82 Ramaswami-2].

2. Radiochemical Methods

Different techniques may be distinguished:

a. Classical manual radiochemical separation techniques
b. Fast automatic separation methods based on classical

radiochemistry
c. On-line separation methods
d. Mass separation with a chemically selective ion source

In the following the four approaches will be discussed briefly
and examples will be given.

a.) Classical manual radiochemical separation techniques

The term classical is meant to indicate that chemical sep-
aration methods are used as given e.g. in [51 Coryell] or in
[60 NAS-NS]. Since manual chemical separations are time con-
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suming, this method is limited to fairly long-lived nuclides
that are not produced in the (3-decay of precursors (shielded
nuclides or isomers not fed by 3-decay) or nuclides with pre-
cursors that are sufficiently long-lived to allow a separation
of the daughter prior to a substantial decay of the mother.
Such nuclides exist mainly in the direct neighbourhood of the
valley of stability and their independent yields are frequently
very low. Fortunately, chemical methods offer a "perfect reso-
lution in the atomic number Z" so that very large decontamina-
tion factors may be obtained. A difficulty encountered occa-
sionally for fission products near the line of stability is
that the nuclide to be measured may be produced by other ways
than nuclear fission e.g. by an(n,y) reaction of a neighbouring
stable isotope present as a contamination during irradiation.

Numerous yields of shielded nuclides have been determined
by von Gunten and coworkers in various fission reactions: 82Br,
8*Rb, 96Nb, 9 8 mNb, 128<3Sb, and 13FCs in 232Th(nf,f) [82 Erten] ;
^ N b in 233U(n1.h,f),

 2 3 sU(n t h,f), and
 239Pu(nth,f) [81 Jost] ;

UB . n s - P l . 2 3 3TT/V... -P\ *~A 2 3 9,- • "» ' « ~ - • • i4 h t h t h
and 11>8gpS in 233U(nth,f) and

 239Pu(nth,f) [80 Zwicky];
96Nb and 51 min-98Nb in 2 3 3U<n t h,f),

 235U(nth,f) and
239Pu(nth,f) [78 Kaiser]; 136Cs and 150Pm in the photofission
of 2 3 8U with bremsstrahlung of various maximum energies between
20 and 50 MeV [78 Gaggeler-2] and 96Nb, 51 min-98Nb, 1 3 0gi, and
136Cs (as well as the fractional cumulative yield of the
unshielded nuclide 135I) in 2"9Cf(nth,f) [78 Gaggeler-1].

Extremely low independent fission yields of
(5.2 ± 2.5) 10-10 % for 1 0 2 mRh, of (6.5 ± 1.7) 10"10 % for
1029Rh and of (3.2 ± 0.8) ^Q-11% for 101(?Rh have been obtained
in 235U(n-th/f) [81 Aumann] . Experiments within this yield level
are certainly tedious. Ir the measurement of the proton-rich
nuclide 102Rh, decaying mainly by €>lectron capture, a forma-
tion path by the (n,2n) reaction on traces of stable 103Rh
produced in fission had to be corrected for! It is understood
that these very rare reactions are not important for practical
purposes. The measurements demonstrate, however, the capabil-
ities of classical radiochemical separations.

11>8 llt8p
The yields of the isotopes 11>8mPm, llt8Spin and of the rela-

tively short-lived 15°Pm (2.7 h) in 235U(n15,f) and
238U(ni5,f) were obtained by Nethaway et al. [81 Nethaway].

Finally Blachot reports the measurement of the independent
yield of 13-6Cs in 9 fission reactions [80 Blachot]:
l 3 2Th(n f,f),

 2 3 3U(n t h,f),
 2 3 3U(n f /f),

 2 3 4U(n f,f),
 2 3 5U(n t h,f),2 3 5U(n f,f),

 238U(nf??),
 237NP(nfff), and

 252Cf(sp.f). th

Besides the measurements of shielded nuclides, conven-
tional radiochemical meth.ds allow to determine independent
yields of nuclides whenever the time of irradiation and the
time before the subsequent separation of the nuclide of in-
terest from its precursors is at least comparable to the half-
life of its parent.
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Probably the majority of the independent fission yields
measured in the early days of nuclear fission have been ob-
tained using manual radiocheinical separations with a time re-
quirement of minutes to hours. Presently, these techniques have
somewhat lost importance possibly because of two reasons:

1.) Lack of financial support for these very reliable but
strenuous and lengthy measurements

2.) Lack of students well trained in classical analytical
chemistry

The few measurements performed after 1978 are listed in
the following: In 2 3 5U(n4-j1/f) the fractional independent yields
of 1ItXLa and llt2La [81 Pal] and of 9 2Y and 93Y [83 Troutner]
have been obtained. In 238U(nf,f) the yields of

 1 3 1Sb,
i33m+gTef I S S J , i3i T e / i s ^ a n d lasj h a v e b e e n m e a sured

[83 Dobreva]. In 2lf 9Cf (ntb,f) the yields of
 13 9Ba and 1<t2La

[79 Monzyk] and of 92Y and 93Y [83 Troutner] were determined.
Finally in the spontaneous fission of 252Cf the charge distri-
bution in chain 134 and the isomeric ratio of 13*n»i to 13*<3i.
were studied [78 Erten] and the fractional cumulative yield of
139Cs was obtained [82 Ramaswami-2].

Further measurements of isomeric yield ratios were carried
out on 95Nb and 1 3 2I in 233U(nth,f) [82 Datta] and on 13<tI in
the photofission of 2 3 5U and 23'8u with endpoint energies
ranging from 12 to 30 MeV [82 Thierens].

A classical radiochemical separation of iodine was used
in [82 Fujiwara] to determine the isomeric ratios of 1 3 2i and
13111 in the thermal neutron induced fission of 2 3 3U, 2 3 5U,
and 239Pu.

b.) Fast automatic separation methods based on classical radio-
chemistry

The fact that the most abundant fission products produced
in every fission chain have generally half-lives in the range
of seconds to minutes has made it desirable to develop faster
methods for chemical separation. The general principles of fast
chemical separations and a few typical approaches will be de-
scribed in the following in more detail.

A few trends common to fast separations from aqueous so-
lutions are:
* Use of a closed set-up
* automatic control of separation steps (e.g. by computer)
* separation of nuclide of interest from precursors at well
defined and well known time

* Replacement of time consuming separation steps by faster
ones (e.g. use of separation via gas phase or replacement
of a slow precipitation step by a rapid exchange with a
preformed precipitate or replacement of a solvent extrac-
tion in liquid phase by the filtration of the solution
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through a layer of an inert carrier containing the solvent
i.e. a "quasi solid solvent").

The technique may perhaps best be illustrated by the following
example of the determination of charge distribution in chain 99
in 2^5U(ntj1»

f) [81 Weis] . The chain is shown in Fig. 2 and the
set-up used for the chemical separations appears in Fig. 3.

A solution of uranyl nitrate (2 3 5U) in dilute nitric acid
containing a few tracers was irradiated in a polystyrene cap-
sule for 0.1 s in a reactor. After irradiation the sample was
pneumatically projected into the separation apparatus (Fig. 3),
where it broke by the impact. The fission product solution was
filtered through two preformed layers of AgCl in order to re-
move fission iodine and fission bromine by the exchange with
AgCl forming the more insoluble AgBr and Agl. The filtrate was
mixed with 6 ml of 15 M nitric acid and filtered through glass
fiber filters. Under the conditions (12 M nitric acid) the glass
fiber filters show a strong and selective absorption of Nb, so
that a clean sample of Nb was obtained 2.2 s after the irradia-
tion. The sample was shot pneumatically into a shielded coun-
ting position, where counting could start 2.5 s after the irra-
diation. A modified version of the set-up allowed a separation
time of 0.6 s for Nb.

Zirconium was isolated using the same set-up. The separa-
tion was based on the extraction into tri(n) butyl phosphate
(TBP). For this purpose the solution was made 7.5 M in nitric
acid and the glass fiber filters were replaced by a layer of
the "quasi solid solvent" 1 g of TBP maintained on 2 g of
polytrifluoromonochloroethylen powder "Voltalef".

The separations were carried out as fast as possible and
after known waiting times. The evolution of the activities with
delay time (Figs. 4 and 5) was used for a decay curve analysis
resulting in the fractional independent yields of all chain
members, the isomeric ratio of Nb, and the branching ratio
of Zr feeding the two isomeric states of Nb. The method is
labour intense as every point on Figs. 4 and 5 required at
least one separata experiment. A total of 139 experiments were
performed.

Similar methods were used in [83 Fischbach] to measure the
independent yields of several Ba-, La-, and Ce-isotopes in the
mass range from A = 141 to 149 in 235U(nth,f).

Elisabeth Vine [81 Vine] determined the fractional inde-
pendent yields of 104Tc and x°5Tc in 235U(nth,f) and in

Pu(nth»f) using a fast exchange on preformed precipitates
of tetraphenylarsonium chloride.

Frequently, fast separations involve the use of the gas
phase for separation. Classical cases are separations of rare
gases. A technique to irradiate a metallic sample of uranium,
to dissolve it in a closed system and to isolate the fission
rare gases within 15 min by a rapid gas chromatography was
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demonstrated in 235U(n-th#f) [81 Hsu]. Besides the cumulative
yields rf 85niKr/

 87Kr, 88Kr, 1339Xe, and 1 3 5 mXe, the isomeric
ratios of 133Xe and 1 Xe were obtained. A similar but faster
system (irradiation times 10 - 20 s, separation times 5 - 10 s)
was use£ to measure the cumulative and independent yields of
90Kr, 91Kr, 1 3 9Xe, and llt0Xe in 232Th(nf/f) [78 Izak-Brian-1 ].
The same authors used a fast chemical reaction with sodium
bcrohydride to produce the volatile hydrides of tin and anti-
mony in order to determine the independent yields of 1 3 1Sn,
1 3 2 S n /

 1 3 1Sb, 132Sb and 133Sb in 2^Th(nf,f) [78 Izak-Biran-2].
A "Hot Reaction" of fission iodine and bromine stopped in

methane gas and reacting there to form volatile species like
methyl iodide and methyl bromide, respectively, was used to
quickly separate the halogens from non volatile fission products
[78 Kratz]. A further separation from the fission rare gases
and between methyl iodide and methyl bromide took place within
two heated absorption traps. The procedure is very fast. The
mid time of separation of volatile from non volatile species
was 0.25 s after the irradiation of 0.1 s duration. A general
argument against the use of hot atom reactions is that the
reaction yields may depend on the kinetic energy of the re-
coiling species and, hence, differentiations between products
formed directly in fission and those formed by 3-decay may in-
troduce a bias. In the present case, however, at least for the
dhorter-lived isotopes, formation by 3-decay is negligible.
The following yields have been determined: *7~92Br and
137"1'tlI in 235U{nth,f) [78 Kratz]

c.) On-line separation methods

A classical on-line separation technique for rare gases,
the emanation technique [58 Wahl], is still frequently used.
It is based on the property of metal stearates to form hollow
structures that let escape (emanate) rare gases within frac-
tions of a second.

If a thin layer of the fissile material covered by a metal
stearate as shown in Fig. 6 or a stearate of the fissile element
itself is irradiated in a larger evacuated volume (Fig. 6), the
fission rare gases (formed directly or via g-decay of precur-
sors) will distribute themselves within the total volume of the
container and when they decay their daughters will settle to
the surface of the container that may be lined with filter pa-
per. The daughter elements of the rare gases formed directly
will, however, stay within the stearate. This separation takes
place while the irradiation is going on.

In consequence, the ratio of any long-lived daughter ac-
tivity found on the paper liner to the activity in both frac-
tions (paper liner and stearate) gives directly the fractional
cumulative yield of the rare gas isotope.
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The advantage of the method is that the yield of short-
lived Xe- or Kr-isotopes may be determined after a long irra-
diation time by counting daughters of a convenient half-life
allowing careful chemical separation. The fact that the same
isotope is counted in both fractions (stearate and liner) makes
the result independent on decay characteristics of the nuclide
measured.

During the last years, the method has been used to measure
the yields of the isomers of 13 3Xe and x3 5Xe in the following
fission reactions: 2 3 3U, 2 3 5U, 239Pu, and 21t2mAm induced by
thermal neutrons and of 2 3 5U, 2 3 8U, and 239Pu induced by neu-
trons with energies near 14 MeV [83 Wolfsberg]. Fractional
yields of the isotopes 89Kr, 91Kr, 92Kr, and of '•39-1'*3Xe in
ilt9Cf(nth,f) and of

 91Kr, 92Kr, and of 139-llt2Xe in
25OCf(sp.'f) have also been determined [83 Meixler] .

A slight modification of the procedure has been introduced
by [83 Hamelin-1]. The descendents of rare gases were measured
only in the stearate fraction. Two irradiations were carried
out for every determination: In the first one the stearate was
continuously being pumped on in order to completely remove the
emanating gases. In the second one the stearate was sealed to
prevent any escape of rare gases. The difference between the
two measurements again allows to calculate the fractional cumu-
lative yields of the rare gas isotopes. As the method relies on
a difference the accuracy is less good for small yield values.
The method was applied to the study of 232Th(n3,f)
[83 Hamelin-2].

An interesting adaptation of the method to smaller size
irradiation facilities was developed in Kyoto [82 Fujiwura].
The fissile nuclide was mounted together with barium stearate
in an evacuated polyethylene capsule (diameter 6 ram, length
60 mm) and covered by a quartz wool plug. The volume on the
other side of the quartz wool was filled with activated carbon.
The irradiation inside the reactor was carried out at dry ice
temperature in order to absorb the fission rare gases complete-
ly on the activated coal. The method was used to determine the
independent yields and isomeric ratios of 135Xe and 13BCs in
the thermal neutron induced fission of 2 3 3U, 235U and 239Pu.

A continuous separation of alkali metal isotopes from
their rare gas parents is based on the on-line filtration of
a gas-jet stream loaded with fission products. The filters
retain the non volatile fission products whereas the rare gases
pass. Since filtration takes place only 1.45 s after the forma-
tion of the fission products the decay of rare gases prior to
separation can be neglected or can easily be corrected for.
The isomeric ratios of 90Rb and 138Cs were measured using this
method in Z52Cf(sp.f) [78 Aumann-2].

Recently an attempt has been undertaken by Wahl and Semkow
[83 Semkow-1, 83 Semkow-2] to extend the applicability of the
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on-line separation of rare gases to any other fission product
using the SISAK-system [74 Aronson]. A solution of the fissile
nuclide (Z35U" is circulated continuously through a loop that
consists of an irradiation position, a position where the aque-
ous fission product solution is being mixed with an organic
solvent, and a separation position (H-centrifuge [74 Aronson])
where a phase separation is taking place continuously between
aqueous and organic phase. The aqueous phase that contains the
fissioning nuclide and those fission products that were NOT ex-
tracted returns to the irradiation position and the organic
phase with the nuclide of interest is collected separately.

After the end of irradiation a long-lived member of the
chain under study is isolated from both aqueous solution and
organic phase and is measured. The ratio of the activity in
the organic phase to the activity in both phases again gives
the fractional cumulative yield of the nuclide of interest.
The method was applied to measure the fractional cumulative
yields of the In-isotopes in mass chains 121, 123, 125, 127,
and 128 for 235U(nth,f) and for mass chains 121, 123, 127, and
128 for 2 3 5U(n i 4,f).

d.) Mass separation with a chemically selective ion source

Various measurements of independent yields have been made
or are in progress lately using mass separators with - more or
less - chemically selective ion sources. This technique has
the advantage to provide a much simpler product spectrum and
to have much less stringent requirements to the cleanliness of
the chemical separation than a radiochemical technique without
mass separation because the mass separation already excludes a
number of chemical elements (e.g. the homologues). Mass separa-
tion also, generally, includes a fast transport from the irra-
diation position to the counting position. The most serious
problem for this technique are time delays that the fission
fragments are submitted to in their diffusion to the surface
of the catcher material, in the subsequent volatilization and
in the ionization process. These delay times may show struc-
tures and wide distributions. Also, they depend on the charac-
teristics of catcher and ion source (geometrical arrangement,
temperatures etc.) and on the chemical properties of the ele-
ments volatilized. In consequence, yields of short-lived (s)
nuclides frequently show large uncertainties, in spite of the
attempts to determine exactly the kinetics of release.

The SOLIS mass separator (Soreq, Israel) was used with a
uranium oxide target to measure independent, or cumulative
yields of several Kr- and Xe-isotopes [79 Feldstein]. The
yields of 9 2""Rb, 9 ^ 1 0 0 S r , 1 4 2- 1 % 8Cs and ^ ' " ^ B a in
35U(n-tn,f) were determined at the same separator using a ura-

nium and graphite target-catcher combination and surface ion-
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ization on a tantalum foil for Rb and Cs and a rhenium foil for
the other elements [81 Shmid]. Surface ionization on a rhenium
foil was also chosan for a determination of the cumulative
yields of the indium isotopes of mass 124 to 132 in the thermal
neutron induced fission of 2 3 5U [83 Shmid]. A negative surface
ionization source was used to produce negative ions of Br and
1 that were mass separated at SOLIS resulting in the indepen-
dent fission yields of 87~91Br and 138-^>tlj [83 Engler] .

The independent yields of 88~97Rb and 137~llt6Cs in
2 3 SU (n-j-̂ ff) were determined at the mass separator OSTIS
(Grenoble, France) using a pulsed neutron beam [79 Balestrini].
The separated ions were counted by an open electron multiplier
in opposition to the previous cases where 3-ray or Y-ray coun-
ting was used.

A more comprehensive program concerning the measurement of
about 130 fission products including more than 30 isomeric ra-
tios is under way at the mass separator OSIRIS (Studsvik,
Sweden) [83 Rudstam] using a high temperature graphite-uranium
target-catcher foil combination. The program has partly been
accomplished but because the fragments are measured by their
radioactivity, exact decay characteristics, in particular Y-ray
line intensities and half lives, are required for the evalua-
tion of the measurements. A program to measure the missing val-
ues is being conducted.

3. Separation of unslowed fission products
and Z identification

Complete sets of fission yield data have been obtained recently
using the mass separators for unslowed fission products LOHEN-
GRIN [75 Moll, 77 Moll] and HIAWATHA [ 77 Dilorio]. The method
relies on the fact that the specific energy loss (dE/dx) of
fast heavy ions in matter depends on their nuclear charge.

The principle of the measurements in LOHENGRIN is as fol-
lows: The separator - by the use of electric and magnetic sec-
tor fields - provides fission fragments of a well defined ratio
of mass A to the ionic charge q (= 16 - 28) that results when
fission fragments of an initial kinetic energy of 50 to 100 MeV
pass through the target material. The resolution of the separa-
tor is sufficiently high to allow generally to isolate single
masses in spite of the multiplicity of the q-values. In addi-
tion, the separator provides a separation of the fission frag-
ments according to their kinetic energy.

The specific energy loss of the fragments characteristic
of their atomic number may be and has been determined in dif-
ferent ways.
(a) A direct measurement of the specific energy loss (dE/dx)
by a thin (thickness 8 \im) surface barrier detector in which
the fission fragments deposit about half their initial kinetic
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energy. The nuclear charge resolving power attained was
Z/AZ = 43 at Z = 39 [76 Siegert].
(b) An indirect measurement of the energy loss has been used by
Clerc and coworkers [80 Lang, 79 Lang]. The principle of this
measurement is shown in Fig. 7. The beam of fragments from
LOHENGRIN is penetrating through an energy absorber composed of
160 carbon foils of a total thickness of 1.2 mg/cm2 that has
the advantage of a greater uniformity and a larger uniform area
than the surface barrier detector. The absorber was mounted in
an electrostatic lens counting the fission fragments entering
the absorber and thus allowing to correct for loss of fragments
in the telescope due to multiple scattering. For the stop de-
tector a surface barrier detector was used that, besides the
stop signal, provided a value of the remaining energy and thus
allowed to discriminate against contaminants of the beam. The
Z-resolution of this set-up amounted to Z/AZ = 45 at Z = 40.
In a variant of this system [8' Armbruster] the carbon foils
were replaced by a parylene r^sorber and the time of flight
system was replaced by an ionization chamber [79 Quade-1] of
high energy resolution. The Z-resolving power of this set up
amounted to AZ/Z = 58 for Z = 39. A measurement of the indepen-
dent element yields within mass chain 97 is shown in Fig. 8.

Since each measurement applies to an individual ionic
charge state (q) and to an individual kinetic energy (E) of the
fragments a summation has been carried out over the whole range
of kinetic energies of the fragments and over most of the ionic
charge states produced.

Complete sets of independent yields of the more important
{fractional yield >5 %) isotopes within mass chains with A = 80
to 107 [80 Lang] and A = 79 to 100 [76 Siegert] in 235U(nth,f)
have been obtained. Measurements of the reactions 233U(ntj1,f)
[79 Quade-2] and 239Pu(nth,f) [81 Bocquet] have also been per-
formed and first results will be given in the contribution of
J. Blachot to this meeting.

Unfortunately, the method of specific energy loss is not
applicable t, the measurement of independent yields of the
heavy fission products. It is also not applicable to the yield
measurements of single isomeric states. Both problems are being
studied at LOHENGRIN using a direct •y-ray spectroscopic tech-
nique applied to fission products intercepted after mass sep-
aration. Results have been obtained for the mass chains 130-147
at various kinetic energies of the fragments and essentially
at the mean ionic charge state of the fragments [79 Denschlag].

In this context, the Soviet equivalent of LOHENGRIN at
the Institute of Nuclear Physics of the Academy of Science of
the Uzbek SSSR in Tashkent should be mentioned as a possible
source for future measurements of independent yields. So far,
however, only mass yield distributions have been published
[82 Bakhromi].
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An attempt to use thin film scintillation detectors to
measure specific enery loss [78 Ajitanand, 83 Ajitanand] may
also be mentioned.

A complete set of independent fission yields between mass
A = 82 and 106 in 235U{ntl;i,f) [78 Strittmatter] has also been
produced using the specific enery loss method at the "mass sep-
arator" HIAWATHA.

HIAWATHA [77 Dilorio] (Fig. 9) uses a concept that is
quite different from the one of the sector field mass separa-
tors. Masses (A) are determined by the relationship A = 2E/v2

on an event by event basis using a coincidence circuit. The
velocity v is obtained from a flight-time measurement. The en-
ergy E is determined by an electrostatic analyzer and a surface
barrier detector. The analyzer has a high energy resolution of
0.3 % (FWHM/E). However, because the analyzer deflects parti-
cles on the basis of the ratio of kinetic energy to ionic charge
and the fragments show a spectrum of charge states the selec-
tion is not unequivocal and the surface barrier detector is
required in order to select between different combinations of
E/q by measuring E.

For the identification of the atomic numbers Z an ioniza-
tion chamber measuring the specific energy loss and a surface
barrier detector for the residual energy measurement were used
[79 Strittmatter]. The resolution obtained was Z/AZ = 38 for
light fission products.

Advantages of HIAWATHA are the relatively small size and
higher counting efficiency. On the other hand, HIAWATHA is
restricted to the observation of prompt events. No decay studies
of separated fission products are possible and ~ in the context
of the present topic - Y-ray spectroscopic measurements of
heavy-mass fission yields and of isomeric ratios are excluded.

A more recent development that promises to produce both
independent yields and chain yields of fission products (and
fission fragments) in a very efficient way is the COSI FAN
TUTTE project [82Oed, 83Oed~3J. It is based on the measurement
of the velocities and kinetic energies of correlated fission
fragments by time of flight detectors and ionization chambers.
The principle of double velocity or double energy measurements
is not new but considerable technological progress has been
made recently providing a mass resolution for (post neutron
emission) fission products of e.g. AA/A = 0.006 at A = 95,
i.e. the resolution of single masses at. least among the light
fission products.

In addition, a high resolution axial ionization chamber
has been developed [83 Oed-1, 83 Oed-2] that can be used sim-
ultaneously for both, the measurement of Energy (E) and of
specific energy loss (dE/dx) of the fission products. Whereas
the total energy is obtained as the integral over the anode
pulse, the rise time of this pulse reflects the stopping power
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curve of the particle and, hence, allows the identification of
its atomic number. A first test of the charge resolving power
using a clean mass line (A = 97; E = 95.7 MeV) provided by the
LOHENGRIN mass separator was carried out and gave a charge res-
olution of Z/AZ = 43 at Z = 39.

The advantage of the COSI PAN TUTTE system for the purpose
of yield determinations is that the results are independent of
the ionic charge state q and, therefore, a summation over this
parameter is not required. In addition, the measurements are
not carried out mass by mass and energy by energy like in the
case of the sector field mass spectrometers. This leads to
lower requirements on experimental time, neutron flux, and
target material. Disadvantages are the lower mass resolution
and the fact that isomeric yields and independent yields among
the heavy mass fission products cannot be measured.

CONCLUSIONS

Concerning the various methods used to determine indepen-
dent yields that have been reviewed, a classification can be
made according to the purpose and character of the measure-
ments.

Direct Y-ray spectroscopic studies are certainly best
suited for a fast survey on fission yields including chain
yields. They also allow to study more exotic fissile nuclei
available only in smaller quantities. The method has been suc-
cessfully applied to numerous systems during the last years.

Another recent trend is toward the development of more and
more refined instrumental techniques like the spectrometers for
unslowed fission fragments that - among other purposes - are
aimed to produce complete sets of fission yield data.

In regions of low yields, however, traditional radiochem-
ical techniques are still required. Within the groups of radio-
chemical measurements the development of fast automatic methods
or the extension of traditional on-line techniques to new sys-
tems seems very promising.
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Fig. 1. Pulse-height spectrum of f-rays following a 4 s irradi-
ation of a 2l*5Cin sample by thermal neutrons. Symbols indicate
V-ray energy (in keV) and isotopic assignnwint
(from [81 Dickens-2]).
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Fig. 2. Decay characteristics in
chain with mass A = 99 (from [81 Weis])
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Fig. 3. Apparatus and time schedule
for the rapid chemical separation of
niobium from a fission product mixture
(TAc = tartaric acid) (from [81 Weis]). .
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2.3s "¥ + 2.0s "Zr (growth and decay)

Deloy time At Is)

Fig. 4. Fraction of niobium activity in chain 99 as a function
of delay time (At) between end of irradiation and separation of
Nb (full points).
(a) Long delay times: decay curve analysis for the components of
99fflNb and 999Nb (blank points).
(b) Short delay times: dashed line = extrapolated cumulative
amount of 99Nb; blank points = difference between dashed line
and gross data, representing the activities of 99Y and 99Zr.
(from [81 Weis]).

- 28 -



0 2
Delay time At I$J

Pig. 5. Fraction of yttrium and zirconium activities in chain 99
as a function of delay time At between end of irradiation and
separation of Zr (full points in parts (a) and (b)).
(a) Upper curve: sum of 99Y and 9 Zr activity (formed directly
and by decay of • 9 Y ) , taken from Fig. 4 (b); blank points: decay
of 99Y/ resulting from the difference of gross data and upper
line.
(b) blank points: decay of independent 99Zr, resulting after
subtraction of calculated growth from 9 9Y. (from [81 Weis]).
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Fig. 6. Set-up for the on-line measurement of fractional cumu-
lative yields of fission rare gas isotopes. - Left: Cross-sec-
tional view of cylindrical irradiation container. Right: En-
larged cross-sectional view of sample arrangement,
(from [58 WahlJ).
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Fig. 7. Schematic diagram of the set-up used to determine the
nuclear charge distribution of fission products after mass sep-
aration in LOHENGRIN (from [79 Lang]).
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Fig. 8. Pulse height spectrum of the residual energy of mono-
energetic fission products after passing through an absorber
foil of parylene C. The experimental data are shown as a histo-
gram. The smooth curve is a computer fit through the data. The
areas under the bell-shaped components represent the relative
independent yields of the isotopes indicated.
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ABSTRACT

Very few yield compilations are also evaluations, and very
few contain an extensive global library of measured data and
extensive models for unmeasured data. The earlier U.K. evalua-
tions and U.S. evaluations were comparable up to the retirements
of the primary evaluators. Only the effort in the U.S. has been
continued and expanded. The previous U.K. evaluations have been
published. In this paper we summarize the current status of the
U.S. evaluation, philosophy, and various integral yield tests for
34 fissioning nuclides at one or more neutron incident energies
and/or for spontaneous fission. Currently there are 50 yield sets
and for each we have independent and cumulative yields and uncer-
tainties for approximtely 1100 fission products. When finalized,
the recommended data will become part of the next version of the
U.S. Evaluated Nuclear Data File (ENDF/B-VI). The complete set of
data, including the basic input of measured yields, will be issued
as a sequel to the General Electric evaluation reports (better
known by the authors' names: Rider--or earlier—Meek and Rider).

I. INTRODUCTION

Many compilations and, in a few cases, evaluations of fission yields
have been published since the discovery of fission in 1939. Most have been
limited to the yields of the major fissionable nuclides and/or limited to
mass chain yields or otherwise limited in the scope of data included. Very
few compilations could also be classed as evaluations. Since 1972, two ef-
forts, Crouch in the U.K.[1] and Rider and Meek in the U.S. [2], are out-
standing in the range of data considered and in their attempt to make global
evaluations. Of these, the continued evaluations of Rider, along with the
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guidance and assistance from the ENDF/B Yields Subcommittee, are the most
recent and extensive. The U.K. and U.S. evaluation procedures differ in
philosophy, in the measured data accepted for inclusion, and in the evalua-
tion of uncertainties; but prior to Crouch's retirement, mean chain yields
were comparable and tending to converge for the larger chain yields.

The ENDF/B-IV and -V yields are based on Rider's evaluation prior to
his retirement from G.E. in December 1981, and the work has subsequently
continued at Los Alamos in close consultation with Rider. Crouch's unpub-
lished data base has received some updating through 1980; however, as of
early 1983, his 1977 evaluations have been halted. Rider and Crouch did
exchange data bases through 1980 and resolved most of the differences due to
errors and/or interpretation of published data through 1980, thereby improv-
ing both bases.

This paper will summarize the status of the continued and more exten-
sive ETJDF/B evaluations. These incorporate the recent measurements at ANL,
ORNL, University of Illinois (HIAWATHA), Grenoble (Lohengrin), chain yields
of Maeck (this conference), and other, less extensive data, as referenced in
[2] (approximately 1274 references). (We assume that other papers at this
conference will summarize the status of measured data.) Also, we expect
that the U.S. evaluation work will be continued and that the U.K. evalua-
tions will be resumed, with a cooperative exhange of the data bases as a
consequence of these endeavors. In addition, we anticipate continued co-
operation with France, Sweden, Japan, Germany, and other countries, parti-
cularly in supplying data for inclusion in the evaluations.

There is a reduced level of support for ENDF/B-VI evaluations and co-
operation is even snore essential now than formerly for Versions -IV and -V.
In this regard, the compilations of measured data in progress at BNL (V.
McLane) are expected to be very important to the final ENDF/B-VI evaluation.
Also, the evaluation of parameters used in modeling yield distributions
where measured data do not exist are vital. Essential contributions are
being made in this area by J. Blachot and H. Denschlag (this conference), A.
C. Wahl (Washington University, retired) and Wahl's colleagues at Los Alamos
and Livermore. Obviously, the evaluation of Pn values are also important to
the yield evaluation process. These have been completed in a mutual Hanford
Engineering/Los Alamos effort, a report submitted for publication in Nuclear
Science and Engineering, and preliminary values published in Ref. [3]. (See
also F. Mann, this conference.) We anticipate some assistance from HEDL in
the conclusive evaluations for ENDF/B-VI.

II. EVALUATIONS FOR ENDF/B

Existing ENDF/B yield sets have been based on the basic evaluations by
B. F. Rider prior to his retirement from General Electric. Several codes
were written at Los Alamos to expand each mass chain to include each nuclide
and isomeric state in the ENDF/B decay files or to cover at least four
charge units on the neutron rich side of the most probable charge. In
addition, these codes were used to check for errors in the decay branchings,
to provide various integral tests [4,5], and to ultimately provide an output
normalized to 200% in the required ENDF/B format structure. The ENDF/B-IV
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and -V results will therefore differ slightly from basic evaluations pub-
lished in any of the successive versions of the G.E. publications [2J.

Since early 1982, the evaluation work has continued at Los Alamos with
Rider's assistance. All of the G.E. codes had to be modified to replace
machine-dependent subroutines, and all master data files contained one mis-
sing column that required a tedious, but essential, replacement and checking
•effort before the addition of new data. This paper is based on Version E to
distinguish it from the last available version listed under Ref. [2]. Gome
data are now current -to mid-1983 and all data are current to at least mid-to-
late 1981. In addition, duplicate measured data, resulting from more than
one publication or laboratory report by the same author, have been largely--
hopefully, entirely—removed.

We plan to update all data sets through 1984 (or later) for ENDF/B-VI
and to modify the yield distribution parameters and decay-branching ratios.

Current evaluations now include 34 fissionable nuclides at one or more
fission energies, including spontaneous fission, for a total of 50 yield
sets. This is an expansion by a factor of 2\ over ENDF/B-V (11 fissionable
nuclides and 20 yield sets). ENDF/B-IV, unlike ENDF/B-V and the current
evaluations, contained oiily independent yields, no uncertainties, and it
covered only six fissionable nuclides for ten yield sets. The turit;nt
evaluations include independent yields prior to delayed neutron emission and
cumulative yields along each mass chain subsquent to delayed emission along
with the uncoirrelated uncertaintites in each quantity.

Table I lists the fissionable uuclides and yield sets included in
ENDF/B-IV, -V, and the preliminary evaluations for ENDF/B-VI. Table II
briefly summarizes the characteristics of each version.

III. COMMENTS ON THE GENERAL EVALUATION

For each yield set the mass chain yields are evaluated in increasing
order. Each chain consists of nine elements plus significant branchings to
first isomeric states and to delayed neutron emitters (treated as isomeric
states). There are up to 12 nuclides per mass chain for mass numbers 66
through 172, or over 1100 nuclides in each yield set. The delayed neutron
emitters couple the mass chains, hence the evaluation procedure must account
for the loss and/or gain from such couplings; this is accomplished in part
during the evaluation of each mass chain and in part by specified iterations
during the evaluation of each yield set. The nuclide yields are inverse
variance weighted; but, before this is accomplished, several complications
are considered:

(a) Most yields have been measured subsequent to delayed neutron
emission, but many are now measured prior to emission. The different
types are keyed in the data set.

(b) Chain yields generally have a smaller uncertainty than independent
yields, yet the recommended uncertainties must be consistent (see Sec.
V).
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(c) Some measured yields are relative to other fission nuclides and
even products from other fissioning nuclides; these must be converted
to absolute yields and some must be updated to new reference values.

(d) Some yield uncertainties receive special treatment numbers (see
Ref.[2]) that modify the originally quoted uncertainty.

(e) Some yields are clearly discrepant and are rejected based on
statistical criteria (e.g., the Dixon Range Test).

(f) Yields and uncertainties are required for all nuclides, yet very
few independent yields have been measured. The distribution of the
chain yields is based on the models discussed in Sec. IV, but these are
given large uncertainties and have little effect on their weighting
with measured values.

These comments are intended to provide the reader with an idea of the
jmplexity of considerations used in the evaluations, but a complete list of

these and special treatment flags (listed in Ref. [2]) is too extensive for
this paper. We do provide more detail on the evaluation procedure in Sec.
V. Reference [5] presents some additional insight.

IV. DISTRIBUTION MODELING

Relatively few independent yields have been measured. They are being
used where they exist.. Otherwise we use a modification of the "Zp" model,
which is a phenomenological Gaussian distribution about a most probable
charge per mass chain (see work by A. C. Wahl in Ref. [6]). The original
model is illustrated in Fig. 1. In particular, the basic distribution is
given by Eq, (1) where Zp is the most probable charge per mass chain and a
the Gaussian width:

P(Z,A) = \rr exp[- iZ'Z^ ] (1)
* 2ff

[All results in this presentation assumed that a was a constant 0.56 and
used Zp values based on Ref. [7]. As noted in the next section, the Zp's
are modified and a will be modified for the final evaluation for ENDF/B-VI,
including any dependence on the chain mass.]

Usijig Eq. (1), the fractional independent and cumulative yields (ignor-
ing pairing effects) are computed using Eqs. (2) and (3), respectively:

FIY'(Z,A) = / P(A,Z)dZ (2)
Z-%
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z+%
FCY(Z,A) = J P(A,Z)dZ (3)

These distributions must be modified to account for proton and neutron
pairing effects and isomeric states. In particular we use

FIY(Z.A) = FIY'(Z,A)(1 ± X)(l ± Y)/NORM , (4)

where X and Y are the Z and N pairing and NORM is the factor necessary to
renormalize the mass chain distribution to unity. The "+" sign is used for
products having an even Z or N and the "-" sign for odd Z or N. That is,
there are four products possible. The particular factors X,Y used for this
paper are listed in Table III and are based on the earlier parameter evalua-
tion at Los Alamos [Ref. 8]. These require an updating using the more
extensive independent yield measurements that have since become available.
The large Z pairing for 2 3 8U is now known to be too large, as will be dis-
cussed in a later section.

We have also developed and used a spin-and-energy-dependent model for
isomeric state distributions Ref. [9]. The model requires an estimate of
the total angular momentum, J , of the fragment and a statistical model is
used for this. The details or the isomeric state model are readily avail-
able in Ref. [9]. Measurements of isomeric vs ground state yields made
since the publication of Ref. [9] have shown remarkably good and bad agree-
ment with the model; however, most of the cases in which agreement was poor
had very questionable spin assignments or spurious identification of the
ground vs. isomeric state assignments. In many cases, no estimates of the
spins were available and the independent yields are assumed to split equally
between the states.

Although we have no plans to further modify the basic distribution
models (only the parameters), the reader should be aware that a similar
Gaussian model based on element yields (the "Ap" model) is being developed
[10] (see also Blachot, this conference). It is possible that the Ap model
is more accurate, especially for users intending to rely only on calculated
distributions. For ENDF/B-VI, we will retain the use of the Zp model, along
with improvements in its parameters, because of the extensive existing
coding that permits us to include measured distributions and mass chain
yields with the model values.

V. SPECIFIC TREATMENT FOR RECOMMENDED YIELDS AND UNCERTAINTIES

Because there have been some comments to the effect that our assignment
of uncertainties is generally too small, the following summary of the method
used for recommended yields and uncertaintites is provided in more detail
than we would normally prefer for this review paper. However, this summary
is still incomplete in that many yields receive special consideration before
incorporation into the basic files and also special treatment flags in the
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evaluation codes [2]. As is se<*n in Sec. VI, the integral calculations show
larger uncertainties than would be suggested by the comparisons with meas-
ured integral quantities. The suggestion that our resulting uncertainties
are too small is probably based on the small uncertainties for some fre-
quently measured mass chain yields. As evidenced in Sec. VII, some of these
are less than 1%; this is a natural result of the weighting of many measure-
ments. We do treat all uncertainty values as independent and uncorrelated.
The integral calculations clearly indicate that, on the average, the uncer-
tainties are either too large or there are large negative correlations.
Suggestions have been made that the recommended uncertainty should never be
permitted to be less than 1%. However, we prefer to retain the methods
described below and leave the option of utilizing this suggestion and its
defense to the discretion of the user.

A. Merging Model Distributions with Experimental Values

The model independent yields are normalized so that their sum equals
the chain yield. large (100%) errors are initially given to the model
yields. These model yields are merged statistically with weighted averages
of measured yields. One set of cumulative yields is calculated by adding
independent yields starting with the initial nuclide and ending with the
chain yield. A second set of cumulative yields is calculated by starting
with the chain yields and substracting independent yields ending with the
initial nuclide. These two sets are averaged using reciprocal variance
weighting. The first set dominates the initial nuclide yield averages. The
second set dominates the final chain member yield averages because of the
small errors caused by the constraint imposed at 0% and 100% of the chain
yield, respectively. This technique and resulting error analysis is essen-
tially that recommended by B. I. Spinrad [11]. Spinrad and Wu [12] have
developed a general correlation for independent fission-product-yield uncer-
tainties. Measurements of independent fission-product yields from thermal-
neutron fission of 2 3 5U, 2 3 9Pu, 2 3 3U, and 2 4 1Pu were compared with expected
yields from the semiempirical model in our evaluation. A general correla-
tion between the experimental to theoretical ratio and the distance of the
nuclide from Zp was constructed based on measured distributions from 2 3 5U,
2 3 9Pu, 2 3 3U, 2 4 1Pu fission. This correlation serves as a basis for assign-
ing uncertainties to theoretical yield estimates. The correlation is

Abs (£i.(YT(I)/YE(I)) = 0.143 + 0.108 (Z(I) - Zp) 2, (4)

where YT and YE are theoretical and experimental fractional independent
yields of nuclide (I), Z is the charge of nuclide (I), and Zp is the most
probable charge for the mass chain.

B. Treatment of Experimental Uncertainties and Yields

The original values reported in the literature have been tabulated in
the master files along with the reference value (if any) against which they
were determined. An updated value was then calculated by using the most-
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current recommended value for the fission yield of the reference nuclide
from our files. All the updated values were adjusted by a small adder to
ensure that the chain yields about each mass peak would total 100% except
for the small difference between iterations. To determine this adder, the
variance of the sum is obtained by summing the variances of each chain
yield. Any difference from 100% is apportioned to each chain yield in the
proportion its variance bears to the total variance. That is, to a chain
yield whose variance contributes 10% to the total variance is added 10% of
the total difference from 100%. This method results in a negligible adjust-
ment to accurately determined absolute yields and ensures the adjustment is
made mainly in the lesser known yields. Yet these lesser known values are
adjusted by only a fraction of their standard deviation or well within their
experimental uncertainty.

The relative standard deviation reported in the literature was not
allowed to be better than (smaller than) 0.5% for mass spectrometric or 5%
for GE(Li)-era radiochemical and other special measurements made since 1965;
10% for sodium-iodide-era measurements between 1955 and 1965; and 20% for
Geiger-counter~era measurements before 1955. Estimates are generally no
better than 10% and are defaulted at 30%. If separate plus- and minus-
errors were reported, the smaller value plus two-thirds the difference was
used. If no uncertainty was reported in the literature, it was assumed to
be three times the lower limit. For relative values, the resultant uncer-
tainty was combined statistically with the uncertainty in the recommended
yield of the reference nuclide from the previous iteration to give an error
of the updated value. For absolute values, a 2% upper limit of conceivable
systematic error was combined with the reported random uncertainty.

Average experimental independent yields and experimental cumulative
yields were determined for each nuclide. The individual values in the
average were weighted by the inverse square of the relative standard devia-
tion. If more than the above standardized treatment is required, a special
treatment number has been assigned so that these various cases can be indi-
vidually treated. A detailed description of the special treatment numbers
are given in Ref. [2J.

C. Constraints Used in the Evaluation

There are several integral conservations or constraints one could use
in the evaluation procedure as has been done, for example, by Crouch [1].
However, we prefer to use these as a test of the general quality of the var-
ious yield sets, as discussed in the Sec. VI. We do impose essentially two
constraints during the evaluation iterations. The yields about each mass
peak are normalized to 100% except for small variations that occur during
the final iteration, and the independent yield weighted charge of of pro-
ducts is forced to sum to the fission nuclide charge (minus the small ter-
nary fission charge) by adjusting the model Zp value within its ±0.1 charge
unit uncertainty, if necessary. The midpoint mass value used for separating
the two peaks is not critical because of the small yields uo-ar symmetric
fission. We use the nearest integral mass value to the quantity

Amid S <Af + l ~
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where v = the total delayed neutron yield or some assumed value if it
is unknown,

A_ = the mass number of the fissioning nuclide.

For spontaneous fission, the added unity is, of course, not used.
The final ENDF/B yields are normalized to 200%; this is required by the

ENDF procedure and the change is insignificant.
While it is not imposed as an integral constraint, we do attempt to

account for the coupling of mass chains due to delayed neutron emission (for
~ 102 nuclides in the current evaluation), as noted previously, for the
cumulative yields. This is necessary because the ENDF yields require in-
dependent values before delayed neutron emission and cumulative values after
emission.

D. Energy Definitions

Yields do depend on the neutron fission energy. Future evaluations,
especially of mass chain yields for fast reactors, may require either in-
formation of the dependence for some important nuclides used, e.g., on burn-
up monitors, or on the use of two or more pools of fast-yield data. At a
Los Alamos CSEWG meeting in December 1982, W. Maeck questioned the ENDF/B-V
evaluation based on comparison of the energy dependence implied by our
evaluated yields labt thermal and fast with his chain yield measurements
in two or more fast spectra (see Maeck's review of this conference). It is
both quite possible and probable that evaluated theraial-to-fast ratios based
on several experiments will not show the same energey dependence as the more
limited data from a single measurer made in different fast spectra. Such
measurements could be useful in specifying the energy dependence for the few
nuclides where it is available, but otherwise evaluations cannot ignore the
mean cumulative yield values based on the results from several experiments.
That is, the data produced by a single measurer is more likely to be correct
in the qualitative behavior of yields vs energy than in the absolute fission
yield. In any case, energy dependence is one area in which evaluations
could be expanded and improved. To date, we use only four general designa-
tions for energy: thermal-, fast-, high- (~ 14.7 MeV) and spontaneous.
These are denoted in the tables following this section by T, F, H, S, respec-
tively.

A fission-neutron spectrum is defined as one giving a CD-I15 ground
state R-value of 2.80 for 235U fission, using 99Mo as a reference nuclide.
As an expedient, yields measured in the core of a fast reactor and selected
yields measured in monoenergetic neutron energies between 0.5 and 2.0 MeV
have been pooled with fission-neutron spectrum yields. The definitions of
thermal- and high-energy neutrons in practice are fairly consistent. Ther-
mal neutrons are obtained from a reactor and are assumed to have been mod-
erated to thermal equilibirum. The high-energy neutrons are obtained from
the 3H(D,N)4He Reaction. The actual energies quoted vary from 14 to 15 MeV
with 14.7 MeV being the most frequently listed mean value. The ENDF/B
format requires an assigned energy for each yield set. For fast yields,
this has been listed as 0.5 MeV in Version IV and V. This value is obvious-
ly arbitrary because some nuclides have a higher threshold energy for fis-
sion.



E. Final Recommended Yield Procedure

The weighted average experimental independent yields, the weighted
average experimental cumulative yields, and the calculated cumulative yields
were combined statistically to form a single, self-consistent recommended
value. The following is a summary of the procedure used to obtain the
recommended values.

The calculated charge distribution was essentially used only when no
data were available and even then was normalized to the nearest experi-
mentally determined yields to ensure that the experimental and recommended
values will closely agree. A large uncertainty was assumed for the calcu-
lated yields to ensure that any respectable experimental data would domi-
nate. The contributions of all precursors were added. The total precursor
contribution was then subtracted from the experimental cumulative yield,
when available, or the normalized calculated yield, to obtain an independent
yield. (Note: independent yields so obtained that are less than 0.1% are
given no weight and negative values are discarded.) This independent yield
was then averaged with the experimental independent yield, if available, or
the calculated independent yield and stored for later use. A cumulative
yield was then obtained by adding the precursor contribution to the indepen-
dent yield previously obtained. This cumulative yield was averaged with the
experimental cumulative yields, if available, or the calculated yield to
obtain a cumulative yield that was then stored as input for the next member
of the chain. After this procedure has been performed for all members of
the chain, the mass chain yield was obtained by adding the stored cumulative
yields of all stable nuclides. The stored independent yields were then
normalized so that their total equals the chain yield (after adjustment for
delayed neutron emission). The recommended cumulative yields were obtained
by adding the independent yields of all precursors to the independent yield
of the nuclide. The total of the chain yields about each peak was then
obtained. The difference between 100% and this total was distributed among
the chain yields in proportion to theii: variances. This method ensures the
reported chain yields about each peak will total nearly 100%. This proce-
dure preserves the independent yield significance of the differences among
the recommended yields and it allows unstable nuclides to affect the chain
yields if independent yields have been measured or if the calculated charge
distribution indicates the yield of the nuclide is very near the chain
yield.

VI. TESTS

Tabular data in this section are listed in the order of evaluation of
each set. This order roughly corresponds to the amount and/or quality of
the yields for each fissioning nuclide and incident neutron energy.

A. Code and Master File Verifications at Los Alamos

As previously noted, all input files required some reconstruction due
to a missing column on the magnetic tapes received at Los Alamos. All
FORTRAN BO-loops had to be altered in the primary evaluation routines and
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some system dependent routines had to be rewritten. In addition we incor-
porated 196 new data in the basic files, corrected several input data er-
rors, and eliminated some duplicate data due to multiple publications.
Therefore, we had to do some extensive testing to verify the resulting files
and codes.

One test was simply to plot the resulting mass chain yields, giving the
familiar double-peaked shape, as in Fig. 2. A more useful test was to
compare the 20 sets common to ENDF/B-V, as in Fig. 3. Here the uncertainty
values are from the current evaluation. Exact agreement is not expected
because of additions in the basic data following the release of ENDF/B-V.
The primary utility of such familiar plots is to discover gross errors in
the evaluations; for this reason, we examined the plots of all 50 yield
sets. Otherwise, we compared the yields for some specific nuclides that we
expected would remain nearly constant due to small uncertainties in measured
data. In addition, one routine in the code compares measured values for
gross errors, lack of a normal distribution, etc.

We are now satisfied that the codes and data files are correctly operat-
ing on the Los Alamos computers using only standard FORTRAN-V (not -IV)
routines.

B. Average Charge

Table IV lists the average charge, computed from the independent
yields, and its deviation from the fission nuclide charge. Except for the
small component lost due to ternary fission, and the small deviation due to
a finite number of interations in the evaluation, the deviations should be
zero. Z in the table was computed from:

ave *

Zave = I YI(z>A)iZi» (6)

where YI(Z,A). = independent yield of nuclide i,

and Z. = charge of nuclide i.

Clearly this simple check of each evaluation is satisfactory. The most
interesting feature in this table is that the largest deviation, 0.06%,
occurs for 235U(T), the set having the largest number of measured input
yields. Prior to adding the Lohengrin independent yield measurements, a
closer charge balance could be achieved, but we expect the final evaluation
for ENDF/B-VI to show a closer balance.

C. Delayed Neutrons

Other reviews at this conference will be discussing delayed neutron
calculations. However, we have been using evaluated emission probabilities,
P , and yields as one important test of the quality of the fission yields,
as in Ref. [13]. The calculation is simply made with

).Pni, (7)
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where YC(Z,A). = cumulative yield of each precursor,

and Pn. = total neutron emission probability following precursor
decay.

This test is particularly sensitive to the pairing values used in the
model distributions (Table III). As noted in Ref. [13], more than 90% of
the delayed neutrons come from the decay of odd-Z precursors. Accordingly,
if the Z-pairing is too large, the computed V, will be too small. This was
long suspected to be the case with 2 3 8U because our energy-dependent model,
Ref. [8,9], used an incident neutron energy too close to the fission thresh-
old. The result was a 33% pairing effect. Recent results reported by Blachot
(this conference) indicate that the pairing is essentially constant for a
given fissionable element and incident neutron energy. When we use 15%, the
same value used for Z 3 5U(F), the result for 238U(F) is 4.04 ± 0.4 in agree-
ment with the ENDF/B-V evaluation within the computed uncertainty.

All calculations using the pairing in Table III, our recent Pn evalua-
tions Ref. [3], and the current yield evaluations are listed in Table V,
along with the ENDF/B-V aggregate evaluations. The listed computed uncer-
tainty includes that from both the Pn values and yields, and these individ-
ual components are roughly equal for many yield sets. For 17 of the 50
sets, the Pn uncertainty is dominant (this includes the thermal and fast
yields of the major fissioning nuclides, 2 3 5U, 2 3 3U, 2 3 8U, 2 3 9Pu, and
2 4 1 P u ) .

D. Total Neutrons Released Per Fission

It is possible to compute the number of prompt neutrons per fission
from

V = Nf + 1 - 1 YI(A,Z) H , (8)
e i

where N = the number of neutrons in the fissioning nuclide (the unity
is replaced by zero for spontaneous fission).

N. = the number of neutrons in the directly yielded fission pro-
1 duct.

Assuming the nuclear charge is conserved, the N can be replaced by Af, the
total number of prompt neutrons can be computed from

V = A + 1 - lYOKA)^ - vd (9)
F i

and the total number of neutrons from

vfc = v + vd , (10)
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where YCH(A) = the mass chain yield

and A. = the mass number of the chain.

Again, this assumes charge is conserved, otherwise it can be corrected using
the_results from Table IV. Using Eqs. (9) and (10), the uncorrected values
of \) and comparisons with the aggregate evaluations in ENDF/B-V are listed
in Table VI. (Correcting the 235U thermal value for lack of charge balance
gives vfc = 2.60 ± 0.29).

Apart from the generally good agreement, one should note the large
uncertainty. This is entirely due to yield uncertainties and, of course, is
actually the uncertainty in the weighted mass number wherein the yield un-
certainties are treated as independent and uncorrelated in the expression

AN H Ay•t = (I (N.AYCH(A)i)
1/2 , (11)

where A denotes one o in each quantity and the small contribution to the
uncertainty in v from delayed neutrons has been ignored.

Recalling the discussion of uncertainty in Sec. V, and particularly the
concern that uncertainties are too small in our evaluation, the large uncer-
tainty here, we think, clearly shows that yield uncertainties are not gener-
ally small. In fact, had we used the independent yields and.uncertainties,
AN would be even larger for most of the fissioning systems. , The results in
Table VI were unexpected: the large uncertainties compared to the relatively
good agreement of calculated and evaluated V values indicates that our
uncertainties are either generally too large or that there are significant
negative correlations, as noted in Sec. V.

233U measurements at the University of Illinois (HIAWATHA) demonstrated
that, with few exceptions (those near closed shells), our earlier evalua-
tions were in good agreement with measurements and it was concluded that our
uncertainties were generally too large [14]. (The above measurements were
not incorporated into the earlier evaluations, but are now part of the basic
data files.)

As previously stated, there are some small uncertainties in mass chain
yields for frequently measured nuclides. The simple unweighted average of
all uncertainties for cumulative yields ^ 1% and g 1% are listed in Table
VII.

E. Pairing Effects

A simple plot of elemental yields vs the Z value should show the pair-
ing diminishing with neutron fission energy. Figure 4 and similar plots for
all other cases having a non-zero pairing listed in Table III clearly show
this effect.

F. Other Integral Tests

All yields summed to 200% within ± 0.5%. For the integral calculations
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ENDF/B FISSION-PRODUCT YIELD SETS a

uclide

227 T h

229Th
232 T h

231pa2 3 2 u
233TJ
2 3 4U
235U
236TJ2 3 7 u
238TJ
237Np
2 3 8Np
238pu

239pu

240pu

241pu

Neutron Rnprov

Thermal Fast

6
6

456

456

456

4L>3

456
6
6

56
6

456
56

6
456

56
6
6

456
56
56

14 MeV Spon.

56

56
6

456
6

456 6
6

56
6

Neutron Energy

Nuclide Thermal Fhst 14 MeV Spon.

2 4 2 Pu
2 4 1Am

2 4 3Am
2 4 2Cm
2 4 4Cm
2 4 5Cm
2 4 8Cm
249C f

250C f

251 C f
252Cf
2 5 3Es
2 5 4Es
2 5 4Fhi
2 5 5Fhi
256Frn

6
6

6

6

6

6

6

56
6

6
6

6

6

6

56
6

6

6



in this section, all sets were first normalized to 200%, as they would be
for final ENDF/B files.

Fission product yields are generally a direct multiplier in the estima-
tion of the content of any product, unlike, for example, their cross sec-
tions; therefore, there are many possible tests.

A very sensitive test would be a calculation of the total energy re-
lease per fission. This can be done using the mass of each fission product,
and it was done for the 20 sets in ENDF/B-V where we found remarkably good
agreement with measured values (generally within 5-15%, depending on the
yield set). This test is very sensitive because a mass loss of only ~ 0.2
mass units would Recount for the ~ 200 MeV/fission. Even the calculated
uncertainties in v all exceed this. Due to the demands of time, we have
not calculated the energy loss for the current evaluation as we did for
ENDF/B-V, but our intention is to do so later; we suggest that other evalu-
ators or measurers perform this test.

The early impetus for new yield evaluations was generated primarily by
the need for decay heat calculations following a loss of flow or cooling in
nuclear reactors, and for the beta and gamma spectra of fission products.
These important quantitites, as well as the buildup of neutron absorption
with depletion of fuels, depend on other quantities and have not been cal-
culated for the current evaluation. Results for ENDF/B-V, and -IV are
available in Refs. [15] and [16], and similar calculations will be presented
in other reviews at the conference.

VII. CHAIN YIELDS

Individual nuclide yields, both independent and cumulative, are in-
cluded in the ENDF/B files but not the mass chain yields. Table VIII lists
the mass yields and uncertainties for ten yield sets from the current evalu-
ation. These are not the final values we anticipate having for the final
evaluations for ENDF/B-IV, but changes in the chain yields should be less
than those in the cumulative and independent yields. In Fig. 5, the ratios
of 238U(F) and 239Pu(F) chain yields to 23SU(F) values are plotted. This
type of plot is more informative than the usual log-linear plots.

VIII. CONCLUSION

We have described the current evaluation for 50 yield sets, including
the methods used and the results of various integral tests. No yield evalu-
ation can be regarded as final and this one is no exception. In fact, we
are well aware of the impossioility of generating a set of yields that even
temporarily will satisfy all users and measurers. However, we are also
aware of the continuing need for a reference data set and the general accep-
tance and wide usage of the yields in this series.
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TABLE I

ENDF/B Fission-Product Yield Sets*

Neutron Energy

Nuclide Thermal Fast 14 MeV Spon.

237Th
*29Th
232 T h

237N

238Np
2 3 8Pll

6
6

333U 456
234 l F
23SU 456
8 3 f l U

2t0pu

456

456

456
6
6

5b
6

456
56

6
456

56
6
6

45G
56
56

56

56
6

456
6

456
6

56
6

6

Nuclide

2 4 2Pu
2 4 IAm
242KA m

2 4 3Am
242Cm
244Cm
245Cm
248Cm
249Cf
250Cf
251Cf
252Cf
253Es
264Es
254Fhi
255Ffti
2 5 6Pta

Neutron Energy

Thermal Fast 14

6
6

6

6

6

6

6

56
6

6
6

MeV Spon

•C
O

6

6

6

56
6

6

6

The numbers 4, 5, and 6 refer to ENDF/B Versions IV, V, and preliminary VI.
ENDF/B-IV contains only independent yields and does not include uncertain-
ties.
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QUANTITY

YEAR
FISSIONABLE NUCS
NO. OF YIELD SETS
ISOMER RATIO EST.
PAIRING
DELAYED NEUTRON
CHARGE BALANCE
TERNARY FISSION
INDEP. YIELDS"
CUMULATIVE YIELDS
UNCERTAINTIES
NO. OF REFERENCES
NO. OF YIELDS

Summary

ENDF/B-IV

1974
6
10

50/50
NO
NO
NO
NO
YES
NO
NO

956
11000

TABLE II

of ENDF Evaluations3

ENDF/B-V

1978
11
20
YES
YES
YES
YES
YES
YES
YES
YES
1119

44000

PRELIM.
ENDF/B-VI

1963
34
50

YES
YES
YES
YES
YES
YES
YES
YES
1274

110000

ENDF/B yields through ENDF/B-V have been based on compilations by B. F.
Rider at G.E. and modified at Los Alamos to extend the chains. G.E. com-
pilations are NEDO-12154-1 (1974), -12154-2E (1978), -12154-3B (1980), and
12154-3C (1981). Current results are based on corrections and some added
experimental data to the 1981 compilation.

Beginning with ENDF/B-V, delayed neutron branching fractions have been in-
corporated into evaluations. Independent yields apply before delayed neu-
tron emission and cumulative yields apply after emission.
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Total

TABLE VI

Neutron Comparisons

NUCLIDE CALCULATED

assy
23SU
2 3 5JJ
a38U
a38U
a39Pu
a39Pu
a4lPu
Z3 3JJ
2 3 2 T h

a a 3 ua 3 3y
a38U
a39Pu
a40Pu
a41Pu
a4apua32Th
237Np
Z5Zcfa34U
23 7 U

a40Pu
834U
23«ua38Pu
241Am
243Am
238Np
8 4 3OTI
827Th
"'Th
a 3 1 p a
2 4 1Am2 4 1Am4211 Am2 4 SQn
249Cf
2 5 1 C f

2S4Es
250Cf

244Qn
248Qn
*s3Es254Fln (S255Fln IT
29eFhi S
837Np H
«'*U T
238U S

T 2.66+/~
F 2.45+/-
H 4.37+/-
F 2.99+/-
H 4.48+/-

2.91+/-
2.90+/-
2.95+/-
2.52+/-
2.36+/-
2.50+/-
3.58+/-
2.81+/-
4.63+/-
'3.20+/-
2.98+/-
3.53+/-
3.91+/-
2.76+/-
4.05+/-
2.72+/-
2.71+/-
4.62+/-
4.18+/-
4.24+/-
2.01+/-
2.98+/-
4.02+/-
2.29+/-
3.60+/-
1.39+/-
2.45+/-
2.47+/-
2.76+/-
4.46+/-
2.92+/-
3.37+/-
4.17+/-
3.64+/-
3.92+/-
3.30+/-
2.22+/-
3.80+/-
4.38+/-
4.23+/-
3.15+/-
4.43+/-
3.38+/-
2.94+/-
1 • 7.2+/-

0.29
0.34
1.87
0.64
1.68
0.84
0.62
1.10
1.06
1.60
0.64
3.31
3.35
2.57
2.49
1.31
3.68
1.67
0.95
2.04
4.30
5.64
4.05
4.86
4.64
5.99
4.61
6.07
5.98
6.33
5.22
2.23
4.72
3.36
3.90
4.62
2.94
4.04
5.02
4.72
4.15
3.60
4.38
5.08
5.04
5.48
5.54-
4 85
4.84
Z 57

(Version E Yields)

ENDF/B-V EVAL

2.44
2.48
4.40
2.47
4.43
2.89
2.95
2.96
2.50
2.02
2.51
4.27
2.38
4.92
2.88
2.96
2.89
3.94
2.77

2.42
2.50
4.93
4.24
4.15
2.97
3.17
3.36
2.86
3.53

2.34
3.09
5.33
3.26
3.83
4.06
4.14

4.74
3.13
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TABLE VII

Mean Value of Uncertainty in Cumulative Yields

2 35y
2 3 Sy
a 3 5U
a 3 8U
2 3 By
2 3 8 p u

2 3 B p u

2 4 l p u

233JJ
2 3 2 T h

2 3 3TJ
2 3 3 M

2 3 6y
2 3 0 p| *
2 3 Op||
2 4 l p u

2 4 2 P u
2 3 2 T h

237Np
2 S 2pf

234JJ
237U
2 4 0 p u

Z34U
Z38U
2 3 6 p|*
241Am
243An
Z38Np
24ZQn
227Th
Z29Th
23 'Pa
Z 4 lAm
24 'Am
2 4 2Am
- * On
249Cf
251QJ
2 5 4 TJ*e

Cf
244Qn
248Qn (S
2 ft 3 p _ Q

i!54Fhi (S
2S5Fm (T

Fm (S
2 3 7 N p I,H
a38U (T

YC > 1
MEAN a

T 5.21
F 8.00
H 12.92
F 7.73
H 10.09
T 7.96
F 9.10
T 9.66
T 11.99
F) 11.38
F) 10.48
H 16.15
F 13.56
H 14.67
F 13.87
F 12.08
F 17.07
i 13.39
f 11.20
3) 11.21
?) 17.68

19.12
i 15.23
1 2C.93
i 20.37

20.34
16 "2
20.63
19.98
20.57
18.09
12.41
15.55
13.48
15.89
15.97
12.79
14.96
17.08
18.18
14.84
16.14
15.67
17.68
17.16
19.44

) 19.29
i 20.43
| 17.18

238U (S) 14.72

.0%
# NUC
190
196
242
220
252
193
198
208
172
186
180
231
205
231
201
212
224
275
203
209
193
219
240
244
255
198
195
197
214
172
164
150
170
186
235
200
217
208
215
244
193
181
213
197
160
224
204
245
163
195

YC <
MEAN a
44.22
49.81
51.64
48.26
49.21
49.27
52.21
49.84
50.90
47.98
53.41
55.10
53.80
54.83
52.65
52.18
54.30
49.19
51.33
51.10
55.44
53.69
54.32
56.13
54.25
55.87
55.02
55.72
54.24
57.18
54.41
49.52
54.19
53.60
55.75
53.77
53.67
54.42
54.25
54.55
55.23
54.30
54.12
55.66
56.34
56.01
56.38
56.63
56.37
51.43

1.0%
§ NUC
818
820
816
775
776
854
856
824
854
807
858
841
815
845
845
825
802
756
832
839
851
789
832
825
798
852
863
849
814
901
830
835
879
856
850
849
833
855
841
789
884
885
822
885
898
847
873
820
918
759
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Fig. 1. Schematic of yield distribution model.
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Fig. 9. Schematic sketch of the fission-fragment recoil mass
spectrometer HIAWATHA at the Illinois Advanced TRIGA reactor
(from [77 Dilorio]).
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ABSTRACT

The main c h a r a c t e r i s t i c s of the mass and charge d i s t r i b u t i o n s f o r thermal

neutron-induced f i s s i o n of ac t in ides are reviewed. We show that these

d i s t r i b u t i o n s can be reasonably reproduced with only "24 data as input. We

use a representation where the element y i e l d s together with the most probable

mass Ap(Z) play the dominant ro le . The a b i l i t y of t h i s model t o c a l c u l a t e

mass y i e l d s for the f i s s i o n of not yet measured a c t i n i d e s i s a l s o shown..

The inf luence of the e x c i t a t i o n energy of the f i s s i l e system on charge

and mass d i s t r i b u t i o n i s a l so d i scussed .

INTRODUCTION

The d i s t r i b u t i o n s of charge and mass are probably the most important

c h a r a c t e r i s t i c s of the f i s s i o n process . Although a large amount of

experimental data [ l t 2 j on these d i s t r i b u t i o n s in f i s s i o n has been a v a i l a b l e ,

no s u i t a b l e theory yet e x i s t s , which expla ins a l l t h e observations so some

empirical models have been developed and l a r g e l y used up to now.
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The description of these two models: The Z_ model, and the A model wi l l

be given and compared to recent and almost complete experimental results.

The f i r s t and most important part of the paper wil l deal with thermal

neutron-induced f iss ion. The influence of the increasing neutron energy will

be discussed in the second part.

MASS YIELDS

It has been known a long time that the mean mass of the heavy group

remains almost constant as function of the masses of the fissioning nucleus.

The mean mass'of the light group increases continuously with the mass of the

fissioning nucleus as can be seen in Figure 1.

These observations are well explained by the strong influence of the

shell effects in the nascent fragments [13]. This shell effect plays also an

important role on the evaporated neutrons; in particular it explains the saw-

tooth function cf VT and VJJ.

INDEPENDENT YIELDS

The charge distributions for all mass chains are necessary to complete

the task of determining chain mass (A) distributions. The great number of

nuclear species involved makes the experimental task difficult, almost

impossible. However, for problems like decay power or reactivity studies, the

complete information on independent yields is required. In consequence after

a review of the existing experimental data, the approaches used to obtain a

complete set of independent yields will be discussed.

- 66 -



EXPERIMENTAL VALUES

The case of the thermal neutron induced fission of 2 ^ U illustrates the

difficulties encountered in determining independent yields; although more

yield data are available for this isotope than for any other fissile systems,

the data are not complete, especially in the heavy group of fission

products. In the following, we will restrict ourselves to the cases of the

three best known charge distributions: 235U (nth,f),
 233U (nth,f) and

Pu(ntL,f). Data concerning these three isotopes are gathered in recent

compilations [l,2] with their respective references. Data from the early days

come essentially from radiocheraical measurements and for some elements like

alkali or rare gases [3,4], from isotopic separation techniques. The use of

high resolution fission fragment spectrometers has added a new powerful

technique for the measurement of independent yields. Spectrometers like

HIAWATHA [5] or LOHENGRIN [6] separate the fission products according to their

mass using strong electric and magnetic fields (Lohengrin) or by time-of-

flight measurement of the velocity (Hiawatha). The separation according to

the nuclear charge is obtained by measuring the fission product energy loss in

a homogeneous plastic or gaseous absorber.

Recently, the Lohengrin spectrometer has been equipped to work with

transuranium actinides. The charge distribution in the light group of fission

products has been measured for 233U [7] and for 23^Pu [8J. We present In

Figures 2 and 3 these two charge distributions. For 233U, the Z numbers range

from Z-33 to Z-42 and the mass number A between A»80 and a-106. For ,

the corresponding values are 35<Z<43 and 85<A<109. The meaning of the

continuous curves which are drawn through the data points will be discussed

later. These data correspond to yields summed over the ionic charge q and

over the kinetic energy Ek. Therefore, they are directly comparable to the

values obtained by radiochemical ways.
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CHARACTERISTICS OF THE CHARGE DISTRIBUTIONS

In practice, it is generally observed that the charge distribution within

a particular mass chain follows a Gaussian distribution characterized by its

most probable charge Z_(A) and a width parameter oz(A)[9]. Using this

dependence, the independent yield of a given nuclear species can be

represente'd by the expression:

EOF(Z.N) YT(A)

YT(A) being the chain yield for .he mass number A and EOF(Z,N) a factor which

takes into account the parity of Z and N numbers.

AVERAGE OR MOST PROBABLE CHARGE

The resulting dependence of the most probable charge Zp on mass number A

is usually presented in such a way as to exhibit the displacement of Z_ from

the charge calculated assuming an equal charge to mass ratio for both the

fragments and the fissioning nucleus (UCD hypothesis).

Z p
U C D- (Zy/Ap) (A+v(A)) (2)

For all the fissioning systems, the deviation from this simple law is roughly

half a unit favouring the lighter fragment.
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WIDTH OF THE CHARGE DISTRIBUTION

As for the average nuclear charge, the mean value of the width parameter

o seems to be more or l e s s independent of the f i s s ion ing system (o - 0 . 6 ) .z z
This fact can be understood i f we consider that the variance of the charge

dis tr ibut ion i s only due to zero point o s c i l l a t i o n [lOJ. Figure 4 shows the

comparison of the rms widths a for the f i s s i o n of 2-"U and 'Pa.

The a values are displayed as a function of the average nuclear charge Z ofz
the corresponding isobar. The modulation which appears on the curves i s a

consequence of the proton odd-even e f fec t [ l l ] which w i l l be discussed in the

next paragraph. We can also observe that the amplitude of the o s c i l l a t i o n s i s

l e s s for plutonium than for uranium, a fact which i s e a s i l y explained by the

decrease of the odd-even e f f ec t .

PROTON EVEN-ODD EFFECT (EOZ)

The amplitude of the proton even-odd ef fect has been measured for a

l imited set of thermally f i s s ion ing nucle i . Ait can be seen from Figure 5, the

amplitude of the EOZ decreases considerably with increasing Z of the

f i s s ion ing nucleus. However, EOZ factors seem to be the same for the

different isotopes of a given element. The EOZ factor for 2 2 9 Th, 2 3 2 U , and
2^2Cf(SF) have been obtained by AE-E techniques [12 ,15] . On the other hand,

the values of EOZ which are plotted on Figure 5, are averaged over the whole

charge d isbr i tut ion for a given f i s s i l e i so tope , and i t should be noted that

the EOZ factor depends on the nuclear charge number Z of the fragments. This

fact can be explained by the interplay between s h e l l e f f e c t s and pairing

e f f ec t s which are known to be ant i -correlated.
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NEUTRON EVEN ODD EFFECT (EON)

Unlike protons , neutron number i s not preserved during the f i ss ion

process . Data concerning EON are summarized in Table I . The great s i m i l a r i t y

between the d i f fe ren t f i ss ioning systems and especia l ly the comparison between

thermal and proton-induced f i s s ion seems t o ind ica te tha t t he EON effect in

main) y due to the evaporation process. Moreover, W. Lang [10] has shown using

a Monte Carlo simulation that a possible primary EON effect i s completely

changed by the evaporation. As a consequence, the best choice for EON fac tor

would be a value which i s independent of the f iss ioning systems and equal t o

the mean value for the th ree cases mentioned above: EON = 6±2%

SETS OF ADJUSTED INDEPENDENT YIELDS

Convent ional method s:

Systematical descr ip t ions of independent y ie lds are general ly obtained by

combining the experimental data with values calculated using a Gaussian charge

d i s t r i b u t i o n function [9,16] : The Z model.

This method i s used in the two most recent compilations [ l , 2 ] and i s

described in d e t a i l in many papers. In consequence, we wi l l b r i e f l y r eca l l

t he main c h a r a c t e r i s t i c s of the method. According t o equation 1, t he

evaluation of independent yields depends on 3 parameters:

- The width parameter : a (A)
Z

- The most probable charge : Zp (A)
- The even-odd fac tor : EOF (Z,N)
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This method works reasonably well for isotopes like " 5 ^ w h e r e the

existing data are sufficiently abundant to allow a good determination of the

free parameters. However, for other fissile systems, the validity of the

predictions is limited by some problems inherent to the method. In

particular, the major weakness of this method is the need to rely on accurate

Z p values: due to the small width of the charge distribution of the Z p values

must be calculated with a precision better than 0.1 charge unit.

COMPLEMENTARY DESCRIPTION OF MASS AND CHARGE DISTRIBUTIONS

Following an idea first proposed by Wahl [16], we have developed

[12] an empirical model which is able to reproduce the data available, for

fissile isotopes ranging from thorium to californium. Thit> model is based on

the observation that the isotopic distribution of a given element can be

described by a Gaussian function:

EONYECZ,) e

EON corresponds to the residual neutron even-odd effect (6%)

o. is the rms width of the isotopic distribution

YE (Z^) is the element yield corresponding to the charge division

A (ZJ) is the mean value of the mass of fragments with charge
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The quantities A (Zj) and YE(Zj) are summarized in Table II for the three

fissile isotopes mentioned above and for the light group of fission

products. The rms width a is simply given by the relation

A = az (AF/ZF) = 1.5±0.1 amu

The excellent reproduction of the experimental data can be seen on Figures 2,

3, where the continuous lines correspond to the calculated yields without

neutron even-odd effect. However, some significant exceptions to this general

agreement are found in the mass region 99<A<103 for both the uranium and

Plutonium isotopes. This "anomalous" behavior can be explained [l3j by the

presence of a neutron shell in the deformed fragment which enhanced the yields

of isotopes with N=62-64.

The numerous advantages of such a representation are the following:

1. The element yields YE(Z) are independent of neutron evaporation

(conservation of nuclear charge). In consequence, the element yields of the

light fragment and the corresponding heavy partner are strictly equal:

YE (ZL) = YE (ZH).

2. The proton odd-even effect and his dependence on the nuclear charge

are automatically included in the element yields.

3. The mean mass value A(Z) is not affected by the proton odd-even

effect. Therefore, the A(Z) data exhibit a smooth behavior contrary to the

Z (A) values. In consequence, extrapolation of missing values or even to

other fissioning systems is greatly facilitated.
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4. Due to the fact that the total number of evaporated neutrons v(A)

does not depend very much on mass number A, the evaluation of A(ZH) values

from A(Z^) i s simply given by:

A(zL) + A(ZH) = Aj. - vT

vT is the average number of evaporated neutrons.

5. This representation can be used to calculate mass yields as well as

independent yields, provided that element yields are known. As an example, we

have calculated the set of independent yields for the thermal fission of

22%h. The A(ZL) values are deduced from Figure 6 and the YE(Z) values are

taken from reference [12] and [15]. Figure 7 shows the result of the

calculation and the comparison between our deduced mass yields and the recent

measurements of Dickens [ll]> The agreement between the data and the values

obtained by summing the calculated independent yields is generally good except

for the region around A=100.

THE A' MODEL OF A.C. WAHL

We have shown in the preceding sections that the knowledge of the

elemental yields YE(Z) and the evaluation of the mean mass parameters ^

were sufficient to describe the various distributions of mass and charge of

the light actinides as far as high yields values (>0.1%) are concerned.

However, an application of this simple method to the symmetric fission yields

or to heavier actinides is not possible for two reasons.

1. The elemental yields are not measured.

2. In these two cases the neutron evaporation increases consider-

ably. As the consequence, the A(Z^) values cannot be extrapolated.
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In a recent conference [16] A.C. Wahl has developed roughly the same

model but In a more refined version. In particular, the most probable mass of

a given element A'(Z) Is evaluated before neutron evaporation using the UCD

hypothesis:

UCD

A'(Z) - A1 + AA'(Z)
P

AA'(Z), the deviation from the UCD ratio, is fitted to the experimental

data. The knowledge of the elemental yields YE(Z) results from a least-

squares procedure where independent and mass yields are simultaneously taken

into account. As an illustration of the method, we give on Figure 8 the

reproduction of the mass yield curve for the spontaneous fission of ^^Md. A

for the other fissile isotopes, the great influence of the charge 50(Sn) is

clearly visible.

CHARGE DISTRIBUTION AT HIGHER NEUTRON ENERGY

The increase of excitation energy brought in by the incoming neutron

produces changes in the mass to charge ratio of the fission fragments.

Coryell et al [18] has proposed a method to evaluate this effect. The method

consists of using the known Z function for thermal neutron fission of 235U,

as a reference and calculating the change in Zp from changes in the compound

nucleus, and excitation energy.

Zp(X) - Zp(
235U)+AZp(X)

To account for these changes in Zp, Nethaway [19] has obtained from a least-

square analysis of the available independent and cumulative yields data,
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values for the a,b,c parameters of the following equation:

Zp - a(Zc-92) +b(Ac-236) + c(E*-6.52) (4)

Where Zc and Ac are the charge an mass number of the compound nucleus, E* is

the excitation energy in KeV. The odd-even effect has not been included in

this equation.

Figure 9 shows the independent yields for 52Te, 5 3I, 5*Xe, 55Cs, fission

products from 3-MeV neutron-induced fission of 235U [12,20]. The dotted lines

are calculated from the Z model. The Z is derived from the equation 4. The

experimental values are almost in agreement with the calculated ones.

However, yields for the even Z are higher than the calculated ones and lower

for the odd Z.

All the element yields measured by Hamelin, et al. [20] on 3-MeV

neutron-induced fission of 2 " u a r e shown on the Figure 10. Here also the

dotted lines are obtained using the Z model without EOF. The experimental

techniques used by the authors do not allow measurement of all the isotopes

for one element. (The extrapolated part is always small, <10%).

On the same figure, the element yields for the thermal neutron-induced

fission o£ 2 3 % are also given. It is evident from the figure that the

enhancement of the even Z has considerably decreased with the increase of the

neutron energy.

To represent the odd-even effect, we can define a function:

D%«100(YEexp - YE c a l c)/ YEcalc.

The YEca^c is derived from a normal Gaussian distribution with Zo calculated

by the equation.(4)
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The r e su l t s are; D% = 22 + 7 % 235U ( n t h , f )

nMeVD% = 5 + 3 % 235U (nMpU,f)

Amiel [2l] had also derived from the analysis of 1.9-MeV neutron-induced

fission a=8±4%.

It seems clear now that the decreasing magnitude of the pairing effect is

strongly correlated with increasing excitation energy of the compound system,

D.6. Madland et al. [22] have assumed the existence of a correlation

between saddle-point excitation energy Ea, and the pairing effect.

E a = (E*+En) - E 1 > o

E* = Excitation energy of the compound system due to absorption of a

zero-energy neutron

E 0 • Incident neutron energy

^i o = Inner» outer fission barrier heights in the double-humped barrier

model.

Using the values of pairing effect in thermal and 1.9-MeV neutron

fission, they have derived a formalism and parameters to calculate the pairing

effect in many systems.

MASS DISTRIBUTION FOR HIGHER ENERGY NEUTRONS

The Argonne group has published results for 232Th, 2 3 5U, 2 3 8U, 238Pu

[23,24,25,26]. They used the Argonne fast neutron generator facility.

Neutrons with energies below 5 MeV are produced by the 7Li(p,n) reaction and

neutrons of higher energy by the H(d,n) reaction. So they are able to induce

reactions with relatively monoenergetic neutrons. Some works for different

neutron energies have also been published. Better systematics are obtained

whan the data come from the same source, in particular when the variations are

very weak. So we'll restrict ourselves to these data to derive systematics in

mass distribution. About 50 fission product yields have been determinated for
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the fission of 232, 233U, 235U, 23^Pu with essentially monoenergetic neutrons

of 0.17 to 3 MeV.

The main features apparent from the mass distribution shown in Figure 11

are the strong dependence of fission yields in the valley on E n (increased

probability of near symmetric fission with increasing excitation energy) and

the weak dependence of peak yields on En- The mean mass for the light and the

heavy group are plotted in Figure 13 for the four nuclides.

The relative change in mean mass is greater for the heavy group than for

the light group for the four nuclides. The Argonne group has calculated from

conservation of mass, values of v, the average number of neutrons emitted for

fission. Their values are in general in good agreement with those evaluated

from experimental measurements by fission coincident neutron counting.

Figure 12 shows the ratio of *^Cd to ^ B a yields as a function of

excitation for the fission of 233Th, 2 3 6U, 239U, and 240Pu in the region where

only first chance fission occurs. The slope of this yield ratio is very

similar for the two uraniums and the smaller for the plutonium. The authors

have tried to derive dissipaticn energy, i.e. , the energy transformed from

collective energy into particules excitations as the fissioning nucleus moves

from its saddle to its scission configuration. This dissipation seems also

correlated to the odd-even effect.
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TABLE 1

Neutron even-odd effect as a function of the fissioning system

EON %

Reference

5.4±1.7

7

2 3 5^th

5.4±0.7

10

2 3 9^th

6.5±0.6

8

TH,U+50 MeV P

5 ± 2

14

TABLE 2

Parameters of the elemental distributions: experimental values

2 3 3 U(n t h , f )

ZL'ZH

32,60
33,59
34,58
35,57
36,56
37,55
38,54
39,53
40,52
41,51
42,50

V
80.4
82.5
84.6
86.7
89.03
91.23
93.7
95.92
98.58

100.58
102.9

YE(ZL)%

0.62
1.26
4.6
6.35

18.
13.3
19.3
11.7
14.85
5.85
3.67

U(nj.^j,f )

ZL»ZH

32,60
33,59
34,58
35,57
36,56
37,55
38,54
39,53
40,52
41,51
42,50

V

83.16
85.48
87.60
89.93
92.16
94.72
96.99
99.63

101.4
103.8

YE(ZL)%

0.9
4.1
4.9

15.1
12.0
18.8
11.9
17.8
7.1
4.4

"V<nth,f>

ZL»ZH

34,60
35,59
36,58
37,57
38,56
39,55
40,54
41,53
42,52
43,51
44,50

A L *

85.
87.25
89.55
91.9
94.25
96.8
99.3

101.6
104.0
106.0
108.0

YE(ZL)%

1.5
2.24
4.79
6.36

12.51
11.96
16.92
13.80
16.20
7.83
4.2

* The typical uncertainty on AL value is 0.1 amu
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DETERMINATION AND CORRELATION
OF FAST REACTOR FISSION YIELDS WITH

NEUTRON ENERGY

William J. Maeck
Exxon Nuclear Idaho Company

P.O. Box 2800
Idaho Falls, Idaho 83^02

ABSTRACT

The correlation of fast reactor fission yields for 235u
239f>u with neutron energy is reviewed and updated. The primary
data base for this study was mass spectrometric values for both
the relative isotopic composition anU the absolute fission yields
of the major fission products. The neutron energy index used in
the correlation study was the isotope ratio of ^-^Nd/^^Nd. The
correlation of the isotopic abundances and fission yields of the
major fission products is linear with this ratio over a wide
energy range. Good correlation of the 235u fast fission yields
with neutron energy is shown. For 239pu, the correlations show
more scatter and the need for additional 239pu fast fission yield
data is stressed. As part of of this review, the current
ENDF/B-V yield values, both thermal and fast, were compared to
the results given in this paper. Several discrepancies between
the ENDF/B-V values and those obtained in this review process are
identified. Reevaluation of several 239pu thermal and fast
yields is indicated. This effort of correlating fast yields with
energy must be continued and the energy dependancy factor con-
sidered if the compiled yields and associated uncertainties
to be meaningful.

INTRODUCTION AND HISTORY

Fission product yield data constitute one of the most impor-
tant sets of basic information in the nuclear industry. Fission
yield data are important in the measurement of nuclear fuel
burnup; safeguards; neutron dosimetry and flux measurements;
nuclear physics calculations; reactor design and operation (both
from the physics and engineering standpoint); decay heat studies;
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shielding calculation; fuel handling and reprocessing; nuclear
waste management; and environmental studies.

The needs and accuracy requirement for fission yield data as
applied to the above mentioned disciplines has been the subject
of several international meetings [1,2,3]* The most stringent
requirements for yield data have been from users involved in
burnup, fuel development, and dosimetry studies [2,3].

The measurement of fission yields is as old as the discovery
of fission itsalf. Hahn and Strassman [k] performed the first
yield measurements in their initial discovery of the fission
process. Fission yield studies in the early 19^0's established
the asymetric mode of thermal fission; however, the shape of the
mass yield curve was not well defined because of the rather large
uncertainties associated with the data. In the 1950's, the shape
of the mass yield curves for thermal fission, especially for
235u, became reasonably well defined and the existence of "fine
structure" was established. Similar data for 233u and 239pu
thermal fission became available in the early 196o's. All of
these early data were based on radiochemical measurements.

In the mid 196O's, mass spectrometric techniques for the
measurement of fission yields and fission product concentrations
were developed to meet the users requirements for new and more
accurate data. By the early 1970's, isotope dilution mass
spectrometry was widely accepted as the most accurate technique
for the measurement of stable fission products. This technique
has subsequently evolved as the standard for the measurement of
fuel burnup.

The need for accurate "fast" fission yield data also surfaced
in the early 197O's. The "fast" yield data at that, time con-
sisted of radiochemical measurements of a few selected radio-
active fission products. With the development of the fast
breeder programs, the users requirement for fast yield data
became more important and several indicated a value of ±1% as an
uncertainty requirement for fast reactor fission yields [2,3]-
Thus, it was not only necessary to produce more accurate fast
yield data; but, it also became necessary to provide a measure of
the change in fast yields as a function of neutron energy in
order to attempt to satisfy the tl% uncertaini,' requirement.

FISSION YIELD MEASUREMENTS

Fission yield data basically can be divided into two types,
relative fission yields and absolute fission yields. Depending
upon the specific application of the data, each have their
merits; however, the most fundamental needs are for absolute
data. Unfortunately, these are the most time consuming and dif-
ficult of obtain. In the following discussion, fission yields
are defined as cumulative or end-member chain yields after
delayed neutron emission.
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An absolute fission yield is defined by the following
relationship:

% FYX = _ZL_ (100) (1)

where FYX is the fission yield of a given nuclide, x; Nx is the
number of atoms of the given nuclide, x, formed; and F is the
number of fissions that occurred. In the measurement of absolute
yields, the most difficult measurement is the number of fissions.
Generally, the number of the selected fission product atoms can
be determined with smaller uncertainties.

Measurement of the Number of Fissions

At least four techniques have been used to establish the num-
ber of fission events. These are: 1) heavy element mass dif-
ference, 2) fission product summation, 3) fission counting, and
U) calculational methods. A brief description of each technique
follows. For additional details and identification of tne errors
associated with each, the reader is directed to Reference 5-

1. The number of fissions, F, based on the heavy element
mass technique is derived from the relationship

F = U° - (U + Ucp) (2)

where U° is the accurately determined number of heavy element
atoms irradiated, U is the determined number of heavy element
atoms remaining after the irradiation, and UCp is the number of
atoms of U° which has been converted to another element by a cap-
ture or decay process. This technique is potentially the most
accurate method for establishing the number of fissions, provided
that the loss of the target element is 10% or greater. For an
irradiation giving a burnup of 20%-^0%, the number of fissions
can be determined to better than 1%. A major drawback to this
method is the amount of neutron capture experience by the in-
dividual fission products at high burnup. This is especially
true for thermal neutron irradiations.

2. The summation technnique is based on the fact that the
sum of all of the fission products in one of the peaks in the
mass yield curve is equal to the number of fissions. The success
of this technique is directly dependent on the fraction of the
mass peak which is measured. In our laboratory the preferred
peak for measurement is the heavy mass peak because the elements
in this mass peak are more easily measured; and, the preferred
measurement technique for the individual fission product atoms is
isotope dilution mass spectrometry. Generally, we have measured
approximately 90% of the fission product atoms in the heavy mass
peak (isotopes of Xe, Cs, Ba, La, Ce, Nd, and Sm) with an
uncertainty on the sum of better than 1% relative. The number of
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atoms of the unmeasured isotopes is obtained by interpolation and
extrapolation. The uncertainty assigned to these values range
from 10-25% relative. This technique is capable of establishing
the number of fissions to an uncertainty of 0.8-1.8%. This
method was used to establish the bulk of the fission yield data
which is evaluated in this report.

3- Two methods have been used to measure the number of fis-
sion events directly. These involve use of fission counting
chambers and solid state track recorders (SSTR's). However,
these methods do not measure the number of fissions which have
occurred in the sample which is measured for fisnion products.
Generally, in both of these methods two target foils are used;
one is a bare thin foil from which the fission fragments escape
and are counted, and the other is a heavy target, usually wrapped
in aluminum foil to contain the fission fragments. The heavy
target is analyzed for the desired fission products. When
fission chambers are used, the number of fissions occurring in
the thin foil is counted directly and the number of fissions
occurring in the heavy target is calculated from the relative
amount of the target nuclide in each foil. This method has been
used for more of the recent fast reactor radiochemical yield
data. An excellent discussion of these techniquies and as-
sociated errors is given in Reference 6.

U. The number of fissions also can be calculated using some
measured quantity and an assumed value for a given factor, such
as a cross section or the capture-to-fission ratio, a . For
example, the number of 235u fissions can be calculated from the
measured pre- and post-irradiation isotopic composition of 235u
and an assumed value of ot for 235u. Because a varies with
neutron energy and temperature, its true value is always in ques-
tion. Other calculational methods based on neutron fluxes and
cross sections also are subject to significant uncertainties.
This is the least accurate of the various methods for estab-
lishing the number of fissions.

Measurement of the Fission Product Atoms

The oldest methods for measuring fission product concentra-
tions is based on counting of a given radioactive nuclide.
Briefly, the irradiated target is dissolved, the desired nuclide
is isolated by chemical means, and the activity of the separated
product is measured. All of the early yield data were based on
beta counting, because the gamma/disintegration values were
unknown. In some cases, especially where the activity level is
very low, beta counting is still used today.

Precise gamma ray spectrometry has minimized the need for
exhaustive chemical separations because discrete gamma rays can
be associated with a given nuclide. In some instances, no chemi-
cal separations are performed and the irradiated target is
counted directly for selected radionuclides. The preferred
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counting technique is high resolution gamma ray spectrometry.
Counting techniques are especially useful for the measurement of
short-lived nuclides, or where the number of fissions is low.

The most accurate method for the measurement of the concen-
tration of stable and long-lived nuclides is isotope dilution
mass spectrometry. In this technqiue, a known number of spike
isotope atoms, preferably of an isotope not formed in the fission
process, is added to a sample of the dissolved target and chemi-
cal identity of the spike isotope and sample is effected by
chemical means. The element is separated chemically and the
isotopic composition is measured using a mass spectrometer. The
ratio of the spike isotope peak to the other mass peaks of that
element is measured and the number of atoms of the other isotopes
is determined relative to the number of spike isotope atoms
added. A particular advantage of this technique is that quan-
titative recovery in the separation procedure is not required.
It is imperative, however, that isotopic exchange and chemical
identity be achieved.

CORRELATION OF FISSION YIELDS WITH NEUTRON ENERGY

It has long been recognized that fission yields change with
the incident energy of the fissioning neutron. The general
pattern of these changes, with increasing neutron energy, is
that: 1) the yields of the valley nuclides increase, 2) the
yields of those nuclides on the extreme wings of the mass yield
curve increase, and 3) the yields of those nuclides on the peaks
of the mass yield curve decrease so as to satisfy the restraint
that the sum of the yields in the total mass curve equals 200%.
Early studies of this phenomenon involved quite high energy
neutrons (several MeV) and radiochemical measurements of a
limited number of selected fission products representing the
valley, peak, and wing regions of the mass yield curve. In many
cases, the results were expressed as the change in the
peak-to-valley ratio, which, while useful for semi-quantitatively
defining changes in the general shape of the mass yield curve, is
not adequate for quantifying the subtle changes (3-7%) in the
yields occurring in the several hundred KeV energy range en-
countered in fast reactors.

Recently, Glendenin and Gindler and co-workers have presented
quite detailed studies of the changes in the mass yield curve for
monoenergetic-neutron-induced fission of 232Th [7], 235u [8j,
238tf [9], and 239pu [10]. Depending on the target nuclide,
yields were determined for between 20 and 1*0 isotopes for near
monoenergetic neutrons over the energy range from 0.2 to 8 MeV.
These experiments have provided important information relative to
better understanding the fission process.

For breeder reactor studies, many users of fission yield data
(especially those involved in burnup measurements and fuel
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development studies) have requested an uncertainty requirement of
tl% relative for fast reactor fission yields. To date,
essentially all compilations of fast reactor fission yields carry
the assignment "fast yields", with no indication of the energy
dependency associated with the quoted value. In some cases, the
stated uncertainty associated with a particular yield is smaller
than the change in the absolute yield for the neutron energy
range which exists in a fast rector. Thus, either the uncer-
tainty value must be increased, which is counter-productive, or
future fast yield compilations must incorporate the energy depen-
dency factor. The purposes of this paper are: 1) to reevalute
some of the more recent fast reactor yield data which can be
associated with some neutron energy index, 2) to correlate these
data with neutron energy to show the small changes in the yields
which occur in fast reactors, and 3) to establish a higher degree
of confidence in the quoted values. Data for 235u and 239pu are
extensively reviewed and evaluated.

Thermal Fission Yield Data Base

Currently, over a thousand individual references relative to
thermal fission yields are available. The review, evaluation,
and compilation of these data is a monumental task. Several
individuals and organizations have undertaken this chore with
varying degrees of vigor and continuity. Of these the most well
documented and referenced works are those of Rider [11] (this
effort has been continued at Los Alamos and Brookhaven and is now
the U. S. Evaluated Nuclear Data File, ENDF/B-V, see Paper-2,
this meeting), E.A.C. Crouch [12] (UK Fission Yield Data File),
tf. H. Walker [13], and Lammer and Eder [llj] (now part of IAEA
data file). It is most unfortunate that none of these indivi-
duals are currently carrying on this work.

For thermal fission yield compilations, the recommended
values are derived based on various statistical pooling and
weighting techniques, plus the opinion and preferences of the
individual evaluators.

In this paper, fast yield data for 235u and 239pii fission
generated in our laboratory [15,16] are used as the base values
from which to determine the changes in yields with neutron ener-
gy. These data and procedures were selected because the measure-
ment techniques, primarily isotope dilution mass spectrometry,
the determination of the number of fissions based on the summat-
ion technique, and the general laboratory efforts, were essen-
tially identical to those used to measure the bulk of the fast
reactor yield data given in this report. Hence, any serious
systematic errors in standards, calibration, or technique should
not affect the final results. Comparisons with the ENDF/B-V
values are also presented.
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Fast Fission Yield Data Ease

Compilations of fast reactor fission yields are not nearly as
well developed as those for thermal yields. The two main factors
responsible for this situation are: 1) the number of measurements
reported for fast yields is small compared to thermal yield
measurements, and 2) much of the reported fast yield data cannot
be associated with a known neutron spectrum. As a result of this
second item, evaluators and compilers of fast yield data (though
recognizing that certain yields can change significantly with
neutron energy) have had little choice other than to use pooling
techniques similar to those used for thermal data. Thus, it is
understandable that fast yield compilations can show significant
discontinuities for adjacent yields because the data were prob-
ably obtained from experiments conducted in significantly dif-
ferent neutron spectra.

In our initial studies to correlate 235u and 239pu yields
with neutron energy [17,18J, ihe basic criteria for entry into
the data base were: 1) mass spectrometrically determined values,
and 2) a measurement of the relative isctopic abundance of
fission product neodymium. Although these criteria eliminated
the bulk of the reported fast yield measurements, especially many
early radiochemical measurements, sufficient data were retained
which formed the basis for this study. To augment the mass
spectrometric data, recent radiochemical measurements [19] have
been included. The criterion for the neodymium data is discussed
in the following section.

For all of the major fission products, maps spectrometrically
measured fast yield data are generally available for at least
three different neutron energies, in addition to the thermal
data. In some cases however, absolute yields for 239pu fission
are only available for two different fast neutron environments.
In many cases, the only data available are those produced in our
laboratory.

The 235u and 239pu data used in this study include measure-
ments from samples irradiated in the Experimental Test Reactor,
ETR (a well-moderated thermal rector), Experimental Breeder
Reactors I and II (EBR-I, EBR-II), the Fast Flux Test Facility
(FFTF), the Dounreay Fast Reactor (DFR), the French reactor
RAPSODIE, and USSR reactors. A brief description of the experi-
ments, neutron eneigy levels, and references are given in Table
I. More details are given in References 17 and 18.

Neutron Energy Index

There are several conventions for expressing a neutron energy
index. Some of the more common are mean neutron energy, median
neutron energy, the mean neutron energy for fission of a certain
fissioning nuclide, and the "spectral index," defined as the
fission ratio of 23«u to 235u (23%(n,f )/235u(n,f)).
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In our initial studies pertaining to the correlation of 235u
fission yields with neutron energy, a model was developed using
the 15°Nd/ll|3Nd isotopic ratio for 235u fission as the energy
index. This index was selected for use because this isotopic
ratio showed a strong correlation with the 238tf/235u fission
ratio "spectral index" [1,2,3.17]. This same neodymium ratio for
239pu fission was used in the initial study [18] relative to the
correlation of 239pu fission yields with neutron energy. This
same ratio is used in the current work.

It is fully recognized that this may not be the ideal energy
index to use in the correlation of yields with energy; however,
it does have some attractive features which made it useful in
this study. The ^ONd/^^Nd ratio is especially sensitive to
neutron energy: as the energy of the incident fissioning neutron
increased, the shape of the mass yield curve changes; the iso-
topic abundance of ̂ ^Nd decreases, that of ̂ °Sd increases.

The change in this ratio for 235u fission is approximately
20JJ between thermal and a mean neutron energy of 1 MeV. This
change is quite significant considering the isotopic ratio of
150Nd/11|3Nd can be measured with an uncertainty of ±0.25% rela-
tive. Thus, small changes in this ratio which are accur^iely
measured, are significant with respect to the energy of the
fissioning neutron. A unique feature of using the 5̂0jjd/l**3Kd
ratio as the energy index is that the changes in both the isot-
opic abundances and the fission yields of the major fission
products are linear with energy.

An additional benefit derived from using the
isotopic ratio as the energy index is that it permitted the use
of mass spectrometrically measured yield data when the neutron
energy of the irradiation was unknown, provided the experimentor
had measured the isotopic composition of fission product neo-
dymium. Thus, by using this technique it was possible to include
several measurements in this study that otherwise, because of a
lack of spectral information, could not be included.

A comparison of the ^ N d / ^ N d ratio for 235u fission to
that for 239pu fission is given in Figure 1 for measurements in
several different fast reactors. Also given in the lower portion
of Figure 1 are the corresponding mean neutron energy index and
the fission rate "spectral index." The comparison is based on
actual measured values of the 150Nd/1^3Nd ratio determined for
samples irradiated in several different fast reactors.

The energy range covered in this study is from well moderated
thermal reactors to the metal core of the now decommissioned fast
reactor EBR-I, plus a few selected Ik MeV data.

Data Treatment and Correlation Criteria

Most attempts to correlate fission yields with neutron energy
have been restricted to those nuclides that show the most
significant changes with energy (i.e., valley and extreme wing
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nuclides), and where the energy range is on the order of several
MeV. Prior to our recent correlation reports [17>l8],
essentially no correlation studies had been attempted for the
energy region encompassed by thermal and fast reactors. These
studies showed that although the changes in the yield.' in this
limited energy range are small (1-10% relative}, such changes
must be considered if the users' requirement of yields accurate
to ±1.0-1.5% relative is to be achieved.

In this study to correlate 235u and 239pu yields with neutron
energy, mass spectrometric data has received the primary con-
sideration. This decision was predicated on the facts that: 1)
the data could be associated with an energy index even if
specific measurements of the neutron spectrum were not made, 2)
mass spectrometric measurements can be made with smaller uncer-
tainties than other measurements, and 3) small changes in the
isotopic composition of a given fission product are usually
significant and reliably measured. Much of the mass spectro-
metrically measured thermal and fast yield data in the literature
originated from this laboratory. Generally these data took
precedence in the decision making process used in the correlation
study because: 1) all were obtained in a similar manner in the
same laboratory, and 2) a more direct knowledge of the experi-
mental details was available.

Two basic correlations are considered in this study. The
first is restricted to relative isotopic data, while the second
considers reported literature values for the yields.

The correlation of the relative isotopic composition of the
fission products was considered first because: 1) normally, rela-
tive isotopic values are more accurately measured than are ab-
solute fission yields, and 2) small but significant changes in
the relative isotopic composition of a fission product element
are easily detected, and, as such, may indicate a change in the
yields or the structure of the mass yield curve.

In practice, the conversion of relative isotopic values to
absolute yields requires a knowledge of the absolute number of
atoms of the fission product nuclide and of the total number of
fissions; hence, all absolute yield data must be considered
potentially biased because of systematic errors associated with
the measured absolute number of atoms of a specific fission
pi'oduct and/or the number of fissions.

Fortunately, in the isotope dilution mass spectrometric
measurement of a given fission product element, an error in the
number of added spike isotope atoms translates equally to each
isotope of the particular element being measured. Likewise, an
error in the number of fissions used to establish the absolute
fission yields is common to each isotope of the element being
measured. Thus, while it is quite possible that the absolute
yield values for the various isotopes of a given element may be
in error, the relative isotopic composition of that element
should be quite reliable.
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For those reference sources that did not provide measured
relative isotopic data, the absolute yield values were converted
to relative isotopic -data by the following technique: absolute
yield values for the isotopes of a given fission product element
were summed and each individual absolute yield was divided by the
sum. This gave the relative isotopic composition of the fission
product element and reduced the uncertainties to only those
associated with the mass spectrometric measurement. Errors
distinct to a single isotope (i.e., spectral impurity), though
not eliminated, are rather easily identified, if more than a few
percent.

An example of this method and the results for -^Nd for 235u
fission are given in Figure 2. In this case, relative isotopic
data were reported in only about one-half of the references which
gave yield data for the neodymium isotopes. The range in the
reported yields for -̂̂ 3jfd (Figure 3) was several percent. After
converting the absolute yield data to relative isotopic data,
essentially all of the relative isotopic values for ^3Nd fell
with 10.25% relative of the best estimate of the change in the
relative isotopic abundance of ^-^Nd with the neutron energy
index.

This exercise clearly shows: 1) that while there were sig-
nificant differences in the reported absolute yield values, most
of the relative isotopic mass spectrometric measurements are
quite reliable, and 2) that there is a gradual, but significant
and measurable change in the isotopic composition of l^Nd with
neutron energy.

The data for all of the major fission product elements were
evaluated in a similar manner, unfortunately, the available data
for many of the fission products were not as plentiful as they
were for neodymium. Hence, some of the correlation trends ob-
served are open to question. It is in these cases where addi-
tional measurements are needed to clarify the trends. This is
especially true for 239Pu data. In all cases, the energy index
En, is the isotopic ratio

 15ONd/11»3Nd. All of the results are
presented in graphical form in References 17 and 18. Selected
relative isotopic data for 235u and 239pu fission are given in
Figures k and 5> respectively. In these figures, data from this
laboratory, the Idaho Chemical Processing Plant, are identified
by • ; data from other laboratories by • ; and, for reference,
recent ENDF/B-V values by A . For the ENDF/B-V data, it was
assumed that all of the ENDF/B-V values were for a common neutron
spectrum, denoted by the ^ONd/^Nd ratio of 0.1200 for 235u
fission and 0.2300 for 239Pu fission.

None of the relative isotopic data were subjected to any
rigorous statistical treatment because in many cases reliable
uncertainty values were not available. The indicated best line
fits were drawn at the descretion and judgement of the author.
The boundary limits were arbitrarily selected at ±1%, relative.
The primary purpose of presenting the data in this form is to
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show that in many cases changes of If* in the relative isotopic
abundance values are significant, and to identify those cases
where the data are questionable.

The second correlation study involved the direct use of
literature yield values. For reasons previously stated, it was
known that the yield data, and subsequent correlations, would be
more scattered than the relative isotopic data; but the objective
was to determine if the data were adequate and sufficiently reli-
able to describe the change in the yields with neutron energy.
The same energy index, ^ONd/l^Nd isotope ratio, was used for
this evaluation. In all cases, the reported literature values
were used without adjustments.

Like the relative isotopic abundance correlation study, all
of the data were analyzed in graphical form and the trend or
best-fit lines were constructed soley at the discretion of the
author. Because of better acquaintance with the data generated
in this laboratory, and the fact that all of these data (thermal
and fast yields) were obtained using the same techniques and
equipment, these values were weighted more heavily in the deci-
sion making process. Ihe result of the correlation study of the
yields for ^3N<J for 235u fission is shown in Figure 3.

The results of this study are presented in graphical form in
References 17 and 18. Selected representative fission yield data
for 235u and 239pu fission are given in Figures 6 and 7, respec-
tively. The data identification key for these plots is: for data
from this laboratory, • ; for data from other laboratories, !"J ;
and for ENDF/B-V values, A. Recent ENDF/B-V values are
included for the purpose of evaluation and comparison. In those
cases where this evaluation differs significantly from the
ENDF/B-V data, the difference is indicated by the use of a
dashed-line.

Rather than presenting all of the graphical data in this
report, Table II has been prepared from which the user can obtain
a yield value for any energy range. The conversion values given
in Table II are derived from the graphical presentation given in
References 17 and 18. Multiplication of the thermal fission
yield values by the conversion factors gives the best estimate
fast fission yield for a mean neutron energy of about 600 KeV;
equivalent ^ONd/^^Nd ratios are 0.12 for 235u fission and 0.23
for 239pu fission. The change in the yields with energy is
linear with respect to the ̂ QUd/^^Nd isotopic ratio.

The sum of the 235u thermal yields for the two mass peaks
given in Table II is 162.00%. After applying the listed conver-
sion factors the sum is 160.81. This decrease is in tht proper
direction because the yields on the peaks of the mass yield curve
decrease with increasing energy and the valley yields increase.
For the 239pu listing, the sum of the thermal yields is 129.98
and the fast yields 129.51.

One of the major problems encountered in this evaluation and
correlation of 239pu fission yields with neutron energy was the
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lack of mass spectrometric yield data in the neutron energy
region of about 800 KeV. This is especially noted for those
fission products in the light mass peak for which little or no
data are available for the energy range between row-8 of EBR-II
(approximately 1*00 KeV) and the core of EBR-I (approximately 1300
KeV). In addition, there are questions relative to some of the
EBR-I data [17,18]. In many instances where the data are sparse
and often scattered, the indicated trend line correlating the
yields with neutron energy are based on the author's judgement
and guidance from the ?^5u data. The reader may disagree with
the author's interpretation, but this is the penalty which must
be paid when the data are less than desirable and only an edu-
cated estimate can be mad?.

Without question, there is a major need for additional 239pu
fast fission yield measurements in the mean neutron energy range
of 800 to 1000 KeV if meaningful yield-energy relationships are
to be established for 239pu fission products. Additional meas-
urement in the 200-1*00 KeV range will do little to clarify the
proposed yield-energy relationship. This conclusion is quite
evident when the yield-energy plots are examined. If such an
experiment were to be conducted in the US, it is recommended that
the irradiation be done in row-2 of EBR-II or equally hard
spectrum. In addition, based on several years of experience, the
author recommends that a target material other than PUO2 be
irradiated. If possible, a dilute Pu-Al alloy would be preferred
from a dissolution and analysis standpoint.

RESULTS AND DISCUSSION

The results of the correlation of relative isotopic abundance
data with neutron energy and the correlation of fission yields
with neutron energy for the fission of 235u and 239pu are
discussed below. Scattered and erroneous data points and
discrepancies relative to current ENDF/B-V values are identified
and, if possible, an explanation of the problem is given, lu all
cases the energy index is the 150ud/1^3Nd isotopic ratio.

Correlation and Evaluation of 235u Data

In general, all of the relative isotopic data for all of the
major fission product elements show good correlation with neutron
energy. In nearly all cases, the relative isotopic data falls
within tl% of the best line estimates, even when the changes
amount to 10$ or more (e.g., °3Kr). Changes in the relative
isotopic data for Kr, Sr, Mo, Cs, and Nd are given in Figure k
for 235u fission. In some respects it is quite surprising that
more scatter is not observed for the cesium isotopic data because
the sole natural isotope of cesium is 133cs which is also a
fission product; therefore, the measured fission product
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distribution cannot be corrected for natural contamination. The
largest scatter in relative isotopic data is for the minor
isotopes of samarium (151sm, 152sm, and l^Sm). This may be the
result of natural contamination problems or from incomplete
chemical separation of samarium from adjacent rare earth elements
which have the same mass numbers. The true isotopic samarium
abundance values for thermal fission were the most difficult to
establish because of the high thermal neutron capture cross
sections associated with the odd numbered samarium isotopes.
Normally, corrections for neutron capture must be made even if
the neutron exposure and burnup is low. Thus, it is not un-
reasonable to expect differences between some measured values and
the ENDF/B-V values. This is especially true for 151sm and ̂ Sgm
because -̂51sm has a large neutron capture cross section.

As expected, the correlation of absolute yield data is more
scattered than is the relative isotopic data. The yield cor-
relation plots for 87Rb, 90sr, ̂ Ixe, ̂ C s , i^Nd, and l^Nd for
235u fission are shown in Figure 6. Generally, the 235u fission
yield values based on this evaluation are in reasonable agreement
with the ENDF/B-V values. Specific exceptions are noted below.
One set of 235u fast yield values which may be in question are
the EBR-I values at a 15°Nd/ll+3Nd neutron energy index of 0.1300
("^1300 KeV). The problem is believed to be associated with
fission gas leakage from the fuel sample, possibly giving a low
value for the number of fissions. In all cases, the final judge-
ment relative to the best estimate of the fast yield values was
based on the auihors interpretation and assessment of the avail-
able data.

The final overall evaluation of the 235u results generated by
the correlation study is shown in Figure 8. This figure presents
the percent change in the fission yields, defined as:

/ Fast Fission Yield \
^ Thermal Fission Yield ) (3)

as a function of mass number. The values for the fast fission
yields were taken as the best estimate value at the point E n =
0.1200 (^600 KeV).

In geiio.ral, the data followed the expected trend for the
change in structure of the mass yield curve for increasing
neutron energy. Complementary mass numbers show similar changes.
The maximum decrease in yields with energy occur at the complem-
entary masses, 90 and lUU. These observations tend to support
this evaluation approach and indicate that the changes in the
yields over this rather limited energy range are real and
measurable.

Another feature identified in this figure are significant
discrepancies between data from this evaluation and ENDF/B-V
values. In calculating the change in the yields with neutron
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energy, a point was made to identify those mass numbers where the
change based on the FNDF/B-V values exceeded the changed based on
this evaluation by more than a few percent. Where such dis-
crepancies occur, the percent change based on ENDF/B-V data is
plotted as /- . Two specific discrepant regions are identified:
one involving zirconium data, and the other, samarium data. The
EHDF/B-V values indicate that the yields for several of the
zirconium isotopes decrease several percent for the energy inter-
val involved. This sharp change appears to result from high
ENDF/B-V values for the thermal yields because the ENDF/B-V fast
values are in quite good agreement with this evaluation. The
fact that good agreement exists between the ENDF/B-V values and
those from this evaluation for the various isotopes of molybdenum
directs suspicion on the ENDF/B-V values for the thermal fission
of zirconium.

In addition to the discrepancies in the thermal zirconium
yield data, the thermal yields for mass numbers 90, 11*9, lpl and
152 and the fast yields for mass numbers 85 and 87 require
reevaluation.

Correlation and Evaluation of 239pu Data

The changes in the isotopic composition of the fission
products from ^39pu fission are reasonably well correlated with
neutron energy. Compared to the 235u data, more values fall
outside of She il% boundary lines (most fall within ±2%) of the
best estimate. In many cases, especially on the light mass peak,
the data are almost limited to those from this laboratory. The
changes in the relative isotopic composition of Sr, Zr, Cs, and
Nd for 239pu fission are shown in Figure 5- The lack of data,
especially in the 800-1000 KeV range make it very difficult to
construct a best line estimate of the changes in the isotopic
values with energy. Because some of the very high energy data
from EBR-I (^ 1300 KeV) are in question, data in the 800-1000
KeV range would go far in aiding the construction of the best
line estimate.

The same degree of success in establishing yield-energy
correlation trends for 235u was not obtained for ^39pu. Compared
to 235u, the amount yiê .d data for 239pu is less and the data are
more scattered. Thus, not only was it more difficult to evaluate
the 239pu data, but in some cases it was impossible to establish
definitive correlation trends for many of the 239pu fission

froducts. The yield-energy correlation plots for several major
39pu fission products (9°Sr, 96zr, 135cs, ^Tcs, ^ N d , and

ll|%d) are given in Figure 7-
The neutron energy index used in the 239pu study, like the

235u evaluation, is the isotopic ratio of 150Nd/ll+3Nd for 239pu
fission. Like the 235u correlations, the 239pu isotopic and
yield correlations are linear for the energy range covered.
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Figure 9 compares the changes in the 239pu yields with
neutron energy derived from this study with those listed in
ENDF/B-V. This figure gives the percent change in the fission
yields as a function of mass number where the percent change in
the yields is defined as in equation 3.

The values for the fast fission yields were taken from the
data derived from the yield-energy plots at the point E n = 0.2300
(approximately 600 KeV). In general, while the data follow the
expected trends for the change in the structure of the mass yield
curve for increasing neutron energy, the number of discrepant
points relative to the ENDF/BF values is much larger than for
235u correlations. For those cases where the indicated changes
in the yields based on this evaluation differ by more than a few
percent from the ENDF/B-V values, the points are identified with
the symbol A . Several discrepancies are identified, especially
on the light mass peak. Of particular concern is the fact that
many of the indicated changes in the yields established by this
study are directly opposite to those indicated by the ENDF/B-V
values. For example, this study concludes that the yield for
90Sr increases with neutron energy, while the ENDF/B-V data show
the yield decreasing with increasing energy (Fig.7)- Of par-
ticular concern are the high ENDF/B-V thermal yield values for
both 88Sr and 90sr. Many of the ENDF/B-V values, both thermal
and fast, need to be reevaluated and reviewed.

A major observation of this work is the lack of yield data in
the 800 to 1000 KeV energy range. At the present time little or
no 239pu data are available between the energy range of ap-
proximately I4OO- 1300 KeV. This is especially the case for the
nuclides in the light mass peak. Yield data in this energy range
are highly desirable to more definitively eestablish trends in
the change in yields with neutron energy. The measurement of
yields for samples of 239pu irradiated .in the row-2 position of
EBR-II (or some other comparable spectrum) would help appreciably
to resolve this problem.

Specific comments and identified problems for the 239pu
correlation study are listed below.

1. Light Mass Peak

a. Striking discrepancies are noted for the isotopes of Sr
and Zr where the changes in the yields (direction)
derived from this study appear to be opposite to those
indicated by ENDF/B-V data.

b. Additional Mo measurements are needed to clarify the
existing yield data, which are quite scattered.

c. The Ru yield data are highly questionable and additional
measurements are needed. Because of the unpredictable
nature of Ru chemistry, the experiment must be designed
with the specific intention of obtaining Ru yields.
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2. Heavy Mass Peak

a. The yield data for the xenon isotopes are quite scat-
tered. The ENDF/B-V value for the thermal yield of 136xe
requires review. It is significantly less than any
measured value, fast or thermal.

b. Additional measurements of Cs yields are desirable. The
ENDF/E-V value for ̂ Scs fast fission should be examined.

c. No 3-38]ja yield data exist for energies greater than that
of row-8 in EBR-II. Additional measurements at higher
energies would be beneficial.

d. The data for 3̂9l,a are quite scattered and it was impos-
sible to construct a definitive trend line.

e. There is a serious discrepancy in the cerium yield data
used in this study and that contained in ENDF/B-V.
Complete review of l^Ce an^ •'•̂ Ĉe data is recommended.

f. The bulk of the Nd data lies within -2% of the best fit
trend lines. Measurements in the 800-1000 KeV range
would be helpful in the construction of more definitive
trend lines.

CONCLUSIONS

The correlation of fission yields with neutron energy has
been reviewed and updated. The energy range of concern is that
encompassed by thermal and fast reactors. Through the use of
mass; spectrometric isotopic measurements of the stable and
long-lived fission products, the change in both the relative
isotopic abundance and the fission yields of the major fission
product nuclides are shown to correlate well with neutron energy.
In many cases, changes of only a few percent in the relative
isotopic abundance or the fission yields over the energy range
from thermal to lMeV are easily discernible and significant. At
this point in time the 235u data show much better correlations
with neutron energy than does the 239pu data. This primarily
results from the smaller number of 239pu measurements and more
scatter in the data which are available. There is a definite
need for more 239pu yield measurements, especially in the region
of 500-1000 KeV.

The neutron energy index used in this study is the isotope
ratio, ^ONd/l^Nd. A unique feature of this index is that the
resulting correlations are linear for the energy range studied.
In some respects, this energy index is superior to others because
neodymium, which is a direct result of the fission process, is
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formed in the sample undergoing fission and, as such, provides
superior data to that afforded by the use of monitors external to
the target.

Comparison of fast yield data derived from this correlation
study with the ENDF/B-V values identified several discrepant
points. In general, the agreement of the 235u yield data from
this evaluation study with ENDF/B-V is quite good. Only a few
values need to be reevaluated. The case for 239pu is considerbly
different in that a fair amount of both ^39pu thermal and fast
yield data need to be reevaluated. In many cases the question-
able values may only be resolved through additional measurements.

At this time, it is highly questionable that the general
requirement of fast yield values accurate to il% relative can be
achieved. This conclusion is based on the fact that at the
present time much of the data are too scattered to come to a 1%
accuracy value, and second, in many cases the change in the
yields with energy can exceed 1% for the neutron energy range
encompassed in a single fast reactor. There are a few yields
which show little change with energy and whose fast yields
approach an uncertainty of ±1%; however, in no case does this
author believe that any yield, and especially fast yields, should
carry an uncertainty value of better than 1% relative.
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TABLE I
SUMMARY OF 235u EXPERIMENTAL DATA

Energy Level Experiment

Thermal ETR-INEL, Six samples 99-7% 235u30e, l%-k% fission.
Isotope dilution mass spec. (IDMS) Kr, Rb, Sr, Zr, Mo,
Ru, Xe, Cs, Ba, Ce, Nd, Sm. (Maeck[15]).

0.11U7-0.1166 EBR-II, Row 8, INEL, three samples 98% 235u30s, three
different axial positions, 50 days at 62 Mw. (IDMS)
Kr, Rb, Sr, Zr, Mo, Ru, Xe, Cs, Ba, La, Ce, Nd, Sm.
(Maeck[20]).

0.1195-0.1202 RAPSODIE-TACO Exp., Two samples 235u to 1023n/cm
2

(IDMS) Xe, Cs, Nd, Sm, Eu, Gd (Koch[21])

0.1202 DFR, 93% 235uo2 (IDMS) Rb, Cs, Nd, Relative Yields.
Information limited (Crouch[22]).

0.120l» ENDF-V data file - assumes all data from single source

0.1208 EBR-II, Row U, INEL, 8% fission (IDMS) Kr, Rb, Sr,
Zr, Mo, Xe, Cs, Ba, La, Ce, Nd, Sm (Maeck[2lj]).

0.1212 DFR, 93% 235UO2, 5% fission (IDMS) Nd, Radiochem.,
90sr, 137cs, l^Ce (Sinclair [23])

0.122? EBR-II, Row U, INEL, unpublished data (IDMS) Rb, Sr,
Zr, Mo, Cs, Ba, La, Ce, Nd, Sm (Larsen, ANL[private
comm.]).

0.12U6 RAPSODIE - mass spec. Nd, information limited
(Robin[25J).

0.1280 RAPSODIE - fuel pins mixed 235u-239Pu (IDMS) Nd (Robin

0.1298 EBR-I, INEL, 93% 235U fuel samples (IDMS) Kr, Rb, Sr,
Mo, Ru, Ce, Xe, Cs, Ba, La, Ce, Nd, Sm (Maeck[27]).

0.1300 EBR-I, INEL, 93% 235u fuel rod, Mo Rb, Tc, Ce, all
yield normalized to 137cs (Larsen[28]).

0.1307 EBR-I, INEL, 93% 235u fuel rod, relative isotopic data
for C, Nd, Sm (Maeck, Larsen[unpublished data]).

lU.7 MeV USSR, mass spec. Kr, Xe (Pietrzak[29]).
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TABLE I (continued)
SUMMARY OF 239pu EXPERIMENTAL DATA

Energy Level Experiment

Thermal ETR-INEL, seven samples 99* 239pu02, l*-50%
fission, (IDMS) Kr, Rb, Sr, Zr, Mo, Ru, Xe,
Cs, Ba, Ce, Nd, Sm (Maeck[l6]).

0.2215-0.221*9 EBR-II, Row 8, k samples 99* 239pu02 four
different axial positions, 50 days at 62 Mw
(IDMS) Kr, Rb, Sr, Zr, Mo, Ru, Xe, Cs, Ba,
Ce, Nd, Sm (Maeck[30j).

0225U-0.2299 RAPSODIE-TACO Exp., 3 samples 239pu 1023n/cm
2

(IDMS) Xe, Cs, Nd, Sm (Koch[21]).

0.2286 USSR BOR-60, 2 samples 239pu (IDMS) Cs, Ce,
Nd, relative yields (Gabeskiriya[3lj).

0.2290 DFR, 9k% 239pu0p, 5* fission, IDMS Nd,
Radiochem. 90sr, ±37cs,

 ll(ltCe (Sinclair[23]).

0.2290 ENDF-V data file - assumed all data from a
single source (Rider[ll]).

0.2296 RAPSODIE, mass. spec. Nd, information limited
(Robin[25]).

0.2300 EBR-II, Row U, rel. isotopic data only
(Maeck[32]).

0.21*20 RAPSODIE, 98* 239pu mass spec. Nd.
(Robin[26]).

0.21*65 EBR-I, INEL, 239pu fuel rod (IDMS) Kr, Rb, Sr,
Zr, Mo, Ru, Cd, Xe, Cs, Ba, Ce, Nd, Sm
(Lisman[33]).

1U.7 MeV USSR, mass spec. Xe (Pietrzak[29]).
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TABLE II

FAST FISSIOW YIELD CONVERSION FACTORS

^thermal («*»*• Factor) = *FYfast at 600 KeV
235,U 239Pu

ISOTOPE

83-Kr
81t-Kr
85-Kr+Rb
86-Kr
87-Rb
88 -Sr
90-Sr
91-Zr
92-Zr
93-Zr
9U-Zr
95-Mo
96-Zr
97-Mo
98-M0
100-Mo

131-Xe
132-Xe
133-Cs
13*i-Xe
135-Cs
136-Xe
137-Cs
138-Ba
139-I-a
lUO-Ce
lU2-Ce
lU3-Nd
lUl*-Nd
lU5-Nd
ll*6-Nd
lU7-Sm
lU8-Nd
lU9-Sm
150-Nd
151-Sm
152-Sm
15U-Sm

FY, %
(THERMAL)

0.5U3
1.016
1.333
1.979
2.586
3 - 5**7
5.7H4

5.828
6.207
6.221
6.535
6.030
5-937
5-827
6.2U9

2.91U
U.3UU
6.685
7.918
6.520
6.320
6.23U
6.756
6.357
6.102
5-783
6.006
5.5UO
3.960
3.009
2.223
1.677
1.032
O.658
0.399
0.251

- -

FAST FY
(CONV. FACTOR)

1.09
1.05
1.03
1.00
1.01
0.990
0.953
0.970
0.987
O.998
1.005
O.98O
1.02
1.01
1.01
1.00

1.12
1.08
1.01
0.970
1.01
0.985
1.00
O.98O
1.00
0.967
0.952
O.96O
0.936
O.96U
0.973
O.96O
1.008
1.00
1.05
l . O f c
1 . 1 2

- -

FY, %
(THERMAL)

0.296
0.U76
0-575
0.762
1.00
1.28
1.97
2.143
2.99
3.76
Ii.2U
14.82
It. 78
5. in
5.82
6.72

3-91*
5-»»5
7.06
7.70
7.59
7.28
6.63
6.12

._
5.08
U.76
i*.l»3
3-77
3.02
2.1*6
1-99
I.65
1.22
0.96
0.730
0.565
0.250

FAST FY
(CONV. FACTOR)

1.10
1.08
1.08
1.06
1.07
1.05
1.05
1.02
1.02
1.01
1.00
O.98
1.02
O.98
0.97
O.98

O.98
0.97
O.98
0.95
0-99
O.96
0.99
1.00

—
1.10
1.02
O.98
O.96
1.00
1.01
1.00
1.02
1.02
1.0l»
1.08
1.08
1.10

- 113 -



0.25

o

E

s

S

0.24

0.23

0.22

0.21

EBR-I R . I 27
(FUEL) • R e l Z 7

Q RAPSODIE
Re). 26

D RAPSODIE Ref. 26 —

• THERMAL Ref. 15

I I I I
0.1C5 0.110 0.115 0.120 0.125 0.130

ISOTOPE RATIO 1 S 0 Nd/143Nd FOR 2 3 5 u FISSION

800
MEAN NEUTRON ENERGY, KeV

1300

I I
0.003 0.02 0.06

FISSION RATE 23Bu/235u

0.12

Figure 1. Isotopic Ratio of ̂ Osd/^Nd for 2 3 S0 and 239Pu
Fast Fission and Spectral Index Comparisons

- 114 -



Ul

o
a
D
m
<
o
a
O

5

0392 -

0.390

0 388

0 386

0.38

£ 0.38c

0.380

Key
• This laboratory
• Other laboratories
A ENDF values

I I
0.1100 0 1200

150Nd

J_
0 1300

Figure 2. Change in Relative Isotoplc Abundance of
1It3Nd with Neutron Energy for *35U FiBsion

<
|

to<

1.04

1.02

1.00

0.98

0.96

0.94

0.92

r

\
A

\

-

\ \ *

I i r—

1 4 3 Nd
FY,h = 6.006*

D

s Zf\ R
n\\\ *

Key n \ X X
• This laboratory ^ V \ . \
Q Other laboratories \ >v \
A ENDF values \ X^ -

I 1 1 1
0.1100 0.1200

*150No7143Nd

0.1300

Figure 3. Change in 11>3Nd Fission Yield with
Neutron Energy for 235U Fission



0.53
0.1100 0.1200

En—»150N d /143N d

0.60

0.1100

En-

0 1200 0.1300

• 1 5 0 N d / 143 N d

0.27

0.25

I

.0.35

• 0.31

.133Cs

0.1100 0.1200 0.1300
En-»150 N d / 143 N d

0.25
0.1100 0.1200 0.1300

E n - » 1 5 O N d / 1 4 3 N d

Figure 4. Relative Isotoplc Composition of 2 3 50 Fission Products



- LIT -

3

RELATIVE ISOTOPIC ABUNDANCE

p p p p p p p o o p p p

RELATIVE ISOTOPIC ABUNDANCE

* . ' • > ! . . _.

o o O.610

60S

.600

0.22

I.
S S3

s
Z P
a. M

o

1 1 1

_

-
1

1

1

•

1 1 1

o,615
1

o.390

1

1

| •1

o395

1

* . *

0

I

O400

i i

-

f -

• i

RELATIVE ISOTOPIC ABUNDANCE

s
I-

o o o o o o o o o o P

RELATIVE ISOTOPIC ABUNDANCE

RELATIVE ISOTOPIC ABUNDANCE

o p p o p o o o o o o p

p a p o o p p o p

* ^ i is l s i s o s s s

RELATIVE ISOTOPIC ABUNOANCE



- 8IT -

FAST FY/THERMAL FY
p p p -i _» _i _

g 8 8 8 J8 S 8
p

m It
8

'-* o

is

2W«a

FAST FY/THERMAL FY

8 8 £ 8

°\
i

\

1 1 1 1

\ 3 '

\ \ g °".

I I I

FAST FY/THERMAL FY
2 p p p o r*

Is is se 8 s 8
to

»

S

n
a.
n

m

J
S

Q .

03

a.

I

0.1200

p

FAST FY/THERMAL FY
o p p p p -» -i
8 tS X 8 8 8 S

p
m ^
I 8

I g
I 5

FAST FY/THERMAL FY
p p p -I -i -i -*

£ 8 S 8 S 2 8
i I i r i i

i i I

;<
5 _̂

n II * » "
° 00

r* Z
a> o. -

m

<X
o

Za.*̂

E
za

FAST FY/THERMAL FY

O I N J * > 0 ) S O N



- 6TT -

FISSION YIELD, < FISSION YIELD, %

FISSION, YIELD %

S
a

FISSION YEILD. %

f

n

8

FISSION YIELD, % FISSION YIELD,

S 8



\atio = O 1200 {Mean n Energy <v GOO keV)

V
9

I ! I I

• Free-. Floret: OKI
d ENOF S-V Values
O Re/!ecf:cr ffemrs

L ! L 1 I I !•< i I i 14_l__L
80 ; 4 S S 9C S 130 2 * I3C î * S- a í*3 î * S ï

Wass Nuncer

Figure S. Change in 23SU Fissioc TE.elds as a Fcnctloc
of Mass Sauber

!- • mi

% CHANGE I

FAST Ff fer I S ( - 'N! Í . ' 4 3No lüaílo = Q.ZXX (Mean n Emirs«.«äCC !<mi".

i' 4

"/"'Jtf

ASV # r,"IS WGlHK

l'Kl. ms. 1H1I liiB

a», a

._ '! 7.(1 —



FISSION YIELD DATA FOR NEUTRON DOSIMETRY

A.J. Fudge
Chemistry Division,

Atomic Energy Research Establishment,
United Kingdom Atomic Energy Authority,
Harwell, Oxfordshire, United Kingdom.

Abstract

Fissionable nuclides now form a very important part of the
measurement of neutron fluence associated with material damage studies

p a y ? 3 ft 9 3 9

and reactor pressure vessel safety assessments. Np, U, and Th,
which undergo fission only by interaction with neutrons above a
threshold energy, are routinely used both for surveillance monitoring
of integrated damage dose and for neutron spectrum evaluation by
multiple foil analysis. The fission yield values and their
uncertainties relate directly to the absolute level and uncertainties
of the damage dose estimates. Fission yields of these nuclides are
obtained from individual experiments, bench-mark interlaboratory
comparisons, and evaluations of all measured data. The present status
of these yield values and their uncertainties is discussed and
recommendations made for resolving discrepancies.
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Neutron dosimetry consists of the measurement of the deposited dose of
neutrons with a range of neutron energies on to localised areas of an
experimental facility or a component of a nuclear reactor. For most of the
requirements of dosimetry it is not possible to use a single detector which
is able to record total dose and neutron energy distribution because of the
high flux or; neutron reaction rate encountered. Consequently, use is made
of nuclear a'ctivation reactions, and measurements made of reaction products.
Dosimetry is then applied to nuclear reactors by introducing specific
materials, or dosimeters, into the appropriate component to measure the
integrated dose and energy distribution of the neutrons. These two variables
need to be known for any studies on changes in physical properties of reactor
materials caused by neutron irradiation.

Within a nuclear reactor and its environs, the energy range of neutrons
present is very large. In a thermal reactor it is typically nine orders of
magnitude. The physical and nuclear reaction caused by the interactions of
neutrons with atoms vary considerably in magnitude with the incident energy
of that neutron. Physical changes are caused chiefly by atomic displacements.
Nuclear transformations cause some, but usually a much lower amount of
change. The overall effect is usually referred to as damage. Whereas
nuclear reactions can occur over the whole energy range of neutrons, for
damage by atomic displacement to occur, the neutron must, have a minimum or
threshold energy. For steel, this threshold energy is about 1 KeV rising
through a series of resonances up to 10 MeV which is the maximum energy of
neutrons in a nuclear reactor (Figure 1) [1] .

The use of fissionable dosimeters and of fission rate measurements,
forms a very important.part in activation neutron dosimetry. In particular,
fissionable nuclides with an even number of neutrons and of neutrons plus
protons (e>.Ten, even nuclei) and nuclides with an odd number of neutrons and
neutrons plus protons (odd, odd), have proved to be particularly useful.
These nuclei vinlike the even, odd and odd, even nuclei, are fissionable only
by neutrons wi'-.h energies above a threshold. The response ranges of these
nuclei cover a significant part of the energy range of neutrons which cause
damage by atomic displacement. Although a range of other nuclear reactions
such as n, p and n, a also occur only above threshold energies, their
thresholds are much higher than those of the threshold fission reactions.
2 3 7

Np has a threshold which is nearest to the threshold for the atomic
displacement of iron in steel. More than 90% of its neutron energy response
occurs between 700 KeV and 5.7 MeV. The response ranges for 2 3 8U and 2 3 7Th
are higher at 1.5 to 6.7 MeV and 1.7 to 7.2 MeV, respectively.

The importance of the use of these fission activation nuclides as
dosimeters to the Pressurised Water Reactor Pressure Vessel surveillance
programme can be seen from a recent evaluation of dosimetry data from 41
sureveillance measurements. Simons, et al. [2] revised the estimates of
neutron fluence (dose) and atomic displacements, and the uncertainties that
could be assigned to these values. They found that the use of the fission
reaction values obtained using 2 3 7Np and 2 3 SU fission monitors reduced the
uncertainties in damage dose to the range ±10 to 15%. In the absence of
them and using p and n, a reactions the uncertainties increased to ±25 to
34%. Using 2 3 8U data alone with the other values gave an intermediate
uncertainty of ±15 to 22%. These improvements are due to the increased
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coverage of the neutron energy range monitored over the simple activation
detectors. Clearly this improved accuracy of damage dose can be translated
directly into increased safety justification for the reactors concerned.

Another considerable advantage that can be gained from the use of these
materials as neutron dosimeters arises from the wide range of product half-
lives they possess. This enables reaction rate measurements of neutrons to
be made for irradiation periods varying from minutes to years using the same
measurement technique. It also enables several measurements of fluence to be
carried out simultaneously using the different fission product nuclides.
Although little use has been made so far for high doses it is also possible
to use the stable fission products, which has the corresponding advantage of
being independent of fission rate changes for the irradiations.

In order to convert the measured radioactivity of a fission product
nuclide from a fission dosimeter into a neutron fluence and hence into an
atomic displacement or damage dose, it is necessary to know the fission yield
of that nuclide. It is also necessary to know tl, > uncertainty of that
fission yield value, and this should be to within a target accuracy for the
dosimetry requirement. In order to achieve target accuracies of ±5% (la) for
the overall damage dose, the uncertainties of the fission yield values used
in the measurements must not exceed ±2% (10). The fission yield values and
their uncertainties for the threshold fissioning nuclides 2 7Np, 2 3 8 U , and
2 3 2Th have then to be deduced from measurements and evaluations of fission
yields that have been made on these nuclides.

When the dosimetrist needs to use fissionable dosimeters he has to
choose a set of absolute fission yield values and uncertainties which he
considers most appropriate to his particular application. If he finds that
the values of the fission yields from different measurements which include
different measurement techniques, and the different evaluations, agree to
within the stated uncertainties, then the choice is simplified. He also has
increased confidence in the values chosen. For the three nuclides of

importance in current applications, namely Np, U and Th, only for
2 3 8U does this satisfactory state of affairs exist (see Tables 1, 2 and 3).
Consequently for the other two nuclides he is faced with having to decide
between the measurements and the evaluations or he should apply a
correspondingly greater uncertainty to his evaluated yields and hence to his
damage dose.

As an axample of the problems which face the dosimetrist in deciding on
even one fission yield value and in assessing its uncertainty, we can look
at fission yield values that exist for 137Cs from fission of 2 3 7Np. This
nuclide is of particular importance since it is used almost exclusively for
reactor pressure vessel surveillance monitoring. Table 4 , which is taken
from the evaluation of Rider [3] lists all published values up to and
including 1980. These values include calculated ones from the systematics
of fission, and re-worked ones from earlier measurements. Some of the values
are direct single measurements with no correlation, whereas others are
results from fhe measurement of many fission product nuclides in the same
experiment. It must also be noted that duplication of some experimental
values exists because of re-evaluations and compilation.

These data must now be considered in more detail in order to decide how
a choice is to be made. The most comprehensive measurements of fission
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yield values carried out are those of Maeck 14] and his collaborators at
I.N.E.L., Idaho Falls in the U.S.A. They have measured the concentrations of
fission products by isotopic dilution mass spectrometry for more than 80% of
the fissions. Mass chains which have not been measured have been estimated
by curve fitting and a correspondingly larger uncertainty applied to them.
The individual chain yields are then evaluated by summation to 200%, which
eliminates the necessity of a separate measurement the total number of
fissions, which is usually the largest contributing factor to the fission
yield measurement. Consequently the uncertainties of their reported values
are the smallest that have so far been reported. This results in their values
weighting heavily in the evaluations in which they have been included. These
results are shown in Table 1.

As part of an extensive dosimetry improvements programme in the United
States of America, an Interlaboratory Reaction Rate measurement was carried
out [5]. One of the objectives of this programme was to measure fission
yield values for a number of radioactive fission products used in dosimetry
from fission dosimeters. The laboratories which took part in this measure-
ment were all well experienced in carrying out such gamma-ray spectrometry
measurements. The fission dosimeter foils were all irradiated in well
characterized (bench-marked) neutron spectra and the number of fissions
measured using calibrated fission chambers..

The two independent evaluations of fission product yield nuclear data
which have the highest reputation because of the extensive correlations
which have been carried out on the data, are those of Rider in the U.S.A. [3]
and Crouch in the U.K. [6]. Originally they used the same data base which
although it was compiled separately was intercompared and checked to give
common agreement. The most recent evaluation of Crouch dates from 1977
whereas Rider's dates from late 1981. The differences that exist between
the final evaluated numbers are due to the method of assignment of the
uncertainty to each reported value. This, in turn, influences the weighting
each measurement achieves in the weighted mean value. The uncertainty
assigned by the measurer is not necessarily accepted as complete by the
evaluatorf and a subjective assessment of uncertainty based on the evaluators
measurement experience has been used. This procedure has been adopted
because of the inconsistencies in the assignment of uncertainties by the
measurer, usually erring on the side of optimism, and when in some cases it
is obvious that not all of the uncertainties have been included or considered
in the measurements. The largest differences between the two evaluated data
sets exist between the values for th& fission yields for 2 3 7Np, but it must •
be noted here that this is partly due to the greater number of measurements
included in Rider's evaluation (see Tables 1 and 4).

In summary, the advantages and disadvantages of each source of fission
yields are shown in Table 5.

Clearly there is no obvious way of reconciling these vlaues and of
enabling the dosimetrist to choose from existing lists for the fission yields
for Z 3 7Np. The choice rests between either of the two high quality measure-
ments of the I.N.E.L. and I.L.R.R. experiment and the evaluation of Rider
which attempts to reconcile them both. It is of some interest to note that
for most of the I.L.R.R. values a systematic +5% bias exists with the
evaluated values of Rider.
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Some recommendations can be made for the present situation, which might
assist in resolving the problem in the future.

(i) For the present and immediate future either the I.L.R.R. bench-mark
values or those from the evaluated data sets based on the Rider evaluations,
ENDF/B5 or 6, should be used. All damage dose evaluations using fission
dosimetry data should state clearly which data set has been used together
with the uncertainties. When better values, i.e. more consistent data sets
with more mathematically based uncertainties, are available it will be a
relatively simple matter to re-evaluate the dosimetry data to take in these
values. It is likely that the absolute damage dose then evaluated will be
different from the existing one.

(ii) A programme of evaluation needs to be carried out in which a more
rigorous mathematical treatment of the data is made. Ideally variance/co-
variance matrices should be evaluated for each individual measurement of
fission yield. Only when these are available can consistent evaluations be
carried out. Initially, this might mean omitting the values from some
measurements, particularly if they were made prior to 1970.

(iii) For dosimetry purposes it would be useful to repeat and extend the
measurement of fission yields in bench-mark spectra, particularly for 2 3 7Np.
It would be particularly useful if these bench-mark spectra were of known
energy differences so that the possible effects of neutron energy on the
fission yield values for the different fission products and fissioning
nuclides could be assessed.

(iv) It is strongly recommended that further work be carried out by a
laboratory of similar competence and using the same techniques as that of
I.N.E.L., Idaho Falls on the 2 3 7Np and 2 3 2Th yields in a range of neutron
energy spectra that can now be obtained in a high flux fast reactor.

The conclusions that must be drawn from the present state of the fission
yield data for neutron dosimetry requirements, are that the target accuracies
have not been met for 2 3 7Np and 2 3 2Th - that there is no obvious or easy way
of reconciling the different data sets - that further measurements of the
fission yields for these nuclides are required in a range of fast neutron
energy spectra.

The data for 2 3 8U meets the target accuracy requirements, and the data
sets of Rider, SNDF/B5 and I.L.R.R. are sufficiently in agreement to justify
this.
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Table Uranium-238 Chain Yield Ratios

Fission
Product
Nuclide

95Zr

97Zr

1 0 3Ru

1 0 6Ru

131J.

132 T e

1 3 7CS

»°Ba
lftlCe

1It3Ce

Source

Rider
A

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

Crouch B
B/A

1.039

1.002

1.016

0.867

0.981

0.983

0.987

1.038

-

1.011

1.004

C/A

1.016

1.023

1.005

-

1.006

-

0.998

1.029

-

0.917

1.088

I.N.E.L. D
D/A

0.977

1.C94

-

-

1.005

1.013

1.007

0.974

0.940

1.005

0.996

ENDF/B5
E/A

1.000

0.996

0.987

1.012

0.997

0.994

0.998

1.021

1.004

0.993

0.998

Table Neptunium-237 Chain Yield Ratios

Fission
Product
Nuclide

95zr
97Zr

1 O 3RU

106Ru

132Te

137Cs

140Ba

lhlCe

" 8Ce

""Ce

Source

Rider
A

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

Crouch B
B/A

1.023

0.966

• 1.005

0.830

0.774

0.780

-

1.055

0.778

1.127

0.685

I.L.R.R. C
C/A

1.042

1.120

1.059

-

-

-

1.053

1.049

-

-

-

I.N.E.L. D
D/A

0.994

1.001

0.900

1.133

1.036

1.049

1.037

1.003

0.978

1.016

1.011

ENDF/B5
E/A

1.002

-

1.004

-

-

-

1.016

1.004

-

-

1.017
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Table Fission Yield Values for 137Cs From 237Np Fast Neutron Fission

I-*

00

Measurement
Technique

E.S.

CM.

M.S.

S.P.

R.C.

R.C.

CM.

R.C.

B.M.

R.C.

R.C

Measurement
Type

C.U.

c.u.
C.U.

c.u.
CO.

c.u.
c.u.
c.u.
c.u.
R.E.

C.U.

Updated
Value

6.40

5.90

6.34

5.48

5.99

6.39

-

5.92

6.44

6.24

5.76

Per Cent
Error

30

-

2.0

5.3

15

5

-

5.6

5.2

9.3

5.0

Published
Value

6.45

5.90

6.40

5.52

6.40

6.44

6.67

6.03

6.50

6.24

5.80

Per Cent
Error

30

-

-

-

-

-

-

-

5.2

9.3

4.0

Reference

Sidebotham

Larson

Maeck

Naqu

McElroy

McElroy

McElroy

Blachot

Gilliam

Kellogg

Ford

72

73

77

80

70

73

75

77

77

77

76

Evaluated value of Rider 6.17 ± 0.17



SOURCES OF FISSION YIELDS

1. INDEPENDENT MEASUREMENTS OF ONE OR MORE FISSION PRODUCT NUCLIDES

ADVANTAGES

MEASUREMENT OF ACTIVITY OR MASS OF FISSION PRODUCT NUCLIDE CAN BE PRECISE.

USE OF SAME MEASUREMENT TECHNIQUE AS FOR MEASUREMENT OF DOSIMETER REDUCES COVARIANCE.

DISADVANTAGES

UNCERTAINTY ON NUMBER OF FISSIONS COULD BE LARGE, OFTEN ONLY RELATIVE YIELDS ARE
OBTAINED.

NO CORRELATION CHECKS UNLESS LARGE NUMBER OF FISSION PRODUCTS MEASURED.

UNCERTAINTIES OVER NEUTRON ENERGY SPECTRUM.

2. BENCHMARK MARK NEUTRON FIELD IRRADIATION, MEASUREMENT OF FISSION PRODUCTS MEASURED
BY GAMMA-SPECTROMETRY AND INTERLABORATORY COMPARISON

ADVANTAGES

MEASUREMENT TECHNIQUE MATCHED TO DOSIMETRY MEASUREMENT PROCEDURE.

NEUTRON SPECTRUM WELL DEFINED,

MEASUREMENT OF FISSIONS ACHEIVED WITH GOOD ACCURACY.

FISSION PRODUCT ACTIVITY AVERAGE OF SEVERAL WELL ESTABLISHED LABS,

DISADVANTAGES

NO CONSISTENCY CHECKS POSSIBLE.

SYSTEMATIC ERRORS DIFFICULT TO ESTIMATE COMPLETELY.

POORER ACCURACY FOR LONG HALF LIFE FISSION PRODUCT NUCLIDES,
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3. INDEPENDENT MEASUREMENTS MADE BY ONE LABORATORY USING MASS SPECTROMETRY

ADVANTAGES

ACCURACY OF FISSION PRODUCT CONCENTRATIONS IS GOOD.

MEASUREMENT OF FISSION EVENTS IS NOT USED SINCE VALUES ARE CORRELATED.

ALL YIELD VALUES ARE CORRELATED.

DISADVANTAGES

DFIRERENT MEASUREMENT TECHNIQUE TO DOSIMETRY MEASUREMENT.

ENERGY SPECTRUM OF FISSION NEUTRONS MAY NOT BE WELL KNOWN.

INDEPENDENT YIELDS MAY HAVE GREATER UNCERTAINTY DUE TO CORRELATION TECHNIQUE.

, EVALUATED YIELDS

ADVANTAGFS

ACCURACY OF CHAIN YIELDS SHOULD BE GOOD.

WEIGHTED MEAN VALUE IS ADJUSTED BY CONSTRAINTS.

DISADVANTAGES

MIXTURE OF TECHNIQUES AND SPECTRAL CONDITIONS USED.

CHOICE OF UNCERTAINTIES IS SUBJECTIVE AND THIS LEADS TO DIFFERENT FISSION YIELD
VALUES FROM SAME DATA BASE.
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NEPTUNIUM-237

FISSION
PRODUCT
NUCLIDE

«Zr

" Z r

I MRu

I06Ru

,3,,

,32 fe

13?Cs

M 0 Ba

M 1 Ce

M 3 O

RIDER

5-69 ±

610 ±

5-56 ±

2-18 ±

3-59 ±

4-81 ±

6-17 ±

5-47 ±

5-32 £

4-64 ±

4-13 ±

0-16

017

016

0-24

0-14

0-19

0-17

0-23

0-21

0-19

0-08

5

5

5

1

2

3

5

4

5-

2

CROUCH

•82

•89

•59

18

78

75

77

14

23

83

± 033

+ 0-64

± 0-57

± 0-22

± 0-21

+ 0-45

± 0-25

± 0-47

± 0-52

± 0-42

ILRR
BENCHMARK

5-93 ±0-24

6-83 ± 0-26

5-89 ± 0-26

6-50 ± 0-34

5-74 t 0-21

5

5

6

5

4-

ENDF/
B5 '

•70 + 0-11

• 58 ± 0-16

27 ± 013

49 ± 0-08

20 ± 0-08

IDAHO FALLS
MAECK

5-654 ± 0-050

6-105 ± 0-049

5-037 ± 0-262

2-469 + 0-159

3-720 ± 0046

5-048 ± 0-033

6396 t 0045

5-487 ± 0036

5-204 ± 0-251

4-714 + 0033

4-174 ± 0-027

- 131 -



10 ,-10
10 " 10"" 10^ 10

-410 10 10" 10
Neutron Energy, MeV

•»-»

10 * 10" 10"
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SHIELDED MASS 136 YIELD FROM FAST FISSION OF
U-233, U-235, NP-237, AND PU-239-242

T. C. Chapman, R. L. Tromp and W. A. Emel
Idaho National Engineering Laboratory, Exxon Nuclear Idaho Company, Inc.

P.O. Box 2800, Idaho Falls, Idaho 83401 U.S.A.

ABSTRACT

Fast fission yields for the shielded portion of the 136 mass chain
from fast f ission of U-233, U-235, Np-237 Pu-239, Pu-240, Pu-241
and Pu-242 were determined subsequent to capsule irradiation in Row
8 of the Experimental Breeder Reactor I I (EBR-II). The measurement
technique used was isotope di lut ion mass spectrometry. For the
f i r s t time precise {<9%) shielded mass 136 yields for fast fission
of Np-237, Pu-240, Pu-241 and Pu-242 are available.

INTRODUCTION

Precisely measured fission yields are needed for basic studies of the
fission process and for calculation of isobaric yield curves. Fission yields
are also needed for design of both thermal and fast reactor fuels. A major
effort was initiated at the Idaho Chemical Processing Plant (ICPP) of the
Idaho National Engineering Laboratory (INEL) in the early 1960s to determine
fission yields from several actinides in thermal and fast neutron spectra.
Total mass chain data for uranium, neptunium, and plutonium fission yields
measured during this program have already been published [1-5 ] . This paper
presents the fast f ission yields for the shielded portion of the mass 136
chain from the uranium, neptunium, and plutonium isotopes studied in the
f ission y ie ld measurement program (except for U-238). This is the f i rs t
measurement of precise {<9%) shielded mass 136 yields for fast fission of Np-
237, Pu-240, Pu-241 and Pu-242.

EXPERIMENTAL

Irradiation

Detailed descriptions of the irradiation are available elsewhere [1-5]
so only a summary wil l be given here. The irradiation was conducted in Row 8
of the Experimental Breeder Reactor-II (EBR-II) located at the INEL, Idaho
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Fal ls , Idaho, USA. Row 8 was chosen, rather than an inner row, to obtain
sof ter neutron spectra that are more character is t ic of those expected in
future large l iquid metal fast breeder reactors. The i r rad ia t i on time was
1340 h wi th the reactor at 62.5 Mw. Downtime while the samples were in the
reactor was 1500 h. The highly enriched target isotopes as oxide powders
were individually mixed with high purity (99.99+%) nickel powder, weld-sealed
in nickel capsules machined from 99.99+% pure nickel rod, and loaded into a
standard EBR-II, B-7A subassembly for the i r radiat ion.

Sample Dissolution and Analysis

Cooling time between i r r ad ia t i on and d isso lut ion was su f f i c i en t to
i nsu re e s s e n t i a l l y complete decay of the Cs-136 to Ba-136. Detailed
descriptions of the capsule dissolution and analysis procedures are available
elsewhere [1 -7 ] so only a summary w i l l be given here. Each capsule was
dissolved in a quartz d isso lut ion and gas co l lec t ion apparatus to allow
quantitative measurement of the fission product gases from each capsule. The
barium f i s s i on products from each capsule were measured using isotope
d i l u t i o n mass spectrometry (IDMS). Weighed aiiquots were removed from each
weighed dissolver solution and mixed with weighed quant i t ies of the spike
so lu t i on . Four spiked and four unspiked ai iquots from each capsule were
analyzed. Highly purif ied reagents were used for the chemical separations.

RESULTS

Calculations

The total number of fissions in each capsule was taken from the earl ier
work [ 1 - 5 ] . Approximately 90% of the nuclides in the heavy mass peak were
measured and the remainder were estimated or interpolated as appropriate for
the par t i cu la r nuc l ide. Then the to ta l number of atoms in the heavy mass
peak was taken as the number of f issions. In the cases of Pu-240 and Pu-242
the number of f i ss ions was corrected for contributions from Pu-239 and Pu-
241. In the other cases, the contribution from minor isotopes in the capsule
was neg l i g ib le . The number of Ba-136 atoms was taken from the IDMS
measurements. As part of the IDMS analyses, corrections were made for the
natural barium content of each sample. Although careful precautions were
taken to minimize the amount of natural barium contamination, al l samples
contained some natural barium. The fraction of al l barium atoms a t t r ibu ted
to natural barium was 5-17% in the U-235, Np-237, Pu-239 and Pu-241 samples,
14-26% in the U-233 samples, and 23-30% in the Pu-242 samples. The worst
case was the Pu-240 samples with a natural fraction of 25-61%. The natural
content was subtracted from each sample and the four unspiked samples were
averaged. Then the four spiked samples were averaged and the quantity of Ba-
136 ca lcu lated from the observed ra t io to the spike. The results for al l
capsules of the same isotope were combined by simple average and by weighted
average. The average with the largest uncertainty is reported.
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Fission Vields

The results of the Ba-136 analyses are given in Table I with the
corresponding values from the current Evaluated Nuclear Data File (ENDF) [8] .

Uncertainties

The standard deviation associated with each reported fission yield
includes allowances for known sources of systematic errors as well as for
random measurement errors. A detailed discussion of the errors is given
elsewhere [1 -5 ] . I t should be noted that no adjustment was made for
differences in neutron spectrum between capsules containing the same major
isotope. Also, no correction for capture of Cs-135 into the mass 136 chain
was made. Another systematic error not included in the standard deviation is
the somewhat softer neutron spectra in Row 8 compared to that obtained in the
inner rows, although the spectra are within the usual definition of a fast
fission spectrum.

Discussion

The measured shielded mass 136 yield values for fast fission of Np-237,
Pu-240, Pu-241, and Pu-242 are considered more re l iab le than the
corresponding ENDF [8] values with their large uncertainties. The larger
uncertainties for the measured yield values for Pu-240 and Pu-242 fission
resulted from the larger natural barium content of these samples and the
necessary corrections for contributions from minor isotopes in the capsules.
The measured shielded mass 136 yield values for fast fission of U-233, U-235
and Pu-239 do not agree with the ENDF [8 ] values. The disagreement is
attributed to the softer neutron spectra obtained in Row 8 of the EER-II
compared to the spectra most l ike ly used by other experimenters. These
precise measurements of shielded mass 136 f ission yields should aid basic
studies of the f ission process as well as calculation of isobaric yield
curves.
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TABLE I

Shielded Mass 136 Yield from Fast Fission of
U-233, U-235, Np-237, and Pu-239-242

Nuclide
U-233
U-235
Np-237
Pu-239
Pu-240
Pu-241
Pu-242

a Measured value

Measured Value
^atoms/100 fissionsl

0.1073 ±1.5%
0.0091 ± 3.3%
0.0618 ±1.5%
0.1095 +1.3%
0.0495 ± 8.2%
0.0158 ±1.3%
0.0081 ±4.4%

includes both Ba-136 and decayed

ENDF Value [8]
(atoms/100 fissions)

0.1164 + 6%
0.0150 ± 8%
0.0499 ± >45%
0.1367 ± 6%
0.0578 ± >455S
0.0127 ± >45%
0.0057 ± >45%

Cs-136.
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GAMMA BRANCHING RATIOS FOR FISSION PRODUCTS:

APPLICATION TO THE STUDY OF THE YIELD DISTRIBUTION

FROM 235U (thermal neutrons, fission)

E. Lund, G. Rudstam, P. Aagaard* and H.-U. Zwicky**

The Studsvik Science Research Laboratory,

S-611 82 Nykoping, Sweden

This poster outlines the determination of y-branching ratios and
its application to the study of the yield distribution of products
from thermal-neutron induced fission of 235U. The yield study
covers 133 fission products including 36 isomeric states. For most
of them Y-branching ratios have been determined to be used in the
analysis. Final results are presented for isotopes of bromine,
krypton,and rubidium.

INTRODUCTION

In a project to determine the yield pattern in thermal-neutron induced
fission of 2 3 % it was found that out of the 133 fission products under
study the y-branching ratio was unknown for 12 nuclides and given without
errors for about 45 fission products. In addition, many branching ratios
found in the literature are deduced from spectroscopy work with sometimes
tentative suggestions about the 3-feeding to the ground state. The need for
new measurements of the branching ratios was therefore strongly felt.

In the present experiment the y-branching ratios are determined on the
absolute scale by means of simultaneous measurements of the disintegration
rate of a nuclide and the size of certain peaks in its y-spectrum. Until now
about 100 fission products have been investigated. The final analysis is
finished for most of them, and the application to the fission yield study
is illustrated for isotopes of bromine, krypton, and rubidium.

* Present address: Studsvik Energiteknik AB, S-611 82 Nykoping, Sweden

** Present address: EIR CH-5303 Wilrenlingen, Schweiz
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EXPERIMENTAL

Branching Ratio Measurement

The arrangement of the detector system is shown in Fig. 1. Sources are
prepared by collecting the ion beam of a particular mass from the OSIRIS on-
line-isotope separator [l] on an aluminized Mylar tape (a) in front of the
g-detector (e). This detector consists of a 5 mm thick plastic scintillator.
It is placed outside the vacuum system facing the source through thin foils
of aluminium. The y-detector is a Ge(Li)-detector of conventional type (f).
Both detectors are placed in fixed positions relative to the sample by means
of a plastic holder (c).

The data aquistion was performed by simultaneously counting the 3~par-
ticles (in a multiscaling mode) and recording the y-spectra from the same
sample. The y-spectra were measured in consecutive intervals with timing
chosen in such a way that the components of the sample were enhanced in
different intervals. The effect of y-rays in the g-detector was corrected
for by repeating f procedure with a 20 mm thick aluminium absorber (d)
between the source o the detector. The correction was usually in the or-
der of 2-3 %.

The accuracy of the resulting y-branching ratios depends strongly on
the reliability of the calibration of the detectors. The efficiency of the
g-detector was determined by the gy-coincidence method using sources of the
OSIRIS-produced nuclides 125Sn, 127Sn, 129Sn, 125In, and 12"ln covering
a range of average ^-energies from 0.8 to 2.3 MeV. The counting efficiency
values were obtained with an accuracy of ±5 % for average $-energies above
1 MeV. The counting efficiency for the Ge(Li)-detector was determined by
means of standard calibration sources of 55Co, 60Co, *33Ba, and 152Eu placed
in the normal source position at the detector.

Yield Measurement

The experimental technique includes the collection of mass-separated
samples and the simultaneous measurement of the radioactivity by means of a
calibrated y-spectrometer or a neutron counter. These measurements give the
abundance of the various isobars in the sample. An essential requirement is
that the separator efficiency and the focussing condition remain stable
during the investigation. This was frequently checked by measuring a parti-
cular monitor mass.

ANALYSIS OF THE DATA FROM THE BRANCHING-RATIO EXPERIMENT

In the branching ratio experiment the data recorded by the plastic scin-
tillator were corrected for dead-time losses and analyzed by means of a com-
puter code to yield the half-lives and amounts of the components. The num-
ber of decays of the various components in the sample was then evaluated
for all y-measuring intervals and related to the number of y-rays emitted
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during the same interval (from analyzing the y~spectra). This procedure gives
the branching ratios directly.

RESULTING BRANCHING RATIOS

The -y-branching ratios have been determined for about 100 nuclides.
Some elements with complicated isomerism, e.g. the indium isotopes, remain
to be measured. As an example the y-branching ratios for bromine, krypton,
and rubidium are given in Table I where they can be compared to published
values.

The final analysis is finished for isotopes of zinc, gallium, germanium,
arsenic, bromine, krypton, rubidium, iodine, xenon, and cesium. Hopefully,
the determination of the branching ratios will be completed during the begin-
ning of 1984 for the remaining elements (silver, cadmium, indium, tin, anti-
mony, and tellurium).

DELAY CORRECTION IN THE YIELD EXPERIMENT

An important correction is to allow for the decay of the nuclides in
the delay between production in the target and collection at the measuring
position. The fission products have to diffuse out of the target material
(uranium-carbide on a support of graphite cloth), leave the target surface,
get ionized in the source,and pass through the isotope separator before they
are collected in front of the detectors. The two types of time-controlling
release mechanism, surface desorption and diffusion, must be treated separa-
tely. We introduce a delay function p(t)dt which is the probability that
the delay is between t and t + dt. For desorption-controlled release the de-
lay function may be written

p ( t ) =

where v is related to the gaseous diffusion in the discharge chamber of the
ion-source and ]i is related to the desorption rate from the target surface.
For diffusion-controlled release the function takes the form

ki
y, = Da? and v, —- V, D = the diffusion constant and a. are the roots of
J (Ra, ) = 0 where J0(x) is the Bessel function of the tirst kind of order
zero, and R is the radius of the graphite fibres. In both cases there are
only two parameters y and v, from which the others can be derived.

The parameter v is essentially an apparatus constant which is »u.
It can be calculated from the ion source data.

By using two normalization points for a string of isotopes one can ob-
tain both the delay parameter u and a factor which is equal to the product
number of target atoms x neutron flux x fission cross section x separator
efficiency. The yields of all the isotopes of the element studied can then
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be determined provided that one knows which release mechanism is the time-
controlling one. The latter determination requires a special study where
uncorrected abundance values are compared to approximate yields (taken from
literature). Such a study gives the correction factors needed to convert
abundance values to yields, and these factors depend on the decay constant
of the isotopes. The asymptotic behaviour of the correction factor for large
decay constants is linear in the case of desorption-controlled release and
proportionel to the square root of the decay constant for diffusion-con-
trolled release. Typical results are shown in Fig. 2 for bromine and rubidium
(desorption-controlled release) and krypton (diffusion-controlled release).
Corrections are also made for the parent effect noting that the parent and
daughter have different delay parameters and may have different release
mechanisms.

RESULTING FISSION YIELDS

The analysis has been finished for one set of cumulative elements: bro-
mine, krypton, and rubidium. For these elements diffusion turned out to be the
time-controlling release mechanism for krypton, while desorption is the
slower process in the other cases (cf. Fig. 2).

The results are given in Table II where they can be compared with
published values. All yields except those without parent effect have been
converted to cumulative yields. Some remarks to the table may be given:

Bromine Yields

The result for 85Br seems to be high compared to published values
(cf. below). As for 866r the yield is somewhat lower than that of Refs.
[18-20], An isomeric state has been reported for this isotope, however. The
yield of such an isomer is included in the published values which might ex-
plain the discrepancy.

The yields of 8^Br and 89Br agree with published results. Those of
90Br and 91Br are surprisingly equal. Published yields for these isotopes
scatter considerably. The present result for 90Br agrees with that of
Refs. [18,19] but is smaller than that of Refs. [20,23,24], while the pre-
sent yield of 91Br agrees within limits of error with that of Refs. [20,24]
(and also with the ENDF/B-V file [21]) but is larger than that of Refs.
[18,19].

The yield of 85inBr £s reported here for the first time.

Krypton Yields

The yield of 85mKr is high compared to published results but is con-
sistent with the high value of 85Br. The present results for 87Kr, 91Kr,
92Kr, and 93Kr are in agreement with other publications while those of 89Kr
and 9^Kr are lower. In the case of 9i*Kr widely different yields are found
in the literature. The.present value supports that of Ref. [19] but not
those of Refs. [20, 29].
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Rubidium yields

Most of the rubidium yields (92Rb, 9'*Rb, 95Rb, 96Rb) agree within li-
mits of error with published values. For 97Rb and 98Rb the published yields
scatter considerably. Some of them agree with the present determinations
while others, notably those of Refs. [25,321, are much lower.

The sum of the yields of the 90Rb-isomers is much lower than expected
(note that a low yield was also found for 90Kr). Also the yield of 9*Rb is
low. No explanation has yet been found for chis finding, and the results
for 90»90mRb a n d 91Rb should be regarded as tentative only.

It is evident that the precision of the measurements using the present
technique is inferior to those using physical methods such as HIAWATHA [18],
or LOHENGRIN [20] but comparable to those where radioactivity has been
measured. Therefore our contributions will be more important at the heavy-
mass peak where the physical approaches have an insufficient resolution.
The real advantage of the method is the possibility to measure isomeric
yields, however. Only few such cases are given in Table II, but an exten-
sive set of measurements is under way.

The efficient support of the OSIRIS staff is gratefully acknowledged.
We especially thank Jytte Eriksen for valuable assistance in the analysis
work of the y~branching ratios and for the preparation of the drawings to
this poster. The work has been supported by the Swedish Board for Energy
Source Development and the Swedish National Science Council.
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Table I. Gamma-branching

Isotope Half-
life
s

81tBr 1908

-i

85Br 172

86Br 55.7

87Br 55.6

88Br 16.0

81+Kr 4580

88Kr 10080

89Kr 191

Gamma
energy
keV

605
737
802

1213
1898

802
863
919
925

1286
1361
1390
1534
1565

422
532
1361
1420
1476

775
802

403
845

196

221
356
577
586
1473

30Kr 32.3 120.91121.8
540

1119

ratios of

2
1
7
2
15

2
0
0
1.

7
9,
9.
7.

59.

3.
6.
3.
21.
8.

62.
14.

56.
6.

27.

24.
4.
5.
18.
7.

60.
39.
49.

This

.03+0

.57+0

.06+0

.54+0

.6 +1

.3210

.24+0

.7410,

.51+J,

.4 10,

.8 10.

.0 ±0.
,0 +0.
,2 14.

89+0.
37+0.
21+0.
9 +1.
0 10.

0 +4.
0 11.

7 +3.
8 +0.

4 +3.

7 11.
56+0.
6210.
5 +1.
6 10.

7 14.
8 12.
9 +3.

bromine, krypton

Branching

work

.15

.18

.43

.26

.0

.17

.07

.15

.13

.6
,7
,7
,5
1

27
47
24
6
6

5
3

6
5

2

5
36
49
0
6

2
6
4

1.7210
1.2710
5.9 10
2.54+0

14.5 +1

2.5610
0.23
0.65+0,
1.6310,

7.7 +0.
10.5 +1.
9.9 ±1.
9.3 10.

64 +6

5.00+0.
9.2 10.
4.93+0.
32.0 12.
7.9 10.

6514 [6]
13.7 ±1.

49.6 +2.
7.3 10.

26.3 +1.

20.1 11.
4.1610.
5.6710.

16.6 +1.
6.9 10.

47 +3
37 +3
47 13

, and rubidium

Ratio, %

.20

.15

.7

.26

.6

.16

.05

.13

.8

.0
,0
,9
[3:

39
7
39
5
6

1,
3

4
5

5

2
33
47
3
6

Literature

[2]
[2]
[2]
[2]
[2]

[3]
[3]
[3]
[3]

[4]
U]
[4]
[4] ,
1, 4014 [4]

[2], 3
[2], 5,
[2], 3,
[2], 22,
[5], 11,

67+7 [7]
[6], 15.

[2]
[2]

[8]

[9], 18.
[9,11]
[9,11]
[9,11]
[9,11]

[9,11]
[11,14]
[9], 38.

.2±0

.4+0,

.4+0

.0+1,

.711,

,8+1.

611.

9+3.

.3

.4

.2

.5

.0

.6

9

9

isotopes

[5]
[5]
[5]
[5]
[2]

[8]

[10]

[10]

cont.
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Table I

Isotope

91Kr

92Kr

93Kr

9"Kr

88Rb

89Rb

90Rb

90mRb

9lRb

92Rb

93Rb

cont.

Half-
life
s

8.57

1.85

1.29

0.208

1067

909

153

251

58.2

4.50

5.85

GcfflffllcL

energy
keV

109
507
613
1109

142
316
548
813
1219

253
267
324

220
629

898
1836

948
1032
1248

1062

1375

94
345

1971

570
815

433
988

This work

44
17
7
5

52

11
9

40

52
14
19

41
50

13,
21,

11.
70.
49.

9.

19.

34.
8.
5.

.5 ±3.3

.0 ±1.2

.0 ±0.6

.5 ±0.5

.5 ±2.0

.0 ±0.4

.1 ±0.6

.3 ±0.8

.5 ±2.1

.2 ±3.2

.7 ±1.4

.4 ±1.0

±8
±14

.2 ±0.9

.6 ±1.6

.2 +1.0
,0 +4.1
,9 ±2.8

,2 ±0.5

4 ±1.7

2 +2.3
4 +0.5
68±0.43

0.870+0.063
4.05±0.31

16.
6.
4 ±0.6
08 ±0.25

Branching Ratio,% Comment

Literature

43.5+2.2 [13]
19.3+2.6 [13,14]
7.7+0.6 [13,14]
7.2+0.5 [13,14]

66 [3]
5.7 [3]
14.4 [3]
15.0 [3]
47.5[10], 62 [3]

63 [15]
21 [15]
24.6 [15]

14.1+0.9 [8]
22.1±1.4 [8]

9.2 [9]
58 ±5 [9], 63±6 [10]
42.6±4.3 [9]

11.5±1.8 [9]

23.8±4.3 [9]

33.7+2.0 [13]
8.3+0.6 [13,14]
6.7±0.5 [13,14]

1.36 [3] Two indepen-
8 [3] dent measure-

ments gave the
same results in
disagreement
with Ref. 4

13.7 +1.1 [16]
5.59+0.61 [15,16]

2.76 837
1089
1578

65 +6
12.3 ±1.1
23.0 ±2.1

78 +6 [16], 77+8 [18]
15.1 +1.9 [16,17]
28.5 ±3.6 [16,17]
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Table II. Fission yields of bromine, krypton, and rubidium isotopes

I
M
* •

I

Iso-
tope

84 B r

85 B r

85Bl

87 B r

88 B r

89 B r

Measure-
ment

802 keV Y
1898
3336 - " -

425 keV Y

802 keV Y
919 - " -
924 - " -

1565 keV Y
2751

1419 keV Y
1476
neutrons

775 keV Y
802
neutrons

neutrons

This
Cumulative

Yc

1.01+0.06*

1.96+0.19

1.57+0.17

2.1310.20

1.71 0.21*

0.92+0.15

Fission yield
work
Independent

Yi

1.
1.
1.

0.016710.0015

1.
1.
1.

1.
• 1.
1.

1,
1.
1.
2

- 1
1
1
1

1
1
1
1

, %
From literature '>

Cumulative Independent [
Y
c

0210.03
02+0.03
0510.03

3110.04
2610.03
2410.04

9510.04
8910.06
8510.05

9110.04
79+0.05
88+0.06
0810.1

7410.05
7010.06
9010.08
.53+0.1

.1110.05

.0010.06

.3210.08

.14+0.08

Y i i
[18]
[19]
[20]

[18]
[19]
[20]

[18]
[19]
[20]

[18]
[19]
[20]
[23]

[18] 1.50+0.27 [24]
[19]
[20]
[23]

[18] 1.5310.31 [24]
[19]
[20]
[23]



Table

Iso-
tope

II cont.

Measure
ment This work

Cumulative Independent
Y Y.

Fission yield, %
From literature

Cumulative Independent
Y_ Y.

90 B r

8OTKr

8 7Kr

neutrons

neutrons

151 keV
304

403 keV
2554

88Kr 196 keV y
2392 - " -

89 K r 221 keV Y
577 -"" -
586 - " -

0.37±0.06

0.36+0.09

2.24+0.24

2.49+0.32

3.52+0.26*

3.12+0.28

0.
0.
0.
0.

0.
0.
0.

1.

I-l

1,

2,
2,
2,
2.
2
3

3
3
3
3
2
3

4
4
4
4

29
38
60
65

+0.
+0.
+0.
±0.

071+0.
054+0.
24

,35
,28
,27

.62

.40

.38

.62

.48

.39

.55

.51

.63

.45

.86

.74

.51

.50

.59

.63

±0.

±0.
+0.
+0.

+0.
+0.
+0.
+0,
±0,
±0,

+0,
±0
+0
+0
±0
+0

+0
±0
+0
+0

02
06
04
1

020
024
03

,04
,03
04

.04
,06
.7
.1
.12
.42

.08

.07

.11

.17

.16

.45

.06

.08

.12

.17

[18]
[19]
[20]
[23]

[18]
[19]
[20]

[18]
[19]
[20]

[18]
[19]
[20]
[23]
[25]
[26]

[18]
[19]
[20]
[23]
[25]
[26]

[18]
[19]
[20]
[23]

0.69±0.08

0.21±0.06

3.26±0.19

c

[2*]

[24]

[27]

cont.



00

Table

Iso-
tope

90Kr

91Kr

92Kr

II cont.

Measure-
ment

121 keV Y
1118 - " -

107 keV Y
506 - " -

142 keV Y
1218 - " -

Fission yield,
This work

%
From literature

Cumulative Independent Cumulative
Y Y.
C 1

3.29±0.46 5.02
4.86
5.09
4.88

3.40±0.51 3.44
3.33
3.43
3.40
3.51

1.82±0.34 1.57
1.95
1.75
1.48

\

±0.
±0.
±0.
±0.

±0.
±0.
+0.
±0.
±0.

±0.
±0.
±0.
±0.

07
10
07
18

11
08
07
1
36

06
09
07
,07

Independent
Y.

[18] 3.70±0.40 [27]
[19]
[20]
[23]

[18]
[19]
[20]
[23]
[28]

[19]
[20]
[23]
[29]

9 3 Kr

91fKr

89Rb

253 keV y
323 ~ " ~

217 keV Y

629 - " -

1032 keV Y
1248 - " -

0.50±0.08

0.100+0.017

4.77±0.55*

0.45 +0.05 [19]
0.67 ±0.08 [20]
0.47 ±0.03 [23]
0.5. ±0.03 [29]

0.085±0.020 [19]
0.20 ±0.05 [20]
0.26 ±0.02 [29]

4.76 ±0.07 [18]
4.85 ±0.10 [19]
4.83 ±0.13 [20]
4.40 ±0.20 [25]

cont.



Table

Iso-
tope

30Rb

S0mRb

"Rb

9 3 R b

" E b

95 R b

II cont.

Measure-
ment

1061 keV
3383 - "

1375 keV
3317 - "

93 keV
2564 - "

570 keV
1383 - "

432 keV
986 - "

837 keV
1578 - "

neutrons

Y

Y

Y

Y

V

Y

Cui

1.

0.

2.

4.

3.

2.

1.

mulat

c

28±0.

51±0.

40±0.

29+0.

50+0.

ll±0,

45±0,

iv<

29

13

52

87

,55

.44

.32

This work
Independent

Fission yield, %
From literature

Cumulative Independent
Y Y.

neutrons 0.47+0.11

5.88±0.10 [18]
5.90±0.12 [19]
5.94±0.08 [20]

5.79+0.14 [18]
5.64±0.11 [19]
5.67+0.09 [20]

4.
4.

3.
3.

1.
1.

Y
c

70±0.
95+0.

44±0.
72+0.

73±0.
82±0.

~ Y.
: i

09
14

09
13

08
10

[19]
[20]

[19]
[20]

[19]
[20]

Y ~ Y.
c l

0.54±0.05 [19]
0.95+0.11 [20]
0.89±0.05 [30]
0.89±0.10 [31]

0.36+0.06 [19]
0.31±0.06 [20]
0.19±0.01 [30]
0.35±0.06 [31]

cont.



Table

Iso-
tope

II cont.

Measure-
ment This work

Cumulative Independent
Yc Yi

Fission yield, %
From literature

Cumulative Independent
Yc Yi

neutrons

neutrons

o

0.144+0.034

0.09710.022

Y.
1

Y.

0.21 ±0.06
0.21 ±0.06
0.037±0.004
0.10 ±0.02
0.046±0.015

[19]
[20]
[25]
[31]
[32]

0.052±0.034 [19]
0.052±0.034 [20]
0.036±0.009 [31]
0.0022+0.0009[32]

* Used in the normalization procedure



10

= 0001

80 90 100 110 120 130 140 150 160
MASS NUMBER

00001,
e s
f,IMeV)

239
Figure 11. Pu(ne,f) mass
distributions. The solid
curves represent the results
of present measurements. The
14-MeV (dashed curve) data were
taken from Ref. 1.

115
Figure 12. The ratio of

140
to 13a yields as a function
of excitation energy for the

2 3 V 239u,

Cd

fission of 2 3 3Th,

and Pu in the region where
only flr:;t-chance fission
occurs. The curves are merely
to guide the eye.

Figure 13. Average masses of the light and heavy fission groups as
function of the neutron energy.
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Fig. 1 Experimental arrangement for the -y-branching measurements.
a) source position, b) aluminized Mylar transport tape, c) plastic
holder, d) aluminium absorber, e) plastic scintillator for 3~de-
tection, f) Ge(Li)-detector for y-registration.

103-

10 10u
Decay constant in s"1

Fig. 2 Correction factor F versus decay constant - curves.
Bromine: Open circles and colid curve.
Krypton: Closed circles and dashed curve.
Rubidium: Closed squares and dotted curve.



UNCERTAINTIES ON THE PSEUDO FISSION PRODUCT
FOR FAST POWER REACTORS DUE TO THE YIELDS LIBRARY

by G. RIMPAULT and L. MARTIN-DEIDIER

CEA - CEN/CADARACHE
13115 ST PAUL LEZ DURANCE (FRANCE)

ABSTRACT :
The aim of this report is to evaluate an
uncertainty on the pseudo fission product
due to uncertainties on yields. Due to the
lack of specific indications in present
compilations on yield uncertainty correla-
tion an analytical approach has been made.
The calculation gives a 6 % estimated uncer-
tainty on the pseudo fission product cross-
sections and a 150 pern uncertainty on reac-
tivity for the equilibrium cycle in SUPER
PHENIX.

In large fast power reactors like SUPER PHENIX,
the variation of reactivity due to the accumulation of
fission products is closely proportional to the fluence.
A representation of the fission products cross-sections
is then made by a single pseudo fission product. In the
present paper we will review only the uncertainty related
to the yield values. The uncertainties on the pseudo
fission product comes from :

- the approximations made in the calculation,
- the uncertainties due to the yield compilation.

1 - Uncertainties due to calculation approximations

a) Incident neutron energy

The yields are given for an energy of the
incident neutron of 2 MeV. This might be a source of un-
certainty. For SUPER PHENIX, the mean energy of the fission
neutron for the different nuclei is given in the table
below with their relative importance.
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TABLE 1

Nuclei

N o f (j)

Importance

Mean
energy
(MeV)

U 235

9.5568e-5

1,6 %

0.309

U 238

7.0803e-4

12,1 %

3.044

Pu 239

4.5155e-3

77.2 %

0.461

Pu 240

3.0467e-4

5.2 %

1.397

Pu 241

2.2243e-4

3.8 %

0.305

As plutonium 239 is the more important in
the number of fission and as the mean energy is quite far
from 2 MeV, it had been studied in detail. A linear extra-
polation has been made to study the effect of neutron
incident energy. Extrapolation between the yields given
at 2 MeV and the yields given at thermal energy. Yields
given at 14.5 MeV were used to verify that the linear
interpolation law used did not give anomalous results
at 14 MeV. The effect due to the interpolation gives the
following results :

TABLE 2

^ ^ E n e r g y
LrradiiD*-^^^
tion t ima\^

365 days

E = 2 MeV
<ac>

0.4946

E s 0.47 MeV
<0C>

0.4928

Variation

- 0.37 %

The influence of incident neutron energy
is then fairly limited for fast reactor problems.

b) Plutonium 240 yields

At present, the fission product code uses
the same yields for Pu 240 and for Pu 239. This approxi-
mation has been made because of the lack of yields cons-
tants for Pu 240 in the past. If we use Pider Pu 240 yields,
we obtain the following values.

- 154 -



TABLE 3

Nvields
irra-V
diation\
time N^

365 days

Rider 80 yields
U 235, U 238,
Pu 239, Pu 241

<ac>

0.4957

Rider 80 yields
U 235, U 238
Pu 239,Pu 240

Pu 241
<ac>

0.4982

Variation

0.5 %

The variation is of 0.5 % for the pseudo
fission product coining from a Gas Graphite plutonium.
It would be a 0.7 % variation if LWR plutonium is used.

2 - Uncertainties due to the yield compilation

In the present paragraph we will try to
evaluate some consequences on the pseudo fission product
cross-sections, due to the yield compilation uncertainties

a) Uncertainties on the yield compilation

Recent yield evaluations [1] give some
values of uncertainties but in general these values are
not correlated. We have then to make approximation on the
form of uncertainties to study their influence. Three
constraints have to be verified for a perturbation of the
curve Y (Af).

b) Uncertainty on pseudo fission product due to
the whole yield compilation

For the higher isotopes of plutonium, yields
uncertainty is greater. A summary can be made by the follo-
wing tab] i for a typical Graphite Gas plutonium.

TABLE 4

Nuclei

Contribution
to uncertainty
on PF product

U235

-

U 238

0.3 %

Pu239

2.0 %

Pu 240

0.8 %

Pu 241

0.6 %

Pu 242

-

[1] B.F. RIDER
Compilation of fission product yields.
Vallecitus Nuclear Center, Pleasanton, California.
NEDO - 12 154 - 3B - 1980.
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If we consider that yields of different
nuclei are not independant due to the measurement
technique, we obtain 3.7 % of uncertainty for the pseudo
fission product made with a graphite gas plutoniuro. The
result will be quite different for a plutonium from PWR
origin.

TABLE 5

Nuclei

Contribution to
uncertainty on
PF product

U 235

-

U 238

0.3 %

Pu 239

1.5 %

Pu 240

1.0 %

Pu 241

2.7 %

Pu 242

0.2 %

With the same hypothesis as above we obtain
now a 5.7 % of uncertainty for the pseudo fission product
made with a PWR plutonium, due to relevant contribution of
the Pu 241 data. As far as future developments, the results
obtained indicate the necessity to introduce appropriate
Pu 240 yield data. For what concerns uncertainties, a
recommended compilator method to take into the uncertainty
correlations among different isotopes, would significantly
improve the assessment of design uncertainties related to
the fission product data treatment.

CONCLUSION

For the two types of plutonium currently used for
LMFBR's in France following summary can be made :

TABLE 6

Plutonium
origine

Graphite Gas

PWR

New yields
compilation

0 %

- 1 %

Uncertainties
due to code
approximation

_+ 0.7 %

1 °-9 %

Uncertainties
due to yields
uncertainty

_+ 3.7 %

+_ 5.7 %

We have then up to ^ 6 % estimated uncertainty on
the pseudo fission product cross-section. The impact of
this uncertainty is, in the case of the equilibrum cycle
in SUPER PHENIX, of the order of 150 pern. Improved code
approximations are then needed and better estimated of
yield uncertainty correlations would be desirable.
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THEORIES OF BETA STRENGTH DISTRIBUTION IN NUCLEI

Kohji Takahashi

Service d'Astrophysique, Centre d'Etudes Nucleaires de Saclay

F-91191 Gif-sur-Yvette, Cedex, France

'Something hidden. Go and find it. Go and look behind the Ranges.

Something lost behind the Ranges, lost and waiting for you. Go1

"The Explorer" (Kipling)

ABSTRACT

An introductory review of the study of 6~strength distribution in
nuclei is attempted from a mainly theoretical viewpoint. Some historical
as pects of the developments having implied the possible existence of the
Gamow-Teller giant resonance are detailed. It is then concluded that,
owing to the recent experimental confirmation of the very existence, one
now has a clear picture of the global structures of strength distributions
at least for allowed 8 transitions. It is particularly stressed that the
direct experimental confirmation has made finishing touches on reaching
the consensus that such collectivities are largely (if not fully) responsi-
ble for the hin drance phenomena observed in 3 decays of heavy nuclei.
Notwithstanding this remarkable success in the general understanding of
the physics behind, much remains to be worked cut and proven, it is
argued, in order to gain a fully quantitative description of complex nu-

. clear 8-decay and related processes observed (or to be observed). In this
respect, and in the light of the main topic of this meeting, it is
emphasized that the temporal numerical success of a theoretical model
with many parameters, in comparison with some selected pre-existing experi-
mental data, does not necessarily claim the credit for the model's capabil-
ity of reliably predicting 8-decay properties of unknown nuclei, that is
to a more or less great extent required for the applications in the vari-
ous fields ranging from reactor technology, nuclear physics not to men-
tion, as far as to astrophysics.

PROLOG

In the last two decades, a considerable progress has been achieved in the
study of 8-strength distribution function in nuclei. Now that a series of the
(p,n) experiments elucidating the Gamow-Teller giant resonance (its existence
had been long suspected), has in recent years brought the study up to a new
phase of sophistication, it may be worthy to summarize the theoretical achieve-
ments in the past. While standing on this viewpoint, I do in this talk side
with those who are on one hand in need of 8-decay data and predictions for
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applicative purposes but on the other hand short in time (if not interest) to
go into the details, offering just a flavor of the nuclear physics behind. Fur-
thermore, more, the reference list is in no way meant to be exhaustive and may
be even highly biased. Should some consequently find this review too dull,
anachronistically superfluous, or/and premature, they are whole-heartedly
referred to the "upgrade" reviews (l-4,5-7,8-10j, the recent articles I 11—17J»
just to name a few, as well as to references therein for further details of and
on-going debates on the various aspects featuring this interesting sub-field of
nuclear physics.

1. BETA STRENGTH

One conventional classification of the various cases of nuclear 8 decays
divides them into "allowed" and "forbidden" transitions (e.g. (l8-20)). The
latter are the cases in which 8 decays are retarded because the initial and
final nuclear levels have spins such that the leptons ought to carry off non-
zero orbital angular momentum, and/or because the levels have opposite
parities. Empirically, however, one observes that thus-defined allowed transi-
tions are retarded themselves when compared with the single-particle shell
model estimates, sometimes (especially in heavy nuclei) to the extent of being
as slow as the lowest-order (first-) forbidden transitions. Nonetheless (or,
better said, therefore), the study of allowed decay rates remains as one of the
most basic subjects to be discussed toward the eventual full understanding of
8 decays (or, more generally, structures) of complex nuclei.

The allowed ^-transition rate Yjf between the JLnitial and Jinal nuclear
levels is given, in the normal approximation ll8J and in units of h" = nig = c
• 1, as

xif= 73 (4 < i > 2 - ci <s>2)v (i)
where

and <a>2 =

are the squared Fermi and Gamow-Teller nuclear matrix elements [f+^: the
isospin lowering and raising operators for 8 -decays, O^: one vector compo-
nent of the spin operator; these presumedly one-body operators acting on k-th
nucleon, £': the summation over the vector components while the magnetic
substates in the final/initial level being summed/averaged). In Eq. (1), G is
the fundamental weak interaction coupling constant, whereas GCy and GC^ are
respectively the vector and axial-vector coupling constants governing nuclear
8 decays, and fg is known (e.g. (21J) as f-function through which the leptonic
part is "well" separated from th^ nuclear matrix elements.

The allowed 8_-"strength" (-vjt the intensity), namely the part that depends
exclusively on nuclear structure, can be then illuminated by the inverse compar-
ative half-life, l/(fot) = Yif/(fo

ln2^» w i t h the partial half-life t customar-
ily measured in sec. The selection rules for allowed transitions are: the

- 158 -



change of nuclear spins |AJjf| < 1 and the parity change A7T£f = no, but the
Fermi or Gamow-Teller term vanishes if |AJjf| ¥ 0 or Jj = Jf = 0, respec-
tively. In these latter cases, the fpt value provides the individual Gamow-
Teller or Fermi strength.

The first-forbidden (A7T£f = yes and |AJ£f| £ 2) transition strength com-
prises up to six main nuclear matrix elements even in the normal approximation:
<ir> and <a> for the vector interaction and <io*£, <YA>J <£xr> and <B£^> for the
axial-vector interaction. If |Aj£f| £ 1, the fQt value is indeed in most cases
a good measure for the aggregate strength but not for the individual strength
of each matrix element (that is, "not-unique" transition). In the case of |AJ£f|
= 2, in which only the <B£j>2 strength appears, the fjt value can be appropriately
defined (e.g. f21J; a caution is due concerning the ambiguity of a factor 12 in
the definition of fjt in literature).

Figure 1 shows the number distribution of the observed log(ft) values for
allowed, and non-unique and unique first-forbidden transitions. The data base
is 122J, whilst only the transitions between the "established" nuclear levels
with • onfirmed spins and parities are retained. The introduction of the more
(ambiguous, to some extent) transitions improves the statistics, but the gen-
eral trend stays the same. It is apparent that the above classification in
terms of the spin-parity selection rules is obscured in reality.

As long as "strength distribution" is concerned, it will not be appropri-
ate to discuss on the second- or higher-forbidden transitions. They are usu-
ally masked by allowed or first-forbidden transitions, and are rarely found in-
deed (see the closed squares in Fig. 1), although they are important in mar-
ginal cases for certain (physical or applicative) reasons. These arguments
also hold for the various higher-order terms beyond the normal approximation.
In the following, we shall not discuss such highly-forbidden nuclear matrix ele-
ments either.

2. BETA-STRENGTH IN LIGHT NUCLEI: SUPERALLOWED TRANSITIONS

Detailed analyses of the log(fgt) values of the pure 0+-0+ Fermi transi-
tions between several isospin T » 1 triplet members (e.g. in ^°Alm, **0
decays), for which the isospin formalism gives <1>2 = 2, have been made to de-
termine the vector coupling constant. With the necessary corrections such as
the "outer" (i.e. nucleus-dependent) radiative correction, isospin impurity
etc. properly treated, it appears that GCy = 3.00 x 10~12 (or 1.413 x 10~49

erg'cnr) [23-25J in a very good agreement with G observed in muon decay where
only the leptons participate. [We shall not discuss here about the small dif-
ference and its implications, which do exist however.) Additionally, the value
is independent of a choice of the reference nucleus. These (among other evi-
dences [19J) support the Feynman-GellMann-Gershtein-Zel'dovich hypothesis of
the conservation of the vector current (CVC), which assures us that the strong
interactions do not renormalize the intrinsic vector coupling constant. In
other words, the Fermi 8-strength for nucleons (either free or bound into a
nucleus) is indeed divided between baryonic and mesonic components but the
total strength stays the same as that of "bare" nucleons as if those were not
clothed by the strong interactions.

The axial-vector current is not (at least, not fully) conserved [lest,
pions would not undergo leptonic decays, for instance}. That means that the
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renormalization of the axial-vector coupling constant is required. To deter-
mine GC^, one might think of using fgt values of pure Gamow-Teller (sucli as
l+-0+) transitions. This procedure is however hampered by the lack of the pre-
cise knowledge of nuclear wave functions that is required for the caculation of
the nuclear matrix element. Instead, the fgt value, and moreover angular
correlations; in neutron decay (for which <1>2 = i and <a>% -, 3) naVe been used
to obtain GC^ in the combination with GCy. After the small but necessary cor-
rections being done, such studies have resulted in a renormalized value R =
C^/Cv = 1.2605 L25j. (This ratio is real in concordance with the time reversal
invariance, and is negative (hence, the name "V minus A" theory with which we
are now concerned)J.

The transitions between the T = 1/2 mirror states (J. = J- = J, and for

which <l> = J ̂  in doubly-closed~LS-shell plus (or minus) one nucleon 3ystems
are expected J be well described by the single-particle shell model which
gives <£>2 = (J + 1)/J. The observed fgt values in those cases (the mas3 num-
ber A = 3, 15, 17, 39, 41) have, however, suggested that the apparent ratios R
are considerably smaller than that for free neutron decay. Namely, the
Gamow-Teller transitions of nucleons inside a nucleus are intrinsically re-
tarded than that of free nucleon. In conjuction with nuclear magnetic moments,
this apparent supression (or "quenching") of the Gamow-Teller decays between
mirror states (26-29J have led a long-standing debate among nuclear physicists
(8) that might be "ery loosely expressed as: Can that be understood within the
"conventional" nuclear physics in terms of configuration mixing?, or Should one
refer to more "exotic" mesonic effects?, and if both conspire, Which is the
more important? In the case of B decays, additionally, there are non-negligible
relativistic corrections to be made with respect to hardronic wave functions.

Here, we merely cite a recent calculation for the LS-closed-shell ±1
nuclei (l6j. The results imply firstly that a larger part of the cause of the
apparent quenching is probably ascribable to contiguration mixing effect.
Namely, in these nuclei, the break-ups of the core by particle-hole excitations
through 2tvw or many harmonic oscillator spacings (the second-order "core
polarization"). This is because the residual interactions (the tensor force,
in particular), that do not commute with the Gamow-Teller operator, give rise
to strong couplings to highly excited intermediate states in the second-order
perturbation (8,30). resulting in the strength reduced in the "low" energy re-
gion. Secondly (i6J, the various mesonic exchange effects and the coupling to
the excited state of nucleons (e.e. to the A re"onance at 1232 MeV) seem to
share largely the responsibility ror the left-over quenching. The calculation
(l6) shows furthermore the existence of large compilations among the various
effects. Concerning the ground-state magnetic moments, large cancellations of
such a type seemingly by chance lead to the observed values for those nuclei
somehow close to the single-particle Schmidt estimates (cf. the case of ^^Bi
(8)).

3. BETA-STRENGTH IN HEAVY NUCLEI

As can be easily seen in Fig. 1, the superallowef' transitions, which have
the nuclear matrix elements of the order of unity, comparable to the single-
particle estimates (hence, log(fgt) values somewhere in between 2.9 and 3.6),
are limited in number in spite of their importance as discussed above; whereas
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the vast majority of allowed 8 decays are much hindered, especially in heavy N
» Z nuclei, (similar hindrance phenomena are observed in most first-forbidden
transitions also.) On the other hand, one may hope that studying the majority
leads to a global understanding of nuclear matrix elements or their distribu-
tions in the whole nuclear chart or evan in a nucleus.

We give here a somewhat chronological summary of the theoretical efforts
devoted in early years that have paved the way for the understanding of the
persistant occurrence of the hindrance phenomena in N > Z nuclei. The most re-
cent developments concerning the Gamow-Teller strength shall be discussed in
the next section.

The clue to the "mystery" lies in the sum rule for the total strength
corresponding to an operator m:

S..(m) = Z f | < f | m | i > | 2 = <l |m+m|i> = | < c j m ! i > | 2 ,
(3 )

where

| | | m + m | i > 1 / 2 . (4)

If the state |c> belongs to the complete set of |f> of the final states, the
sum is exhausted by a transition | i> •*• |c>. Then, even if |c> is not an exact
eigenstate in the final nucleus and has a width, the very existence of such a
"virtual" state can cause hindrance phenomena in the transitions to the order
states that are different in nature (energies, configurations etc.) from |c>.

A breakthrough came in 1961 along with the discovery of narrow isobaric an-
alog states in heavy nuclei (31), suggesting a hi^h purity of the isospin even
in heavy nuclei (32).

3.1. Fermi-Strength Distribution

If the isospin is conserved and as long as the CVC hypothesis is taken fc*:
granted, the Fermi strength sum for a given initial state is exhausted by the
transition to its isobaric analog state. To such a Coulomb-displaced state, 8
decays in heavy (N > Z) nuclei cannot reach energetically. As the result, what
one observes in 8 decays is the "tail" part of the Fermi strength distribution,
that has survived namely because of the isospin impurity mainly due to the Cou-
lomb force. (The nuclear forces are almost perfectly charge-independent, so
that they commute with the Fermi operator.) Measurements of such "isospin-
forbidden" Fermi matrix elements (through circular polarization except for a
few Pgre Fermi transitions with known fgt values) have revealed that <1>2

ClO typically) <<: 1 indeed. In return, the information when detailed can be
utilized to evaluate the isospin impurity and even the possible charge-
dependent nuclear forces. (Further details of this and of Fermi matrix ele-
ments calculated may be found in (33-36).)

Since the early Sixties, therefore, we have had a clear and consistent pic-
ture of the Fermi-strength distribution in heavy as well as in light nuclei: If
Z > N, the isobaric analog state can be energetically in reach by 6 decays that
manifest them.- lves as superallowed Fermi decays between mirror states in light
nuclei. In other words, as far as the total 8-decay rates of heavy N » Z
nuclei are concerned the Fermi decays can be ignored.
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3.2. Gamow-Teller Strength Distribution: Prelude

In early days, the observation <o>* « 1 in heavy nuclei was a mystery
(see references in (5) for example). The single-particle shell model divides
such hindered transitions into "I-forbidden" and "unfavored" transitions. The
former include the cases in which the change of the single-particle orbital an-
gular momenta A£ ^ 0 in contradiction wth the selection rule AS, = 0 for the
Gamow-Teller operator, and the latter the rest, namely "8<-allowed" cases. This
additional selection rule explained at least qualitatively some strongly
hindered transitions, but the question concerning vast "unfavored" transitions
remained open. (.As for the further developments concerning Jl-forbidden
transitions, see (37,38) for example.) The j-j coupling (among valence
nucleons), pairing, and deformation were also considered, with the results suc-
cessful in some qualitative descriptions of the hindrance The truly quantita-
tive explanations of the variety of unfavored Gatnow-Teller matrix elements, how-
ever, were not provided (see references in (5)). For instance, the Nilsson
(plus pairing) model, which is successful in describing some other nuclear
properties, leaves an unaccounted hindrance factor <2.>|ai/<O>|xp =
(fot)exp/(f()t)cai typically of ̂ 20 (s8) in the well-deformed region f39), even
when the Alaga selection rules with respect to the asymptotic quantum numbers
are satisfied. This order of magnitude of unaccountable hindrance factor
applies to spherical nuclei as well.

The message received from those and more elaborated calculations (see ref-
erences in (5-7)) was that one must either be satisfied with some qualitative
accounts by rather simple modpls (e.g. the N-Z dependence of hindrance factors
by pairing model) while invoking phenomenological coupling constants, or treat
the residual interactions properly in combination with enough configuration
mixing. The latter procedure is eventually able to explain full hindrance at
the expense of large cancellations and hence of the requirement of precise
knowledge of the residual interactions. This is apparently an extreme hardship
to overcome for heavy nuclei (cf. (40) for light nuclei). It was then hoped to
decipher the physical meaning behind the persistent occurrence of large
cancellations.

With this background, the discovery of the isobaric analog states in heavy
nuclei led to what turned out to be a far-sighted conjecture by Ikeda, Fujii
and Fujita (41,42j that the Gamow-Teller strength might also be concentrated
as a resonance near the isobaric analog state. Microscopically speaking, this
Gamow-Teller giant resonance originates, they state, from coherent excitations
of 1+ particle-hole states, whereas the Fermi isobaric analog resonance is
regarded as 0+ excitations. Such a giant resonance structure in the Gamow-
Teiler strength (or broken but persistent Wigner supermultiplet), if it exists
(and it does!), can easily explain the hindrance phenomena in a manner much the
sr.me as did the isospin-multiplet structure for the Fermi strength distribu-
tion. Namely, in observing the "tail," one expects 1 » <O>* >> <j>2 for heaVy
nuclei. The latter inequality simply reflects the difference between the
"impurities" (or widths) of the two multiplet structure: the Gamow-Teller oper-
ator does not commute with the spin-dependent part of nuclear forces, this lead-
ing to a wider width (see Sec. 5 for an easy understanding). The possible exis-
tence of the Gamow-Teller giant resonance wa3 also suggested by Yamada f43-45)
in his semi-empirical study of nuclear 8-decay systematics, which later became

- 162 -



developed as the "gross theory" [45,46). We shall come back to this theory in
Sec. 5.

Fujita and Ikeda (47) noticed furthermore that, once che existence of a
giant resonance was assumed, there existed a commutator method as a powerful
tool to evaluate hindrance factors from rather simple nuclear wave functions
without being suffered from large cancellations. This oo-called Fujita-Ikeda
theory was widely applied (see references in l5,6j), and later discussed in de-
tail l6j especially in connection with its extended version (Fujita's projec-
tion operator method (48)) and with the random phase approximation (and the
Tamm-Dancoff approximation) which had been meanwhile applied to studies of the
collectivity in the 8-decay (49,50;. These approximations are, as is the
Higdal theory, another ways of describing and treating the shell model configu-
ration mixing and excitations in conjunction with the residual interactions.
One essential difference between those two approximations is in that the random
phase approximation admits the break-up of the inert (or "core") configurstion
in the ground state, whereas the Tamm-Dancoff approximation ignores such
"part-time" excitations of "inner" nucleons (so-called "ground-state
correlations") and then limits the space basis in the final nucleus to one-
particle one-hole excitation estates. 'The strict definitions of those
terminologies and the relations among the models may be found e.g. in C 51J.J

Further developments concerning the Gamow-Teller giant resonance, that
supported and proved its very idea shall be discussed in the coming sections.
Before closing this 3ubsection, however, it might be worthwhile to refer to a
relationship between the sum rules for 8" and (3+ strengths f 52J r

6") - Ei(GT, B+) = 3(N-Z) , (5)

where N and Z are those of one reference nucleus (whether this nucleus
undergoesJ3~ and/or $+ decays at all or not). This relation is rigorous as
long as a£ and T£ a r e ttls one-body operators that can only change spin
and isospin directions of nucleons.

3.3 First-Forbidden Strength Distribution

As in the case of allowed transitions, many attempts to calculate the ft
values of first-forbidden transitions have called for the necessity of high con-
figuration mixing, with the results quantitatively inconclusive except eventu-
ally for the strongest transitions such as in the lead region: e.g. ( 53) . As
we already mentioned before, it is generally difficult to extract the individ-
ual matrix elements merely from fgt values, and they are actually not well
known (e.g. (54)). Nonetheless, Ejiri et al. f55) studied an off-giant reso-
nance effect on the dipole matrix element <ir> observed in 6 decays, by
extending a particle-hole model (with the Tamra-Dancoff approximation) that had
been used for a microscopic description of the El giant resonance in nuclear
photo reactions (this schematic model is often called as Brown-Bolsterli
model). In addition, they speculated, in analogy to the Gamow-Teller case,
that the off-giant resonance effect could explain a considerable part of the
hindrance observed in the unique transitions, namely in l/(fjt) values. The
random phase approximation was also applied to the first-forbidden transitions
(56). (See, also (57).)
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4. GAMOW-TELLER GIANT RESONANCE

To be clear and for the sake of discussion, we here sketch the direct ex-
perimental evidence of the very existence of the Gamow-Teller giant resonance
(9,10) and its implications, while postponing the discussion on the various
analyses of the "tail" distribution accessed by 8 decays that had indirectly
supported the conjecture.

The charge exchange (p,n) reaction, resembling 8~ transitions, has been
long thought to be the best way of directly searching for the Gamow-Teller
giant resonance (4l). In 1975, the first evidence of its existence was given
in the fp,n) measurements with 45 MeV protons by Doering et al. C58 I.

To make the (p,n) reaction simulate the allowed 8-transitions requires to
measure the reaction at as small as a momentum transfer as possible since the
8 transitions occur at essencially zero momentum transfer (91. This situation
is realized at zero-degree, and the higher the bombarding energy, the better.
In the impulse approximation, the zero-degree cross section is a linear combina-
tion of the Fermi and Gamow-Teller strengths with the co-efficients being pro-
portional respectively to spin-independent and spin-dependent isovector central
components of the effective nucleon-nucleon force between the projectile and
the one in the nucleus. To extract the Gamow-Teller strength clearly from the
cross section is therefore easier when the bombarding energy is such that the
corresponding co-efficient overwhelms the one for the Fermi strength. These
considerations (9) set an optimal proton energy somewhere in between 100 and
400 MeV.

Indeed, a series of zero-degree (p,n) cross section measurements with a
protons up to 200 MeV combined with a neutron-time-of-flight technique have in
recent years shown Gamow-Teller resonances near (slightly above) the isobaric
analog states for various targets (l9,10,59,60), just to name a few). The
energetics of these experimentally observed major peaks turned out to be well
described (13J within the Tamm-Dancoff shell-model theory. This is already
something to celebrate, especially when one considers that the theoretical
works had in many years ago predicted the existence of the collective
excitations, as discussed in Sec. 3.

A furor came, additionally, with the observation that the Gamow-Teller
strength observed in the (p,n) reactions was apparently less than the half of
the theoretical expectation. The extraction of Gamow-Teller strengths from
(p,n) cross section analyses, partly "calibrated" with the aid of the known
8-decay strengths, has shown that the toal sum of the Gamow-Teller strengths
(including those below the isobaric analog states) are somewhate 30% (lOl of
the sum rule limit of 3(N-Z) given by Eq. (5>. It should be noted here that
the sum £^(GT,8+) in Eq. (5) of B + strengths is expected to be small for heavy
(N » Z) nuclei. This is because of the large difference between the Fermi.
energies for neutrons and protons, blocking favored 8 + transitions. (This
Pauli principle effect may be most easily understood by a schematic description
of the Gamow-Teller strength distributions of 8" and 8* transitions: see Sec.
5 and Fig. 3.J Concerning this, Gamow-Teller S + strength distributions are stud-
ied f61J with the random phase approximation. (The Tamm-Dancoff approximation
corresponds to ignore the 8 + contribution in Eq. (5).j

The missing (quenched) Gamow-Teller strength in (p,n) data prompted many
authors to interpret its cause as the A-isobar admixtures in the nuclear wave
functions (see references in fio)). As history is repeated (cf. Sect. 2), the

- 164 -



issue is now that to which extent the quenching can be understood in terms of
the conventional nuclear physics idea of configuration mixing.

Shell model calculations of 8-strength distributions for heavy nuclei,
when detailed, require large model spaces, and are consequently much harder
than for light nuclei. One of the most advanced shell model calculations for
heavy nuclei was reported by Mathews et al. fl7] in their comprehensive paper
on the "virtual" Gamow-Teller 8" transitions of 90Zr leading to 90Nb.

Taking the advantage that~^^Zr is a doubly-closed shell nucleus, we here
digest their method (l7J to explain how such a standard shell model calculation
works. The starting point is to generate the 1+ collective Gamow-Teller state
|CGT> by operating the Gamow-Teller operator on the (V99/2) neutron "core"
configuration of the 0 + ground-state (T = 5) ^°Zr. which results in |CGT> as a
linear combination of three kinds of 1+ states: |GT1> = ((7^9/2) (v99/2) , T
= 4) (spin-isospin-flip), and |GT3> = [(^97/2X^99/2) > T = 5J (spin-flip)
states. Among them, the second state participates most strongly in the giant
resonance (see below). The |CGT> state is not an eigenstate of the daughter nu-
cleus but can be used as a starting point for the construction of basis state
vectors to be diagonalized to form the daughter eigenstates l*^. Once the
basic state vectors are set, one can calculate the eigenstates of the daughter
("̂ Nb in this case) nucleus with a model Hamiltonian composed of a single-
particle Hamiltonian and the residual (two-body) interactions such as CT'C T»£.
The Gamow-Teller strength distribution Sg can then be calculated as
I<CGTI <pfc>1

2. The sum is |<CGT|CGT>|2 that is to be compared with the one from
Eq. (5) or with the "observed" one.

Using the relaristic central forces, Mathews et al. f 17*1 obtained Sgshown
in Fig. 2b. The lowest-energy peak has its origin predominantly iu the [GT1>
state and the highest peak in the middle in the |GT2> state, while the mixture
of these states via the Hamiltonian had pushed the strength from the lower into
the higher energy state. The rightward peak corresponds to the |GT3>, T = 5
state. The result in Fig. 2b has been obtained by using only the three
Gamow-Teller states to form the basic vectors. This is apparently not suffi-

fiant if one considers the 2p2h configuration (V97/2) 0*99/2)(V9g/2) forming
1+, T = 4; states. It is easily understood that such configuration states not

only have energies similar to those of |GT1> and jGT2> states, but can be
converted into the latter states by a two-body spin or isospin flip operation.
This means that the residual interactions can cause admixtures of the 2p2h
states to the Gamow-Teller states. Because of the energetics, the admixtures
with IGT2> state will be the strongest.

With the diagonalization in a space including the 2p2h states, Mathews et
al. (l7j obtained Sg as shown in Fig. 2c and by the solid curve in Fig. 2d, the
latter drawn with the experimental widths (FWHM). (Note the changes of the or-
dinate scales, especially the one from Fig. 2b to Fig. 2c.) Up to this state,
the ground-state ^ Z r h a s been treated as a doubly-closed shell configuration
state. It appears, however, that a considerable part of the time the gg/2 pro-
ton orbital is occupied by two protons excited from the p-shell just below
(62J. Mathews et al. (l7j stress that such an effect ("ground-state
correlations") is to be considered in order to keep a self-consistency with re-
spect to the Hamiltonian and basis in the parent and daughter nuclei and Co
avoid some spurious results, remembering that 2p2h states had been included in
the daughter nucleus in the above case for instance. [As a demonstrating exam-
ple, they generated a spurious result by using a pairing Hamiltonian to take
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into account the ground-state correlations in the parent nucleus on one hand
and on the other the realistic Hamiltonian for the daughter nucleus.) The re-
sult with a consistant inclusion of 2p2h correlations in the parent and
daughter nuclei is shown in Fig. 2d by a dashed curve (l7j.

The theoretical result (Fig. 2d) is very well compared to. SQ observed in
(p,n) experiments (59j with respect to the positions, relative strengths and
dispersions of the peaks, but not to the absolute strength. The integrated sum
of the theoretical strengths up to some 20-25 MeV is as large as the twice of
the observed value of 16.5 (this shows there is no leaking of the theoretical
strengths from this energy range; cf. the sum rule limit of 30 in this case).
It might well be that the Gamow-Teller strengths missed in the (p,n) data in
the giant resonance energy region could be due to a dispersion further up to
very high excitation energies. To extend the shell model calculation up to
that high energy requires much larger model spaces and appears to be beyond the
computational limit to date. The possibility of such a dispersion was, how-
ever, demonstrated by Bertsch and Hamamoto 1151, who performed a perturbative
calculation to study the mixing of Gamow-Teller strength with 2p2h configura-
tions at high excitation energies, in the "^Zr-" Nb case. Using the highly re-
alistic central and tensor forces, they showed that such correlations shift as
much as 50% of the Gamow-Teller strength into the region of 10-45 MeV excita-
tion energies in ^ N b (cf. Fig. 2a). Furthermore, they claimed I 151 that such
leaked-out strengths were seen in the (p,n) data (60) as a high-energy
continuum background. (As for the high-energy part of (p,n) data, see discus-
sions in (13-15).)

Part of the "quenching" would be also ascribable to the A-isobar
mixtures in the nuclear wave functions (see references in (lO)). Recently,
Ellegaard et al. L63J have performed the (%e,t) experiments at energies of 600
MeV-2 GeV as a possible probe into the study of excitations of the A-resonance.

All in all, how to interpret fully quantitatively the Gamow-Teller giant
resonance elucidated by (p,n) reactions appears to remain an open question. Fi-
nally, we note that Ml strength, which is closely related to the Gamow-Teller
strength, has been also studied toward the eventual understanding of quenching
phenomena in general. (See e.g. !64J.)

5. BETA-STRENGTH DISTRIBUTION ACCESSED BY BETA-DECAYS

We now return to our sheep: the "tail" structure of 3- (Gamow-Teller, in
particular) strength distributions, accessed by 6 decays in heavy nuclei.
Early studies to decipher what 8 decays in heavy nuclei telling us were limited
to individual transitions to low-lying states. To investigate distributions
can of course be most appropriately done with the use of many transitions for
a given initial nucltus, hence with high 0-value cases, and more the number of
such cases, the better. This motivation was reinforced by the theoretical con-
jecture on the existence of the Gamow-Teller giant resonance, as detailed in
Sec. 3. The dream came true in the following years with the advent of advanced
experimental techniques concerning nuclei far off the line of 6 stability

Let us however start with re-summarizing the general structure of 8-
strength distributions, but in the briefest possible way. This can be done in
terms of Yamada's gross thoery idea (43-46), as much because it: is a unique the-
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ory dealing with the strength distribution function explicitly, as because
without being furnished with microscopic terminology it facilitates an easy un-
derstanding of the global picture of the 8-strength distributions (see [651).

5.1. Beta-Strength Function; The Gross Theory

If the final level density of real or virtual ^-transitions from an ini-
tial level is high enough, the summation in Eq. (3) over the final states | f>
can be replaced by an integration over the energy:

<i|m+m|i> = Zf|<f|m|i>|
2 $ J°° Sg(E) dE, (6)

with the definition of 8-strength function

|<f|m|i>|2'P(E) l^lsyfE)!2 of the gross theory"!, (7)

where the squared nuclear matrix elements are averaged near energy E (measured
from the initial level, and 0 is the density of final nuclear levels populated
by 8 decays, while in Eq. (6) Q is the ground-state 8-decay O-value (if the ini-
tial level is an excited one, the excitation energy is to be added to Q). Equa-
tion (6) tells us that the integrated sum of Sg is fixed.

Similarly (as reading Eq. (6) backwards), the mean energy and dispersion
of Sg (E) can be obtained from

/°° ESg (E) dE £ I (Ef-E£) |<f|m|i>|
2 = <1 |m+CH,ml | i> (8)

and

f ° E2S (E) dE £ 2 (Ef-E?) |< f |m | i> | 2 = <i|fm+,HirH,m)|i>
—Q " r x

= <i|m+(H-Ei)
2m|i) , (9)

which show the importance of the part of the Hamiltonian H that does not com-
mute with the 8-decay operator m. Furthermore, the respective comparisons of
the first and last terms in Eqs. (6,8,9) show that the global structure of Sg
reflects nothing more than that of the state m|i>. The nuclear Hamiltonian H
may be written in the non-relativistic approximation as

H £ HK + % + Hc , (10)

where HJJ, HJJ and HQ stand for the kinetic energy, the nuclear force potential
and the sum of the Coulomb energy and the neutron-hydrogen mass difference, re-
spectively.

The qualitative but instinctive description (.43-45] of the allowed 8"
transition strength functions is as follows:
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Both Fermi and Gamow-Teller operators (mp = k̂Zic an^ BUGT = k̂£kZic» a e e

Sec. 1) commute with H R if the small effect due to the neutron-proton mass dif-
ference is ignored. Additionally, nip commutes with HN because o£ the charge in-
dependence of HJJ, so Lhat in the Fermi case one can imagine a simple situation
in which the energy difference between | i> and rap|i> is the Coulomb energy dif-
ference due to a neutron-proton transformation. Namely, the energy expectation
value of a^|i> is higher than Ej for S~ and lower for 8+, the shift being the
Coulomb energy of the decaying single nucleon minus the neutron-hydrogen mass
difference. The width of mp|i> is expected to be the order of the Coulomb
energy fluctuations reflecting the position of the concerned nucleon in the av-
erage age field. These situations are schematically shown on the left-hand-
side of Fig, 3 by the dashed curves. There, it can be easily understood that
in heavy (N > Z) nuclei one observes the "tail" of the Fermi strength function
JMp(E)p (thus, the hindrance) in the energy window that lies between the
hatched lines, whereas in 3+ decays of Z > N nuclei the peak gets into the ob-
servable energy region (thus, the superallowed transitions). As for HQ, the
situation for the Gamow-Teller strength function is about the same. However,
the spin-dependent part of % (spin-exchange, tensor, spin-orbit forces) does
not commute with ragx* The disturbance of the spin directions (which are
arranged in |i> so as to minimize the energy) by such nuclear forces increases
the energy expectation value of mgij|i>, but the increase would not be so large
because of expectedly almost random spin orientations in |i>. On the other
hand, such disturbance would increase i:he second moment, namely spread the dis-
tribution of mg'j>|i>. A simple measure of this spread may be given by a typical
spin-orbit splitting energy. From these arguments, a resonance in |MQT(E)| is
expected, which is broad but still concentrated near (above) thrc narrow peak in
|Mp(E)| . This is again schematically shown on the right-hand-.ide of Fig. 3
by the dashed curves, which is now self-explanatory: In heavj nuclei, the
Gamow-Teller 6-decays are hindered but to a less extent than the Fermi decays.
Period.

To be more quantitative, the gross theory 145,401 assumes that the
strength function |MEnCE5|^ is an aggregate of "single-particle" strengths:

e
|Mm(E)|2 £ J~max(dn/de) Dm(e,E) W(e,B) de , (11)

e
"min

where e is the total (kinetic plus potential) energy of a decaying nucleon in
the parent nucleus, Dm(e,E) is "single-particle strength function" such that it
expresses the transition strength potentially pre-existing for the nucleon when
the nuclear ar^rgy -E (= E^ - Ef) is released, and finally W(e,E) is introduced
to take into account the Pauli principle which forbids certain nucleons to
decay energetically.

As the 8-decay operator is a sum of single-particle operators, the energy
of the decaying nucleon in the final nucleus can be in a way regarded as £ + E.
In this sense, the difference between the maximum single-particle energies in
the parent and daughter nuclei is to be taken as the 8-decay ground-state Q-
value, and the Pauli principle factor W(e,E) now expresses whether the final
energy state e + E had been occupied in the daughter nucleus or not. The func-
tion rm(e,E) can be in the first approximation considered as independent of e,
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and can be simulated by a distribution function of E with its global character-
istics determined by the sum rule considerations in a parallel way as for
IM^E)! 2. TO facilitate further quantitative evaluations, the gross theory
adopted (45,46) the simplest of global nuclear models, namely the Fermi gas
model, for dn/de. Seemingly, it is never too often to stress that the gross
theory uses neither any single-particle (Fermi gas, not to mention, nor
nuclear) wavefunctions nor any final nuclear level densities to calculate
Dm(e,E), but treats it in such a way that all the collectivities arc essen-
tially incorporated through the sum rule considerations. The informations
concerning the part of Hamiltonian that does not commute with ra are inbedded
into the "trial" function Dm(e,E), which may have a Gaussian or Lorentz form.
The meaning of the approximation (11) has been discussed in a few places from
some really basic theoretical viewpoints (46,66,67).

The gross theory in the above procedure gives, as the first approximation,

$ n (l - (l - (Q+E)/eF)
3/2] • D^E), (12)

(if IBQJ is taken as a vector, a factor of 3 is to be multiplied on the right-
hand-side), where n is either D or Z for S~ or 8+ decays, respectively, and Gp
is the Fermi energy, also in the parent, given by the Fermi gas model. In Fig.
3, the solid curves illustrate I M ^ E ) ! 2 distributions, which reflect the Pauli
effects in contrast to the dashed curves corresponding to nDm(E). Besides some
trial forms of Dm(E), the second moment of DGT(E), or its width, mainly caused
by the spin-dependent p^rt of Hjy was taken as an adjustable parameter (but, com-
mon for all nuclei). One may wonder if the expression (12), which is model-
dependent in a way, satisfies the overall sum rules for the aggregate I M ^ E ) ! 2 .

This quantitative aspect was recently studied [68].
Because of the very first assumption that the final state density is high,

the theory would not be appropriate for describing transitions to the ground or
low-lying excited states. One of the most striking phenomena in nuclear masses
is the even-odd effects due to pairing correlations, which also show up in
global nuclear spectra as energy gaps in even-even nuclei. These even-odd ef-
fects were incorporated (69) into the gross theory with a schematic model for
pairing between a few valence nucleons near the Fermi surfaces.

The theory was further extended (70) to first-forbidden transitions which
are analogous to nuclear photo reactions in which the dipole giant resonance
and the sum rules are of key importance as had been extensively studied. In
that procedure, a few known relationships between fLrst-forbidden matrix ele-
ments (e.g. (l8J) were used to eliminate some cross terms, so that considera-
tions of only four strength functions (corresponding to <i£*^> » <ir>2, <Oxr>2

and <f$£j>2 were due. The extention to the first-forbidden cases did not, essen-
tially, introduce further adjustable parameters.

5.2. Beta-Decay Strength Function; Theories vs Experiments

In accordance with the development of the gross theory, the establishment
of one-line isotope separators in particular made it possible to measure 8-
strength tail distributions in nuclei far off the line of 8 stability (1,2,4).
The most convenient way of defining the experimental 8-strength function is fll
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(E*) = b(E*)/(fo(Q-E*)»T1/2) sec"l MeV"l , (13)

where b(E*) is the absolute 8 intensity per MeV of final levels at the excita-
tion energy E*, and T|/2 is the total 8-decay half life in sec. This is a com-
posite of the various strength functions, but is in many cases presumedly
dominated by the Gamow-Teller contribution, and thus is hoped to illuminate the
essence of the Gamow-Teller "tail" distribution (within a known constant and
the half-life T J ^ J which are of importance only when the absolute numbers are
requested as in the comparisons with theoretical values or of those for differ-
ent nuclei).

The total-absorption ^-spectroscopy was first applied in 1970 to measure
the electron-capture strength function for very heavy nuclei 171J. The
extentions of this technique to 8+EC decays in less heavy nuclei f 72J and to
fission-product 8~ decays [73) were made in the following years. The results
showed an importance difference in the tail behaviour of 8" and 8 strength
distributions: above the pairing gap, the 8" strength function increases rap-
idly with E (s Q + E, where E < 0), whereas the 8 + strength function stays al-
most constant. This qualitative difference is exactly what the gross theory
predicted as the interplays between the giant resonance and the Pauli princi-
ple. [This is most easily understood by expanding the right-hand-side of En,
(12) in terms of (Q + E)/Ef « 1 and remembering that in heavy nuclei the u il
of DGT(E) in the energy window increases with E for 8" and decreases for 8 cf.
the dashed and solid curves (a and b on the right) in Fig. 3).J

The total 8-decay half-lives already reflect the off- (and on-) giant reso-
nance effects for the Gamow-Teller strength distributions in a nucleus and more-
over those through the whole nuclear chart. With the use of the gross theory
of allowed and first-forbidden transitions (.69,70,), this was demonstrated (74J
by a one-parameter (the second moment, or the standard energy deviation, of
Dg>p(E)) fit to the then available experimental half-lives. The analysis
resulted in a typical value of the standard deviation of J*5 MeV for the
Gaussian distribution and J*12 MeV (but the resonance width ^3 MeV) when a
modified-Lorentz form was adopted. Quantitative comparisons with experiments
were also made for strength functions (70,75), delayed-neutron emission
probabilities (76) and so on (see more references in (75)). The semi-
quantitative (namely, in the logarithmic sense that is most important: see Fig.
1) agreements found in those analyses over a wide range of the nuclear chart
supported the basic idea of the gross structures in the 8-decay strength
functions, the Gamow-Teller strength function in particular.

More recently, it became progressively feasible to "deduce" 8-strength
functions at high excitation energies from the analyses of delayed particle
(p, n, a) spectra (3ee references in (l,2,4j).

Delayed proton (and a) spectra in heavy nuclei generally show well-defined
smooth envelope? which can be described fairly well in terms of the constant
(or smoothly varying) 8 + strength function combined with the "standard" com-
pound nucleus theory calculation (77,78). The more detailed analyses suffer to
a more or less great extent from the uncertainties in simulating the particle
emissions (optical potentials, radiation widths, nuclear level densities etc.:
see e.g. (78,79)), which makes it difficult to draw any definite conclusions
on the 8 + strength functions. Nonetheless, such analyses indicate that there
might be the so-called "pygmy" resonances in 8 + strength functions for some
nuclei. These have been presumedly interpreted as the result of some strongest
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singleparticle transitions (80-83). fThe number of allowed single-particle
transitions is limited by the Pauli blocking due to the N-Z oxcess neutrons,
so that they may be singled out easily in certain neutron-deficient nuclei.] As
for the light proton-rich nuclei (where the main peaks of the allowed 8
strength functions are within the energy window), Hardy (84) demonstrated an
amazing (in some sense) well-doing of the gross theory in his analyses of 8
strength functions based on delayed proton data. (But, a renormalization with
respect to the absolute decay rates was required, this suggesting that the:
gross theory might have numerically overestimated the overall strength sum; see
discussion below Eq. (12).J

The situation with regard to delayed-neutron spectra (and the subsequent
"deductions" of B~ strength functions; e.g. C85J in heavy nuclei is more compli-
cated. Experimental delayed-neutron specta typically show distinguished fine
structures such as obtained by Kratz and his collaborators for instance (86-
88J This observation tempted some to infer that there might be a strong selec-
tivity in the preceding 6~ decays (see e.g. references in (.3)), in rejecting
the olderx analyses with smoothly varvir.g B~ strength functions such as in
[89,90,76).

However, a caution is due. as pointed out and repeatedly cried out by
Hansen and his gang (l,2,4,77; 90,91,12). Their message is that the statisti-
cal properties are of the primary and foremost importance as long as one deals
with the very closely spaced nuclear levels at high excitation energies such as
close to the particle separation energies. Namely, from experience in the case
of neutron strength functions, the (3-strength function at that high energies is
expected to be a slowly varying function with a superimposed local structure
that has a simple statistical behaviour, i.e. fluctuations, the most important
ones being the (Porter-Thomas) fluctuations of B-transition rates (and to less
extent, fluctuations of nuclear level densities). We shall take this theoreti-
cal argument seriously (which has been taken seriously indeed — one way or the
other), as it states in general that, if that is the case, one cannot expect to
learn so much of the "microscopic" nuclear properties out of the type of
analyses in question (with some room for few exceptional cases). Given the
present experimental resolutions (which are larger than or at best comparable
to the average spacing of the 8-decay daughter levels), the above "negative
view," as some might call it, sounds even more "negative," as there is a great
danger that one might learn spurious physics out of observed spectra by
interpreting the "noise" due to the fluctuations as the indicators of fine nu-
clear structures. [This does in no way mean that the observed fine structures
in delayed neutron specta for instance are non-physical. On the contrary, they
do have a physical meaning, but it is not necessarily related to detailed nu-
clear structures.)

In order to confirm those "dogmatic" arguments, Hardy et al. [91J
performed a Monte-Carolo calculation to simulate the y-spectroscopy (under some
"normal" experimental conditions) by starting with a structureless nucleus
which they called Pandemonium. Their result (the ^^Gd case taken as an
example) showed that much Y~ray intensity actually remained unobserved, and
thus cast doubt on decay schemes determined by a simple energy fit, requesting
at least the statistical consideration on the unresolved levels. Further dis-
cussions on Pandemonium calculations on (3-delayed y- and n-spectroscopy and on
recent experimental data (e.g. (92)) supporting the calculations are found in
(93,12,4); see also (94). Can somebody take exception to the arguments?
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One "positive" aspect (beside the pedagogical one) of the fluctuation
analyses in experimental delayed'particle spectra is in their application to
evaluate, in return, the level densities at the intermediate energies in exotic
nuclei (e.g. (77,95))* which are, daresay, not known. Hardy (78) stresses
that, once the level density is estimated either from fluc'v :"Tons or from the
proton X-ray coincidence technique, delayed-proton spectra can reveal some
interesting physical quantities such as the radiation widths.

A new type of experiment is under way at Studsvik ^96) to measure directly
the 8~ strength functions at highly excited states above the neutron separation
energies in fission products, as a by-product of the neutrino measurements.

Microscopic calculations of 8~ strength functions for neutron-rich nuclei
are complicated because of the fact that many channels for allowed single-
particle transitions are open. The shell model calculations 197,98) within the
random phase approximation have been recently extended to very-neutron-rich Rb
(99,100J. In (IOI-IO3), the inclusion of shell effects into the gross theory
was attempted. Encouraged by the rapid progress in "measuring" 8 strength-
functions and moreover by the possible important implications for the various
(astrophysical in particular) applications, Klapdor et al. (see references in
(3)) have meanwhile utilized the schematic Brown-Bolsterli model in their
tremedous efforts to calculate bravely almost all the imaginable properties of
S~ decays of nuclei between the line of stability and the line of neutron-drip
line in a wide range of Z. When compared with the gross theory, such calcula-
tions are steps forward in the standard nuclear physics viewpoint. Even within
the model, however, they suffer more or less from the sensitivity of the re-
sults to the implicit parameters such as single-particle spectra, residual in-
teraction strengths, deformations, smearing widths for the 5-function-like
strengths. To perform a fully consistent microscopic shell model calculation
of 8-strength tail distributions in the great variety of heavy nuclei is an ex-
tremely hard task a* one can imagine from the example discussed in Sec. 4.
(The method used by /'lapdor et al. is analogous to the first step in the calcu-
. lation by Mathews et al. (l7), which led to Fig. 2b.)

Recently, Hamilton and Hansen 1.4j reminded UP of the fact that 8+-decay
strength of Z > N light nuclei could be a probe into the quenching of the
Oamow-Teller giant resonance. Interestingly enough, they noticed that the
quenching could have been seen in the S+ strength functions via delayed proton
specta obtained many years ago (104,84). In the caue of ^^Ar •*• "ci, the exper-
imental data (lO4,22) show that the observed 8 + strength in the Q-value energy
range (Q+ = 10.6 MeV, which well covers the giant resonance energies) is less
than the half of a theoretical expectation (see (4) for further discussions,
who quote a recent advanced shell-model calculation by W. Knupfer et al., on
the comparison and on the possible contributions from 8~ (!) decays of -"Ar
(cf. Eq. (5) in the present text). Such analyses of delayed-proton data (e.g.
(84), [105)) shall shed light on the study of the quenching of the Gamow-Teller
strength distribution at the giant resonance energies, as an alternative to the
(p,n) reactions which are (at least at the moment) linrted to stable targets.
(There are many (p,n) data measured for light nuclei, wnich include a most re-
cent one (lO6).) Here, we stress once again that there are the various data
closely related to the Gamow-Teller strength distributions (see references in

*The present author regrets his not being able to comment on that experiment
because of the lack of his knowledge.
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e.g. [5,3,64); also see (107,108)). Concerning heavier nuclei, GrotE et al.
L1O9J note that the quenching effect that is due to the A-resonance might be of
less (or, lesser?) importance in the low-energy tail region of the Gamow-Teller
strength distribution than In the giant resonance region.

6. PREDICTIONS OF BETA-DECAY PROPERTIES TOWARDS APPLICATIONS

The importance of 6-decay and related processes in many physical and
applicative problems in the various fields has been discussed over many years.
With the rapid and remarkable progress made in recent years, much information
on 8-decay properties became available. However, there are some good reasons
to be perfect. One classical example is to do with the reactor technology, the
more recent one is with the fundamental question of neutrino oscillations, and
in between one with astrophysics. In these problems, there still remains some
room for theoretical predictions to a certain extent. Under this situation, it
might be necessary to figure out which quantities for which nuclei are most im-
portant (if at all) for each problem, in order to save energies of the future
experimental and, to less extent, theoretical efforts. (This view is expressed
in e.g. (llO,lll] in pedagogical ways.)

As for the predictions of 6-decay properties, there are a few options to
adopt: either purely empirical systematics, macroscopic theories such as the
gross theory, or microscopic theories. An optimal choice may be made for each
quantity of interest, even though this attitude will not appeal to rigid theore-
ticians and indeed any inconsistent usage of different methods for different
quantities should be escaped as much as possible to avoid spurious results, as
stressed e.g. in (99).

Since the reactor-related applications shall be extensively discussed dur-
ing this meeting, we concentrate our discussion here on some astrophysical as-
pects in that the "exotic" S-decay properties play key roles. As it will be-
come clear below as well as in Mathews' talk at this meeting (ll2j, the neces-
sity of finding the most-wanted quantities is intensified in astrophysical
applications: sometimes, the global understanding of the ̂ -strength distribu-
tion over a wider range of excitation energies for certain nuclei, sometimes
that of the tail distributions for many nuclei, sometimes even the atomic ef-
fects on certain specific transitions between low-lying (discrete) nuclear
levels.

Our first example is the well-known one found in the study of the
nucleosynthesis of heavy elements by the rapid neutron capture process: the
r-process (113,112). As shall be detailed in (ll2), the r-process calculations
suffer from the unknown 8-decay half-lives of very neutron-rich heavy (A > 70)
nuclei, the neutron separation energies of which are, canonically speaking,
2-3 MeV. The importance of $-decay half-lives in the r-process is twofold:
they are essential for the relative abundances (roughly proportional) on one
hand, and on the other they determine a time-scale of the efficient syntheses
of heaviest nuclei with the dynamical time-scale (duration) of the
astrophysical r-process conditions. (For the latter reason, astrophysicists
tend to prefer snorter 6-decay half-lives (114,115).) For safety, it should be
mentioned here that, despite of the tremendous efforts made, the
nucleosynthesis study has not yet revealed the consistent r-process
scenario(s); see e.g. (ll6). It should be also noted that some recent
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astrophysical models suggest more moderate r-process close to the so-called
n-process rather than the one in the canonical picture (see discussions and ref-
erences in (ll6)). If those models (which are highly speculative to-date) turn
out to be correct, it would be a bit tranquilling news for nuclear physicists,
as the nuclei concerned would be closer to the line of stability.

Turning to the question of "prediction power" of theories, we introduce
here a comparison fll) of the half-lives predicted by the gross theory (74) and
by Klapdor et al. (ll7), and the newly measured half-lives (in order to avoid
the bias possibly sneaked in the fits). Before the comparison, it is to be
noted that the gross theory fit could have been better in some cases if the cor-
rect (experimental) Q-values were used (lO3,llo). For the sample of some 10
newly-measured half-lives (ll), the average log (Tcal/T ) £+0.09 for the
gross theory values (a slight overestimation), whereas $-0.29 for the values
of Klapdor et al. underestimating by a factor ̂ 2 even without the first-
forbidden contributions. The corresponding dispersions in factor is 1.6 and
1.3, respectively. Of course, the present sample is not large enough to draw
any definite conclusions (such as: which is numerically more appropriate for
applications), but the persistent underestimation of T^^ over a wide range of
A (= 62-183 in the above sample) simply suggests that the remarkable (and proba-
bly too-good) fits of the latter model values to the pre-existing experimental
half-lives do not necessarily promise a reliable extrapolation. It is still to
be seen (but it would not be surprising) if the danger of extrapolation with
many-parameter theories as we learned from history of the mass formulas will
show up in the further comparisons in the future. An overall comparison of the
two sets of calculated half-lives [74,1171 for neutron-rich nuclei was given by
Cameron et al. (ll8), showing that the latter values are on the average shorter
than the former ones by some factor.

Another quantity of importance in the r-process is the delayed-neutron
emission probabilities (Pn values). As the r-processing ceases by the exhaus-
tion of neutrons for instance, the nuclei produced by the r-process start to
decay back to the line of B-stability, leading to tlie abundance which is to be
compared with the "observed" solar-system r-process abundance curve. During
this cascade episode, single or multiple delayed neutrons will be evaporated.
This is thought to be at least a partial reason for the smoothness of the
observed abundance curve with respect to A, while the progenitor abundances in
the very neutron-rich r-processing nuclei show a strong odd-even effect simply
due to that in the neutron capture cross sections (ll4,119; cf. 1201. (The
first mention of delayed neutrons in connection with the r-process is found in
(ll3J (this classics is often called B^FH), but the importance was disregarded
because of then such-a-small fraction Pn«

In the heaviest nuclear region, one expects nuclear fissions following 6
decays (e.g. (l21J.) The possible importance of such 8-delayed fissions in
very neutron-rich nuclei have been discussed since long (e.g. [122,123,75,115).
The most systematic calculation was reported by Thielemann et al. (l24J in con-
nection with the evaluation of the age Tr of the Galaxy through the use of the
classical r-process chronometric nuclei such as Th, U, U (see, e.g.
(125,116)). Their results show, most importantly, that they are quite sensi-
tive to various nuclear properties of those unknown very neutron-rich heavy
nuclei, such as P-strength functions, fission barriers Bf, nuclear masses
(remember that the window energy for 8-delayed fission is Q_-B« and that the
competing 8-delayed neutron is in the energy range of Q_Sn). [That is a far
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more important contribution of the work (l24) to the field than their having
obtained an age of the Galaxy that is close to the values implied from the
completely different, but somewhat known, non-nueleosysthetic observations.I
The difficulty is further reinforced by non-nuclear physics factors! the lack
of precise r-process scenario(s) as we mentioned already, the still existing un-
certainty in the abundance analyses in meteorites (see discussions e.g.
(126,127J for Ihe consequences in the calculation of T Q ) , and the huge uncer-
tainty in the chemical
evolution models of the Galaxy (see e.g. (127)). All these imply that those ca-
nonical r-process chronometers cannot yet for the time being be regarded as
truly reliable clocks for the Galaxy, (in this respect, one should not be pes-
simistic but, in a sense, should be quite optimistic and realistic; see the def-
initions of these terms given by E. Vogt (in Proc. Int. Conf. on properties of
nuclear structure, Montreal, 1969, p. 5).]

Kratz (ll) reminds us that a good fit of theoretical values to experimen-
tal ones on the integrated quantities such as half-lives or Pn-values does not
necessarily indicate a similar agreement with regard to the integrand quantity,
namely the B-strength function. Furthermore, even a well-doing of a theory in
reproducing the strength function for one nucleus might not mean so much in the
next nucleus (l28J. Keeping this in mind, we now take an astrophysical example
in that the B-strength function itself plays a key role- This concerns the
collapsing core of a supernova (see e.g. [129J). In such a high density mat-
ter, the free electrons surrounding nuclei (which are fully ionized) are highly
degenerate (i.e. a high Fermi-energy, typically of the order of some tens MeV).
Then, one can imagine that these high-energy electrons might be captured by
whichever nuclei exist; protons, stable nuclei as "Fe, or even neutron-rich
nuclei. Such free-electron captures 1130J are known to play some decisive
roles in certain stages of the supernova core collapse scenarios indeed. Be-
cause of the high Fermi energies, many highly-excited final nuclear levels are
involved. Additionally, because of high temperatures concerned, the initial nu-
cleus is thermally excited up to, say, a few MeV, an- in an equilibrium with
the ground state. Naturally, any calculations of the capture rates for those
free electrons can possible only after one has grasped the global structure of
the ̂ -strength function. Among many efforts devoted to calculate the degenerate-
electron capture and accompanying neutrino energy-loss rates (e.g. references
in [l31j), the currently most widely used one is the one by Fuller, Fowler and
Newman (132J, Which is a blend of an advanced shell-model calculation, a sche-
matic shell-model with cue sum rule argument, and the use of empirical ft-
values (as far as they are known). Recently, Fuller and Bloom C133J tried to
proceed a realistic calculation for the fp shell: 5^Fe + e~ + ^^Hn.
Nevertheless, the issue concerning excited (in the initial nucleus, in
particular) remains for controversy. Since the nuclei of key importance are
limited to the light ones, the "standard" nuclear physics might in the near fu-
ture make a reliable prediction possible. The importance of 6 decays from nu-
clear excited states was noticed by Cameron [134J back in 1959. fin the r-
process in which 8-decay Q-valueo are very high and nuclei involved are not
known anyhow, it is customary to ignore the temperature (and density, which is
much less) effects.]

Talking of 0 decays in astrophysics in connection with the "standard" nu-
clear physics, it might not be so superfluous to point out that the conven-
tional data, namely, ft values between discrete low-lying levels are strongly
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requested in the slow neutron capture (s) process [ 134,135], which is the other
nucleo-systhesis process responsible for the bulk of the solar system elements'
formation (ll3,136j. A recent study [l37j re-emphasizes the atomic effect in
certain cases, namely, the importance of the B~ decay with an emitted electron
inserted into halfly or fully occupied atomic orbits in certain partially-
ionized atomic nuclei. This so-called bound-state 8" decay was theoretically
suggested as early as in 1947 [l38j (see references in 1137) for the more
"recent" theoretical works on the subject). With the "best" knowledge avail-
able on the 8-decay nuclear matrix element between the gound-state l°'Re and
the first-excited state of 187Cs, Yokoi et al. (.127,1391 discuss the extreme im-
portance of the bound-state 8-transitions in steller interiors in connection
with the age of the Galaxy. A series of recent s-process studies from the nu-
clear physics viewpoint (e.g. f140-142; and many by other groups) have
demonstrated that not only B-decay matrix elements but also the various kinds
of nuclear data, which are already available or could be available in the near
future, are of importance in solving certain astrophysical mysteries. The case
of the bound-state 3" decay of the ground-state of *°3Dy fl42,13l) is sugges-
tive in that the interests in certain nuclear data by people in differenct
fields might merge even if their motivations (and levels of which) are
completely different: the Q-value and the fgt-value (or -^Ho half-life), not
known two years ago (l3l), are now somewhat known from experiments (on the in-
verse reaction, i.e. electron-capture of * Ho) motivated in connection with
the possible neutrino mass.

To be complete: B* strength functions in heavy neutron-deficient nuclei
might also be important (l43) in certain scenarios of the p-process which is
thought to be responsible for the formation of those less-abundant neutron-
deficient nuclei which cannot be produced either in the r-process or in the
s-process (ll3,144).

Finally, we note that a recent ^ork by Tachibana and Yamada I145J proposes
a way of analysing the existing 8-strength functions to predict a to-be-
observed B-strength function of the neighboring nucleus. To date, the
applicability of the method is limited to certain ideal cases, but. the idea is
to be further scrutinized, especially if one considers that there is no reli-
able theories that can predict 6-strength function quantitatively.

EPILOG

In this review, I have made an attempt to summarize, at the introductory
level, the theoretical study of B-strength distribution in nuclei: the achieve-
ments in the past, the present situation, and some future aspects. The
results, despite its length, turned out to be far from being complete, not as
much because of certain technical problems, as because of the limit cf my super-
ficial understandings of much of the physics hidden behind. Nonetheless, the
following general conclusions may be drawn. Firstly, the global structures of
B-strength distributions in the various kinds of nuclei have emerged out of
'behind the ranges," that are almost definitely certain. In spike of this re-
markable achievement, secondly, much remains tr> be worked out and proven in
order to gain the fully-quantitative understanding of nuclear 8-decays in the
variety of complex nuclei. I have shown how nuclaar physicists had in the past
overcome such a hardship with far-sighted andunbiased ideas such as the isospin
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purity in heavy nuclei, the persistent supermultiplet structure in the Gamow-
Teller strength distribution, or the mixing of extremely-high excited states in
doubly-closed-shell nuclei (which, if I remember correctly, Arima once self-
tnockingly called "a suicidal shell model game"). On the other hand, one proba-
bly cannot always expect to hit the jack-pot. Speaking of the theoretical
studies of the S-decay tail distributions in heavy nuclei in the last ten (not
twenty) years, there is, dare-say, not that much breath-taking progress (except
perhaps the fluctuation analysis that drove some polemics crazy at least), but,
and it's a big but, there does exist a steady progress in theories and a remark-
able one in experiments, which shall certainly blossom someday to lead to the
full understanding of 8-decay phenomena and/or to meet some unforeseen applica-
tions of extreme importance. In this respect, and for its being one of the
main topics of this meeting, let me close this report by an example in the
study of delayed neutrons: Who in 1939 could have imagined that someday one
can measure spectra for the individual precursors (whereas as late as in 1962,
the first introduction 11461 of the angular momentum into delayed neutron study
was regarded as "too pessimistic")? Who could then have imagined that someday
one can reveal the importance of delayed neutrons in astrophysics?...Fermi?
Bohr and Wheeler? Zel'dolvich and Khariton?
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13

Fig. 1 Occurrence of log(ft) value* for allowed, non-unique first-forbidden
(hatched)i unique firat-forbidden (crossed), and second- or higher-
forbidden (closed) transitions. The data base is Ref. f22}. See, Sec.
1 in the text.
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Fig. 2 A comparison of the calculated and measured Gamow-Teller strength dis-
tributions in the giant resonance energy region, taken from Ref. (17).
The theoretical results were obtained by retaining only the lp-lh
states in 90
the solid curve

Nb (b), with the inclusion
rve Tn d drawn v'.th the exi

of 2p-2H states in (c and
_ experimental widths), and a further

inclusion of 2p-2h states in the parent 90Zr i.e. the ground-state cor-
relations (the dashed curve in d drawn with the experimental widths),
whereat, the experimental data (a) were taken from Ref. '59). See Sec.
4 in the text.
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Fig. 3 A schematic illustration of the Fermi and the Gaaow-Teller strength dis-
tributions in terns of the gross theory (45,46); in heavy (N » Z)
nuclei for S" (a) B* (b) transitions and light Z > N nuclei for $* tran-
sitions (c). Because of the Fauli principle, only the parts drawn by
solid curves are observable. Additionally, the energy regions observ-
able by nuclear g-decays are limited between the energies of the parent
(in nost cases, the ground state) and daughter ground state, both being
drawn by hatched lineo. The potential strength distributions in the ab-
sence of the Pauli principle are shown by dashed curves, while the
dashed horieontal lines indicate the positions of the real (a,c) or
imaginary (b) isobaric analog state of the parent state. See Sec. 5 in
the text.
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BETA-RAY STRENGTH FUNCTIONS

OF FAR-UNSTABLE FISSION PRODUCT NUCLEI

Karl-Ludwig Kratz
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Experimental data on the (3-strength function, Sg(E), of short-lived,
neutron-rich fission products are of importance for various problems
in nuclear physics, astrophysics as well as for reactor applications.
The present paper reports on experimental techniques to study the 6-
decay of nuclides far from stability and gives a comparison of recent
data obtained in the A = .100 mass region with predictions from differ-
ent nuclear models. It is demonstrated that current straightforward
techniques for extrapolations to unknown nuclei are likely to fail if
nuclear structure is not taken into account in a realistic way.

1. INTRODUCTION

The knowledge of the shape of the ̂ -strength function, Sg(E), of
nuclei far away from the line of 8-stability is of importance for various
problems and processes in nuclear physics and astrophysics; moreover, it is
also of interest for nuclear reactor applications.

With regard to nuclear physics, Sg(E) and the connected g-decay
properties of very-neutron-rich nuclei can provide new insight into nuclear
structure since these nuclides have combinations of protons and neutrons
which necessarily have symmetries different from those found near stability
whose features are the basis of our present knowledge. With these different
nucleon combinations, far-unstable nuclei may have decay modes and quantum
numbers different from those occurring in near-stable systems; e.g. g-
delayed particle emission and anomalies in the strength function behaviour
of the decay process related to the interplay between (new) shells and
de formations.

The last decade has seen significant progress in experimental methods
for both production of exotic nuclei and the measurement of their properties
(for review, see e.g. Refs. (l,2)), and by continued developments this do-
main is still expanding. At the same time, nuclear models have been
improved, with a general tendency of replacing early macroscopic, more sweep-
ing approaches by microscopic theories. These microscopic models have
advanced our knowledge of nuclear structure and of effective properties of
nucleons in nuclei; moreover, they have turned out to be of practical need
in that they may represent a valuable guide to the selection of experiments
and experimental techniques to study unknown properties of highly-unstable
isotopes.
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Realistic estimates of the structure of Sg(E) are essential for the
prediction of various global and spectrr.l 8-decay properties, such as half-
lives, .3-delayed particle emission and fission probabilities, spectra of 8-
delayed particles, as well as ft-spectra and their conversion to neutrino
spectra. The application of such predicted 8-decay properties in nuclear
physics, quite apart from their need for the explication of nuclear struc-
ture effects, ranges from problems associated with the understanding of the
antineutrino (ve"> spectrum in a reactor core which is the necessary ingredi-
ent of interpretation of any reactor neutrino experiment, over the determina-
tion of fission barriers of far-unstable nuclei, or the calculation of dou-
ble S-decay, up to the question of renormalization ("quenching") of the
Gamow-Teller strength by the coupling to A-isobar, nucleon-hole excitations
(for review, see e.g. Refs. (3,4j).

The importance of Sg(E) and the connected S-decay properties ranges
further to different subjects in astrophysics, for example the calculation
of the synthesis of heavy elements in nature by the r(rapid nautron
capture)-process, cosmochronology by heavy r-process chronometers and the ef-
ficiency of detectors for solar and galactic neutrinos ("for review, see e.g.
Refs. (3,5)).

With regard to practical applications - the main topic of this
Specialists' Meeting - high energy 8-decays and subsequent Y-transitions rep-
resent a considerable fraction (J'JZ) of the total energy release of a nu-
clear reactor. Optimal design of emergency cooling systems therefore re-
quires the knowledge of the rest heat from the decay of fission products al-
ready at short times after shut-down of the reactor. The reliability of
"summation calculations" of the decay heat strongly depends on the
radioactive decay input data including fission yields, 3-decay half-lives,
the decay modes and the average 6- and yenergy emitted per decay (sae, for
example, Ref. (6J). Mainly because of experimental difficulties, a signifi-
cant fraction of such experimental data for nuclides with high Qg values is,
even today, either sparse or non-existing. It is, however, these very-
neutron-rich fission products that determine the decay heat source term at
short times (<̂ tO - J.(H s), which is of importance for the assessment of
loss-of-coolant accidents (LOCA). Different fission prodvct data libraries
use different methods to estimate values for unmeasured B-decay quantities.
For these estimates, it is clearly desirable to have realistic nuclear
models to predict Sg(E) in order to determine how the released energy will
be distributed between electrons, neutrinos, y-rays and 3-delayed neutrons.

In the following, the status of theoretical concepts of a strength
function in 0-decay will briefly be surveyed, and experimental techniques to
study the 0-decay of nuclides far from stability will be reviewed. By com-
parison of experimental strength functions of nuclei (mainly) in the
transitional region around A = 100 with Sg(E) from different nuclear models,
nuclear physics criteria for strength function systeraatics will be deduced.
Furthermore, with due regard to the possibilities and limitations of the
present theories, the reliability of extrapolations to unknown nuclei and,
more generally, the applicability of model strength functions to different
fields in nuclear physics, astrophysics and reactor technology will be
examined.
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2. THE CONCEPT OF A STRENGTH FUNCTION IN BETA-DECAY

The concept of a strength function in S-decay represents a natural gen-
eralization of strength functions employed in other areas of nuclear phys-
ics, such as single-particle strength functions, neutron strength functions
or multipole strength functions for photons. In each case the strength func-
tion expresses the total reduced transition probability per unit inte .-al of
excited states. As 8-transition probabilities normally are expressed :n
terms of the ft-value, it has become a convenient approach [7] to define the
8-strength function. Sg(E), as a reciprocal ft-value per MeV of levels in
the daughter nucleus:

^ ^ l/2 [i . (1)
where b(E) is the absolute 3-feeding per MeV of final levels, Q} the total
energy available for 3-decay, and f the Fermi function. The right side of
Eq. (1) connects Sq(E) to the product of the level density in the daughter
nucleus, p£(E), and the average reduced '3-transition probability, B|(E),
where the label i denotes the spin and parity of levels with the energy E.
The constant D takes the value of 6250 s when Bj/E) is given in units of
ĝ 4TT where g is the vector coupling constant.

Two main approaches exist to Sg(E) of nuclei far away from stability,
statistical (macroscopic) and shell model (macroscopic-microsopic and
microscopic) approaches.

2.1 Statistical Models

Up to recently, the dominating point of view was to treat high-energy
S-decay in the language of the statistical model. With this concept, Sg(E)
is a smooth function of E, 3-decay is not sensitive to the nature of initial
and final states and the transition probability is mainly determined by the
density of states in the 8-decay daughter. Hence, Sg(E) was expected to
vary smoothly and systematically with Z and N, and early experimental re-
sults from low-resolution total absorption spectrometry (8) seemed to sup-
port this general behaviour. Therefore, 8-strength distributions derived
from statistical models were and partly are still today believed to allow
reliable straightforward extrapolations of 3-decay properties to unknown
nuclei.

Among these models, the assumption of a 8 -strength function that is
proportional to the level density, Sg(E) >̂  p(E), is the most simple one. It
neither fulfills sura-rules nor includes any nuclear structure. Therefore,
its applicability is rather limited even for global decay properties. The
most commonly used statistical approach to describe Sp(E) of far-unstable
nuclei is the "gross theory of 8-decay" introduced more than a decade ago by
Takahashi and Yamada (9,10J. Starting from a Fermi gas picture, the "gross
theory" includes in a semi-empirical fashion the collective Gamow-Teller
giant resonance (GTGR) which is responsible for the renormalization of the
coupling constants. The strength to low-lying levels is represented by the
tail of this GTGR; but from the concept of this theory (apart from a
schematical treatment of nuclear pairing) intrinsic structure in the low-
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energy region, which is accessible to 8-decay, ia neglected (see Figure 1).
This model gives a qualitative overall picture of 8-strength functions and
is sufficiently simple to allow global systematics for average 3-decay
properties. In a recent article, Mann et al. (ll) have suggested a modifica-
tion of the early assumption of Sg(E) <f p(E). They claim that it is possi-
ble to accurately predict S-decay properties with their statistical model
having only one free global parameter. However, their model is neither a
purely statistical one nor has it only one free parameter. For that t»art of
the 8-decay that feeds high-lying levels they, indeed, apply a "statistical"
strength distribution less steeply increasing than proportional to p(E).
This part of Sg(E), as will be demonstrated later, is, however, rather insen-
sitive to calculations of global 8-decay properties. For the low-energy re-
gion, the authors apply experimental (or extrapolated) excitation energies
for discrete states of each isotope as well as spins, parities and energy de-
pendent average log ft values derived from the latest Evaluated Nuclear Data
File (ENDF) fl2). These parameters account for the low-energy structures in
a rough way which determine the gross 8-decay properties to a large extent
(see Sect. 5").

2.2 Single-Particle Shell Models

An alternative approach to the statistical description of high-energy
S-decay is the application of microscopic models to calculate Sfj(E) as a sum
of transition probabilities- between initial and final nucleon states. The
single-particle model approach, however, from its beginning has been known
to be less straightforward than the statistical models because of the neces-
sary introduction of several "corrections" such a Pauli blocking, nuclear
pairing and strong correlation effects in order to account for the observed
hindrance of 8-transition probabilities to low-lying states. And it is prob-
ably this reason that up to very recently microscopic models for fission
product neclei have not been used for global systematics._

As a charge-exchange (CE) process, the GT type of 8 -decay creates pro-
ton-particle, neutron-hole excitations coupled into 1+ moment where the
states with large components of CE excitations are populated most strongly.
Fermi type of 8~-decay plays only a minor role for medium-heavy nuclei
considered here and will, therefore, be neglected. The GT residual interac-
tion causes collectivation of these states which reveal in the 8-strength
function as resonances. Corresponding to the structure of the GT operator,
for 8~-transitions two types of strong collective states should be observed.
They are the GTGR at high energy in which most of the GT strength is
concentrated and the states of core-polarization (CP) type at low energies
(see Figure 1).

Several shell models for predictions of nuclear propertied far from
stability have been developed during the past years, ranging from simple
"mascroscopic-microscopic" approaches up to the Hartree-Fock + BCS model. In
the following, we will, however, restrict the discussion to recent global ap-
plications of the Tamm-Dankoff Approximation (TDA) and the Random Phase
Approximation (RPA) to the GT decay of neutron-rich fission product nuclei.

Starting with a simple single-particle approach [l3J based on the
Halbleib and S'orensen formalism [lUj , Prussin and coworkers (l5,16) were
the first to perform calculations of GT strength functions of neutron-rich
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spherical nuclei in the A - 90 mass region. In this approach, single-
particle levels were taken from stripping and pickup reaction data in the vi-
cinity of A • 90. To account for the retardation of low-energy GT transi-
tions a simple residual iateraction specific to GT decay was included. This
residual interaction was treated in the RPA. An extension of the RPA model
to other mass regions and to deformed nuclei has been performed recently by
Krumliade ar.d Moller [17). Vhese authors use calculated Nilsson model wave
functions as the starting point for determining the wave functions of mother
and daughter nuclei in the 0-decay. As in the approach of (l5,16), pairing
is treated in the 8CS approximation. Another, more recent approach by
Klapdor et al« (3,18), which was the first to be used for global system-
atics of nuclear properties far from stability, combines the Brown-Bolsterli
(l9) single-particle model and the macroscopic relation between the excita-
tion energies of isobaric analogue and antianalogue states in the daughter
nucleus. In this attempt, the TDA is used which is a simplification of the
RFA with the physically rather crude assumption that spin-isospin correla-
tions in the parent nucleus can be neglected. This model certainly has the
advantage that it is "simple" enough to allow application for global system-
atics of Sg(E) and 0-decay properties. From the nuclear physics point of
view, however, the TDA has some weaknesses which, as will be shown later,
have non-negligible impacts on the absolute 8-strength distributions. Fol-
lowing the early arguments of Randrup (20), Klapdor et al. [3,18) claim that
the TDA solution for Sg_(E) should be insensitive against all kinds of so-
phistication, thus justifying the physical reliability of their
calculations. On the other hand, from the recent paper of Hathews et al.
(2l), as well as from the RPA calculations of (l7), it is evident that the
neglect of ground-state correlations in the TDA leads to an overestimation
of the lowest-lying GT strength by about a factor of two. Moreover, as for
example predicted by Tondeur (22), simple models like the TDA most likely
will fail to properly describe the shell and deformation effects in the A =
100 mass region. Consequences for the prediction of global and spectral 8-
decay properties will be discussed in Sections 5 and 6.

For fission product nuclei first-forbidden (ff) strength is small
compared to the GT strength and, therefore, is ignored in the models of
(3,17). On the other hand, in the approach of (l5,16) ff-strength is
assumed to be constant with its magnitude adjusted to experimental data.
This assumption appears reasonable in view of very recent RFA calculations
of ff 6-decay by Krumlinde (23). His calculations show that the ff-strength
is distributed over several groups of rather moderate strength resulting in
less structure than in the case of the GT strength function. The total ff-
strength of neutron-rich A 2 100 isotopes amounts to about 5% of the allowed
8-strength.

3. EXPERIMENTAL DATA ON THE BETA-STRENGTH FUNCTION

As, for example, summarized in (3), information on Sg(E) can be
extracted from experiments of different type.

a) Weak interactions: 8-decay and n-capture;
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b) strong interactions: CE reactions and radiative
ir -capture;

c) electromagnetic interactions: M 1 y-decay of IAS.

Among these methods, B-spectroscopy or spectroscopy of the radiation follow-
ing 3-decay, i.e. (3-delayed y-ray and particle spectroscopy, are the only
means of studying Sg(E) of nuclei far away from the stability line.

3.1 Beta-Spectroscopy

Beta-strength functions can, in principle, be deduced from unfolding
the 3-spectum of an isotope-separated sample measured with a AE-E coinci-
dence telescope. Experiments of this kind are presently performed by Lee et
al. (2b) and von Dincklage et al. (25). The latter group, whose primary aim
is to evaluate the high-energy part of the Ve-spectrum, uses a telescope
consisting of a thin plastic detector and a thick high-purity germanium de-
tector. The S-spectrum is recorded when the telescope components are in co-
incidence mode and the y-spectrum is recorded when they are in
anticoincidence mode. A second telescope consisting of a thick Si(Li)-
detector interspaced between two thin plastic detectors, the one in the
front in coincidence mode and the one in the back in anticoincidence mode,
is used simultaneously to record the low-energy part of the 3-spectrum.
Considering exclusively the AE-E 3-spectrum without further information from
By-coincidences, it will be difficult to estimate the sources of error in
the construction of Sg(E) from the S-feed function which is derived from the
rather complicated unfolding procedure of the total 3-spectrum. Presumably,
this method will only yield gross features of the 3-strength distribution as
a function of nuclear type and excitation energy, rather than detailed struc-
tures in S(j(E) .

3.2 Total-Absorption y-Spectrometry

An approximate technique to study Sg(E) is total absorption spectros-
copy by means of large Nal crystals. As an example, in Figure 2 the block
diagram of the experimental set-up used by Aleklett et al. (8J is shown.
Two large Nal crystals forming a 90% 4n y-detector are surrounded by a
ring-shaped plastic scintillator. To avoid distortion of the y-spectrum by
hard B-rays a demand for coincidence between pulses from 3- and y-detectors
ensures the registration of y-pulses from those events only where the (3-
particle has left the y-detecting system.

In an ideal total-absorption spectrometer the summed signals from the
y-detectors would correspond to the full energy of the y-cascade
depopulating the level fed by the B-decay. With a peak efficiency of unity
the recorded spectrum should directly give the 3-feed spectrum, which then
can be converted to Sg(E). However, the peak efficiency of the spectrometer
is the product of the total single y-ray efficiency of detecting a y-ray and
the peak-to-total ratio, which both decrease with increasing energy. Be-
sides the efficiency correction, fur ther sources of error are due to the
y-response in the S-detector and to erroneous results for the (Br)y)-decay.
Another consequence of the coincidence method is that 3-decay to the ground
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state or to low-lying states below a certain discriminator level will not be
detected. Furthermore, 8-decay to isomeric states of liftimes longer than
the electronic resolution time will give no registrations. The main uncer-
tainty, however, is caused by the peeling-off method to calculate the 8-feed
function using an iterative matrix-inversion procedure. The successive sub-
tractions may give rise to appreciable uncertainties at the low-energy part
of Sg(E). As will be shown in Section 5, it is this region, which deter-
mines global 8-decay properties, like the half-life Tj/2» o r ^ e delayed neu-
tron emission probability Pn, to a large extent. On the other hand, it
might be argued that the 8-decay to low excitation energies can be
investigated by conventional spectroscopic techniques to overcome the
uncertainties of the total absorption method.

Figure 3 shows the experimental 8~strength functions of some neutron-
rich Kr and Rb isotopes obtained by Aleklett et al. (8) with the above tech-
nique. Besides Sg(E), also the reduced transition rates B'(E) are included
in the figure. This latter quantity represents, the 8-strength normalized to
the level density (see Eq. ( O ) .

The conclusion emerging from the total absorption experiments (8J was,
that the general feature of the 8"-strength function is a low-energy part
with peaks followed toweards higher energies by a smoothly fluctuating but
strongly increasing part. Pairing effects give rise to a cut-off in Sg(E).
The peak structure of Sg(E) below the cut-off was interpreted to originate
in the unpaired system, while core transitions lead to the (more or less)
structureless high-energy part of Sg(E).

It is this type of 3-st.;ength functions with rather moderate energy
resolution and suffering from the uncertainties discussed above, which has
commonly been discussed in the light of the "gross theory" [9,10). And up
to recently, general agreement between experiments and statistical model pre-
dictions of structureless Sg(E) was stated (26). Moreover, it was pointed
out by Hardy that structure in Sg(E) of exotic nuclei in principle cannot be
determined experimentally [27). On the other hand, it had already become
indicative at the Cargese-Conference (l) that high-resolution strength func-
tions may exhibit - even at high excitation energies - nuclear structure re-
lated resonances f28-32); and during the following years a strongly contro-
versial discussion about the identification and significance of
fluctuations, bumps or doorway states in Sg(E) took place. In the mean
time, the "structure-version" has been generally accepted (2).

3._3_ High-Resolution Y.~̂ a.v, .and 8-Delayed Neutron Spectroscopy

Experimental S-strength functions, with an energy resolution in princi-
ple being high enough to even resolve the fine structure of doorway states
in 8-decay (see, for example, Refs. (29,36), can be derived from the combina-
tion of Y~ray spectroscopic data for the low-energy, particle-bound part of
the excitation spectrum and results from 8-delayed neutron emission which
cover the high-energy part of Sg(E).

High resolution yspectroscopy of neutron-rich nuclei using Ge(Li)-
detectors is a standard spectroscopic method and has been used by many
groups. For strength function evaluation, compared to total absorption
spectrometry, Y~8PectroscoPy ^as the advantage of high energy resolution but
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the disadvantage of being susceptible to potentially serious systematic
errors related to the combined effects of limited (counting) statistics and
numerous final states (33). As a result, the branching ratios for high-
excited states could be systematically underestimated and consequently the
8-feeding to the low-lying states could be systematically overestimated. In
any case, one should be aware of such experimental deficiencies, but, on the
other hand, one should not overdramatize this so-called "Pandemonium-Effect"
by denigration of the usefulness of a whole class of experiments (33). As
a typical example of y-spectroscopic measurements of high (counting) statis-
tical quality, the level scheme of ̂ Sr j s sh o w n (36,37J in Figure 4. In
this work performed at the isotope separator OSTIS (38) in Grenoble, about
230 Y-lines; could be attributed to the B-decay of the precursor 377 ms ^Rb.
The coincidence relationships allowed construction of a scheme with 66
excited states up to 4.66 MeV comprising about 97% of the total y-activity.
The detection limit for y-rays was 0.01% (I§^s). With regard to unplaced
and unobserved ^transitions, their total intensity can be estimated to be
less than 4%. Following the arguments of (33), the undetected intensity
should originate from regions of high level density, i.e. from the region
where Sg(E) of "^Bb has a pronounced resonance (see Figure 7). In conse-
quence, the missing intensity would even increase the S-strength in the reso-
nance region (by a maximum value of 7%) rather than averaging it out, in par-
ticular since the rather low 8-strength above the neutron binding energy
B n = 4.36 MeV has been derived from 8-delayed neutron spectroscopy which
is immune to y-Pandemonium effects.

The development of high-resolution 8-delayed neutron spectrometers
r39) about a decade ago has opened the possibility of detailed spectroscopic
work up to high excitation energies. With this, the energy range for experi-
mental investigations of Sg(E) was roughly doubled, now reaching up to about
12 MeV in very-neutron-rich fission product nuclei.

Again, as as example of the quality of delayed neutron spectroscopic
data obtainable by now, in Figures 5 and 6 some relevant data for "Rb are
shown. The singles neutron spectrum recorded with a high-resolution % e ion-
ization chamber (together with predictions from different model Sg(E)) is
given in Figure 5. Since a large energy window of (Qg - Bn) =* 4.9 MeV is
available for 3-delayed neutron emission from ̂ -*Rb, population of a consider-
able number of states in the final nucleus ^Sr becomes possible. The sin-
gles neutron spectrum thus represents a superposition of partial spectra
feeding the different final states. In order to unfold the singles neutron
spectrum as to the intensity of the preceding |3-decay, the partial neutron
specta have to be measured in coincidence with those y-lines depopulating
the excited states j.n the final nucleus (37). In addition, absolute neutron
branching ratios (p*) have to be determined. As can be seen from Figure 6
and as is discussed in detail in (28,40), the main feature^ of neutron emis-
sion to the lowest energy states in *^Sr are, that strong neutron branches
only lead to the ground state and the first 2 state in "fSr, whereas all
higher excited levels up to about 3.5 MeV are found to be weakly fed by
delayed neutrons. The neutron branching to the lowest two final levels
amounts to about 94% of the total neutron emission probabil'f-y, Pn. The par-
tial neutron spectra to these two states in **Sr (37) define Sg(E) in the
energy range B n to about 6.3 MeV (see Figure 7).
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From the combination of y-ray and neutron spectroscopic data
(28,36,37,40), the 8-strength function of 9%b decay has been constructed.
In Figure 7 the reduced GT transition probability B'(GT), integrated over
100 keV intervals is shown against excitation energy in "->gr> together with
predictions from the assumption of Sg(E) *r p(E) and the strength according
to the "gross theory of B-decay" (9,10). In the case of Sg(E) «r p(E), the
curve has been normalized to the total experimental strength within the 0^-
window.

The experimental Sg(E) is dominated by two pronounced resonances
centered at about 3.7 MeV and 8.5 MeV with a nearly constant distribution in
between. This part of the strength distribution seems to be reasonably well
reproduced in slope and magnitude by the "gross theory," whereas the reso-
nances can only be described by shell models as being due to specific GT
transitions (see Sect. 4.2). It uay be of interest here to convert the sum
rule strength concentrated in these two peaks back into 8-feeding. One then
finds that about 65% of ^Rb fj-decay populates levels in the energy range
3.0 to 4.5 MeV (this corresponds to approximately 25% of the 8-strength
within the Qg-window), and that the high-lying resonance which contains
about two times the strength of the lower peak, represents a 8-feeding of
only 0.062 to the energy range 7.5 MeV to Qg. On the one hand, this re-
flects the very strong influence of the Fermi function on the S-strength
and, on the other hand, demonstrates the importance of weak neutron branches
to highly excited states in the residual nucleus for the determination of
the correct shape of Sg(E) near Qg.

4. BETA-STRENGTH FUNCTION SYSTEMATICS

With regard to 3~strength function systematics, both global character-
istics and detailed experimental Sg(}',) are examined as a function of nuclear
type. The aim is to find features varying 3lowly and systematically and to
identify nuclear structure related sudden changes in Sg(S), so that reliable
extrapolations to unknown nuclei can be made.

4.1 Average 6-Strength

In an attempt to parameterize the 8 -strength in a simple way, the av-
erage GT strength above the pairing gap C per energy interval is calculated
by the relation:

B'(GT) = 2 B'.(GT)/(Q, - C) (2)
C<E<Qg 1 TS

The experimental B'(GT) values are compared with the predictions from the
"gross theory of 8-decay" (9,10). This attempt represents an alternative to
the method of treating average transition rates normalized to the level den-
sity which was proposed in (8). Another, similar method is used by Behr and
Vogel (41} who average Sg(E) over 1 MeV energy intervals and over all nuclei
with similar Qg values. With this, the method removes structures in Sg(E)
of individual isotopes and yields in average smooth trends as a function of
Qg. As examples for the B'(GTT systematics in the A =; 90 mass region, in
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Figures 8 and 9 average GT strength values as a function of nuclear type are
shown in comparison with predictions from the "gross theory" f9»10J. From
figures like these (421 the following trends are indicative:

a) As expected for 8-decay, the average strength increases with
increasing Qfj.

W Because the influence of nuclear pairing has been removed to some
extent by the above definition of B'(GT), only relatively small
odd-even effects persist.

c) No dramatic shell or subshe11 effects are observed, although
slightly lower B'(GT"> values for strongly deformed nuclei relative
to spherical isotopes seem to be indicative.

d") Compared to experiment, the "gross theory" systematically overe-
timates B'(GT) for nuclei near 3-stability (small Qg values) and
underestimates the average strength of nuclides far from stability
(large Qg values'). The first effect is due to the (schematieal)
treatment of nuclear pairing in this model, and the other effect
is due to the neglect of nuclear structure in the low-energy tail
of the GTGR.

e) Experimental deficiencies in Sft(E) of specific isotopes show up
when comparing the trends in different systematics. For example,
the unsystematically low B'(GT) of 88Se (see Figure 8, N = 54) and
92Rb Cs^e Figure 8, N = 55, and Figure 9, (N - Z) = 18) indicate
"Pandemonium-Effects" f33' (see also Figure 10). On the other
hand, the average 8-strength of ^Sr (see Figure 8, N = 55 arid -
Figure 9, (N-Z) = 17) seems to b2 somewhat too high.

Summarizing, systematics of global quantities, such as B'(GT), are useful in
that they can give information on general smooth trends of Sg(E) and, as
also pointed out in '41', in that they may be used as a rough testing crite-
rion for experiments or calculations. Above that, the physical significance
of average strength function quantities is rather limited, and straight-
forward extrapolations to nuclides further away from stability ara likely to
fail.

Therefore, systematics of detailed experimental (3-strength distribu-
tions have to be used for the identification of trends and changes of shell
structures in Sg(E) and for comparison with nuclear model predictions.

4.2 Systematics of 8-strength Functions

High-quality 8-strength functions of the type shown, e.g., in Figu :e
7 exist only for a limited number of cases. Therefore, the existing experi-
mental data have to be classified according to their "completeness." This
classification of a nuclide can be derived from a critical examination of
the basic experiments and by comparing its detailed absolute strength distri-
bution to both measured Sg(E^ of neighbouring isotopes and realistic theoret-
ical predictions. Three categories of neutron-rich fission products with Qg
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> 5 MeV have been considered. Class A nuclides are those with well
established decay schemes or "complete" Sg(E) in the energy region of
interest (̂ 40 cases). Class B nuclei correspond to cases where only tha gen-
eral pattern of the decay scheme or Sg(E) is known 0̂ 65 cases). As
mentioned above, for these isotopes, absolute fj-strength values were derived
by normalization of the experimental data according to systematics of both
experimental and nuclear model Sg(E) from neighbouring nuclei. Finally,
class C nuclides are those for which only integral 8-decay properties (Tj/2>
Pn, etc.) and/or the lowest-energy levels (2

+-, 4+-systematics, etc.) are
known (̂ 30 cases). Their Sg(E) were calculated according to strength func -
tion systematics. In general, where necessary, empirical strength distribu-
tions for first-forbidden (ff) 3-decay were included following the sugges-
tion of f 15-16").

In a systematic comparison of experimental Sg(E) of spherical nuclei
in the A = 90 mass region with recent shell model approaches (15,16,23,42)
it could be demonstrated that the observed trends in Sg(E) can be adequately
described by the RPA when using either "experimental" single-particle levels
or a (slightly modified) N = 50 single-particle parameter set derived from
the calculations of Larsson et al. [43]. As an example for spherical (or
slightly deformed (44J nuclei, the experimental Sjg(E) of the isotones with
N * 54 are shown in Figure 10, together with the "gross theory"
distributions. Regarding this isotone sequence with even-even nuclei alter-
nating with odd-even ones, several features are evident. In general, the
lowest energy strength is of forbidden type, its relative importance
compared to the allowed strength increasing from 88Se to 93y- £.e. with
decreasing Qg value. According to the RPA calculations (42J, the lowest-
lying GT strength is due to the Vpj/2 •* TP3/2 b a c k spi° fl*P state (BSFS).
For the isotones with even proton number, the energy position of this GT
state is seen to decrease with increasing Z (from 1.9 MeV in °°Se decay to
1.4 MeV in the decay of *2Sr) and its strength increases with proton number.
While in the case of ̂ 2Sr the \>pi/2 "*" ̂ 3/2 B S F S is tne only transition of
GT type, with increasing Qg other GT states become accessible to 6-decay of
"°Kr and 8°Se. These are the Vpi/2 •J-ffPl/2 a n d vP3/2 * 7rP3/2 c o r e polarized
states (CPS) around 3.5 MeV, and in 88Se further CPS above 5 MeV which are
due to d5/2-, £5/2- an<* 89/2~Proton excitations. For N = 54 isotones with
odd proton number, apart from an energy shift by about 2.5 MeV due to nu-
clear pairing and a larger spreading of the GT states, similar strength pat-
terns are observed for °̂ Br and ^Rb. In the case of ^Y, no allowed f3-
strength falls within the Qg window, thus explaining, for example, the long
3-decay half-life of 10 h. With regard to possible "Pandemoniur-Effects"
'33 J y Sg(E) of

 8°Se may serve as a typical example for a class B isotope
When comparing its strength with that of the other N = 54 isotones shown in
Figure 10, or when considering other cuts through the Z vs. N plane (see
e.g. Figure 9 for B'(GT) of (N - Z) = 19 nuclei), it becomes evident that a
considerable part of the strength of the CPS around 3.5 MeV as well as the
neutron-bound part of the CPS at about 5 MeV must have escaped detection.
Corrections for the missing strength in Sg(E) of 8°Se can now be applied ac-
cording to strength function systematics, as discussed above.

In the past years, much experimental evidence has been obtained about
the subshell closure at N = 56 and the onset of strong nuclear deformation
around N • 60. For our purpose of Sg(E) systematics, the isotope sequence
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of neutron-rich Rb nuclei may be exemplary. As has been discussed in detail
in other papers (see e.g. Refs. (36,37,40) for these isotopes the probably
most complete experimental data exist as well as predictions from several nu-
clear models. Furthermore, within this isotope sequence one covers the tran-
sition from spherical to strongly deformed nuclei by crossing the N = 56 and
60 subshells. In Figure 11, the Sg(E) of odd-mass Rb isotopes are shown.
Briefly recapitulating the situation, for ̂ "Rb, where the d5/2~shell is
filled (N = 56), as for the lighter Rb isotopes the low-lying GT strength
corresponds to the Vg7/2 + ^P9/2 B S F S a n d t h e vPl/2 "*" uP3/2 BSFS. The first
BSFS arises from neutron pair scattering out of lower neutron orbitals into
the not yet occupied \)g7/2-shell. It may be worth mentioning in this con-
text, that due to the neglect of nuclear pairing in the TDA this GT transi-
tion does not occur in the theoretical 3g(!E) of (3,18). As one crosses the
N = 56 subshell and proceeds to the N = 58 isotope ̂ Rb, the Vg-j/2 "*" Tg9/2
BSFS suddenly increases considerably. This is due to the occupation of the
g7/2~neutron shell in "^j^,. Apart from the strong resonance located around
3.5 MeV, the (3-strength pattern of 95Rb is - up to about 7.5 MeV - similar
to that of ̂ Rb. Above this energy, another pronounced resonance is seen to
fall partly within the Qg-window of '^Rb. When going from "Rb to the N =
60 isotone ^Rb, the Vg7/2 "*" 'n'g9/2 BSFS is found to lie lower in the decay
of the latter isotope by about the pairing energy of two g9/2~protons. This
change in the shape of Sg(E) which is not predicted by the RPA in a spheri-
cal shell model basis (t6) can be attributed to the known strong deformation
(e - 0.3) of 9?Rb and indicates that the valence proton is in the (3/2 431J
Nilsson orbital and not in the (3/2 30l) orbital (see e.g. Refs.
(ll,17,45)). As can be seen, for example, from Figures 1 of (l8J and (46),
also the TDA used by Klapdor st al. fails to reproduce this deformation ef-
fect around N = 60. Although, in a more recent version, the change in the
shape of Sg(E) now is reproduced (see Figure 31 of (3)), still its fragmenta-
tion and the absolute strength are not properly described; this deficiency
is again due to the neglect of ground state correlations in the TDA. The re-
flection of the sudden onset of strong deformation between N = 58 and 60 in
the shape of Sg(E) is, of course, not limited to the Rb isotopes. As is
known from (recent) experiments, being confirmed by the RPA calculations in
a deformed Nilsson potential of (42), this effect generally occurs for N £
60, Z _> 37 nuclei. As examples, the RPA strength functions of N = 60 ~
isotones from "?Rb t0 10ijjb are shown in Figure 12. In all cases, very
low-lying strength is observed, which can be related to GT transitions of
g7/2~neutrons to the (3/2 431) and (5/2 422) porton orbitals.

For exotic isotopes with Z £ 37, on the other hand, there is experimen-
tal evidence that nuclear deformation and the related change in the shape of
Sa(E) occuts already at lower neutron number; e.g. in ^Kr (u = 57) and £n
90,91gr (N 3 55,56). In Figure 13, the experimental Sg(E) of odd-mass Kr
isotopes are shown. The reason for the observed abrupt change in the shape

() ^ i
isotopes are shown. he reason for the observed abrupt change i th p
of Sg(E) when going from ^Kr to "Kr is two-fold. Similar to the lighter
Rb isotopes, the weak vg7/2 -*• ifg9/2 B S F S around 2 MeV in *>9,91ur ariges from
neutron pair scattering. When crossing the N = 56 subshell, as in ̂ ->Rb (see
Figure 11 and (40)) the iTg9/2 g7/2 BSFS in 93Kr suddenly increases. For
a spherical "Kr nucleus, the excitation energy of this GT state would re-
main unchanged. Nuclear deformation (e - 0.2 (44)), however, pushes the
BSFS down to about 0.5 MeV in ̂ Rb. As already mentioned above, the same
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trends are also observed when comparing the experimental Sg(E) of ° »*
with those of 9O,91jjrt This observation is in agreement with recent RPA pre-
dictions (42). Analogously, one can extrapolate that similar changes in
Sg(E) will also occur in exotic Z £ 36 isotopes, for example in °"Se (N *
55) and in 87As (N » 54).

It is interesting to note in this context, that these effects
occurring around N = 56 were already predicted a few years ago by Tondeur
(22). He pointed out that the spherical N • 56 subshell effect will favour
spherical shapes for heavier elements (Z >; 37), and will push the onset of
deformation forward to N = 60. On the other hand, for lighter elements (Z
= 32-36) deformation should already occur at lower neutron number if N • 50
is the only active magic shell. For these nuclei, even small deformation
should be sufficient to cancel the effect of the N = 56 subshell, where -
according to Tondeur - there is anyhow no big gap but rather a region of low
single-particle level density. In any case, the description of the subshell
at N = 56 and of strong deformation at N ̂  60 seem to be intimately depen-
dent. Consequently, simple shell models such as, for example, the TDA used
by Klapdor et al. (3,18) most likely will not be able to properly describe
the entire A = 100 mass region. However, as mentioned in (22), and as
confirmed by the RPA calculations of f17,42), the single particle parameter
sets of Ragnarsson et al. (see e.g. Refs. (43,45)) give a more satisfactory
description of the observed shell effects in exotic A - 100 nuclei.

In the present paper, the discussion about B-strength function
phenomena has been focused on nuclei near A = 100 because a considerable num-
ber of these isotopes are important contributors to the decay heat source
term at short times, to the total delayed neutron abundance5, or to the
high-energy part of the reactor Ve-spectrura. Compared to the light-mass
peak, the situation with S-strength function systematics in the heavy-mass
peak, i.e. for nuclei around A = 140, seems to be less complicated, although
similar, but due to increased degrees of freedom, more smoothly varying
changes in the shape of Sfj(E) are also observed in this mass region (see
e.g. (l,2,28,42)). In summary, we have seen that without the knowledge of
a B~strength function systematics against the background of realistic model
predictions, any current straightforward extrapolation technique is likely
to fail because of nuclear structure effects.

5. PREDICTED FEATURES OF BETA-DECAY

With the experimental 8-stvength function behaviour and the
corresponding model Sg(E) discussed above, it is now possible to thoroughly
compare theoretical expectations of various features of B-decay with experi-
mental results, such as half-lives, Tj/2? neutron emission probabilities,
Pn, average radiation energies, E£, and spectral distributions. This
opportunities to test the sensitivity of nuclear structures in Sg(E) on the
above quantities and to estimate the reliability of model predictions of un-
known properties.

The 8-decay half-life is connected to the GT strength function by the
expression:
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1 / T . . . = E fl'.(GT) • f ( Z , O, - E . ) , ( 3 )
1 / 2 0<E£<0g X Ti i

With this definition, Tj/2 "^^ yield information on the average B-feeding of
a nucleus. However, the low-energy part of its excitation spectrum is
strongly weighted because of the E* dependence of the Fermi function. Theo-
retical Tj/2 derived from statistical models, such as the "gross theory,"
are then determined predominantly by the Qg value and, to a minor extent, by
the treatment of nuclear pairing. On the other hand, shell model Tj/2 a r e

dominated by the lowest-energy resonances in Sg.
The 8-delayed neutron emission probability is schematically given by;

B!(GT)»f (Z , Q, - E . ) / 2 B'.(GT)«f(Z, 0 , - E . ) , ( 4 )

thus defining Pn as the ratio of the integral 8-feeding to neutron-unbound
states and the total 8-intensity. Again, because of the E^ dependence of
the Fermi function, the physical significance of this quantity may be rather
limited.

As an example for average radiation energies, average neutron
energies, En, were calculated by assuming different model strength distribu-
tions to describe 3-decay, and optical model transmission coefficients to de-
scribe the sub sequent neutron emission to states in the residual nucleus.
Details on these calculations can be found in l40j.

A representative test can best bs performed for odd-mass Rb isotopes
because they cover the well known transitional region from spherical to
strongly deformed nuclei with the shell closures at N = 56 and 60. As has
been demonstrated in Sect. 4.2, for these isotopes nuclear structure effects
clearly show up in their Sf?(E), and it is hoped that these effects will also
be reflected in their gross 8-decay properties. It is evident from Table 1,
however, that this is not necessarily the case. As is discussed in 14J, nu-
clear structure in Sg(E) may well have significant influence on the B-decay
properties of specific isotopes (see e.g. Tj/2 of ^ R D ) ^ but, on the other
hand, gross properties of other, neighbouring nuclei may be completely insen-
sitive to the shape of S3<E) (see e. g. Tj/2 and Pn of *?Rb). In conse-
quence, "agreement" in numbers does not necessarily imply that the underly-
ing physical basis is correct.

Generally speaking, the "gross theory" systematically underestimates
the Tj/2 of isotopes near stability and overestimates the half-lives of
nuclei far off the 8-stability line. The first effect is due to the treat-
ment of nuclear pairing in this model and the other arises from the neglect
of low-lying resonances. Thus, Tj/2 extrapolations from the "gross theory"
should only be taken as upper limits; they are probably too high by factors
of 2-3. The Tj/2 of neutron-rich nuclei calculated with shell models are
systematically shorter than the "gross theory" values, following quite well
the experimental Tj/2 slopes. However, recent experiments (45) indicate
that the model Tj/2 of (.3) tend to be on the average too short by a factor
of 2 which is somewhat surprising when regarding the excellent reproduction
of the previously known Tj/2- This underestimation of model Tj/2 raav °e un-
derstood as due to the neglect of ground state (g.s.) correlations in the
TDA. As already mentioned before, in a recent paper Hathews et al. (zi) dem-
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onstrate that including g.s. correlations decreases the GST strength in the
low-energy region by a factor of 2. This reduction in strength corresponds
to an increase in Tj/2 by about the same factor.

The situation is even worse with regard to Pn values than for the
half-lives. Considering the definition of Pn (see Eq. (4)), "agreement" of
theoretical with experimental Pn values is strictly fortuitous in many
cases. For example, the "gross theory" Pn values of the known Rb and CS pre-
cursors are, in fact, in better overall agreement with the experimental data
than the shell model predictions of [3). This result is, however, not sur-
prising because shell model Pn values in principle depend in a very sensi-
tive manner on the energies of the discrete single-particle transitions and
their (so far empirical) spreading when these transitions lie close to Bn.
Unfortunately, this is the general case for the most important neutron pre-
cursors in the A = 90 and 140 mass regions. Uncertainties in the position
of specific GT states by 0.5 MeV can thus lead to considerable changes in
the Pn values, in unfavourable cases by more than an order of magnitude.
Recent experimental Pn values furthermore indicate that the shell model emis-
sion rates tend to be systematically too large. One may speculate that for
the present version of TDA (3,18) and for the RPA of (23) these deviations
should be mainly due to the disregard of low-lying first-forbidden (ff)
strength.

Klapdor (3) argues that the occurrence of low-lying BSFS at large neu-
tron excess justifies a neglect of the small amount of ff-strength. In
terms of strength, in medium-mass nuclei ff-transitions are, indeed, negligi-
ble compared to GT decay. Experimentally, below the lowest-lying BSFS in
9->Sr, for example, the ff-strength amounts to less than 2% of the total Q-
strength within the Qg window (see Figures 7,11). In ^^Xe, as an example
for A * 140 nuclei, this number increases to about 4%. In terms of g-
intensity (I3 J* Sg • f), however, the ff-transitions contain about 25% oT
*-*Rb, respectively 50% of the total 8-decay of ^7jm Consequently, even for
medium-mass nuclei, ff-strength may well play a role for calculated gross
S-decay properties. With respect to Tj/2> for example, the neglect of g.s.
correlations in the TDA of (3,18) fortuitously is (partly) compensated by
the disregard of ff-strength and may thus result in "correct" numbers. With
the known increasing importance of ff-transitions with Z and A, it is not
surprising that recent data on S-decay of 238pa h a v e shown that for this
isotope the ff-strength amounts to about 40% which corresponds to more than
70% of the total fj-intensity. Considering exclusively GT strength in the
calculations of Pn and Pgdf rates of heavy nuclei, as was, for example, done
in (3), therefore must lead to a systematic overestimation of these decay
modes by factors of 2 - 5 for A = 200 nuclides.

As was already concluded from the systeraatics of the average GT
strength (see Sect. 4.1), also average radiation energies are rather insensi-
tive to details in Sg(E). Comparisons of model predictions_to existing ex-
perimental re suits would suggest that average 8-energies, Eg, of neutron-
rich spherical nuclei should be lower than the "gross theory" predictions
and, consequently, average Y~energies, Ey, should be larger. For neutron-
rich deformed nuclei, however, this tendency should be reverse. This may be
understood by the general decrease of the neutron separation energy (in Rb
with a Qg value of 11.5 MeV, for example, Bn drops to about 3.6 MeV) and the
observed very-low-lying GT-strength. On the other hand, shell model predic-
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tions of these quantities will only be reliable when based on appropriate
choices of single-particle parameters and when including corrections for
higher-order particle-hole excitations.

6. CONSEQUENCES

In the following, exemplary subjects in nuclear physics, astrophysics
and reactor technology will be discussed, which are sensitive to the shape
ofSg(E).

6.1 Nuclear Physics

Among the various subjects in nuclear physics for which realistic esti-
mates of Sg(E) are essential (for review, seeJRefs. i3,4J) we have chosen
the calculation of the reactor antineutrino (Ve) spectrum for several
reasons. As already mentioned introductory, apart from the fact that the
correlated electron and antineutrino spectrum, together with the spectra of
8-delayed y-rays and neutrons (see Sect. 6.3.) determine the decay heat
after shut-down of a nuclear reactor, the knowledge of the Ve-spectrum is
also a necessary ingredient of interpretation of weak-interaction experi-
ments at reactors.

The Ve-8pectrum is the superposition of spectra from all S-decaying
fission products formed in nuclear fuel. It is known to be peaked around
0.3 MeV and to extend up to >12 MeV with intensities decreasing with energy
by about six orders of magnitude. Early significant discrepancies between
calculated Ve-spectra and electron spectrum measurements seem to have been
diminished by more recent approaches, at least for the low-energy part of
the Ve-spectrum up to about 6 MeV (see, for example, Refs. [3,47-51j),
whereas the results on the high-energy part of the spectrum still differ
significantly. As was demonstrated in Section 4, these differences may be
due to experimental deficiencies and/or to the effect that straightforward
extrapolation techniques for estimating decay schemes or Sfj(E) of neutron-
rich isotopes may suddenly fail because of nuclear structure effects. It
is, however, the high-energy part of the Ve-spectrum which is of particular
importance because of the high thresholds especially for charged current
reactions. Recent Ve-spectra derived from experimental 6-spectra of 235y
and "9p u thermal neutron induced fission C52J are considerably softer than
earlier published spectra 148,49J. The results of the first authors were
shown to be very well reproduced by the recent theoretical spectra of 13J
which were deduced from shell model strength functions. This agreement was
interpreted as respresent.ing a global test of the reliability of the
calculated Sg(E) and as "the first reliable theoretical basis for the inter-
pretation of reactor antineutrino-oscillation experiments."

Nevertheless, we found it worthwhile to derive the high-energy part
(E^> 5 MeV) for secular equilibrium from summing the contributions of indi-
vidual fission products. The ve-spectrum of a nuclide depends on the (fy
value, on the fission yield, and on the 8-strength distribution. With re-
gard to Qg, either experimental values were used or, otherwise, estimates
from recent mass formulae. Cumulative fission yields were taken from the re-
cent compilation of Rider (52j. With respect to Sg(E), an evaluation of re-
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cent experimental and RPA strength functions for ̂ 130 neution-rich fission
product nuclei with Qg > 5 MeV was applied [4].

As an example, in Figure 14 the Ve-spectrum of 239pu £s presented as
the ratio between different calculated spectra and the recent experimental
results of (5l). In the energy range from 5 MeV to about 6.5 MeV, our Ve-
spectrum is softer than the earlier published spectra of (48,49J; in this re-
gion, it agrees quite well with the recent spectra of (3,5l). Above about
7 MeV, however, our Ve-spectrum is considerably harder than the latter two
energy distributions and is in better agreement with that of Vogel et al.
[50] and with preliminary results of recent investigations of Faust et al.
[53J. The rather soft Ve-spectra of (5l) might be due to uncertainties in
the background correction which are largest for high energies. The soft the-
oretical spectra of (3) probably arise from the inappropriate description of
SgfE) of exotic A = 100 nuclei (see Sect. 4.2). When dealing with large num-
bers of individual nuclei, as done in the present summation evaluation, it
is difficult to quote reliable uncertainties. Nevertheless, the comparison
of our results with other data can at least show trends in the high-energy
part of the Ve-spectrum. In summary, one may conclude that probably none
of the presently existing experimental and theoretical approaches meets the
requirement of having an accuracy of the measured cross sections of the v
induced reactions. Therefore, further, more precise experiments are
needed.

6.2 Astrophysics

Recently* theoretical Tj/2, Pn and Pgjf values derived from shell
model Sg(E) have been included into dynamical r-process calculations (see
Refs. (3,5,18] and Refs. given therein). By removing earlier problems with
the r-process time-scales, "a solution has been obtained for the problem of
the astrophysical site of the r-process which has been an open question in
astrophysics for more than two decades" (3}. Furthermore, it was stated
that cosmochronology was "put for the first time on a reliable basis" lead-
ing to the result that "the new age of the galaxy is larger than the values
extracted from the actinide chronometers in earlier studies by almost a fac-
tor of two." Notwithstanding the fact that nuclear structure physics
undoubtedly has a large impact on astrophysical problems, from (3,18) it is
neither clear how sensitive the astrophysical processes are to variations in
different 8-decay input parameters, nor has it yet been investigated whether
there are other, more important parameters affecting the r-process flow
path, such as nuclear masses, neutron capture rates or the validity of an
(n,Y)-(Y»n) equilibrium. Nevertheless, it seems worthwhile to remind the
reader of possible impacts from the (compared to the TDA predictions) proba-
bly somewhat longer half-lives and the presumably lower Fn and Pj3<jf values
of exotic nuclei (see Sect. 5). How lower Pgjf values would influence the
cut-off of the r-process and the production ratios of heavy actinide
chronometric pairs is not quite clear, but it is certainly worth to be
investigated. Lower Pn values would, in contrast to the predictions of [3],
shift the Pn * 100% line (see e.g. Figure 39 in (3)) beyond the r-process
path closer to the neutron drip line, and would thus slightly reduce the im-
portance of delayed neutron emission for the decay from the r-process path
back to the S-stability line. Finally, longer T\/2t in particular near
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magic neutron numbers, might again raise questions about the appropriate
time scales and the astrophysical site of the r-process.

For nuclei in the r-process path the longest 8-decay half-lives are
encountered near magic neutron numbers. The leads to a build-up in abun-
dance and the formation of the r-process peaks at A - 130 and 196 (see, for
example, Figure 45 in Ref. 13)). In addition, these T^/2 govern the time
scale of the r-process and consequently give constraints on astrophysical
acenarios. The canonical r-process, for example, builds up all heavy ele-
ments in one event, whereas the r-process in explosive He-burning acts on a
pre-existing abundance composition of heavy elements resulting from s-
processing in the He-burning shell. As for the N = 126 shell, nuclei like
*9*>Yb Would be involved which will be out of experimental reach also in the
near future; however, in the N = 50 and 82 areas some isotopes of interest
may be experimentally accessible. In the N = 82 region, for example, the nu-
cleus in the r-process path which lies closest to the valley of B-stability
having the longest Tj/2 is 130cd. -Theoretical predictions of its half-life
range from 0.24 s from the TDA of l3J up to 1.2 s from the "gross theory"
l9,10J. A measurement of T\/2 of t ni s single isotope could already help to
test the reliability of the above model predictions and would allow to dis-
tinguish between different r-process models. A 'long" Tj/9 of ^^"Gd would,
for example, lead to the result that the canonical r-process will stop at A
• 130 and would thus exclude this model from explaining the solar abundance
composition.

With regard to stellar neutron capture rates, very recently it has
been demonstrated (.35,54j that the decay mode of 8-delayed neutron emission
can in principle be considered at the inverse process to neutron capture.
With this, level parameters of compound nuclear states above Bn in far-
unstable nuclei can be obtained which are otherwise not attainable. Such
data may yield more reliable (synthetic) neutron capture rates and, more gen-
erally, can reveal information to improve global level density parameter
sets.

6.3 Reactor Physics

The importance of fission product nuclear data to nuclear technology
rests on the fact that practically all stages of the nuclear fuel cycle are
affected by their presence. As already mentioned introductory, one of the
most important quantities in the field of nuclear safety, where accurate
knowledge of the decay data of short-lived isotopes is needed, is the power
developed by the decaying fission products in the fuel. A few years ago,
Schmittroth and Schenter (56) have pointed out that, particularly for short
cooling times (l_to 10^ s), the agreement between experiments and calcula-
tions of Eg and Ey representing the most important contributions to decay
heat was not at all satisfactory. However, with the inclusion of new spec-
troscopic data, more recent summation calculations (see, for example, Ref.
(57)) seem to have reduced the experimental uncertainties for short cooling
times considerably. A comparison of these latest "experimental" results
with forthcoming decay heat calculations based on the TDA strength functions
of (3) will be interesting. As in other fields, the latter calculations may
be an improvement over older attempts based on the "gross theory" (see e.g.
Ref. (58J). However, having in mind the physical weaknesses of the TDA and
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the discrepancies between the Ve-spectram of (3) and our evaluation (see
Figure 14), the conclusion that the TDA strength functions will yield "for
the first time an exact calculation of the emergency cooling systems in nu-
clear reactors with regard to cost and safety" (3) must be considered as
unjustified.

Beta-delayed neutron characteristics of fission products play an impor-
tant role for the design, operation, dynamics and safety of nuclear reactors
(for Review, see [59]). Concerning integral delayed neutron parameters,
such as precursor neutron abundances and the Keepin-group yields, the pres-
ent experimental situation seems to be quite satisfactory. On the other
hand, the data sets for neutron energy spectra used so far in reactor calcu-
lations are not yet at the desired level of accuracy [60]. In particular,
the energy spectra below 150 keV and probably as low as 10 keV can have a
significant impact on transient calculations of liquid-metal fast breeder re-
actors (61J. Today the pertinent data for the 25 most important individual
precursors in thermal neutron induced fission of "5u (altogether accounting
for more than 90% of the total neutron abundance) have been measured with
the required precision [60,62J, and also time-dependent Keepin-group spectra
[63 J as well as equilibrium spectra fo^ different primary neutron energies
[64) exist. Nevertheless, one might be tempted to calculate delayed neutron
spectra for different Keepin-groups and fuel compositions, for example by
applying shell model 8-strength functions. This would, however, prove to be
a nonsensical approach, because these spectrum predictions would be strongly
exposed to uncertainties in the positions ol the calculated GT transitions
(see Sect. 5). Unfortunately, for most of the important neutron precursors
(Br, Rb, and I and Cs isotopes) resonances in Sg(E) are centered close to
the neutron binding energy. It is, therfore, not surprising that the good
agreement between different theoretical spectrum envelopes and the experimen-
tal neutron spectrum, as for example, obtained for "Rb (see Figure 5), is
a rare exception. In the majority of the cases, neutron spectra derived
from single-particle model S3(E) show considerable deviations from axperi-
ment, often being more severe than those resulting from the application of
physically less justified, smoothly increasing Sg(E) [9-11J. Therefore, one
should prefer to use either the existing directly measured integral spectra
(59,64) or updated evaluations of individual precursor spectra [63).

7. CONCLUSIONS

The physical understanding of B-strength functions is important for
the interpretation of B-decay properties of nuclei far from stability. By
comparison of experimental Sg(E) of nuclei in the A = 100 transitional re-
gion to different theoretical strength distributions, the sensitivity and
physical significance of structures in Sg(E) on various 8-decay properties
have been examined. It has been demonstrated that even rather simple sin-
gle-particle models are apparently adequate to explain the GT structure in
unstable nuclei and, for this purpose, certainly are improvements over the
purely statistical models so far used in this field. With regard to inte-
gral and partly also spectral 3-decay properties, however, gross theories
still appear useful in comparison with shell models, because the estimates
derived from the latter models are strongly exposed to uncertainties in the
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energy positions of the GT states relative to Q} and Bn. With due regard to
the possibilities and limitations of the present theories, the reliability
of extrapolations and, more generally, the applicability of model strength
functions to different fields in nuclear physics, astrophysics and reactor
technology have been examined. Summarizing the situation, one may conclude
that, although in the past few years there has been considerable progress in
the theoretical understanding of 8-strength function phenomena of exotic
nuclei, there still remain discrepancies between existing data and the pres-
ent generation of nuclear structure predictions. It is, however, reasonable
to hope that continued experimental progress against the background of
improved microscopic calculations will result in the explanation of the pres-
ent discrepancies.
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Table 1: Comparison of experimental B-decay half-l ives and neutron emission probabilities of odd-nass Rb precursors
to estimates from different specifications of Sp(E)

Isotope
Beta-decay
property Exp.

Sg(E) J* p(E) "Gross theory"
Refs. (11,45) Ref. (lO)

Shell models

Ref. (16) Ref. (3) (A)
Refs. 123,4)

(B) (C)

I
M

"Rb

5.8
1.3
405

0.38
8.5
530

0.17
25
540

4.2
1.3
465

0.8
12
1010

0.4
28
1850

1.9
0.6
420

0.61
10.6
620

0.32
22.4
790

3.1
1.3
440

0.30
11.8
585

0.15
29
380

6.4
1.6

0.33
11.5
430

0.17
21.6
650

5.1
7.6
405

0.37
47.9
475

• 100 parameter set, e " 0; (B) N - 60 parameter set, e • 0; (C) N • 60 parameter set, e " 0.32.

20.9
4.8
485

0.78
21.9
620

0.14
27.5
400

0.05
7.5
885

(A)



8 12
Ein/?'daughter iMeV]

Locations.and S-atrengths of principal GT transitions from BFA
calculations ( ) and, for comparison, both S (E) from the
"gross theory" (-•-) and a schematic representation of Sg(E) from
the "gross theory" ( ) and a schematic representation of Sg(E)
from the RPA ( ) obtained by app jing gaussian spreading to the
individual GT transitions (from [l5,16J).
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Figure 2 Block diagram of the experimental set-up. PA » preamplifier, MA
• main amplifier, SA • sum amplifier, SCA • single-channel
analyser, SCLG » slow coincidence and linear gate. COINC « fast
coincidence, MCA • multi-channel analyzer (from (8J).
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Figure 3 Experimental B-strtngth functions S3(E) and average reduced tran-
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logarithmic scales versus excitation energy E of the daughter nu-
cleus. The B-strength to excited states decaying by delayed-
neutron emission is indicated separately. The solid line (broken
below the pairing-energy) ending at the <£ value represents a con-
stant model-transition rate (from (8j).
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Figure 8 Systematic* of experimental B'(GT) for N - 51 to 56 isotones, in
comparison with values from the "gross theory" (from (42J).
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Figure 9 Syatematics of experimental B'(GT) of nuclei with constant neu-
tron excess, (N - Z) • 17 to 19, in comparison with values
derived from the "gross theory" (from (42J).

- 221 -



10"

ID"*

fc-1

L.-BSFS—

-CPS

V1.5s

10"

i
I io-3

io-2

„ a

Jl
-(V

- t -

i/2=32.3 s

Ti /2-5Bs

i

TVz - 2.71 h

Eross theory g Forfci /9-deny

./.Experiment
Ti,2-10.1h

0 1 2 3 i 5 6 7 8
Excitation energy [HeV]

Figure 10 Experimental 3-strength functions of N • 54 isotones in tents of
reduced GT transition probabilities B'(GT), together with predic-
tions from the "gross theory." The shell model configurations
for the lowest lying GT states are included for 88S<s and *̂
(from (42)).

- 222 -



OL.

3 4 5 6 7
Excitation energy [HeV]

Figure 11 Experinental 6-strength functions of odd-mass Rb isotopes,
plotted as reduced Gamow-Teller transition probabilities B'(GT)
per 100 keV versus excitation energy in the Sr daughter nucleus.
For comparison, also the strength functions According to the
"gross theory of B-decay" and, for 95>97Rb, the GT distributions
from the RFA calculations of Prussin et al. C15,16J are shown
(from UOJ).
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Figure 12 GT diatributiona of N - 60 isotonea from RPA calculation! using
deformed Nilsson model wave function* (from (42T).
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PROBLEMS IN DECAY HEAT MEASUREMENT AND EVALUATION

M F JAMES

United Kingdom Atomic Energy Authority

Atomic Energy Establishment, Winfrith

Dorchester, Dorset, UK

ABSTRACT

Methods of comparing decay heat measurements are discussed, and the
results illustrated. A number of libraries of fission product decay
data and yields are now available, and calculations with them are
compared with each other and with measurements. There ara clearly
significant discrepancies which have yet to be resolved; some comments
on possible solutions are indicated. The need to consider all
available theoretical and experimental data in any future library
evaluation is emphasized.
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1. INTRODUCTION

Reactor designers need to have recommended fission product decay heat
standards or recommended methods for their calculation? and, equally
importantly, they need reliable estimates of the uncertainties in the
standards. These requirements are the main reason for the many measure-
ments that have been made since the 1940's, and for the correspondingly
extensive work that has been devoted to producing inventory codes and
their associated libraries of fission product decay data and yields. Both
experimental and theoretical work are reviewed extensively by Tobias QJ,
and I certainly do not wish (nor do I have the time) to cover the whole
field in that way. Instead I shall concentrate on recent work, and on
cooling times of less than a few days (̂  106 seconds).

There is clearly an economic incentive to reduce the uncertainty in the
accepted decay heat standard as much as possible, since any system (such
as that for emergency cooling) that has to cope with decay heat must be
designed to deal adequately with the expected value plus two or three
standard deviations. Thus, there is a requirement to make more accurate
measurements, to improve the data libraries for inventory codes, and not
to overestimate the uncertainty in current recommendations. However there
is an obvious contrary need, for safety reason, not to underestimate the
uncertainty. Consequently, the recommended uncertainty must be as reliable
an estimate as possible. Note too that decay heat from the fission of
239Pu is as important as that for 235U, since approximately half the fission
during the life of a thermal reactor fuel element occur in 239Pu.

The target uncertainties are set not only by what is conceivably feasible,
but also by uncertainties in other data such as reactor power history.
The values generally accepted are shown in Table 1; they are taken from,
the Proceedings of the Petten meeting on Fission Product Nuclear Data [TJ.

An important aim of a review of decay heat must therefore be to see whether
the target uncertainties have been achieved. If not, the larger discrep-
ancies need to be investigated; hopefully their resolution will throw
light on problems of measurement and evaluation and will eventually allow
the recommended standard deviations to be reduced.

In the last few years, there have been a number of quite precise Measure-
ments of beta, gamma, and total decay power following irradiations of
various durations of different fissionable nuclides

In addition, there have been considerable improvements in the libraries of
fission product yields and decay data used in inventory codes. We consider
here particularly the results of using the latest libraries produced in
the UK [3, 4j, France [5, 6j and Japan [7J. Other papers have discussed
in considerable detail calculations made v/ith the US ENDF/B-IV and
US ENDF/B-V libraries; see for example fs). lie have made calculations at
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Winfrith with some of these libraries, and for the others we rely on
results published elsewhere. The UK libraries have obviously been the
most easily accessible for this work, and so we give many of the results
relative to calculations using these: this is not meant to imply that they
are the best libraries, but we believe they compare very favourably with
the others.

Briefly, the methods that can be employed in studying decay heat are:

(i) The comparison of the results of different measurements.

(ii) The comparison of the results of calculations with
different libraries.

(iii) The comparison of calculation and measurement

(iv) The consideration of the sensitivities of calculations
to cahnges in input data.

(v) The comparison of library data with theoretical values,
and with experimental integral data of individual nuclides,
such as measured average beta and gamma energies.

A previous paper [,9J surveyed some of the earlier work on these times: this
review extends that note, but the work is by no means completed.

2. METHODS OF COMPARING MEASUREMENTS

If the total effective decay power T seconds after a single fission is m(T),
then the decay power t seconds after the end of an irradiation of 1 fission
per second lasting I seconds is

1+ t

t) =

if the neutron flux is small enough for the effect of neutron capture to
be negligible.

Similar equations link the beta and gamma decay powers after a single
fission, b(T) and g(t), with those following finite irradiations

, t).

If we wish to compare measurements with different irradiations, without
recourse to calculations which might have their own errors, it is desirable
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to convert the data either to a common irradiation, or to compute values
from m(t) or M(t) = M(°°, t ) , the decay power following an infinite
irradiation, and there are several ways of doing this. Dickens et al
QO, 1y compute finite integers of m(t), thus effectively deducing a
histogram approximation to the smooth curve for the function. They use
the relation, true for any irradiation I : -

Jm(T)dT = JM(I , t i ) - M ( I , t 2 ) j + [MCI.I + t i ) - MCI,I + t2jf

"*• r 7
+ IM(I,2I + ti) - M(.I,2l + t2)J +

The first square bracket term is the dominant, and can be calculated
directly from measurements at an irradiation I and suitable choice of
ti and t2. The other terms can be regarded as corrections, and are
estimated usually by interpolation. The accuracy of this technique will
be good if M(I,t2)»M(Iiti) ie if I » t 2 - tx.

An alternative method Q Q makes a smoothed fit to measured values for a
given irradiation: these have used either a cubic spline or a sum of
exponentials [J2j: mainipulation of the fitted function to give
m(t), M(«,t) or*any M(I,t) is then straightforward. This m&thod loses
accuracy either if experimental fluctuations become significant, or if
appreciable extrapolation has to be made outside of the range of experi-
mented data. Thus, computetion of m(t) will be accurate if I « t,
while M(°°,t) can be found accurately if I » t.

To compare the two techniques, the fitting method was used to calculate
integers of m(t) over the same ranges as those given in the papers of
Dickens et al 10, 11 : agreement is good.

Figures 1 and 2 each compare two sets of measurements, using the fitting
method. The former shows the total decay power after a 20,000 second
irradiation derived from the short irradiation measurements at ORNL Qo,11]
with that measured calorimetrically by Yarnell and Bendt at LASL [_13, 14]
The second portrays the ratio of decay power after 1000 sec irradiation
derived from the ORNL results to that measured at IRT Q5j by Frisenhahn
and Lurie. In each case, there are appreciable differences: up to 8%
between LASL and ORNL data, and up to \2% between ORNL and IRT.
Fluctuations in the ratios, which would indicate a random statistical
contribution to the discrepancies., are small, suggesting that most of the
differences arise from systematic errors of different amounts (and signs)
in the different measurements. Further, the variation of the differences
with cooling time indicates that some of these systematic errors must
also be time-dependent. Each figure shows data for both 235U and 239Pu;
although there are differences between the ratios for the two nuclides,
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the similarities are more obvious, and we shall discuss this again later
on.

Other comparisons will be shown in other figures, when calculated data will
also be included: and the general conclusion will again be that each
measurement has good precision, in that random fluctuations are small, but
that there are systematic errors of at least 10% in some cases, and that
some components of these vary with, cooling time.

DATA LIBRARIES

Decay heat calculations are performed with many different computer
programmes and data l ibraries. However, comparison of calculations using
the spiae data and different programmes shows that al l the commonly-used
codes achieve similar accuracy in solving the Bateman equations: although
such a comparative exercise should not be discounted as: i t has occasionally
unearthed faults. Thus i t is l i t t l e exaggeration to say that al l differ-
ences between calculations arise from differences in data.

Fission yield libraries are based largely on the successive evaluations of
either Meek and Rider [l6] or Crouch (3j. Figures 3-5 show the differences
between decay power after one fission calculated using the latest Crouch
data (C3I) and using French yields 5 which are based on the chain yields
of Meek and Rider: the decay data were the same for each calculation
(UKFPDD2). I t will be seen that the differences after 2 seconds' cooling
reach 5% for 239Pu and 3% for 235U. These are large enough to suggest
that further measurements and evaluations of fission yields, even for 235U,
will give greater accuracy in decay heat calculations

Most decay data libraries are based on measured decay schemes, usually
using the compilations in the Evaluated Nuclear Structure Data File fl7]
as a primary source: theoretical values are only employed if there are no
experimental data. This philosophy is followed, with some variation of
emphasis, by those responsible for US ENDF/B-IV 18 and ENDF/B-V (l9] ,
UKFPDD-1 and UKFPDD-2 4 , and the French decay data library [6]. However,
the Japanese Nuclear Data Committee (JNDC) Decay Data File (XJand the
Swedish decay data library [20J are based, for some nuclides, on different
methods which repay detailed consideration. The JNDC file uses the gross
theory of beta decay [2^ to predict many average electron and gamma
energies and half-lives, not only for those nuclides for which no measured
data are available, but also for all nuclides with a total beta decay
energy (Qg) of more than 5 MeV. Decay heat calcuations show;> that the
bigger effect arises from the latter set: the difference in total heat
from one fission and calculated with the JNDC file and with UKFPDD-2
reaches about 8% at short cooling times (< 100 sees) for both 235U and
239Pu: see Figures 6 and 7 which we will return to later. Although, the
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preference of theoretical to measured average decay energies may be justified
for aome nuclides (the invention and discussion of "Pandemonium" [22, 23] are
relevant here) there are some important fission products, such as 88Kb, for
Which the decay data seem to be adequately known.

The Swedish library [20] relies heavily on direct measurements of average
electron energies for individual fission products; and it is believed that
similar measurements are planned for the gasnma spectra. These measured
averages have been compared by Aleklett and Rudstam [24] with values in
evaluated data libraries including the JNDC files, and there are some
appreciable differences although the overall agreement is reasonable.

This reviewer feels that the U3e of measured average energies is preferable to
the more theoretical approach: but that the general recommendations should be:

(i) More measurements of E^ and Ev for individual fission
products should be made.

(ii) Evaluators of future decay data libraries should take the results of
these into account, together with both any measured decay schemes
and theoretical predictions from the gross theory of beta decay or
the general theory of beta strength functions.

To close this Section, Figures 6 and 7 compare m(t) from 235U and 239Pu
fission calculated with the French and JNDC libraries with that computed with
the latest UK libraries. Note that the differences are as large for the
French data (based on "standard" methods, mainly ENSDF) as for the more
unorthodox Japanese data. Figs. 11 - 14 show more detailed comparisons of
beta and gamma decay heat measurements and calculations; there are clear
discrepancies in measured gamma heat, but the combined Japanese/Swedish/UK
libraries seem to give the best fit to experiment.

4. COMPARISONS OF EXPERIMENTS MID CALCULATIONS

In a paper to last year's Antwerp Conference [9], it was pointed out that
whrle systematic errors must be expected in both data libraries and in decay
heat measurements, some of these are common to all fissile nuclides.
Consequently, one would expect that the ratio of decay heat from fission of
nuclide A to that from fission of nuclide B is less prone to systematic
errors: there are strong positive correlations between the two decay heats.
Thus, the decay data libraries will be common to both A and B fission,
although as the yields will differ, the relative importance of different
fission products will also differ. Similarily, for a given experiment, the
method of determining the number of fissions will probably be similar for both
A and B. Also, as the instrumental efficiency will be the same, the
corrections to the measured values for undetected particles will be similar at
equal cooling times for both A and B if the spectra are similar.
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So far, we have only studied the ratio for 239Pu to 235U decay heat; the
results certainly support the above argument. Figures 1 and 2 show how
discrepant different experiments may be: but if the ratio (239Pu decay
heat)/(:235 U decay heat) is plotted, the agreement for example between
LANL and ORNL results becomes much closer. Similarly, values for this
ratio calculated using different libraries show quite good agreement.

Figures 8, 9 and 10 show total, beta and gamma heat ratios for a single
fission, comparing several calculated sets of results with measurements
from a number of experiments.

It is clear from Figure 8, showing the total decay heat, that:-

(i) Calculated values agree closely with each other.

(ii) There is good agreement between the calculated

values and the measurements at IRT [J5] and Tokyo
University [25, 26] .

(iii) There is good agreement between the measurements
at ORNL (JO, iff, LANL Q3, 14) and the CEA (27, 28].

(iv) There is a discrepancy of about 10% between set (ai)
and set (iii) at about 103 sees;the discrepancy is
about 1.5 times the total experimental standard
deviation assuming no correlation between the 239Pu
and 235U results, and is clearly a systematic, not
a random difference.

Figures 9 and 10 suggest that this discrepancy arises largely from the
gamma energy measurements.

5. CONCLUSIONS FROM THE COMPARISONS

If we concentrate on this discrepancy in the (239Pu/235U) values between
100 and 10,000 sees (an important range of cooling times), it is difficult
to see how improvements in library data can improve matter. The appreciably
different data in the JNDC and UKFPDD libraries give very close results:
and results that would seem satisfactory if only the IRT and Tokyo
University measurements were considered. As a theoretican, I do not feel
able to make very helpful comments about the differences between very
carefully performed experiments; and 1 would ask the experimenters to look
(once again'.) at their measurements and at possible sources of uncertainty.
As both ORNL and Tokyo University measurements have been performed for the
same irradiation times, it is possible to make direct comparison between
them. I notice that the gamma energy data for 239Pu are in good agreement,
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but that the 235U data appear to be discrepant. In addition, the mean
photon energies are either given or can ba easily deduced: at 700 sees
effective cooling time, these are:

235U 0.79 MeV (ORNL), 0.89 MeV (Tokyo University)

239Pu 0.84 MeV (.ORNL), 0.86 MeV (Tokyo University)

Can the experimentors suggest any reasons for the 2350 differences? Are
there significant differences in the gamma spectra for the two nuclides
at about 1000 sec cooling?

6. CONCLUSIONS

We have pointed out discrepancies and differences, which emphasize the
need to k<" - the recommended decay heat uncertainty at a realistic value.
It will c be possible to have confidence in a reduced uncertainty if
some of the problems raised are considered by both data evaluators and
measurers.
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TABLE 1

TARGET DECAY HEAT UNCERTAINTIES

C o o l i n g Time

Fissioning
System

Thermal

U 235

Pu 239

U 233

Pu 241

1 - 20 s
req %

10(1)

5(11)

10(1)

5(11)

10(11)

5(111)

30(1)

15(11)

20 - 10* s
req %

5(1)

2(11)

5(1)

2(11)

5(11)

2(111)

15(1)

6(11)

10* - I0e s
req %

10(1)

5(11)

10(1)

5(11)

10(11)

5(111)

30(1)

15(11)

106 - 107 s
req %

10(1)

5(11)

10(1)

5(11)

10(11)

5(111)

30(1)

15(11)

107 - 108 s
req %

±5(1)

I5(D

15(11)

I'.? CI)

Fast

U 235, Pu 239

U 238 Pu 241

Th 232

102 - 107 s
required %

10(1)

5(11)

30(1)

15(11)

30(11)

15(111)

107 - 108 s
required %

< 5(1)

115(1)

115(11)

Integrated Over
Time 0 - 105 s
required %

10(1)

30(1)

30(11)
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MICROSCOPIC BETA AND GAMMA DATA FOR DECAY HEAT NEEDS

J. K. Dickens

Oak Ridge National Laboratory-
Oak Ridge, Tennessee USA 37830

ABSTRACT

Microscopic beta and gamma data for decay heat needs are de-
fined as absolute intensity spectral distributions of beta and
gamma rays following radioactive decay of radionuclides created by,
or following, the fission process. Four well-known evaluated data
files, namely the U.S. ENDF/B-V, the U.K. UKFPDD-2, the French BDN
(for fission products), and the Japanese JNDC Nuclear Data Library,
are reviewed. Comments regarding the analyses of experimental data
(particularly gamma-ray data) are given; the need for complete beta-
ray spectral measurements is emphasized. Suggestions on goals for
near-term future experimental measurements are presented.

INTRODUCTION

"Heat" is a form of energy. However, "decay heat" is usually considered
as a form of power, or heat rate. Generally, the term "decay heat" refers to
the rate of generation of energy due to the decay of radionuclides created
during power production in a fission reactor. In this report, decay of
fission-product (72 < A< 167) radionuclides will be considered; heavy acti-
nic1 as that are produced during power production also contribute to "decay
heat" but will not be discussed further.

Fission-product decay heat has been measured [1-6] for a variety of (a)
fuel-element isotopes, (b) irradiation histories, and (c) cooling and counting
time histories. If one defines [7] a function f(t,T) as the instantaneous
fission-product decay heat (power) _t seconds following an irradiation period
of J_ seconds, the dependence of f(t,T) as a function of t̂  is roughly t"1.
Hence, it is common practice to exhibit decay heat as

t X f(t,T) vs t .

Results of one set of experiments [1] are shown in Fig. 1 for the decay heat
of radionuclides produced by very nearly instantaneous irradiations (T short
compared with t) of standard thermal-reactor fuel isotopes 23SU, 239Pu, and
2JfiPu. [In this figure f(t,0) = f(t).]
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There are many measurement techniques used in decay-heat measurements.
The ORNL [1] results shown in Fig. 1 were deduced from spectral measurements.
An example of a beta-ray "energy" spectrum [8] obtained for 2<flPu decay heat
is shown in Fig. 2. In this figure, the ordinate is shown as Eg X N(Eg), and
so is not a particle spectrum but an energy spectrum. To obtain the beta-ray
decay energy released for the irradiation, cooling and counting times given
in the legend requires only the determination of the "area" bounded by the
data and the axis of abscissas, i.e.,

Similar data were obtained [1,8] for spectral distribution of gamma rays
(using a Nal detector), and similar manipulations of the data yielded the
gamma-ray decay energy release, < Ey >p. The total decay energy release is
just the sum of < Eg >Q plus < Ey >Q.

The decay heat is approximately determined as E])/Tcount.
What are decay heat "Needs"? To begin with, let us temporarily substi-

tute the word "Calculations" for "Needs". This substitution leads to
"theory-compared-with-experiment" graphics. For decay heat the accepted
calculational technique involves computing the yield of each and every radio-
nuclide at some time Jt̂  seconds following a specified fission irradiation
period. The total decay energy, (ED).£, of a given fission product is
weighted by the yield of that fission product, Y^ft.T); all of these
weighted decay energies are added together. That is, total decay energy is
simply

£ (ED). Y.Ct,T) . t (3)

There are quite a few computer codes [9-13] written to determine the Y^(t,T);
these will not be discussed in this report. The "Needs," then, are the
nuclear data required for the calculations, i.e., fission-product yields and
decay heats. Radionuclide half-lives are needed, as are neutron interaction
cross sections; these needs are not discussed in the present review. The
fission-product yields are treated thoroughly in other reviews [14-17]. We
consider herein only the beta and photon decay energies and how to fulfill
the "Needs" for these data.

It must be apparent that the input data must consist of very many sep-
arate values of CEjj)i, one for each radionuclide produced either directly
during the fission process or else subsequently (indirectly) as the result of
the decay of directly- or other indirectly-produced radionuclides. There are
essentially no modern experiments that yield a total EQ (nor < Ey >D nor
< Eg >p) for any specific radionuclide. Rather, most modern experiments are
measurements of gamma-ray spectra using high-resolution detectors. From
these data a. level structure of the daughter is deduced, and to provide in-
tensity balances, characteristics of the beta-ray decay of the parent are
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deduced. Such deductions are occasionally, but not as a rule, augmented by-
direct beta-ray decay measurements. As an example, the decay of a well-known
fission product, 137Cs, is exhibited in Fig. 3.

Now, "Microscopic Beta and Gsjiima Data" (or MBG) can be defined. First
observe that insofar as decay-heat calculations are concerned, the "Beta and
Gamma" data that are needed are just the integral quantities < Eg >Q, as de-
fined by Eq. (1), and < Ey >j), their equivalents for fission-product gamma
radiation. However, as pointed out above, these quantities are rarely
d.irectly measured in modern experiments; instead spectral measurements are
made, and these are analyzed to deduce level-structure information. Very
often, then, one must start with the deduced or evaluated level-structure
information to determine the desired integral quantities. So, finally,
"Microscopic" may be defined as the N(EX), where x_ is $ and Y> for the MBG
portion of the title.

In summary, then:
Microscopic Beta and Gamma Data for Decay Heat Needs are Absolute Inten-

sity Spectral Distributions of Beta and Gamma Rays Following Radioactive Decay
of Each Radionuclide Created Directly or Indirectly During Fission. ""

EXAMPLE: DATA FOR DECAY OF 137Cs AND 137Ba*

It seems necessary to provide a certain precision to the definition of
the title of this report, because almost always the reported evaluated decay
information do not directly contain all of the "data needs." They often do
not include all of the necessary information tô  deduce what is required for
the calculations. Such a situation, for example, is illustrated by the in-
formation for 137Cs decay shown in Fig. 3.

This figure exhibits the decay of two fission products: (1) the beta
decay of 137Cs, and (2) the internal-transition decay of the 2.55-min isomer
of 137Ba. Let us investigate the latter decay first. The MBG data given
directly are (a) the gamma-ray energy E°, = 661.4 keV, and (b) the fraction of
the decay, 89.9%, that this gamma-ray represents. We can classify these two
data as "direct" because the function N(Ey) is essentially a delta function,
6(Ey - E9), having an area equal to 0.899/decay. There is no direct repre-
sentation of the other 10.1% of the decay of this isomer. Let us see how much
of the other 10.1% can be deduced from information given in Fig. 3. Three
data exhibited in this figure will provide some assistance: (a) the transi-
tion energy (661.4 keV), (b) the multipolarity (M4), and (c) the Z (56) of
the Ba nucleus. From these data the total conversion-electron production can
be deduced, using published tables, [18] that is, using information not given
in Fig. 3. The characterization of this decay is not complete, however, for
one must now determine the atomic decay of the disturbed electronic configura-
tion. These can be accomplished using tabulated fluorescent yields [19].
Such information is not given in Fig. 3. However, by using additional infor-
mation as needed, one can complete the characterization of the decay of 137Ba*
so as to provide a complete N(Ey) data set including x-ray contributions, and
a complete N(Ee) = N(Eg) data set including conversion-electron contributions.

Turning now to the beta decay of 137Cs, as represented in Fig. 3, there
are only two MBG data: the two values of Ig, one for each of the two
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transitions. From the definition above, the other MBG data for 137Cs beta
decay are relative intensity N(Eg) for 0< Eg < 512 keV, and for (K Eg<
1173 keV, respectively, for the two beta-ray transitions shown in Fig. 3.
Neither of the two given values of Egmax nor the two given log(ft) values nor
the total energy Qg is "direct" MBG data. One may observe that the N(Eg) vs
Eg of the dominant Egraax = 512 keV can be computed from beta-decay theory be-
cause it is a first-forbidden-unique transition. (Egmax = 512 keV is an in-
direct MBG datum.) However, the N(Eg) vs Eg of the second-forbidden-non-
unique 1173-keV transition cannot be computed. They must_be measured to
obtain correct MBG data.

Thus, even in these simple, well-known decay schemes, we find that effort
must be expended by the data-file evaluator to obtain the MBG data. More
complex decay schemes lead to an increased probability of less-than-perfect
data evaluations, particularly for N(Eg). Measurements for applied purposes
are needed.

EVALUATED DATA FILES

To perform summation decay heat calculations requires < Eg >D and
< Ey >n for each and every fission product; and to perform calculations for
comparisons with "spectral" data such as exhibited in Fig. 2 requires spec-
tral information, NfEg) vs Eg, for each and every transition due to decay of
each and every fission product. The existing experimental data have been
thoroughly examined and evaluated, and evaluated results have been collected
in a systematic manner in compilations known as data files. These files are
prepared in standardized computer formats so that the desired information can
be readily extracted as needed. They contain values for the desired integral
quantities and may also contain differential or spectral data.

Four of the most used of these data files will be reviewed in this
section. These four files are: (1) U.S. ENDF/B-V Fission-Product Data
Files [20]; (2) U.K. UKFPDD-2 Revised Fission Product Decay Data File [21];
(3) French Library of Nuclear Data for Fission Products [22]; and (4)
Japanese Nuclear Data Committee JNDC Nuclear Data Library of Fission Prod-
ucts [23]. Table 1 gives an overview of the extent of each of these files.

Evaluations of each of these files starts with study of those experi-
mental results that are deemed to be complete, e.g., for the fission-product
decay schemes such as shown in Fig. 3. Even in these easy cases, however,
the evaluator must provide additional information to obtain a complete MBG
data set. For example, the ENDF/B-V evaluation provides a total (integral)
electron energy which for some radionuclides includes specific contributions
from the conversion electrons and Auger electrons as well as the beta decay
electrons; and similarly the total photon energy may include specific contri-
butions from X radiation as well as gamma radiation. The JNDC evaluation, on
the other hand, provides a total energy associated with internal conversion;
the division between photon and electron energy is not specified.

Although there is some utilization of the evaluated data of one or sev-
eral files by the evaluators of another file, the four files are primarily
the results of four independent evaluations. Differences in evaluations for
"well-known" decay tend to be minor. Table 2 exhibits < Eg >D and < Ey >Q
taken from the four files for 10 long-lived fission products and 4 short-lived

- 250 -



daughter fission products. (In this table, < Eg >Q = Eg and < Ey >p = Ey.)
The overall agreement is very good; indeed, one might expect "perfect" agree-
ment except for differences in round-off values. There are a few values of
E3 in this table, in particular (a) 90Sr JNDC, (b) 103Ru FLNDFP, (c) 125Sb
UKFPDD-2, and (d) 137Ba* FLNDFP, which are at a substantial variance from the
other similar Eg for the given radionuclide. For some Eg values, differences
could be due (perhaps) to the choice of the N(Ejj) vs Eg electron-distribution
function for a given transition. A comparison of two different computed
electron distribution^ compared with some experimental data [24] is shown in
Fig. 4.

Comparisons similar to those in Table 2 but now for shorter-lived fis-
sion products are exhibited for 14 radionuclides in Table 3. These radio-
nuclides were selected from among those fission products having relatively
large yields in fission. Basically, what is observed is that for well-known
(or at least agreed upon) decay nuclear data the integral energies are in
agreement. There are evidences of individual evaluation, however, for
example, for 66Br, 9"Y, and 1It0Cs, For the two l36I isotopes, the evalua-
tions are in disagreement — very likely because of different experimental
data available to each evaluator at the time of evaluation.

Indeed, a scan of each of these tables vis-a-vis each other does show a
rather substantial independence, although there are definite acknowledgments
of mutual "borrowing" of evaluated data. Differences in evaluated < F-v >D

are likely due to choices involving evaluation of experimental results!
The evaluator has a basic decision to make at the initiation of study of

the decay characteristics of a given radionuclide. Does one adopt the results
of one particular experiment (in effect evaluating experimental procedures) or
does one take averages of several sets of results (in effect accepting more
than one set of experimental procedures as equally valid). Such choices have
to be made for evaluating the decay data of every fission product. One would
prefer the first choice, since then one may expect the reported results at
least to be consistent. One should be concerned, however, to evaluate crit-
ically all experiments, and not accept any data set just because it is the
only reported data set for decay of a given radionuclide.

ASSESSMENT OF EXISTING BETA AND GAMMA DATA

With the creation of on-line isotope "separators" over the past decade,
many new measurements have been performed and reported concerning the decay
of short-lived fission products. The experiments can be divided (roughly)
into two types: (a) 3-Y coincidence measurements used principally to deter-
mine Q3, and (b) high-resolution gamma-ray spectral measurements to deduce
level structure information. (Delayed-neutron measurements are discussed in
detail in other review papers [25,26], Radionuclide lifetimes are usually
determined but are not often the primary goal of a given experiment.) What
conclusions can be deduced concerning the generation of MBG data for decay-
heat needs from the recent, as well as the past, measurements? I suggest
several apply generally, although not necessarily to a specific experiment.

1. The high-resolution gamma-ray measurements directly produce E y and
Iy, i.e., MBG data. By their very nature, however, these experiments, can,
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and very often do, fail to provide a complete data set of (E^, LJ pairs.
One must ask how important is the "missing" information for decay heat
needs?

2. Very few MBG N(Eg) data exist in the literature. However, in a
rather recent report [27] Aleklett and Rudstam have reported < En >D for
fission products without reporting beta-ray spectra. In this case, the
specific data for decay heat needs have been reported, but MBG data were not.
Recently, Rudstam [28] has initiated a program to provide MBG N(Eg) data for
individual fission products.

3. Such beta-ray data as are in the literature, namely end-point (or
transition) energies, Egmax, and transition intensities, ID, have been de-
duced, for most cases, following level structure evaluation of measured
(Ey.Iy) in gamma-ray high-resolution experiments. Until recently, "complete"
beta-ray spectral measurements existed only for relatively long-lived radio-
nuclides [29], (Even the more complete beta-ray spectral measurements often
do not report the low-energy portion of the spectrum.)

4. Even for those radionuclides for which the high-resolution gamma-ray
data are essentially complete and for which the evaluation of these data
result in a substantially correct level structure of the daughter nucleus so
that the deduced Egmax and Ig for the beta-ray transitions are also substan-
tially correct, one still does not necessarily have the required information
to compute N(Eg) vs Eg. One must postulate the character of each transition;
then having done so one may be able to compute the spectrum of beta rays for
each transition in the decay and then sum these spectra. One can compute
beta-ray spectral c "stributions for individual allowed and for forbidden
unique transitions. However, more information is needed for forbidden non-
unique transitions, information simply not available from the analysis of
high resolution gamma-Tray measurements. Lacking any additional guidance for
a given forbidden transition, the allowed spectral distribution is usually
postulated. (Recall the comparison of two different computed shapes for
decay of 90Y shown in Fig. 4.)

5. "Systematics" are often invoked to provide guidelines for level-
structure evaluation of experimental high-resolution gamma-ray data. When
systematics are based on basic physical principles (e.g., angular correlation
interpretations) the resulting conclusions may be accepted with some confi-
dence. However, evaluated results based on systematics strongly dependent
upon nuclear model expectations are not as reliable, although the rule that
j» = o+ for ground states of even-even nuclides has yet to be violated.

Systematics of beta decay are very ill-defined. Figure 5 exhibits a
compilation of log(ft) values for prominent (Ig > 50%) transitions observed
in fission product decay. Even for these strong transitions, there is a
substantial spread in log(ft) values for the three types of transitions.
Even the recommended [30] guidelines (shown in the figure at 5.9 for first-
forbidden non-unique and at 8.5 for first-forbidden unique) used in evalu-
ations in the U.S. are ad hoc, and there is certainly no guarantee that they
remain valid for radionuclide decay characterized, in part, by a large Qg.

Systematics for level-to-level decay in the same nucleus must also be
treated with some care. For example, determination of a possible transition
multipolarity based upon a measured lifetime may have much leeway and little
reliability. Measurements of intensities of conversion electrons, especially
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with a measurement of the photon intensity, provides much more reliable data
for multipolarity determinations. Measurements of angular correlations of
sequential transitions tend to be very tedious and the results have large
uncertainties. Such measurements, however, yield information on spin se-
quences, usually in conjunction with other helping data.

6. There is no theory to accurately compute MBG data from "basic"
principles. One must, perforce, have measured data. Measured data, however,
are not yet available for all fission products.

CONCLUSIONS AND RECOMMENDATIONS

For existing "complete" MBG data for radionuclide decay characterized
by Qg < 5 MeV, the four compilations are in substantial agreement. There
are differences of varying degrees noted for decay of specific radionuclides,
but these differences are unlikely to affect decay heat calculations very
much. For radionuclide decay characterized by Qg > 5 MeV, the JNDC compila-
tion [23] determines < Eg >D using the "gross theory of beta decay." [31]
whereas the other evaluations rely on MBG data. These different < Eg > do
provide differing decay-heat results. The major differences in overall
decay-heat calculations using the different files can be ascribed to the dif-
ferent manners with which the different evaluations have determined integral
energies < Eg >D and < Ey >D for those radionuclides lacking complete or
even incomplete MBG data.

This aspect is not treated in this review. Whatever technique is used
to determine integral energies for such radionuclides, the values, and
uncertainties assigned to these values, have little reliability. They will
be used for decay heat calculations only until experimental MBG data become
available.

New data are becoming available! However, by the very nature of the
evaluation process, there is a lag time between data availability and its
inclusion in evaluated files. Although decay heat analyses would definitely
benefit from a reduction of this lag time, said reduction should not be
effected at the expense of quality of evaluation. Indeed, the present high
quality must be maintained. The experimenters can be of substantial assist-
ance by recognizing the utility in presenting their results in a manner to
assist the evaluators. Right now, most of the experiments have some detailed
level structure as the final goal, a goal which will surely (in the future)
lead -O a better understanding of the basic nuclear physics theory. So
this goal should be maintained. However, in the process of studying and
presenting the results of their experiinsnts, it would be an additional bene-
fit if such reports considered MBG data needs. For example, estimates of
the integral quantities < Eg >D and < Ey >p will not only be directly useful
for decay heat needs, but by requiring the total "measured" energy of the
decay (including neutrino energy) to equal Qg will likely assist in obtain-
ing a more reliable evaluation of the daughter level structure.

For decay heat purposes, some previously studied radionuclides need to
be reexamined. For example, Aleklett and Rudstam [27] include in their
report a graphic of the important radionuclides for beta-ray decay heat.
These include six yttrium isotopes, namely, 90Y, 91Y, 9ZY, 93Y, 9 V , and
95Y, as being among the most important of the important radionuclides.
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Present information on 95Y rests upon the results of a single experiment,[32]
and there are only two experiments [33,34] reporting data for 9I*Y. One may,
indeed, recommend reexamination of the decay of these isotopes as well as
decay of other radionuclides important for decay-heat needs.

In summary, the burden of improving the status of MBG data for more
reliable decay heat calculations is now in the hands of the experimentalists.
New experimental equipment has opened up new regions of the periodic table
for study. High-resolution gamma-ray measurements by themselves yield a
great deal of information for both level-structure and decay-heat needs.
More attention ought to be given to beta-ray measurements, not only end-point
measurements but also total beta-ray spectral measurements. In addition,
the need for reliable uncertainties on intensities has not been emphasized;
uncertainties, however, are required to ascertain degrees of validity of the
calculated decay-heat functions, f(t,T).

We are in a science that demands careful work and attention to detail.
Developing a decay scheme and a level structure requires analyses of many
pieces of information, much like a jigsaw puzzle. Developing an understand-
ing of nuclear behavior requires study of many decay schemes. The timely
realization of that goal is still beyond prediction; however, the near-term
realization of the goal of satisfying the MBG data needs is well within
reach if research groups will include this goal as part of the overall justi-
fication for their efforts.
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Table 1. Summary of four fission-product data files

i Radioactive nuclides

;JJ Nuclides with spectra

i Nuclides with theoretical decay energies

Nuclides with theoretical half lives

ENDF/B-V
(ref. 20)

750

264

333

192

UKFPDD-2
(ref. 21)

736

390

346

197

FLNDFP
(ref. 22)

558

458a

152

59

JNDC
(ref. 23)

1020

n.a.

469

283

Including I (relative) information.

Not available.



Table 2. Total beta-ray and gamma-ray energies (in MeV) for long lived radionuciides

t_n
00

1

Radio-
nuclide

89Sr
90Sr

90y

9sZr
103Ru
106Ru
106Rh
12sSb
137Cs
137Ba*

i"fPr

llt7M

15"EU

T

50 d

29 y

64 ha

64 d

39 d

368 d

30 sa

3 7

30 y

3 ma

284 d

17 ma

11 d

8 y

0.

0.

0.

0.

0.

0.

1.

0.

0.

0.

0.

1.

0.

0.

ENDF/B-V
E6

583

196

937

118

075

010

414

096

187

064

091

209

266

,282

E
Y

0.733

0.469

0.205

0.435

0.598

0.020

0.029

0.136

1.226

0.

0.

0.

0.

0.

0.

1.

0.

0,

0

0

1

0

0

UKFPDD-2

h
583

196

934

118

,070

,010

.421

.112

.187

.064

.091

.213

.271

.278

0.

0.

0.

0.

0.

0.

0.

0.

1,

EY

735

484

210

427

597

,020

033

,140

.230

0.

0.

0.

0.

0.

0.

1.

0,

0,

0

0

1

0

0

FLNDFP

s
583

196

935

116

,107

,010

.412

.097

.174

.018

.091

.209

.269

.278

0

0

0

0

0

0

0

0

1

EY

.737

.489

.209

.431

.597

.021

.029

.140

.254

0.

0.

0.

0.

0.

0.

1.

0,

0,

0,

0

1

0

0

h
568

174

933

117

072

,010

,421

.087

.171

.068

.091

.214

.272

.281

JNDC

0

0

0

0

0

0

0

0

1

EY

.733

.470

.197

.439

.594

.020

.030

.145

.215

"Effective" T- .„ is that of the parent given one row above.



Table 3. Total beta-ray and gamma-ray energies (in MeV) for some important short-lived radionuclides

1

259

i

Radio-
nucl ide

8lfBr
8 6Br
89Kr
9 3 Sr

S f y

1 0 lMo
10 2 T c *

1 3 2 Sb
1 3 2 Sb*
1 3 5 j

13 6 j *

13 6-j-

lh0Xe
1 MCs
l l t 0La

T l / 2

32 IP.

55 s

3 m

7 m

19 m

15 m

4 m

4 m

3 m

7 h

46 s

83 s

14 s

64 s

40 h

1.

1.

1.

0.

1.

0.

0.

1,

1,

0,

2

1

1

1

0

ENDF/B-V

E8

249

780

346

697

,798

,585

.940

.382

.300

.369

.130

.968

.181

.649

.548

1.

3 .

1.

1.

0.

1,

2,

2,

2,

1

2

2

1

2

2

EY

754

300

870

,930

,772

.386

.377

.600

.631

.647

.000

.378

.210

.300

.331

1.

1.

1.

0.

1.

0.

0.

1,

1,

0,

2

1

1

1

0

UKFPDD-

E3

256

775

350

665

,789

,506

,717

.353

.272

.360

.148

.980

.223

.759

.531

2

1.

3 .

1.

1.

0.

1.

2.

2.

2,

1,

2,

2,

1

2

2

EY

753

318

785

939

,771

,502

,497

,363

.492

.575

.145

.394

.117

.105

.316

1.

1.

1.

0 .

1.

0 .

0 .

1.

1.

0 .

2.

2.

1.

1.

0,

FLNDFP

h
269

932

374

693

700

525

796

348

305

365

126

,035

,139

,703

.620

EY

1.738

3.252

1.825

2.214

1.111

1.514

2.415

2.583

2.631

1.593

2.137

2.479

1.152

2.285

2.319

1 .

1.

1 .

0.

1.

0.

0.

1.

1,

0,

1,

1

1

0

JNDC

s
254

847

328

688

813

,511

,856

.307

.197

.367

.760

.760

.230

.429

.545

1.

2 .

1.

1.

0.

1.

2.

2.

2,

1,

2,

2,

1

2

2

EY

788

936

844

978

,772

,553

,430

,673

.728

.645

.942

.942

.150

.791

.312

t~s / n
O/E

Y
(%)

1.2

5.6

2.0

6.7

19.8

4 .8

2 .1

5.2

3.7

2 .3

18.6

10.4

3.3

12.4

0.4



II I I I I I I III I I I I I
TOTAL ENERGY EMISSION RATES FOR

5 10s 3 5
TIME AFTER FISSION PULSE dec)

103 to'

Fig. 1. Experimental total energy emission rate following an instantaneous
pulse of thermal-neutron fissions of 5 5 sU, 239Puj and ZlflPu (ref. 1). The
abscissa, t, is the time after a pulse of fissions. The ordinate is a quantity
derived by obtaining f (t) and then multiplying it by t. The units are a'
contraction of (MeV/sec)/(fission/sec). Experimental uncertainties for 239Pu
data (dashed line) txe comparable to those shown for z!|1Pu data. Experimental
uncertainties for 2 3 SU (solid line) are somewhat smaller.
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Fig. 2. Example of experimental
data for 2<tlPu: energy spectrum,
Eg X N(Eg) vs Eg, for short irradiation,
waiting, and counting periods (ref. 7).
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Fig. 3. Decay schemes of the decay of 137Cs and 137Ba*. All of the
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in keV. Intensities are in percent.
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ABSTRACT

Recent accumulation of decay data remarkably decreased the
number of 'data unknown1 fission product nuclides whose contribu-
tions are non-negligible in the fission product decay heat. There
still exist, however, persistent needs for decay data of short-
lived nuclides. Nowadays we are much more interested in the quality
of the measured decay data than in the 1970's, mainly because the
average decay energies Eg and Ey derived from incomplete decay data
may lead to a large systematic error in decay heat calculations.
In this respect the existing decay data are critically examined and
the desired direction of the future measurement is discussed in this
review. Further, intercomparisons among various measurements and
calculations of the decay heat are performed in order to shed light
on the remaining unresolved discrepancies. These comparisons lead
to the needs for the critical reexamination of the existing decay
heat data.

I. Introduction

Since the middle of the 1970's, experimental and theoretical studies of
the decay heat from fission product nuclides (hereafter FPs) have been greatly
accelerated. These world-wide activities, initiated by recognition of their
importance relevant to the reactor safety, produced valuable new data on FP
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decay and decay heat behavior, and also several data files to be used in
decay heat summation calculations. The review papers by Schrock [1], and by
Tobias [2] in particular, summarize the history and the present status of
the decay heat research, in which the greater part of the description is
devoted to the activities since the middle of the 1970's as a natural conse-
quence.

Although a high accuracy of the decay heat prediction has been attained
and our knowledge on the decay properties of the FP nuclides has been largely
expanded as a result of the activities described above, much is left before
we arrive at the final goal. In this review we intend to clear what should
be further or newly done in order to improve the prediction accuracy of the
decay heat from FP nuclides. In Chapter II we review the data needs from
the application fields briefly, and in Chapter M the results of the accuracy
evaluations are summarized. In Chapter IV the comparisons of various calcu-
lations with measurements are performed to see the present status of the
consistency between calculation and measurement. Chapter V provides us some
topical problems associated with the decay data evaluation for the applica-
tion purpose.

IE. Needs for Decay Heat and Related Data, Required Accuracy

2.1 Needs for total decay heat

The size of the total decay heat of fission products determines the
capacities of heat removal components of reactors, the design of cooling
systems and spent-fuel handling equipments, and influences much on the
scenario of the hypothetical reactor accidents. Figure 1 displays reactor
components and systems whose design and/or operation motivate the needs for
precise decay heat curves for each cooling-time range. This figure, origi-
nally arranged by S. Takahashi [3], is for the case of a boiling water
reactor.

In a fast reactor the decay heat is removed by decay heat removal
systems, such as DRACS (Direct Reactor Auxiliary Cooling System) and/or
SGAHRS (Steam Generator Auxiliary Heat Removal System). The flow rate of
the loop must be carefully controlled on the basis of the precise knowledge
of the decay heat. Otherwise the reactor components are exposed to thermal
shocks and yield to fatigue after years of operation. In the accidental
situations, the dacay heat is expected to be transferred by the natural
circulation of the coolant. In order to demonstrate the feasibility of this
mechanism, tests of the natural circulation and their analyses are carried
out on fast reactors being operated over the world, such as 'JOYO' [4] [5],
FFTF [6], PFR [7] and Phenix [8]. In this kind of analysis the precise
knowledge of the decay heat is required.

In 1977 Devillers summarized the required accuracy of the decay heat
both for thermal and fast reactors [9]. Since then this has been referred
to by many authors and has been accepted fairly widely. Independently
Rowlands required 2 - 5 % [10] and Hammer did 5% [11] for the fast reactor
applications. These requirements may be summarized that the required ac-
curacy of the decay heat prediction is ±5% for influential fissiles (U-235,
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Pu-239).
In addition to the requirements associated with the conventional fission

reactors, the FP decay heat data are also needed for design of a fusion-
fission hybrid reactor [12] and an accelerator breeder [13]. For the former,
the decay heat of 14 MeV fission is concerned. Very recently the decay heat
after an irradiation of 14 MeV neutrons was measured by Akiyama [14]. In the
accelerator breeder many 'exotic' FP nuclides may be generated [13] through
fission processes quite different from the low-energy neutron fission. In
this case we must rely much upon theoretical calculations.

2.2 Needs for the (3-ray and y-ray spectra

For the application purposes the energy spectrum of the 3-ray is not
necessitated usually, because i t is within a torelable approximation to sup-
pose that the kinetic energy of a 3-particle is converted into thermal energy
on the spot where the particle is created. On the other hand the energy
spectrum of the antineutrino is indespensable information for people who are
interested in experiments of antineutrino induced reactions using a reactor
as a source [15]. Calculations of the antineutrino spectra have been carried
out by many authors for this purpose [16]^ [21], The measurement of 3-ray
energy spectrum [22] from nuclear fuels serves as a benchmark for calculations
of the antineutriao spectrum, because the calculation of the antineutrino
spectrum is essentially an crj"ivalent problem to the calculation of the 3-ray
spectrum apart from a small ambiguity associated with the types of the
3-transition [21],

The determination of the Y-ray spectrum from aggregated fission products
has practical usages in nuclear energy fields. These fields include the
shielding calculation of a bpent-fuel cask, the analysis of the measured
Y-energy deposition rates in critical facilities [23] and utilization of a
Y-TIP monitor installed in a thermal reactor [24].

HI. Present Accuracy and Error Evaluation

Recent years many authors carried out evaluations of the uncertainty
associated with decay heat predictions. One approach is the least-squares
analysis of presently available data of measured and calculated decay heat
[25], and another is based on the sensitivity analysis of summation calcula-
tions. The latter approach was taken by many authors [9], [26]^ [31], who
made their own evaluations of the uncertainties for the input parameters such
as the average 3- and Y-ray energies (Eg and Ey), the half-lives (ti/2)> and
the fission yields, from which the total uncertainty was synthesized.

Tables I and 1 summarize their results for the burst, and the long-terra
irradiations on U-235, respectively. Let us examine, at f i rs t , the results
for the burst irradiation. The two evaluations based on the summation
sensitivity by Devillers [9] and by Rudstam [28] give roughly consistent
uncertainties with those given by G. K. Schenter [25] based on the least
squares method for the cooling time (tc) less than 105 sec. Beyond 105 sec
measured data of the decay heat become quite scarece resulting in increase of
the least-squares uncertainty. The reason why Schmittroth and Schenter [26]
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give a large error at short cooling-time lies in that they assumed a large
correlated (or systematic) error in the decay energies E" (=¥g + Ey). Three
years after the paper by Schmittroth and Schenter appeared, G. Rudstam de-
clared [28]; "Many experimental investigations of total decay energies have
been carried out recently, supplemented by a considerable amount of detailed
spectroscopic work as well as direct determination of average beta energies.
Thus, there exists now a large amount of information and it does not seem
appropriate to treat the decay energies as correlated". As a background of
this declaration there had been quite active efforts in order to determine
the average energy Eg from the study of 3-ray spectrum and g-strength function
at Studsvik.

The results for the long-term irradiation case are given in Table H.
Bjerke et al. [27] ans Schmittroth and Schenter [26] arrived at a similar
result each other. Devillers [9] is rather optimistic. Yamamoto and
Sugiyama's result [31] is marked by the large error ascribed to fission
yields. In other works the largest source of error is ascribed to the decay
energy E. Rudstam [28] gives the larger error for the longer cooling-time.
This tendency, attributed to the decreasing number of contributing nuclides,
is not so clear in the results by other authors except the yield error given
by Yamamoto and Sugiyama. As long as we judge from Table H, apart from the
large yield error given by Yamamoto and Sugiyama, the required accuracy of 5%
seems to be cleared as a whole. For t c

5 100 sec the uncertainty strongly
depends on the treatment of the correlated error. When the Rudstam's stand-
point on the correlated error is accepted, the total uncertainty is well below
the required accuracy even for t ci 100 sec. In 1982, however, Jaraes pointed
out that there were still unresolved discrepancies between calculation and
some measurements, and between different measurements (beyond the currently
evaluated errors) [32]. He further adds that, until these discrepancies are
resolved, care should be taken not to assume too small uncertainties in the
recommended decay heat values. Although we have much advanced toward getting
rid of any systematic error since the late 1970's, it seems that there remains
much to be done before we arrive at the final goal.

N. Discrepancy between Measured and Calculated Decay Heat and Data Needs

In the preceding chapter we saw that the evaluated accuracy of the
summation calculation falls mostly within several percents as far as the
statistical cancellation is expected among individual parameter errors. The
sources of errors are, as is well know, not always of statistical nature.
The comparison of calculations and measurements will reveal the existence of
hidden sources of error of non-statistical nature if it is done properly.

Before comparing various data let us review a suggestive example cited
by Bjerke et al. [27]. Fig. 2 compares decay heat curves form CINDEK-10,
RIBD, and an Oregon State University (OSU) version of CINDER. All three
calculations used the ENDF/B-IV decay data file. As for the reason why the
OSU result disagrees with other two, the authors state as follws. "The source
of the discrepancy was traced to a change in a single branching ratio, that
for beta decay of 98Zr, for which the original ENDF/B-IV tape had reversed
the fraction of beta decay going to metastable and ground states of 98Nb
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(see note below). The error had been corrected in the CINDER-10 and RIBD
files but not in the OSU files up to the time that the comparison was made".
In this example the origin of the disagreement was clear and easily correct-
able. But are we confident that no such a mistake hides in our data files?
A fact that nearly an identical value is adopted in different files does not
ensure that the value is correct, because it is quite probable that all the
files takes the value from an identical literature. Another learning from
the above example lies in that the origin of the discrepancy was a reversed
fraction of a branching ratio, which meant an essential exchange of metastable
and ground states. Though error evaluations described in the previous chapter
show that the average decay energy E is the largest source of error in most
cases, a single erroneous value of "E can hardly bring about a remarkable
change in the calculated result as far as a-short or a medium cooling-time is
concerned. An exchange of metastable and ground states, however, possibly
gives rise to a large effective change of the half-life, often as much as a
centuple, resulting in a sizable change of the calculated decay heat.

note)

2.86 sec

4.1 Comparison of calculations with measurements: Decay heat after a burst
irradiation

Figures 3 through 12 compare calculated and measured decay heats of
Th-232, U-233, -235, -238, Pu-239 and Pu-241 after an instantaneous irradia-
tion. Calculations are by the JNDC [33] [34], the ENDF/B [35] [36], the
UKFPDD-2 [37], and by the CEA files [38] [39]. Measurements are from ORNL
[40] [41], and from Tokyo University [42] [43]. In the case of U-235, they
bear also the least-squares fits of al l available data by G. K. Schenter [25].
As there is no essential difference between the decay heat induced by thermal
neutron and that by neutron of a fast reactor spectrum [43] the results from
Tokyo Univ. (a fast reactor spectrum) are shown in the same figures as others
(thermal neutron results). These figures lead us to the following observa-
tions.

(1) At short cooling-time range (tcS200 sec) the JNDC file reproduces
the measured data quite satisfactorily both for the g- and the
y-ray components irrespectively of the kind of f issi le .

(2) Other recent files (CEA, UKFPDD-2, ENDF/B-V) tend to overestimate
the 3-ray component and largely underestimate the Y-ray component
in the same cooling-time range as above.

(3) As is typically seen in the JNDC results, calculations underestimate
the Y-ray components in the cooling-time range of 200 sec 5 t c 5
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4000 sec. This is most exaggerated in the case of Th-232 (Fig. 3).

(4) The tendency (3) is not so clear in the case of U-235 (Fig. 7),
partly because the ORNL data run remarkably below the data from
Tokyo University.

(5) Except the Y-ray component of U-235 touched above, the data from
ORNL and from Tokyo University agree welx ca^h other.

(6) Except the case of ENDF/B-IV, the calculations reproduce the g-ray
component of the measured decay heat in a better way than the Y-ray
component.

Keeping the above ovservations in mind, let us examine problems in each
cooling-time range in the following subsections.

4.2 Short cooling-time range; tc ~ 200 sec

In this cooling time range only the JNDC file reproduces the measurements
quite satisfactorily. This was accomplished [44] by use of theoretical values
of Eg and Ey [45]. The full adoption of the theoretical values were done
for short-lived nuclides with Q3 values larger than 5 MeV. The 88 nuclides
among them, listed in Table HI, had experimental information of their decay
properties even at the time when the JNDC file was completed. In Ref. [46]
arguments are made in favor of this preferential adoption of the theoretical
values in place of the experimental values. (For Y-96, one of the largest
contributor to short cooling-time decay heat, experimental data were per-
sistently adopted).

The published decay schemes of short-lived FPs miss a non-negligible
amount of the $-decay intensities to unknown highly-sxcited final levels in
the daughter nucleus [46] [47]. This leads to an overestimation of E3, and,
equivalently to an underestimation of Ey. In this defect of usual decay
schemes of high 0.3-valued nuclides, we find the reason why the recently com-
pleted files failed in reproducing the 3- and y-ray components of the decay
heat at short cooling-time as we saw in (2) of the last section. On the con-
trary the Eg and Ey values calculated with a 'gross theory of 6-decay [48]'
reflect properly the effect of the large g-strength at high energy on an
average over a rather wide range of the nuclides. In Table HI are compared
the average energies of these 88 nuclides among data sources, which include
the gross theory results (indicated by T ) , JNDC derivation from published
decay schemes (E), the Studsvik measurement, the ENDF/B and the UK files.
Although the gross theory does not always give the best estimate for the
individual nuclide, the authors believe that it provides realistic average
energies on an average for an ensemble of short-lived FPs.

The influential nuclides among these 88 are listed in Table TV along
with Qg and the energies of the highest levels (EL) into which the 3-feeds
are confirmed experimentally. The ratio EL/Q3 offers a rough measure of the
missing of the 6-intensity to the highly excited levels mentioned above.
Figure 13 gives the rate of the potential undeiestimation of Ey as a function
of EL. This correlation was evaluated on the basis of a simple 8-strength
function model [46]. In the case of a nuclide with Qg=8 MeV, for example,
the second curve in Fig. 13 indicates that the Ey value is underestimated by
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15% when the g-feed is missed above 4.5 MeV. From this figure we get a rela-
tionship between the ratio EL/Q3 and the decay energy Q3 for a fixed rate of
the possible underestimation of &y. Figure 14 carries the lines representing
this relationship for the underestimation rates of 10, 20, and 40%. By using
these lines we try to classify the FP nuclides as follows.

Rank A: According to the present status of the decay data accumulation,
or more practically from the E^/Qg value, the Ey values for
these nuclides may possibly be underestimated by more than 40%.

Rank B: The Ey values for the nuclides of this category may be under-
estimated by 20 *> 40%.

Rank C: The Ey values for the nuclides of this category may be under-
estimated by 10-^20%.

Rank D: The underestimation may remain within 10% but the accumulated
decay data are not satisfactory.

In the above classification we talked only about Ey and kept from referring
to Eg. This is simply in order to avoid duplicated description. The under-
estimation of ¥y is equivalent to the overestimatior. of Eg as far as the Qg
value is assumed reasonably well. The value of Eg is, however, less jsensitive
to the raw decay data (decay scheme, strength function) than that of Ey [46].
This explains the reason for the observation (6) that the S-ray component of
decay heat is reproduced by calculation better than the Y-ray component.

The classification defined above provides us a critarion to assess the
quality of the decay data of each nuclide accumulated by now. As is seen
from Tabel IV, nearly one-third of the short-lived FPs with Qg larger than
5 MeV belong to the Rank A, and the sum of the Rank A through Rank C nuclides
amount to two-thirds of the whole. These nuclides need further measurements
to be rid of the present defficiency of the decay data. These measurements
should fill up the 'lost' 3-intensities to the highly excited levels.

Aleklett and Rudstam [49] measured directly the values of Eg for short-
lived nuclides listed below:

Br-86, 87, 88, 89, Kr-89, 91, 92, 93, Rb-89. 91, 92, 93, 94, Sr-93, 94,

95, Y-94, 95, 96, Sb-134, 1-136, 137, 138, 139, Xe-137, 138, 139, 140,

141, Cs-138, 139, 140, 141, 142

As well as the direct measurement of Eg, the efforts of the Studsyik group
and those by Reich and Bunting [50] toward the determination of Eg and Ey
from the measured 8-strength functions seem to be quite promising, because
these two methods are free from the missing of ^-intensities to the highly
excited levels when being utilized properly. So far the Studsvik group has
measured the 3-strength functions for

Br-90, Kr-86, 87, 88, 90, Rb-90, 95, 96, 97, 98, 99, Sr-98, 99, Xe-136,

137, 138, 139, Cs-144, Ba-140, 142, 144

and they plan to continue for the isotopes of gallium, arsenic, and indium
[51]. Though Aleklett et al. concentrated on the determination of Eg so far,
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i t may be nore challanging to derive Ey with the same technique, because Ey
is more dependent on the ^--strength distribution than Eg [46], and because
the Y-ray component of decay heat is more discrepant between calculation and
measurement as we saw in 4.1 (6).

Another merit of starting from the G-strength function lies in easiness
of i t s extrapolation not only from low to high excitation energy of the final
states, but from one 'known' nuclide to another [49]. The latter possibility
is also being studied by Tachibana and Yamada [52] [53] in connection with-
the delayed neutron emission probabilities.

Throughout the present section we dealt only with the nuclides which
have known decay schemes with the S-intensity specifications. There exits
a large number of 'data unknown' nuclides, which are also needed in the decay
heat calculation. The following FPs are important ones among them. At some
cooling-time the fractional contribution to the total decay heat of U-235 and
Pu-239 from each of them exceeds 1*5%.

Rb-94 (Eft derived recently [49]), Rb-95 (Eg will appear before long

[51]), Nb-101, 102, 103, Mo-103, Tc-106, Ba-144

The 8-strength function of the Rb isotopes including Rb-94 and 95 is studied
by Mainz group [54] [55] as well as at Studsvik. Anyway the experimental
determination of the g-decay properties of these nuclidas will surely improve
the prediction accuracy of the decay heat at short "cooling-times.

4.3 Medium cooling-time range; 200 sec~ t c~ 105 sec

As is observed in Sec. 4.1 (3), the calculations underestimate the Y-ray
component in the cooling-time range from 200 sec to about 3000 sec except the
case of U-235. Katakura et al . [56], reexamined criticaly the data of the
nuclides whose contribution is large in this cooling-time range and concluded
that the discrepancy can not be remedied without unrealistic revision of Ey
or yiexd data. The origin of the discrepancy may probably be one (or several)
of the followings.

(1) large systematic error in the data for Ey and/or fission yield

(2) incorrect treatment of the isomer structure of some important mass
chain such as exemplified at the beginning of this chapter

(3) mi.sassignment of the half-life of some influential nuclide

(4) systematic error in the measured decay heat

Nuclides influential in this cooling-time range are listed in Table V
in the same format as Table IV. Nuclides listed in these two tables (plus
Mo-101 referred to at the end of the preceding subsection) exhaust the im-
portant nuclides whose fractional contributions exceed 1.5% of the U-235
decay heat in the short and medium cooling-time ranges (see important nuclide
l i s t given in Ref. 34). As is seen in Table V, the missing of the 6-dntensity
to the highly excited levels in the daughter seems to exist in the following
nuclides;

Sr-94, Y-96, Zr-99, Tc-102 (Rank A or B)
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Y-96m, Nb-98, Tc-105, Xe-140, Ba-141, 142, 143, La-143 (Rank C or D)

Appreciable discrepandies are found in the following nuclides among the
current files (JNDC, UKFPDD-2, ENDF/B-V);

Kr 87, Sr-94, Y-95, Tc-102, Te-133?i, Xe-138, 140, Ba-141, La-143, Pr-146

It i s , however, worth while remembering that the consistency among current
files does not always ensure high reliabil i ty of the data, because i t often
happens that a l l the current files take the same raw data from only one
available l i terature. The Eg and S3 measurements by the Studsvik group cover
(Kr-87), Sr-94, Y-95, 96, Xe-138, U0, (Ba-142) among the above nuclides.
(For the nuclides in parentheses only the Sg data are available). Raw data on
the decay of Tc-105 and La-143 are now under analysis at Nagoya University
[57].

The Y-ray component of U-235 decay heat raises a problem. Only in this
case two measurements (ORNL, Tokyo University) disagree each other. The OBNL
data run largely below the other and also below the current file predictions
for 3OO~tc5 5OOO sec. The ORNL data seem to be too low. Figure 15 displays
the ratios of the 3- and Y-ray components of the Pu-2 39 decay heat to those
of U-235. As is seen here thn ORNL data for the ratio Pu-239 (Y)/U-235 (Y)
break the overall agreement between calculations and measurements. In this
respect reexamination of the ORNL data on U-235 (Y) may be worthy elaborating.

In the present section our main concern was laid on the underestimation
of the Y-ray component for 200 £ t c £ 3000 sec after a burst irradiation. When
the irradiation time becomes longer, this tendency is mitigated because of
the overlapping of other burst kernels than those corresponding to 2005t c<
3000 sec. When the burst kernel (decay heat after a burst irradiation) is
underestimated by 10% for 500~ tc~2000 sec for example, the decay heat after
an infinite irradiation is underestimated by 2% for tc=100 sec, by 3% for t c

= 500 sec and by 1.5% for t c = 1000 sec.

4.4 Long cooling-time range; t c £ 10•'sec

The decay heat prediction in this cooling-time range is conditioned by
the following two things; (1) The number of the direct measurements of decay
heat is very limited in this cooling-time range. This is especially true
beyond 10 sec. (2) The number of the nuclides contributing appreciably in
this time range is within a score. As a result of the fact (1) we must rely
exclusively upon the calculation to get predictions of the decay heat for t c

> 106 sec. As is seen from Table VI, the decay heat at any point of cooling-
time is dominated by nuclides less than a dozen at each cooling-time beyond
106 sec. For these nuclides the_ three recent data files (UKFPDD-2, JNDC,
ENDF/B-V) give the t i /2 and 1" (EY+"Eg) data quite consistent each other.
When we think about the special importance of these nuclides, however, further
experimental confirmation of the decay schemes of them seems to be worthy
elaborating.
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V. Typical Problems of Raw Decay-Data from the Viewpoint of Decay Heat
Applications

5.1 Problem associated with the 3-transition to the ground state

The comparison in Table VII is the case of Rb-91 decay. The most serious
discrepancy here is the_ branching ratio of the ground state, which causes 1
MeV difference in the Ey value. It is not the present purpose to discuss
about this discrepancy but to emphasize that the direct measurement of g-rays,
especially the ground state component if exist, is highly requested. Also,
the data on beta-gamma coincidence may be useful to the evaluators.
_ Theoretical_values of "Eg and Ey are adopted for Rb-88 in the JNDC file

(Eg = 1.193 MeV, Yy = 2.494 MeV). When being derived from a decay scheme ¥g
and "Ey become 2.0911 and 0.6364 MeV, respectively. The decay of this nuclide
is specified by a strong 3-transition to the ground state (78%). The deter-
mined 3-decay scheme seems to be reliable (E1/Q3=0.917) [58]. The large
discrepancy between the theory and the experiment comes from the fact that
very strong ground-state 3 can not be described well by the theory adopted by
the JNDC [45]. In this case we should have taken the experimental value.
In fact Katakura _et al . pointed out that, by returning to the experimental
values of E3 and Ey, the JNDC file reproduce better both the measuiad 3- and
Y-ray components in the cooling-time range 5000 $ tcS100000 sec [56].
In JNDC Version 1.5 file the experimental values are adopted for Rb-88.

The Q3 value of La-143 is 3.30 MeV and the known highest level is _at
2.825 MeV (EL/Q3=0.856), to which the 3-transition is confirmed. The Ey
value derived from published decay schemes [59] [60] is about 0.1 MeV. The
ENDF/B-V takes 0.70853 MeV, which seems to be an estimated value. In this
case, the sum of the 3-intensities to the ground and two low-lying levels
reaches 93.7% of the total intensity [60].

The three examples referred to above indicate that the precise determi-
nation of ground-state 3-rays are highly required in order to improve the_
accuracy of the decay heat prediction. One reason is that the values of Eg
and ¥y are sensitive to the fraction of the ground state 3-transition^ and
another is that the methods used in the estimation of unknown Eg and Ey are
hardly capable of reproducing well specific characters of individual nuclides
such as a very strong ground-state transition.

5.2 Problem associated with meta-stable states

Among the fission product nuclides, i t is not so often to meet nuclide
which has three isomers, one of which is the ground state. However the half-
lives of Nb-100 isomers reported and adopted by compilers or by evaluators
before 1976, are;

2.5 - 3.0 min, 11 - 12 min, 2.4 sec, and 6.6 - 7.1 sec.

In 1976 Ahrens et at . [61] reported two other isomers of 1.5±0.2 sec and
3.1 + 0.3 sec. for Nb-100, and argued that the half-life of 6.6 - 7.1 sec
should be attributed to Zr-100 and that the 2.4 sec activity consists of a
mixture of 1.5 sec and 3.1 sec Nb-100 isomers. But nothing has been mentioned
about 2.5 - 3.0 min and 11 - 12 min in this paper. Thus, two isomers
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previously adopted disappeared but other two came out. Are these four
activities really belonging to Nb-100? It seems to be not easy to expect
four isomers in Nb-100 based on simple shell model consideration. However,
535.4 KeV Y-ray which has been seen in both of 1.5 sec and 3.1 sec isomer
decays, and placed between the first excited state and the ground state of
Mo-100, has been also observed as the most prominent Y-ray in 3.0 min (535
KeV) and 11 min (530 KeV) isomer decays. This seems to confirm the existence
of four isoroers in Nb-100. The isomer structures adopted by recent data files
are as follows.

""Kb: 3.1 sec (UK), 1.5 sec (B-V)

Z r T o b T N b r 1'5 s e c (UK)> 3>1 s e c (B"V)

JNDC File UKFPDD-2, ENDF/B-V

Omission of the second isomeric state (indicated by n), which is fed directly
by fission, introduces only a 0.2% reduction of the burst decay heat around
200 sec. If we suppose that the ground state and the second isomeric state
are exchanged, the U-235 decay heat after a burst irradiation decreases by 6%
at tc=100 sec and increases by nearly 10% around 300 sec. This supposition,
though being rather unrealistic, gives us an indication that correct treat-
ment of isomer structures have a decisive importance in developing a decay
heat data file.

VE. Concluding Remarks

Through the present review we come to a recognition that there still
exists a persistent requirement for decay data of short-lived FP nuclides in
spite of the remarkable accumulation of these data up to now. The future
experiments should fill up the (3-intensities to the highly excited levels
which were often overlooked in the existing data. Recent years new types of
the measurement other than those aimed at construction of decay schemes
entered into data production at several laboratories. These are, for example,
the 6-strength measurements by the Studsvik [51] and the Mainz [54] [55] [62]
groups, and the direct determination of ¥3 [49], When the average energies
Eg and Ey are derived on the basis of these new type measurements, they are
expected to be free from any systematic error related to the missing of the
^-intensities to highly excited levels [44] [46]. They will surely improve
the prediction accuracy of the decay heat through the summation calculations.

As was pointed out by James [32] there still remain unresolved dis-
crepancies between calculation and measurement and between different measure-
ments. Though the measurements at ORNL [40] [41] and Tokyo University [42]
[43], and the Japaneses calculation are in quite good agreement except the
Y-component of U-235 fission for 300 <t c< 5000 sec, the Los Alamos measurement
shows a quite different behavior [63] from these, for example (see Appendix).
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Reexamination of the experimental existing decay heat data will do much to
remedy the present discrepancies.

APPENDIX

In the text, calculated results based on various data files compared
only with the measured data from ORNL and from Tokyo University. In this
Appendix comparisons are made with other experimental data, which include
calorimetric measurements at Los Alamos [63] and at CEA Frence [64] [65], and
a beta-ray energy measurement at ZEBRA reactor of Winfrith [66 ]. For com-
parison the measured data at YAYOI reactor of Tokyo University [42] [43] are
converted into finite irradiation data, the duration of which is set equal
to the exposure time of each experiment, and displayed in each figure. As is
observed in Figs. Al, A2 and A3, the Los Alamos data run fairly high above
the YAYOI data and the JNDC calculations (JNDC file version 1.5). The ratios
of the Los Alamos and the YAYOI data to the JNDC calculation are compared in
Fig. A4, which shows a good consistency between the YAYOI data and the JNDC
calculation and also shows systematic deviations of the Los Alamos data from
these. It is worthy rememering that the ORNL data [40] [41] coincide quite
well with the YOYOI data and the JNDC calculation except the case of U-235
(see Sec. 4.1). Figs. A5 and A6 compare the French calorimetric measurument
with the YAYOI and the JNDC results. Figs. A7 and A8 deal with the UK data
from the ZEBRA reactor. Except the CEA data for Pu-239 (Fig. A6) all the data
displayed in Figs. A5 through A8 agree fairly well each other.
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Table I Estimated Uncertainties of Decay Heat after a Burst Irradiat ion ( 2 2 5 U )

Cool ing Time

(sec)

1

10

102

1 0 3

104

1 0.5

1 0 6

107

1 0 8

Devil le;s (1977)

Y

2.8

1.2

1.0

0.4

0.4

0.5

0.5

—

—

T 1/X2

Z8

1.2

1.4

1.1

0.4

1.4

0.3

—

-

E

4.7

4.1

3.2

1.8

1.0

1.3

1.2

-

-

total

6.1

-4.5

3.6

2.2

1.1

1.9

1.3

—

—

Scrmittroth. O 7 7 »
Schenter *• v ' ' }

Y

3.5

0.7

1.0

0.5

0.6

0.5

0.3

U.4

0.4

T 1 / 2

2.4

1.0

1.5

1.2

2.0

1.8

0.7

0.9

0.8

E

17.5

14.5

5.5

1.9

2.5

1.8

0.3

0.4

1.8

total

18.4

15.3

6.4

4.6

4.3

3.2

1.5

1.6

2.3

Rudstam ( 1 9 8 C

Y

0.9

0.3

0.1

0.0 7

0.0 6

0.1

0.2

0.0 4

0.1

T 1 / 2

2.9

2.G

1.1

0.9

0.&

2.0

3.0

0.8

0.8

E / E r

2.1/x2.0

1.9/

1.1/

1.1 /X1.8

1.1/x2.0

1.4/
'1.8

1.2/X4.0

2.1/
/3.0

5.0/
/Q.8

I )

total

4.3

3.6

2.4

2.2

2.3

3.1

4.9

4.D

5.5

Spinrad
(1977)

Y

5.4

2.3

1.3

0.4

0.5

-

-

-

-

K.G.Schenter
( 1981 )

total

7.3

2.2

1.9

1.8

2.0

2.3

9.6

-

-

r

8.4

2.0

1.6

1.6

1.6

1.9

6.0

—

—

n o t e : In the case of Schmittroth-Schenter 's and Rudstam's Data* numerical s are read form graphs.

Y : Uncertainty from Fission yieid data

E : Uncertainty from average energies
T 1 / : Uncertainty from half —life



Table B Estimated Uncertainties of Decay Heat after a Long—term Irradiation

I

oo

I

Author

Irradiation (sec)

Cooling (sec)

1

10

1 0 2

1 0 s

1 0 *

1 0 5

1 0 6

10?

1 0 8

Author

Irradiation (sec)

Cooling (sec)
1

1 0
102

1 0 s

104

1 0 5

1 0 6

107

1 08

Devi Hers (1977)
7.8

yield

0.5

0.5

O.S

0.2

0.3

0.3

0.3

0.3

0.4

x1 0? (900days)
T V 2
0.3

C.2

0.4

0.2

0.2

0.4

0.2

0.2

0.8

E

1.7

1.5

1.2

0.7

0.7

0.9

1.4

2.6

2.7

total
1.8

1.6

1.3

0.8

0.8

1.1

1.5

2.7

3.0

Rudstam (1980)
107

yield

0.6

0.5

0.8

1.0

0.8

1.8

2.0

3.0

3.0

T v 2
0.8

0.8

1.0

1.3

1.C

2.4

2.8

4.1

4.0

E

1.2

1.1

1.2

1.5

1.6

2.7

3.4

4.0

4.0

total
1.8

1.7

1.9

2.1

2.2

4.0

5.0

7.0

7.5

Schmittroth-Schenter(1977)
10

yield

0.9

0.6

0.6

0.4

0.3

0.3

0.3

0.4

0.4

T v ?
0.2

0.3

0.4

0.5

0.7

0.7

0.8

0.9

1.0

Spinrad(1977)

inf ini te

yield

0.8 8

0.6 4

0.35

.0.2 8

0.2 6
-

-

—

-

7

E

6.6

4.2

1.4

1.2

1.1

0.7

0.6

0.9

1 6

total

7.0

4.8

2.5

2.4

2.0

1.4

1.0

1.4

2.0

Nemircvsky(1980)

3.15x107(1 year)

total
-

—

-

-

-

-

-

3-5

3~5

OSIK

1.2 8

yield

1.5

1.3

1.0

0.9

1.1

—

—

-

—

Bjerke

x 1 08

-

-

-

-

—

-

-

-

et a l . ( 1977)

(4 years)

E

6.8 / 2 5

4-6/2.3
t 4 / l 7

°-4 /1 4
°-2/i.6

upper:
correlated

lower !
uncor related

total

6.9

5.4

2.5

1.8

2.0

-

-

—

—

Yarnamoto— Sugiyama (1978)
3.15x10?

yield

0.9

0.9

1.0

1.4

2.5

4.2

7.8

i 3.2 .

5.6

0.5

0.4

0.3

1.1

1.0

0.2

0,4

0.2

0.4

( 1 year )

E

2.2

2.2

1.8

1.2

0.5

0.2

0.2

0.2

0.3

total

2.4

2.4

2.1

2.i

2.7

4.2

7.9

1 3.2

5.6

note ! Data of Devi I lers* Schmi t t ro th et a l . ,OSU and Rudstam were read out f rom graphs in each l i t e ra tu re



Tablet Average Beta-and Garrma-Ray Energies for Nuclides with Q^ Larger than 5 MeV

ro
oo
ro

Cu68m

Cu70™

Cu70

Ga74

Ga76

As80

Ge81

A s 8 2 m

As 82

As 85

As84

Se85

Se86

Br86

Se87

Br87

Se88

Br88

Rb88

Br90

Rti9ff"
Rb90

Kr91

Rb91

(MeV)

5.S41

6.510

6.170

5.4 0 0

6.7 7 0

5.7 0 0

5.6 0 0

7.417

o

5.460

9.55 4

6.1 0 0

5.10 0

7.300

7.27 0

6.50 0

7.000

8.60 0

5.50 9

1 0.3 3 0

6.4 6 7

6.36 0

6.2 0 0

5.7 00

tp (MeV)

JttXXfP

0.2 0

1.65

2.7 0

1.2 9

1.7 5

2.4 8

2.13

1.9 5

1.9 9

2.0 0

2.8 5

1.6 3

1.3 5

1.9 5

2.0 8

1.81 ,

2.4 0

2.4 5

1.19

3.0 9

1.5 4

1.57

2.0 6

1.48

JNX(E)b

0.19

1.58

2.5 7

1.0 2

1.81

2.3 2

2.4 9

1.8 6

3.2 5

1.2 6

3.9 9

1.7 0

1.15

1.7 4

2.49

1.54

2.3 8

2.6 2

2.0 9

4.39

1.29

1.8 9

1.9 9

1.52

ENDF/
B-IV

-

-
_ i

1.07

1.6 8

2.52

2.0 6

1.8 2

3.21

1.6 8

3.7 6

2.0 6

1.42

1.7 8

2.5 0

2.14

2.10

3.0 7

2.0 8

3.3 6

1.1 1

1.66

2.5 8

1.3 3

ENDF/
B-V

-

-

-

1.99

1.9 2

2.4 6

2.2 7

1.8 1

3.16

1.8 3

3.41

2.1 8

1.5 5

1.7 8

2.5 4

2.4 9

2.3 9

2.5 <

2.0 6

3.21

1.3 6

2.2 0

1.9 4

1.50

UKFPDD j

1.10

1.6 8

2.4 6

2.0 6

1.7 5

3.16

1.0 8

4.0 8

2.4 4

1.4 2

1.78

2.5 0

1.9 2

2.10

2.5 2

2.0 6

3.5 6

1.2 2

1.8 6

1.9 8

1.51

>tudsvika

2.17)

•

2.6 9 )

(1.8 6 )

1.9 2

1.2 0

1.6 3

1.5 3

1.3 6

E r (MeV)

JfOCCT)

0.96

2.17

0.3 0

2.4 0

2.5 0

0.2 6

0.8 8

2.7 6

2.9 5

0.9 9

3.41

2.3 9

1.9 6

2.9 4

2.6 4

2.41

1.7 2

3.21

2.49

3.6 6

2.6 7

2.7 6

1.6 2

2.3 0

NDC(E)

0.9 8

2.9 3

0.58

3.0 5

2.7 9

0.61

0.12

3.1 6

0.4 8

2.7 5

1.5 8

2.2 4

2.3 5

3.6 4

1.9 6

3.8 6

1.7 2

3.0 6

0.6 4

1.13

3.35

2.16

1.7 3

2.2 2

ENDF/
B-IV

-

-

--

3.0 4

2.81

0.61

1.19

2.9 9

0.29

0.9 8

2.10

1.2 9

1.0 2

3.3 2

1.7 4

1.7 5

1.6 3

1.8 8

0.6 7

2.32

3.6 2

2.6 6

0.7 2

2.7 5

ENDF/
B-V

-

-

-

0.9 5

2.7 9

0.61

0.51

3.10

0.4 0

1.31

2.7 6

1.4 0

1.0 7

3.3 0

1.7 1

1.5 5

1.4 7

3.0 0

0.66

2.6 2

3.10

1.0 6

1.7 3

2.2 6

UK.-PDD
- 2

-

-

2.8 7

2.81

0.57

1.19

3.21

0.38

2.2 7

1.3 4

0.5 2

1.0 2

3.3 2

1.7 4

2.57

1.6 3

2.54

0.6 4

2.3 2

3.2 1

2.17

1.7 4

£2-3

% contribution
255u decay -
heat (burst)
tc=
20 sec

0.4

0.9

1.3

1.1

0.5

1.6

3.1

0.4

3.1

2.3

tc=
100 sec

0.9

3.7

3.4

0.6

1.0

4.6

7.0

(49) Valnes in parentheses are derived from beta-strength functions by thea) Direct measurement by Aleklet t and Rudstam.
same authors.

b) The symbols Tand E stand for theoretical and experi ment-based values, respect ively.



Table I Ccont'd)

to
oo
U

K r 9 2

Rfc>92

Kr93

Rb93
Sr95

Sr96

Sr97
Y9 7m

Y97

Rb98
Sr98
Y98 m

Y98

Y99

Nb1 00

Z r 1 0 1
Tc104

Mo 105

TC108
Rh110 m

Rh1 10

Ag116 m

Ag116

Ag118 m

Ag118

Qfi

(MeV)

6.0 8 0

7.7 7 0

8.7 0 0

7.450

6.0 9 0

5.3 6 0

7.2 0 0

7.3 3 8
6.67 0

10.85 0
5.810

9.08 0
8.9 8 0
6.39 0

6.2 3

5.90 0
5.62 0

5.40 0

8.0 0 0
5.4 0 0

5.4 00
6.312

6.100

7.128

7.000

E^ (MeV)

JNDCCO

2.26

2.8 6

2.7 3

2.15

1.59

1.9 6

2.6 0

2.68

2.47

3.71

2.14

2.9 9

3.22

2.3 8

2.2 3

2.16

1.24

1.29

2.25

2.2 4

2.2 0

2.51

1.4 0

0.79

2.52

JNDC(E)

2.4 1

3.4 9

2.8 9

2.7 2

2.2 7

1.9 8

2.5 4

2.4 0

2.15

3.81

2.5 3

2.6 8

3.9 5

Z4 8

2.28

2.5 0

1.6 8

2.2 6

3.29
1.3 5

2.3 8

1.94

2.7 2

0.7 9

2.5 4

ENDF/
B - l V
2.4 0

5.4 6

2.7 6

2.0 3

1.9 4

1.3 5

2.3 5

-

2.16

3.6 4

1.6 9

-

2.8 4

2.0 9

2.0 6
2.4 0

1.19
1.7 2

2.6 2
2.48

1.3 5

1.96

2.19

1.3 0

2.3 2

ENDF/
B-V
2.3 7

3.4 8

2.3 4

2.61
2.1 1

1.8 8

2.6 2

2.4 2

2.15

4.15

2.5 3
2.9 8

1.81

2.61

2.19

2.21

1.58

1.6 8

2.47

2.3 7

1.18

1.6 7

1.7 1

0.1 1

2.41

UKFPDD
- 2

2.4 0

3.4 6

3.3 3

2.9 2 L

2.2 6

1.3 5

2.6 3

2.4 5

2.16

4.81

2.5 5

3.1 1

1.81

2.61

2.0 6

2.8 2

1.5 9

1.7 2

3.3 2

1.3 2

2.3 8

1.8 8

1.9 6

1.15

2.5 4

Studsvik

2.6 7

3.4 6

2.7 0

2.5 9

1.9 2

(2.60)

Er (MeV)

JNDCCT)

1.0 8

1.5 7

2.7 6

2.6 8

JNCC(E)

0.7 2

0.2 7

2.2 8

1.3 9

2.4 4 j 1.0 3

0.9 6

1.5 0

1.4 7

1.2 3

2.9 2

[_ 1.C5

2.6 0
2.0 4

1.15
1.2 8

1.0 9

2.6 8

2.37

2.9 9

0.7 8

0.49
1.0 4

2.8 3

0.5 5

1.43

0.9 1

1.4 9

1.8 0

1.81

1.2 5
0.17

3.1 1

0.81

0.49

1.3 5

0.3 5
1.8 4

0.15

0.8 0
2.21

0.0 6
1.6 8

0.8 7

1.16

1.33

ENDF/
B-IV
0.7 5

0.2 6
2.0 4

1.41
1.3 6

1.12
1.8 4

-

0.9 4

3.16
1.5 0

-

1.9 4

1.6 5

1.9 2

3.5 3

1.15

1.40

2.0 0

0.0 6

2.2 7

1.5 9

0.7 1

1.2 3

1.9 9

ENDF/
B-V
0.7 5

0.2 6

2.2 4

1.3 2

1.4 0

1.13

1.4 9

1.8 2

1.8 0

4.6 8

0.18

0.81

3.15

0.61

1.3 8

1.5 3

. . , 4

1.0 9

1.8 8

0.0 6

2.4 8

1.5 4

1.3 9

1.2 7

1.95

UKFPDD
- 2
0.7 5

0.2 6

1.12

0.8 5

1.0 4

1.12

1.5 0

1.8 3

1.82

1.16

0.17

0.8 5

3.10

0.6 3

1.9 2

0.3 5

1.7 3

1.4 0

0.9 0

2.19

0.6 6

1.2 0

1.0 3

1.2 4

0.8 2

% cohtr ibution
235U decay -
heat (burst)
tc=
20 sec

2.5

2.6

4.4

1.0

5.5

0.5

tc=
1OOsec

2.5

0.5



Table I

Ag122

In122m

In122
l n * 2 4 m

In124
In125 m

In125
In126 m

In 126
In127m

1 n127

In128m

1 n128

In129 m

In129
in 130

1 n131
Sn131.m

In 132
Sb132

Sn133
Sb134m

Sb134

Te135

1 136m

(conf

GleV)

9.17 0
6.5 9 0

6.510
7.350

7.140
5.6 60
5.4 80

8.210
8.0 6 0
6.6 50
6.4 9 0
9.3 9 0
9.310
7.800
7.6 0 0
9.4 0 0

8.0 0 0
5.0 50
9.8 0 0
5600
7.2 4 0

8.4 0 0
8.4 0 0
6.2 0 0

7.00 0

d)

tfi (MeV)

JNDCCD

3.0 5

2.4 2

2.36

2.56

Z.51

1.6 6

1.9 4

2.7 7

2.7 4

2.19

2.2 5

2.63

3.0 5

2.16

2.59

3.0 6

2.7 1

1.10

3.16

1.20

2.41

2.2 8

2.7 8

1.53

1.7 6

JNDC(E)

3.7 0

1.92

2.7 4

2.2 3

2.3 3

2.45

1.81

3.4 7

2.47

2.7 9

2.18

2.4 9

3.36

3.2 9

2.4 6

3.13

2.2 9

1.17

2.2 4

1.2 0

3.10

3.14

3.8 4

2.4 4

2.31

ENDF/
B-IV
2.97
2.17

2.0 9
-

2.26
1.59

1.5 3
-

£5 4
1.9 6
1.87

-

2.8 0
-

2.07

2.8 9
2.3 5
1.3 0

3.8 2

1.7 2

2.0 8

2.9 5

3.9 5

1.6 3

1.9 4

ENDF/
B-V
2.9 4

2.29

2.14

2.3 6

2.29

2.11
1.9 3

-

2.5 8
Z2 4

2.15
2.8 6

3.12

2.49

2.8 6

3.04

2.7 6

1.4 7

3.6 3

1.3 8

2.3 9

2.8 0

3.7 8

2.4 0

2.13

UKFPDD
- 2
2.97

1.5 4

2.67

2.2 6

2.2 6

1.5 9

1.7 7

-

2.5 4

1.9 6

1.8 7

2.8 0

2.8 0

2.0 7

2.0 7

2.8 9

2.35

1.31

3.8 3

1.27

2.0 8

3.8 3

2.9 1

2.4 4

2.15

Studsvi k

( 2.4 6 )

(2.37)

( 2.3 0 )

( 2.0 4 )

(2.62)

( 2.5 1 )

(3.25)

( 3.0 4 )

2.38

( 2.2 9 )
2.1 1

E r (MeV)

JNDCCT)

2.51

1.5 0

1.24

1.66

1.57

1.8 4

1.0 8

2.10

2.0 3

1.7 3

1.4 4

3.5 6

2.6 3

2.95

1.8 6

2.69

2.0 2

2.39

2.9 0

2.7 3

1.8 6

3.2 7

2.2 6

2.6 2

2.9 4

JNDC(E)

1.12

1.7 3

1.2 6

2.27

1.87

0.13

1.29

0.66

2.53

0.4 3

1.S2

3.9 6

3.16

0.2 0

1.81

2.24

1.9 4

1.6 3

4.4 8

2.57

0.39

2.0 3

0.0 0

0.69

2.0 0

ENDF/
B-IV
2.9 1

1.9 3
1.86

-

2.2 0

1.7 6
1.7 0

-

2.59

2.2 9

2.19

-

3.0 6

-

2.5 5

3.4 3

3.0 7

1.7 1

4.6 6

2.01

2.8 0

2.0 9

0.0 0

2.17

1.9 3

ENDF/
B-V

2.9 3

1.15

1.5 9

1.9 5

1.94

0.58

0.9 6

-

2.2 9

0.9 5

1.65
2.9 2
2.13
2.07

1.10

3.3 4
2.47

1.0 0

5.0 0

2.6 0

1.9 8

2.0 4

0.0 0

0.7 4

2.0 0

UKFPDD
- 2

2.91

3.0 3

0.34

2.2 0

2.2 0

1.7 6

1.3 0

-

2.59

2.2 9

2.19

3.0 7

3.0 7

2.55

2.5 5

3.4 3

3.0 7

1.7 1

4.66

2.4 9

2.81

0.0 2

2.0 3
0.7 0
2.15

% contribution
2 3 5 U decay
heat (durst)
tc=
20 sec

0.3

0.3

2.7

1.1

tc=
100 sec

1.6

0.8

1.8



Table I (cont'd)

CO

1 136
i 137
Cs138m

Cs138
Xe139

Cs140

Xe141
Cs141
Xe142
Cs142
La144

La146
La148

Pr150

(MeV)

7.0 0 0
5.5 0 0
5.4 2 0

5.34 0
5.0 2 0

6.17 0
6.150

5.19 0
5.0 4 0

7.28 0
5.50 0

6.30 0

6.3 0 0
5.7 0 0

E^ CMaV)

JNDCa)

1.7 6

1.2 7

0.2 8

1.0 9

1.00

1.43

2.05

1.28

1.7 6

2.45

1.3 4

2.18

2.18

2.0 2

JNDC(E)

2.5 4

1.9 7

0.4 0

1.2 5

1.7 4

1.7 5

2.36

2.0 9

1.8 5

2.62

1.7 9

2.46

2.7 4

2.31

ENDF/
B-IV

1.81

1.51
1.15
1.2 6

1.7 9

1.9 3
1.5 7

1.3 8

1.1 0

2.0 4

1.51

1.7 7

1.9 3

ENDF/
B-V

1.97

2.2 9

0.39

1.2 0

1.7 0

1.6 5

2.3 5

1.91

1.66

2.5 0

1.4 6

2.0 5

2.21

1.3 5 | 1.8 4

UKFPDD
- 2

1.9 8

1.5 2

0.3 8

1.2 0

1.7 4

1.7 4

2.3 0

1.7 9'

1.10

2.6 6

1.47

1.7 7

1.9 3

1.35

Studsvik

1.9 7

2.2 5

1.2 2

1.7 2

1.89

1.96

1.68

2.5 0

Er (MeV)

JNDCCD

2.94

2.4 6

0.7 3

2.68

2.2 4

2.7 9

1.49

2.14

0.9 8

1.7 9

2.0 9

1.3 5

1.3 6

1.0 8

JNDC(E)

2.4 7

0.7 5

0.5 3
2.3 3
0.8 9
2.22

1.0 4
0.67

1.19
3.81

1.31
0.7 2

0.8 8

0.2 6

ENDF/
B-IV

2.21

2.0 3

2.6 0

2.33

0.9 3

2.13

2.27

1.82

1.7 7

2.54

1.9 4

2.36

Z67

1.86

ENDF/
B-V

2.38

0.9 7

0.5 4

2.3 6

0.7 6

2.3 0

0.7 8

0.8 0

1.12

1.17

1.8 3

1.7 3

2.0 4

1.48

UKFPDD
- 2

2.39

2.03

0.52

2.36

0.89

2.1 1

0.7 6

0.92

1.7 7

0.8 9

1.84

2.36

2.67

1.86

% contribution
235u decay
heat (burst)
tc=
20 sec

1.2
2.2

2.6

2.4

3.0

2.5

2.1

0.4

100 sec
4.8

1.2

3.4

8.0

1.8

5.8



Table 1

Nuc!ide

»*Se

8<SBr

" s e

8?Br

8»Se

«»Br

8»Rb

'°Br
9 0 m R b

'°Rb

' i K r

*<Rb

* 2 K r

9 2 Rb

»«Kr

?*Rb

»5Sr

9*Sr

" S r

97mY

97 Y

*»Rb

*»Sr

98mY

9 8 Y

9 9 Y

1°°Nb
1 0 1 Z r

1°*Tc

V Status

QP

(MeV)

5.10 0

7.3 0 0

7.27 0

6.500

7.0 0 0

8.6 00

5.309

10.530

6.467

6.3 60

6.2 0 0

5.7 0 0

6.0 8 0

7.770

8.7 0 0

7.450

6.09 0

5.3 6 0

7.20 0

7.338

6.67 0

10.85 0

5.810

9.080

8.9 80

6.390

6.230

5.900

5.620

5.4 0 0

of Measurec

Higoest Level
Known

EL (MeV)

2.660( 4 ) a

6.76 8 ( 1 8 )

3.928( 5)

6.0 9 5 ( 4 1 )

3.1 5 4 ( 4 )

7.056(20)

4.8 53 (13 )

3.345 ( 6)

5.826(30)

5.822(25)

4.6 9 8 ( 6 0 )

5.289(38)

4.193(20)

7.363(18)

6.725C47)

6.7 0 7 ( 6 5 )

4.268(20)

0.93 2 ( 1)

2.288(10)

2.509( 5)

3.55 0( 9)

2.31 7 ( 7)

O.i00( 5)

4.2 92 ( 6)

4.450 ( 9)

1.58 8 ( 9)

1.7 66 ( 4)

0.6 9 3 ( 2 )

3.777(32)

1.891(17)

I Decay Data for

fL/Q
p

0.5 22

0.9 2 7

0.54 0

0.9 38

0.451

0.8 20

0.914

0.32 4

0.9 01

0.9 15

0.7 58

0.928

0.6 9 0

0.9 48

0.7 7 3

0.9 0 0

0.701

0.17 4

0.318

0.3 42

0.5 32

0.2 14

0.103

0.47 3

0.4 96

0,2 4 9

0.2 8 3

0.117

0.67 2

0.3 5 0

Ground
State
Beta

5%

15

0

4

0

5.5

73

30

0

37

10

5

5 0

94

0

59

53

0

20

C

40

0

64

0

51

20

35

0

0

0

Important FPs with Qtf^5McV

ra
n

k

C

C

B

A

O

D

A

A

A

f\
Is

A

A

B

B

A

A

A

D

B

comment

tg directlymeasured(Studsv!k)(49J

\ o (Studsvik)

Efi (Studsvik)

So measured (Studsvik)

Sjmeasured (Studsvik)
p

I . (Studsvik)
p

1fi (Studsvik)

ENSDF adapts g . s . ^ 2 % ^ 4 ^ . ^

Ê  (Studsvik)

I . (Studsvik)
p

Efi (Studsvik)

new data( L L L ) , E^Catudwik)

nnv data(LLL)

S j measured(Studsvik)

being measured(Nagoya)'-57-'

a ) Number in parentheses is
i s known.

the number of f i n a l l e v e l s to which b e t a - f e e d

- 286 -



Table IV (cont'd)

Nuclide

; 132m

1^2 S b

i134msb

"134Sb

135T e

136m|

' 1 56 |

137 |

138 |

?1 38mcs

138Cs

159 X e

140C s

141Xe

1<"Cs

1«Xe

H2 C s

144La

146La

148La

150Pr

9.8 0 0

5.6 0 0

7.240

8.90 0

8.4 0 0

6.2 0 0

7.0 10

7.0 0 0

5.5 0 0

8.3 0 0

5.4 2 0

5.3 4 0

5.0 2 0

6.17 0

6.15 0

5.19 0

5.0 4 0

7.280

5.5 0 0

6.3 0 0

7.050

5.7 0 0

E L

4.847 ( 2)

3.562(12)

0.96 3 ( 2 )

2.3 9 8 ( 2 )

0 ( 1 )

0.870 ( 2 )

6.0 9 1 C 1 2 )

6.624(40)
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Fig. 10. Delayed-neutron spectrum of 93Rb obtained by the INEL group
using 2.6 Atm., 2.5-cin diameter x 7.6-cm sensitive length,
H2 and CH4 gas-filled proportional counters.
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Fig. 11. Delayed-neutron spectrum of »*Rb obtained by the INEL group
using 2.6 Atm., 2.5-cm diameter x 7.6-cm sensitive length,
H2 and CHA gas-filled proportional counters.
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Fig. 12. Delayed-neutron spectrum of 95Rb obtained by the INEL group
using 2.6 Atm., 2.5-cm diameter x 7.6-cm sensitive length, H2
and CH4 gas-filled proportional counters.
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Fig. 13. Delayed-neutron spectrum of 143cs obtained by. the INEL group
using 2.6 Atm., 2.5-cm diameter x 7.6-cm sensitive length,
H2 and CH4 gas-filled proportional counters.
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Fig. 14. Delayed-neutron spectrum of 97]jb obtained by the INEL group
using 2.6 Atm., 2.5-cm diameter x 7.6-cm sensi t ive length,
H2 and City gas- f i l led proportional counters.
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Fig. 15. Comparison of the lower energy portion of the delayed-
neutron spectrum of 95m, obtained using 3He spectrometers
(Kratz [47] and Reeder [46]) and proton-recoil counters
(INEL).
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Fig. 17 Comparison of the lower energy portion of the delayed-
neutron spectrum of 94Rb obtained using a ^He spectrometer
(Reeder [46]) and proton-recoil counters (INEL).
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CALCULATING BETA DECAY PROPERTIES

IN THE FISSION PRODUCT REGION

F. M. Mann
Hanford Engineering Development Laboratory

P.O. Box 1970, Richland, WA 99352

Different theoretical models are described which are used in the prediction of
beta decay properties in the fission product region and comparison of results
are i&de. Applications of such calculations are presented with emphasis on
delayed neutron data.

INTRODUCTION

Interest in nuclides far off the line of stability has increased
in recent years due to better techniques and equipment, and due to
applied needs. New on-line isotope separators have become available.
Better ion sources are being used. Applied interest in the areas of
fission reactor decay heat and delayed neutrons are becoming more
pressing. Other areas of interest, such as astrophysics and neutrino
physics, also need these data. Thus more experimental and theoretical
effort is being expended on these nuclei.

This paper will describe the theoretical framework of beta decay
and delayed particle emission (section II) and the various models used
to generate data (section III). Section IV describes some of the
results of these calculations.

THEORETICAL FRAMEWORK

The partial beta decay rate (A) for allowed transitions to a set
of states in the daughter nucleus within the energy increment dE of
energy E is

dE P(E,c0 F(Z,Q -E)
—

<f M

where p is the level density at energy E for states having spin J and
parity ir (J"" is denoted by a), F is the Fermi integral function (the
allowed phase space for the emitted particles corrected for the
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screened Coulomb interaction), Iis the spin of the parent nucleus, K.
the beta decay constant and |< >|2 is the reduced matrix element
coupling the parent (initial) and daughter (final) states. In this
paper, only allowed transitions are discussed as these are by far the
most common for the fission product nuclei far from stability. The
beta strength function, S» is defined as

S«CE) -
(21+1) Kfl

<f M i>

and thus includes only the terms that depend on nuclear structure,
half-life for decay then becomes

The

I yo

and the branching ratio for B-delayod neutron decay (assuming that
emission occurs after equilibration, i.e., from a compound nucleus,

n F(z> (E,E') dE' dE

where W ' (E,E') is the probability for particle emission from a
daughter state at energy E, having spin and parity a to a granddaughter
state at energy Ef having spin and parity a'. The actual delayed
neutron spectrum is simply the dE integrand normalized so the integral
is unity.

Thus the nuclear physics is contained in the two terms So and W.
There has been much controversy concerning which approximation to the
beta strength function S.g is adequate. As the calculation of delayed
neutron data is relatively young, the details of calculating the
particle emission probability W "'"IE.E') are not yet seriously de-
bated.

Two distinct approaches can be seen in the debate over the beta
strength function — I will call them the macroscopic and microscopic
approaches. In the macroscopic approaches the strength function is
assumed.to have no structure, e.g., no shell effects are included.
Keeping1 J for examale, assumed that the reduced matrix element is
constant and that S A E ) was proportional to the level density.
However, such an assumption does quite poorly in the calculation of
beta decay lifetimes and is not now used extensively. However, th
idea of a constant matrix element is well verified experimental ly.^
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Using the ENDF/B-V fission product file^-l which contains detailed
decay data for about 200 nuclei, reduced matrix values were found for
50 0+-*OL+ transitions and for over 600 cases of other allowed transi-
tions. Although the 0"t-^l+ transitions averaged a factor of 20 higher,
no dependence of the reduced matrix element upon mass, transition
energy, or final state energy was found. Work done at KEDlJ- * retains
the assumption of a constant reduced matrix element, but assumes that
the density of states is reduced — the single particle density param-
eter being reduced to (A-Z)/A of its normal value. Using this proce-
dure very good agreement is obtained with measured data.

In the early 70's, the-.Japanese (Takahashi, Yamada, and others)
presented the Gross Theory^-1 which assumes that the beta strength can
be described by a Gaussian or modified Lorentzian shape. Parameters
for the shape are limited by applying sum rules. The peak of the
functions vary from 9.5 MeV (light fission product mass peak) to 16.5
MeV (heavy mass peak) and widths from 1.1 to 1.9 MeV. Like the
earlier models, the Gross Theory Jgnores any structure in the beta
strength function. Hardy, et al.L-5 •• in their delayed proton work use
the same assumption. o

More recently, attention has been paid to the structure of the Sg
with the introduction of microscopic calculations which use shell model
concepts., Klapdor, et a l . L W following the lead of Petrow and
Naumow,'-'-' combine the single particle shell model, the position of
analogue states, and the Brown-Bolsterli model for obtaining reduced
matrix elements. In this way, a beta strength function full of fine
and coarse structure is obtained. Good agreement is found for half-
life and other decay data. ..„•,

Very recently, Tachibana and Yamada'-"-' proposed a method which
uses experimental data from neighboring nuclei to determine beta tran-
sitions. Although initially used near closed shalls, the method is
being extended to other nuclei.

The calculation of the particle emission probability has fewer
models. Either W is set to zero in regions where particle emission is
forbidden (or highly retarded due to the Coulomb barrier) and to unity
above, or W is obtained from calculating transmission coefficients for
the various methods of decay and forming the appropriate ratio, e.g.,
for neutron emission

E') =™n K ' } " S T.(E-Ef-SJ + T (E)

where T. ib the neutron transmission coefficient of angular momentum a,
coupling the states of spin and parity «anda', and T^is the gamma
ray transmission coefficient for depopulating the daughter state by
photon emission. As i3 normal with calculations of cross sections,
there is debate over the proper choice of optical potential and gamma
radiation parameters.
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COMPARISON BETWEEN MODELS

Although it is generally agreed that a multiparticle shell model
calculation would provide the best results, given a proper potential
and a large enough configuration space, there is little agreement
whether present macroscopic or microscopic models are batter. The
situation is aggravated by the lack of a large base of reliable experi-
mental data far off the line of stability. Although half-life and
delayed neutron data are usually reliable, doubts have been raised
concern ins detai led beta decay ..schemes because of the "Pandemonium
Problem".™-! As Hardy, et al.'-10J demonstrated using a Monte Carlo
program that simulated the experimental determination of a complex
decay scheme, branching to high energy levels in the daughter can
easily be missed. Comparisons'- J of integral experiments to summation
calculations using experimental data from such complex decays cause a
similar concern.

Figure 1 presentsrcalculations of the half-lives of Rb isotopes
using the Gross Theory,<-3J the HEDL model,^-tii and the microscopic
theory of Klapdor, et al.u1 •» Compared to the experimental values, the
half-lives predicted by the Gross Theory do not vary enough as a
function of A. The microscopic theory does far better. However, for
A = 93 and below, the calculations are slightly too high on average
(about a factor of 3) while for A = 94 and above the calculations are
slightly low (about a factor of 2). This is probably due to neglect of
pair scattering and a too-small configuration space. The HEDL model
scatters around the experimental data (about a factor of 2).

A serious limitation to the comparison for masses very far off
the line of stability is the uncertain knowledge of masses. As mass
differences are o^ten raised to high powers in the calculations, calcu-
lated results can often be highly uncertain. The bars on Figure 1 for
the HEDL results show the uncertainty due to uncertainties in mass
differences.

The only extensive calculation of Pn values is by the HEDL
group.'-1^J On average the calculated values are within a fpPjjQi* of 3
of the experimental results for the 75 measured precursors.'1 -I This
is only slightly worse than using

where SJJ is the neutron separation energy, K a pairing constant, andra,
and b are adjustable parameters. The method of Tachibana and Yamada"- ••
gives even better results for the two cases described in their article,7Br and 1 3 7 I .

One of the motivations for using a microscopic approach is that
some believe structure in the strength function may play an important
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role. Hardy, et al.^J in their paper on pandemonium show that for a
complex decay the gamma spectrum could exhibit structure even though
the underlying strength function isrflat. Similarly, structure in
delayed neutron structure was shown"-*°J noi ±n itself to imply struc-
ture in the strength function (see Figure 2). In both cases, statis-
tical effects could give misleading results. Gjotterud, et al.'-1-7-'
calculated delayed neutron spectra for eight precursors and found that
the detailed structure found in experiments were consistent with their
statistical calculations. ,

However, Kratz, et al.'-lbJ do find evidence of structure in the
strength function for the four precursors analyzed, two of wnipb« Br
and ^ ' 1 , were analyzed by Gjotterud, et al. Klapdor and TWene*-bJ point
out Indirect evidence for structure: charge exchange reactions and Ml
photon decay. Further evidence of. structure can be found in the .
departure of certain precursors ( 'Br is one) from Pn systematics.

L 1 -1.
Thus it is not yet clearly decided whether structure is present

in the beta strength function. It is certainly not clear that, for
applied applications, any structure needs to be included.

CALCULATED NEUTRON SPECTRA

The major motivation behind calculating neutron spectra has been
the structure question. The group at HEDLL^-JJhas, however, calculated
spectra for 110 precursors for applied purposes. Figure 3 shows a
comparison among the various measurements and the HEDL calculation for
"Rb. There were no adjustable parameters in the calculations.
Gjotterud, et al.1-1-'] using a strength function proportional to the
level density (a, an adjustable parameter, = 15 M a V 1 ) obtain a "fair
qualitative reproduction" of the experimental data for 93Rb. yJffo j s a
good example as many experimenters have measured the delayed neutron
spectrum and agree well among themselves. Similar agreement is found
for other HEDL calculations of the total neutron spectrum. As Kratz,
et al."-15] use the experimental spectral data to determine the strength
function, no systematic judgement on the a priori knowledge of the
strength function can be obtained. However, the strength functions
obtained by Kratz, et al. do show broad structure.

A recent development is the observation of neutrons to discrete
excited states of the granddaughter nucleus. As with many experiments,
the theoretical interpretation can be limited by the spread of the
data"-1 '~1"J (see Figure 1). This figure also shows that the energy
available is a sensitive parameter?. The solid line is the result of
the Comay-Kelson mass ensemble^20 J averaging process, while the dotted
line includes their uncertainty.

However, as seen in Figure 5, it is really the energy window,
i.e., the energy available for delayed neutron decay, that is the more
sensitive parameter.

Delayed neutron data can even b|lP determine the spin of the
neutron precursor. For example, for -'Cs the shell model predicts a
high spin while the unified modal predicts a low spin (J = 3/2) which
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has been verified. Using the high spin (J = 9/2), the calculated popu-
lation of the excited states shows an entirely incorrect shape.
However, as seen in Figure 5, excellent agreement is obtained for the
low spin calculation.

The calculations can also be quite sensitive to the optical
potential used. For example, Figure 6^110^3 this dependence on poten-
tial j
Greenlces,1-^ show excellent agreement with ths data while the poten-
tial of WilTiore and Hodgson1-^ shows poor .agreement. A similar effect
is seen for 14'Cs. However, for y°Rb and i^^^Cs the calculations for
each potential lie on top of each other (see Figure 7). The nain
effect seems to be that, for the odd A precursor, the p wave strength
function is important as opposing parity states are being populated in
the granddaughter nucleus.

As the population of granddaughter states is determined by (y-n)
coincidence, given adequate neutron resolution *he beta strength
function above, the neutron separation energy can be determined. Thus
Kratz, et ai'-2 •• found the y°Rt> strength function as shown in Figure

a.

The experimentalists have opened a new window for the theorists
to look through. It is our job to determine the correct description of
what they are seeing and to apply that knowledge. We now have many
models and we must try to find which work bast.
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ANALYTICAL APPLICATIONS FOR DELAYED NEUTRONS*

George W. Eccleston
Los Alamos National Laboratory

Los Alamos, NM 87545

ABSTRACT

Analytical formulations that describe the time dependence of
neutron populations in nuclear materials contain delayed-neutron
dependent terms. These terms are important because the delayed
neutrons, even though their yields in fission are small, permit
control of the fission chain reaction process. Analytical applica-
tions that use delayed neutrons range from simple problems that can
be solved with the point reactor kinetics equations to complex
problems that can only be solved with large codes that couple fluid
calculations with the neutron dynamics. Reactor safety codes, such
as SIMMER, model transients of the entire reactor core using cou-
pled space-time neutronics and comprehensive thermal-fluid dynam-
ics. Nondestructive delayed-neutron assay instruments are designed
and modeled using a three-dimensional continuous-energy Monte Carlo
code. Calculations on high-burnup spent fuels and other materials
that contain a mix of uranium and plutonium isotopes require accu-
rate and complete information on the delayed-neutron periods,
yields, and energy spectra. A continuing need exists for delayed-
neutron parameters for all the fissioning isotopes.

INTRODUCTION

The time decay of delayed neutrons represents their primary importance
to nuclear systems. Although delayed neutrons represent <1% of the neutron
production in fission, their delayed emission enables the neutron multiplica-
tion process to be controlled. Analytical techniques and calcuiational meth-
ods for space-dependent nuclear dynamics are numerous and dependent upon de-
layed-neutron parameters.[1,2] The nuclear parameters important to dynamics
formulations are (1) interaction cross sections and prompt-neutron yields and
energy spectra from fission and (2) delayed-neutron half-lives, yields, and
energy spectra. The dynamic equations that describe the behavior of a fis-
sioning system often require more information than that given in the nuclear

*Work supported by the US Department of Energy/Office of Safeguards and Se-
curity.
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parameters. System descriptions involving geometrical characteristics, tem-
peratures, pressures, and other time-dependent feedback variables are often
required in the dynamic equations, which may be nonlinear. These equations
are fundamentally the saiLO whether the system is thermal or fast or whether
it is composed of uranium, plutonium, or a mix of materials. The phenomenon
of importance is neutron-induced fission of the nuclear materials that pro-
duce additional neutrons and cause chain reactions. Analytically, the objec-
tive is to calculate the neutron dynamic behavior of the system and determine
the reactivity, power level, or some other variable of interest.

Delayed neutrons are produced from many fission fragment precursors,
each with a different yield and at lower energies than prompt neutrons.
These precursors produce delayed neutrons with a distinct half-life governed
by their beta-decay transition time. Keepin[3] observed that six exponential
time periods were necessary and sufficient for an optimum least-squares fit
to measured delayed-neutron decay data. For analytical applications, the
delayed neutrons are generally satisfactorily represented using six (and
sometimes fewer) decay constants. Information on the delayed-neutron yields
for each fissioning isotope is important to analytical calculation of mate-
rials containing mixtures of nuclides, such as light-water reactor fuels
where the isotopes change with increasing exposure as the uranium is consumed
and the plutoniuui is increased. Delayed neutrons are emitted with lower en-
ergies than prompt neutrons and on the average are subject to less epithermal
leakage and capture. Depending on the nuclear material and the type of reac-
tor, delayed neutrons may be less effective or more effective than prompt
neutrons in producing fissions.[4] The delayed-neutron spectrum is an im-
portant parameter in energy-dependent calculations.

This paper presents a few of the many areas in which d-alayed-neutron
parameters are important to analytical calculations. A delayed-neutron Monte
Carlo code used to model three-dimensional geometries is described. Use of
this code to design and study instruments for assay of nuclear materials is
discussed.

Delayed-Neutron Applications

Analytical applications that require delayed-neutron parameters exist in
many areas using nuclear materials. Nuclear dynamics problems can be gener-
ally classified according to their time scales into fast, short-term, and
long-term transient categories.[5] Fast transients have time scales between
microseconds to seconds and occur in nuclear explosions, pulsed nuclear ex-
periments, reactor accidents, and criticality excursions. Short-term tran-
sients exist between minutes and hours, representing reactor startup and
power fluctuation control. Long-term transients exist between days and
years, representing fuel burnup, breeding, and fuel conversion. Applications
within these categories are too numerous to describe completely or to cite
all the relevant references. However, several areas for using delayed neu-
trons in analytical applications are mentioned, with appropriate references
for the interested reader.

Reactor safety analysis codes, such as TRAC and SIMMER, are continually
being improved and used to model nuclear plant components.[6] The analysis
procedure generally begins with a nuclear reactor running properly at power
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and then a system failure is induced into the problem. The calculation
tracks in time the thermal hydraulic and neutronic behavior of the reactor.
These codes model the complex thermal hydraulic problems required to analyze
the dynamic behavior of reactor systems under postulated accident conditions.
For example, the SIMMER code models reactor transients on a whole-core scale
using coupled space-time neutronics and comprehensive thermal-fluid dynamics
calculations.[7] The TRAC code was used to calculate the initial 3 h of the
Three Mile Island Unit 2 reactor accident. TRAC was used to obtain an esti-
mate of the total core damage for the initial 3.5 h of the accident and to
analyze postulated accident variations to determine tha impact of operator
actions on the course of events.[8]

Nuclear criticality safety has been defined as the art of avoiding acci-
dental nuclear excursions.[9] Generally, tables and charts based on critical
experiments are used to determine the criticality potential and degree of
safety for a given system. However, when experimental data are lacking, com-
puter codes can be used to determine critical conditions. The accuracy of
these codes depends directly on the quality of the nuclear cross sections and
the delayed- and prompt-neutron parameters.

The development of nondestructive measurement technology permits deter-
mination of the nuclear material contents of unknown samples.[10] Neutron-
based assay systems are often designed using detailed Monte Carlo calcula-
tions, with comparison to experiments where possible. Monte Carlo parameter
studies on system components are used to select materials, to specify mate-
rial shapes, and to determine component locations for the design of an in-
strument. In addition, measurement responses for ranges of material types
not easily obtainable from experiments can be determined analytically. Ana-
lytical efforts permit information to be obtained that would be very expen-
sive and sometimes impossible to determine if experiments were required.

One assay method uses delayed neutrons to determine the quantity of nu-
clear material in a sample.[11] The measurement procedure consists of using
an external neutron source to induce fissions in the sample being analyzed.
Following irradiation of the sample, the source is removed and the delayed
neutrons are counted. Delayed-neutron production is a function of the quan-
tity of nuclear material, the isotopic mix, and the fission rate. The number
of counts can be maximized by selecting appropriate cycle times for sample
irradiation and delayed-neutron counting. The relative yield of delayed neu-
trons (Yj) can be calculated for various irradiation and counting times
with the following equation:

where
Yj • relative delayed-neutron yield in the counting window of the j t n

cycle,

$k = delayed-neutron yield from group k and 8 = £ 8k is the total yield
from all groups,
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A^ « decay constant of group k,

Tj[ • sample irradiation time s,

Td " delay time from the end of irradiation to the start of counting,

Tc • delayed-neutron counting period,

Tw * wait time from the end of counting to the start of the next irradi-
ation period, and

Tp * total time for one cycle (Tj + T<j + Tc + T w).

For example, the largest yield of delayed neutrons from 235u occurs
for a 6-s irradiation followed by a 6-s count time. A plot of the precursor
buildup and decay for each of the six groups calculated from Eq. (1) for 235JJ
is shown in Fig. 1. This plot illustrates that a number of irradiation-
counting cycles must be completed before equilibrium is reached.

When a sample contains a mix of nuclides, the assay problem becomes more
complicated because of the relative yields from individual isotopes. Devel-
opment of instrumentation for measuring the fissile content of spent fuels
is dependent on analytical methods to predict prompt- and delayed-neutron
responses for both passive and active neutron interrogations.[12,13] The
neutron responses are strongly dependent on the quantities of fissile iso-
topes 235^ 239pUj an(j 241pu> wnich are a function of fuel burnup[14], Fig 2.
Figure 3 shows the importance of including 241pu j[n delayed-neutron calcula-
tions for high-burnup fuels.

A Monte Carlo Delayed-Neutron Code

Detailed design and evaluation of instruments to assay nuclear materials
requires sophisticated analytical tools that permit three-dimensional geom-
etry modeling. Calculational simulations of delayed neutrons in nuclear ma-
terials have been added to the Los Alamos Monte Carlo Neutron Photon (MCNP)
code.[15] The MCNP code permits detailed modeling of a geometry in all three
dimensions. Physical processes are simulated by using predetermined proba-
bilities based on randomly selected events. Simulation of a particle history
requires specifications of the geometrical boundaries of spatial regions,
material compositions defined within each region, and the cross sections for
each isotope. The continuous-energy cross sections are from ENDF/B-V and
contain energy- and angle-transfer frequency functions for all relevant scat-
tering events. Increasing the number of independent particle histories
tracked in a geometry, based on random walk, provides tallies with calculated
mean values that approach the true values.

At Los Alamos, Monte Carlo calculations involving delayed neutrons re-
quired that a program patch be added to the MCNP code. This patch[16] pro-
duces delayed neutrons from fast or thermal fission events with the proper
yield, energy, and time distribution from the isotopes 232jhf 233^ 235^
" % , and "9pu. The delayed neutrons are characterized by the measured six-
group half-life data corresponding to either fast or thermal fission. The
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energy distribution is sampled from the measured, near-equilibrium 235u spec-
trum corresponding to thermal or fast fission.[17,18] The delayed-neutron
patch to the MCNP code contains a number of features that permit additional
information to be obtained from calculations. For example, neutron events
can be flagged and then separately tracked and tallied according to whether
they were neutrons emitted from an external source, prompt neutrons from fis-
sion, or delayed neutrons. Because of the tally structure of the code, fis-
sion events can be recorded by isotope and region; detector events from
source, prompt, or delayed neutrons can be recorded separately using the
track length estimator. The calculated track length per unit volume is a
flux and when multiplied by the appropriate reaction cross section produces
a frequency of event occurrence; for example, the frequency of counts oc-
curring in a helium-3 detector from the %e(n,p) reaction. The track-length
estimator provides better statistics than tallying the actual number of he-
lium-3 captures in a detector based on the real random walk process.

Several Monte Carlo biasing schemes are available to enhance the statis-
tics of collisions that produce both fissions and delayed neutrons. In bias-
ing, the correct expected value for interactions is maintained by adjusting
the neutron weight (nominally 1) to account for the bias being forced in the
number of neutrons undergoing an event. For example, suppose a neutron with
a weight of 1 has a probability P]̂  of producing a fission event. The fis-
sion process could be increased by sampling for fission events with a proba-
bility P2, where P2 > Pi, and assigning to the neutron-producing fission a
weight equal to Pi/P2« Then for N neutrons, the total fission weight will be
N (P1/P2) P2» which equals the correct expected weight N(Pi). This bias
technique enables both fission events and delayed-neutron production in each
of the six time groups to be increased. Increasing the number of delayed
neutrons produced in a calculation, but with smaller weights, improves the
statistics of detector counting for a given number of computed neutron his-
tories. The low delayed-neutron yield from fission often requires biasing
to obtain acceptable statistics in a calculation.

Delayed-neutron analysis using the Monte Carlo code was previously done
with two independent calculations[11]; fission densities were determined in
spatial regions with the first calculation and in the second calculation,
delayed neutrons were created, based on the volume-averaged fission densi-
ties, and transported. The two-step process has been combined into a single
calculation in the current MCNP delayed-neutron patch. Delayed neutrons are
now sampled directly to produce events at the actual coordinate position
rather than over a volume-averaged region. Such direct sampling provides
more accurate results for the delayed-neutron tallies. This effect becomes
increasingly important as the spatial region increases and the flux shape
differs from the average value. Combining the two-step process into a single
calculation provides direct comparisons between fissions and detector counts
for source, prompt, and delayed neutrons, with the correct relative error for
each computer run.

Monte Carlo Delayed-Neutron Calculations

The MCNP code is currently in use at Los Alamos to provide neutron cal-
culations for the design and development of nondestructive delayed-neutron
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measurement systems for process monitoring, material assay, and safeguards
applications. Calculations enable parameter studies to be obtained on cate-
gories of materials that would be expensive and difficult to obtain if exper-
iments had to be performed. The effects of various materials on the per-
formance of a measurement system can be determined with calculations prior
to design and construction of the instrument. Several examples of calcula-
tional data used to specify instrument design and to study the performance
of a system are described below.

Neutron detectors used in assay instruments generally consist of one or
more cylindrical tubes imbedded in a hydrogeneous moderating medium such as
polyethylene. These tubes are often cylindrical tubes that are filled with
helium-3 gas and surround the material to be measured. Neutrons emitted from
the sample interact in the polyethylene and slow down to near thermal ener-
gies by the time they reach the detector. The absorption cross section of
helium-3 varies as 1/v and becomes large at low energies, producing increased
detection efficiencies when counters are moderated. Therefore delayed-neu-
tron measurement systems contain polyethylene moderators surrounding the de-
tectors to increase their efficiencies, and the amount of material used is
often based on calculations. Because the detection efficiency is sensitive
to the quantity of polyethylene, the moderator-detector design can be opti-
mized by accurate neutron transport calculations. Benchmark testing of the
MCNP code was accomplished by comparing measured helium-3 detection rates
from a calibrated californium spontaneous-fission neutron source to calcu-
lated rates corresponding to a modeled geometry identical to the experimental
system.[19] The results of this comparison indicated demonstrated agreement
between the calculations and the experiments for quantities of polyethylene
corresponding to the thicknesses used in assay instruments.

Dslayed-neutron measurements on spent fuels are complicated by a large
background of prompt neutrons resulting from spontaneous fission of curium
isotopes,> Because delayed neutrons have a softer spectrum than prompt neu-
trons, it is possible to select a thickness of polyethylene surrounding the
detector ring to enhance delayed- to prompt-neutron moderation and optimize
the counting efficiency of delayed-to-prompt events. If no prompt-neutron
background exists, the quantity of moderator should be increased to give the
maximum delayed-neutron detection efficiency and provide the highest count
rate. Imposing a prompt-neutron background requires selecting the polyeth-
ylene thickness to emphasize differences in moderation and detection effi-
ciencies; if the polyethylene thickness is selected properly, the relative
variance of a measurement (cr£) for a given count time will be minimum. For
the case of spent-fuel measurements, where the prompt-neutron background dom-
inates the delayed-neutron signal,, the relative variance can be expressed as

9 h
ar % K "7 »

s

where ê , and es are the calculated or measured detection efficiencies for the
prompt-neucron background and the delayed-neutron signal emitted by the sam-
ple. The quantity of polyethylene on the front and oack surfaces of the de-
tector ring should minimize the variance. Figure 4 is a plot showing the
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variation in Gt for various polyethylene thicknesses surrounding a detector
ring.[20]

Delayed-Neutron Assay Instrument Design

Recently, a dual-assay scanning instrument called the Shuffler was de-
signed to measure the uranium content in high-enriched spent fuels and radio-
active waste solids. Fuel and waste materials were not available for experi-
ments, and design of this system was based on delayed-neutron calculations
using the MCNP code.[20] The Shuffler measurement procedure consists of
lowering nuclear material through the instrument for a background measurement
followed by an active-neutron interrogation as the material is lifted from
the instrument. The delayed-neutron interrogation process consists of moving
a 252(;f spontaneous-fission neutron source from a storage position to an
irradiation location near the material. Following irradiation, the source
is returned to storage, and the delayed neutrons, produced as a result of
uranium fissions induced by the 252cf source, are counted. This measurement
cycle is repeated continually until the material is lifted from the measure-
ment region of the instrument. Based on the measured response and a calibra-
tion curve obtained from known standards, a value for the 235u content of the
sample is computed.

A three-dimensional geometry model and material components in the assay
system were constructed for MCNP code input. Material cross sections were
obtained from the ENDF/B libraries. Initial design calculations were used
to select the number of helium-3 detectors, determine measurement efficien-
cies, and find suitable materials to reflect the neutrons from the califor-
nium source to maximize fission rates. Uranium in the samples was specified
to be high enriched, and the Shuffler was designed to maintain high-energy
neutrons to improve penetrability of source neutrons into the sample. Fis-
sion rates and delayed-neutron detection rates, Fig. 5, were calculated from
a series of computer runs for samples containing between 0 and 500 g of 235y
in the 26 000-g waste canisters. Combining these data into scanning calcula-
tions permitted the relative assay variance of the instrument to be deter-
mined from counting statistics for various backgrounds and californium source
strengths. Construction of the instrument and development of waste standards
to be used in check-out of the instrument followed the design calculations.
Expsrimental data confirmed the calculated values, showing a measured linear
delayed-ne tron response as a function of uranium content in the waste sam-
ples.[21]

Continuing Need for Delayed-Neutron Information

The time-decay structure of delayed neutrons is important to reactor
dynamic calculations. Current and planned developments for assay of light-
water-reactor spent fuels to determine the relative quantities of fissile
isotopes will require a combination of prompt- and delayed-neutron measure-
ments. Information on the yields of delayed neutrons from each isotope will
be necessary for these developments. Reactivity calculations using space-
dependent nuclear dynamics codes to study reactor safety, control, and system
design problems require delayed-neutron information. During the exposure of
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an assembly in a power reactor, the uranium fuel is depleted and the, pluto-
niua increases. As isotopes are produced and consumed, the delayed-neutron
parameters will be needed to account for the fuel exposure input to calcula-
tions. A continuing need exists for accurate and complete delayed-neutron
information for all fissioning isotopes.
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Fig. 1. Uranium-235 delayed-neutron precursor buildup and
decay for five cycles, each containing a 6-s irradiation
and a 6-s counting period.
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Fig. 2. Principal fissile isotopes in a pressurized-
water-reactor fuel assembly as a function of exposure.
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Fig. 3. The effective delayed-neutron fraction as a func-
tion of fuel exposure with and without

Fig. 4. Relative delayed-neutron standard devi-
ation vs polyethylene thickness for calculated
delayed-neutron signal and prompt-neutron back-
ground efficiencies.
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PROMPT FISSION NEUTRON SPECTRA AND
AVERAGE PROMPT NEUTRON MULTIPLICITIES
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ABSTRACT

We present a new method for calculating the prompt fission
neutron spectrum N(E) and average prompt neutron multiplicity v
as functions of the fissioning nucleus and its excitation energy?
The method is based on standard nuclear evaporation theory and
takes into account (1) the motion of the fission fragments, (2)
the distribution of fission-fragment residual nuclear temperature,
(3) the energy dependence of the cross section a for the inverse
process of compound-nucleus formation, and (4) tne possibility of
multiple-chance fission. We use a triangular distribution in re-
sidual nuclear temperature based on the Fermi-gas model. This
leads to closed expressions for N(E) and v when a is assumed
constant and readily computed quadratures wnen the energy depen-
dence of a is determined irom an optical model. Neutron spectra
and average multiplicities calculated with an energy-dependent
cross section agree well with experimental data for the neutron-
induced fission of 235U and the spontaneous fission of 252Cf. For
the latter case, there are some significant inconsistencies be-
tween the experimental spectra that need to be resolved.

I. INTRODUCTION

The prompt fission neutron spectrum N(E) and average prompt neutron
multiplicity v are required in the analysis of many types of fission meas-
urements and in the design of nuclear reactors as well as in many other
applications. For these purposes, N(E) is usually represented by a
Maxwellian or Watt spectrum, with parameters determined from adjustments to
experimental data, and V is also usually obtained experimentally [1]. Such
approaches cannot be us^d to predict N(E) and v for fissioning nuclei or
excitation energies that have not been studied experimentally. Also, because
they neglect several important physical effects, these approaches must fail
beyond certain levels of precision.
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The importance of a more fundamental calculation of the prompt fission
neutron spectrum N(E) has been recognized recently, and several calculations
based on conventional nuclear theory have been performed. Browne and
Dietrich [2] and Batenkov et al. [3] have used Hauser-Feshbach theory to
calculate N(E) for the spontaneous fission of 252Cf. While removing the de-
ficiencies inherent in the Maxwellian and Watt spectra, these approaches are
sufficiently complicated that they are difficult to apply to a variety of
fissioning nuclei and excitation energies. In another study for the spon-
taneous fission of 252Cf, Marten et al. [4] used a complex cascade evap-
oratation model to calculate N(E). A similar evaporation model has been
used by Hu and Wang [5] to calculate N(E) and v for neutron-induced fis-
sion. P

With the goal of incorporating the relevant physical effects yet re-
taining sufficient simplicity to facilitate its practical application, we
have also developed a new method for calculating the prompt fission neutron
spectrum N(E) and average prompt neutron multiplicity V [6,7]. As illus-
trated in Sec. II, our method predicts N(E) and V as functions of the fis-
sioning nucleus and its excitation energy, taking into account multiple-
chance fission when it becomes energetically possible. Some comparisons
with experimental data are made in Sec. Ill for the neutron-induced fission
of 235U and in Sec. IV for the spontaneous fission of 2S2Cf. Because of the
importance of the latter reaction as a standard, we perform least-squares
adjustments of Maxwellian spectra and our present spectra to some recent
experimental spectra for the spontaneous fission of 252Cf. This uncovers
some significant inconsistencies between the experimental spectra that need
to be resolved. Our conclusions are presented in Sec. V.

II. SUMMARY OF NEW THEORY

We use standard nuclear evaporation theory to calculate the prompt
fission neutron spectrum and the average prompt neutron multiplicity as
functions of the fissioning nucleus and its excitation energy, for spontane-
ous as well as neutron-induced fission. We take into account the motion of
the fission fragments from which the neutrons are emitted, the distribution
of fission-fragment residual nuclear temperature resulting from fragment
cooling as neutrons are emitted, the energy dependence of the cross section
for the inverse process of compound-nucleus formation, and the effects of
and competition between multiple-chance fission processes. In this section
we present a summary of our approach, but refer the reader to Refs. [6] and
[7] for a complete description.

A. Calculation of Prompt Fission Neutron Spectra

We calculate the neutron energy spectrum in the center-of-mass system
of a given fission fragment and then transform to the laboratory system.
The center-of-mass neutron energy spectrum corresponding to a fixed residual
nuclear temperature T is given approximately by [8,9]

= k(T)ac(e) e exp(-e/T) , (1)
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where e is the center-of-mass neutron energy, o (e) is the cross section for
the inverse process of compound-nucleus formation, and k(T) is the tempera-
ture-dependent normalization constant given by

-1
k(T) = U a (e) e exp(-e/T)de] 1 . (2)

0 c

The prompt fission neutron spectrum depends strongly on the distribu-
tion of fission-fragment excitation energy E* and only weakly on the distri-
butions of fission-fragment mass and kinetic energy. The initial distribu-
tion of total fission-fragment excitation energy is approximately Gaussian
in shape, with a total average value that is given by

<E*> = < E > + B + E - <E^ o t > . ( 3 )

Here, <E > is the average energy release, B and E are the separation and
kinetic energies of the neutron inducing fission, and <Ef > is the total
average fission-fragment kinetic energy. For spontaneous fission, both B
and E in Eq. (3) are zero. n

Starting with an initial distribution of fission-fragment excitation
energy obtained from experimental distributions of fission-fragment kinetic
energy and neutron number, Terrell [10] obtained the distribution P(T) of
fission-fragment residual nuclear temperature by use of the Fermi gas model,
where the excitation energy E* is related to the nuclear temperature T and
the nuclear level-density parameter a by E* = aT2. Terrell observed that
P(T) could be approximated by the triangular distribution

!

2T/T^ , T ^

0 , T >

^ T
P(T) = { '" "" (4)

T ,

where the maximum temperature T is related to the initial total average
fission-fragment excitation energy <E*> approximately by

T = (<E*>/a)1/2 . (5)
m

Equations (1) and (4) form the basis of our calculation of the prompt fis-
sion neutron spectrum. We consider two cases in calculating the spectrum.

In the first case, the cross section for the inverse process of com-
pound-nucleus formation is assumed constant, which leads to a closed expres-
sion for the spectrum. The integral of this spectrum over an arbitrary fi-
nite energy range is also of closed form, which has important practical sig-
nificance. In the second case, the energy dependence of the cross section
for the inverse process of compound-nucleus formation is explicitly taken
into account by use of an optical model. This spectrum is obtained by numer-
ical integration and is a more accurate spectrum than that of the first case.
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1. Constant Compound-Nucleus Cross Section

If the compound-nucleus cross section has a constant value a , the nor-
malization integral k(T) has the value l/(a T 2). The neutron energy spec-
trum in the center-of-mass system of a fission fragment is then obtained by
integrating Eq. (1) over the triangular temperature distribution given by
Eq. (4). This yields

T

*(e) = / <Ke)P(T)dT = % \ exP<Ts/T)dT = ^f E. (e/T )
0 -T J0 1

m m

(6)

where E..(x) is the exponential integral [11J. This result has been obtained
previously by Kapoor et al. [12]. Although <J>(e) itself is given in terms of
an exponential integral, the moments <e > of this distribution can all be
evaluated simply by interchanging the order of integration, which leads to

T» . (7)

In particular, the mean energy and mean-square energy are given by

and

= f Tm (8)

<e2> = 3T2 . (9)
m

We transform the spectrum given by Eq. (6) from the center-of-mass
system of a fission fragment to the laboratory system, under the assumption
that the neutrons are emitted isotropically from a fission fragment moving
with average kinetic energy per nucleon E-. This is accomplished by use of
the general result [10,13]

N(E,Ef) = - L - f *fel 6s , (10)

where E is the laboratory neutron energy. Upon inserting Eq. (6) and inter-
changing the order of integration, we obtain for the laboratory prompt fis-
sion neutron energy spectrum of one of the fragments
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N(E,E,) = —l- [u^E.Cu.) - uf % M + V(l,u,) " YCl.u,)], (11)

where

m

and y(a,x) is the incomplete gamma function [14]. This spectrum can be cal-
culated readily on a modern computer, as both the exponential integral and
the incomplete gamma function are usually standard library functions. For
applied purposes we present in Ref. [6] a closed-form expression for the
integral of Eq. (11) over an arbitrary energy interval.

From conservation of momentum it follows that the average kinetic en-
ergy per nucleon of the light fragment is given by

where <Ef > is the total average fission-fragment kinetic energy, A is the
mass number of the compound nucleus undergoing fission, and A, and A,, are
the average mass numbers of the light and heavy fragments, respectively.
Similarly, the average kinetic energy per nucleon of the heavy fragment is

AI

For the fission of actinide nuclei, the average numbers of neutrons
emitted from the average light and heavy fragments are approximately equal
[1,15]. Accordingly, we equate the prompt fission neutron spectrum to the
average of the spectra calculated for the light and heavy fragments. The
laboratory prompt fission neutron energy spectrum N(E) is therefore written
as

N(E) = | [N(E,E^) + N(E,E")]. (14)

The mean and aaan-square energies for this spectrum are given by

= \ (EJ + Ej) + | T\ 05)
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and

<E2> = \ [(E^)2 + (E^)2] + ^| (E* + E^)Tm + 3T
2 . (16)

We now discuss some illustrative examples of the laboratory prompt
fission neutron spectrum given by Eq. (14). In these examples, as well as
in all others given in Sec. II, we use values of the constants as determined
in Ref, [6].

The spectrum calculated from Eq. (14) is shown by the solid curve in
Fig. 1 for the fission of 2 3 5U induced by 0.53-MeV neutrons. This reaction
is chosen because of the existence of recent experimental data on the prompt
fission neutron spectrum [16]. The dashed curve in Fig. 1 shows the Watt
spectrum that is obtained by approximating 4>(e) by a center-of-mass Maxwel-
lian spectrum and by using the same average kinetic energy per nucleon E_,
from the average of Eqs. (12) and (13), for both the light and heavy frag-
ments. Transformation to the laboratory system by use of Eq. (10) yields

exp(-E /T ) .
N(E) = iyyf sinh[2(EfE)

i/Z/Tu]exp(-E/T ) , (17)
(7tEfV

where the effective Watt temperature Ty is given by (8/9)T . By construc-
tion, the mean laboratory neutron energy for this spectrum is equal to that
given by Eq. (15) for the exact spectrum.

The dot-dashed curve in Fig. 1 shows the laboratory Maxwellian spectrum

2VE~exp(-E/T )
N(E) = ^—S , (18)

T TT

where the effective Maxweliian temperature [(l/3)(Ef + Ef) + (8/9)T ] is de-
termined by requiring that the mean laboratory neutron energy of tEis spec-
trum be equal to that given by Eq. (15) for the exact spectrum.

As can be seen more clearly in Fig. 2, where we plot the ratio of these
two approximations to the exact spectrum, the Watt spectrum is accurate to
within a few per cent for laboratory neutron energies between 0 and ~ 7 MeV.
For higher energies, the Watt spectrum is smaller than the exact spectrum
because the Watt temperature T, is smaller than the maximum temperature T .
In practice, the Watt spectrum is usually increased at high energies to Let-
ter reproduce experimental data there by increasing T w and decreasing E f to
values that are somewhat unphysical.

The Maxweliian spectrum, which neglects the motion of the fission frag-
ments from which the neutrons are emitted, is a less accurate approximation.
The Maxwellian spectrum is larger than the exact spectrum for laboratory
neutron energies between 0 and ~ 1 MeV, whereas it is smaller for energies
between ~ 1 and 5 MeV. For higher energies it is larger than the exact
spectrum because the Maxwellian temperature T,., which must account for the
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motion of the fission fragments as well as the center-of-mass motion of the
neutrons, is larger than the maximum temperature T . In practice, the
Maxwellian spectrum is usually decreased at high energies to better repro-
duce experimental data there by decreasing TM- To preserve the normaliza-
tion, this simultaneously increases the spectrum somewhat at lower energies.

The spurious enhancement of the Maxwellian spectrum for energies below
~ 1 MeV ironically accounts for part of its popularity in practice. As
shown in Sec. II.A.2, the energy dependence of the compound nucleus cross
section a increases the spectrum at low energies relative to that calcu-
lated for a constant cross section. For the wrong physical reason, the
Maxwellian spectrum reproduces this increase at low neutron energies some-
what better than do other spectra calculated for a constant cross section.

Our approach provides definite predictions concerning the dependence of
the spectrum on both the fissioning nucleus and the kinetic energy of the
neutron inducing fission. Figure 3 shows how the spectrum increases at high
energy and decreases at low energy as the charge of the fissioning nucleus
increases, for thermal-neutron-induced fission. Figure 4 shows how the
spectrum increases at high energy and decreases at low energy as the kinetic
energy of the incident neutron increases, for the first-chance fission of
235U. As discussed in Sec. II.C, the inclusion of multiple-chance fission
processes at high incident neutron energy decreases the spectrum at high
energy relative to that calculated for first-chance fission.

2. Energy-Dependent Compound-Nucleus Cross Section

When the energy dependence of the cross section a (e) for the inverse
process of compound nucleus formation is taken into account, the neutron
energy spectrum in the center-of-mass system of a fission fragment is again
obtained by integrating Eq. (1) over the triangular temperature distribution
given by Eq. (4). We obtain

2a (e)e f m^ J fJ
O

f
*(e,O = — ^ J k(T)T exp(-e/T)dT . (19)

TOm

The neutron energy spectrum N(E,Ef) in the laboratory system for a fis-
sion fragment moving with average kinetic energy per nucleon E f is obtained
by inserting this result into Eq. (10). ' This yields

T
1 C f

N(E,E ,a ) = I a (e)Vede / k(T)T exp(-e/T)dT . (20)

The center-of-mass neutron energy spectrum $(£) is obtained by eval-
uating EIJ. (19) for neutron emission from the light L and heavy H average
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fission fragments and averaging the results in accordance with the discussion
preceding Eq. (14), namely

*(e) = | [*(e,aL) + 4>(e,aH)] . (21)
2 ' c c

The center-of-mass energy moments of this spectrum, <e >, are given by

00

<en> = / en*(e)de . (22)
0

The laboratory prompt fission neutron spectrum is obtained by evaluat-
ing Eq. (20) for both light L and heavy H average fission fragments and
averaging the results, namely

N(E) = | [N(E,E*;,o£) + N(E,Ej,oJ)J . (23)

The laboratory energy moments <En> of this spectrum are given by

00

<En> = / EnN(E)dE . (24)

235
Considering again the fission of U induced by 0.53-MeV neutrons, we

illustrate in Figs. 5 and 6 the laboratory prompt neutron energy spectrum
calculated from Eq. (23) using energy-dependent compound-nucleus cross
sections a (e). Results are shown and compared to the constant cross sec-
tion result for three choices [17-19] of the optical model potential used to
calculate a (s). The potentials are utilized in Eq. (23) by calculating
a (E) for neutrons incident on the central fragment of both the light and
heavy average fragment groups, in the present case 96Sr and 140Xe.

Inspection of the figures shows that the energy-dependent cross sec-
tions soften the laboratory spectrum above ~ 2 MeV and harden it below,
relative to that calculated for a constant cross section. Also, a broad
peak with a maximum enhancement of ~ 10% exists in the energy-dependent
cross.-section calculation relative to that for a constant cross section.
Thus, the effect of the energy-dependent cross sections is to change the
shape of the calculated spectrum in such a way as to increase the probabil-
ity for emission of low-energy neutrons and to decrease the probability for
emission of high-energy neutrons. Correspondingly, the energy moments
calculated with Eqs. (22) and (24), for energy-dependent cross sections, are
smaller than those calculated with Eqs. (7) and (15-16), for constant cross
sections. Finally, we note from Fig. 6 that detailed comparisons of experi-
ment and theory in the high-energy tail of the spectrum require use of an
optical potential based on relatively high-energy neutron-scattering data in
order to draw meaningful conclusions. Of the three potentials presented
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here, that of Becchetti and Greenless [17] best meets this requirement. We
therefore use this potential in the remainder of the present work.

B. Calculation of Average Prompt Neutron Multiplicities

The excitation energy of fission fragments is dissipated primarily by
prompt neutron emission and to a lesser extent by prompt gamma emission in
cascade de-excitation processes. The average prompt neutron multiplicity V
is the average total number of prompt neutrons emitted per fission from all
contributing cascades. As in the case of the prompt fission neutron spec-
trum N(E), we calculate V as a function of both the fissioning nucleus and
its excitation energy. ^

The total average fission-fragment excitation energy <E*> is by energy
conservation equal to the product of the average prompt neutron multiplicity
V and the average energy removed per emitted neutron <r|> plus the total av-
erage prompt gamma energy <E ° >. Thus,

<E*> = V <n> + <E^Ot> . (25)

The average energy removed per emitted neutron <{]> has been studied by
Terrell [20] and is represented reasonably well by the sum of the average
fission-fragment neutron separation energy <S > and the average center-of-
inass energy of the emitted neutrons <s>. Thus,

= <s > + <e> . (26)

Combining Eqs. (25) and (26) and solving for V yields

<E*> - <EtOt>

\ = <Sn> + <e> ' (27)

In this equation the total average fission-fragment excitation energy
<E*> is already known as a function of the fissioning nucleus and its exci-
tation energy and is given by Eq. (3). Similarly, the average center-of-
mass energy of the emitted neutrons <£> is identical to the mean energy of
the center-of-mass prompt fission neutron spectrum *(e) and is also known as
a function of both the fissioning nucleus and its excitation energy. For
the case of a constant compound nucleus cross section, <£> is given by Eq.
(8), and for the case of an energy-dependent compound nucleus cross section,
<e> is given by Eq. (22).

We obtain the explicit expression for the average prompt neutron multi-
plicity V by inserting Eq. (3) into Eq. (27), which yields finally

<E > + B + E - <E^ot> - <Etot>

1 S 5 I 1 . (28)
<S > + <e> K J

a
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This equation is valid for neutron-induced first-chance fission and spon-
taneous fission, in which case E and B are set equal to zero. In addi-
tion, the various terms of the11 average prompt neutron multiplicity for
neutron-induced multiple-chance fission, to be discussed next, are con-
structed using this expression for first-chance fission. In Sees. Ill and
IV we will compare experimental and calculated average prompt neutron multi-
plicities.

C. Multiple-Chance Fission

At incident neutron energies above ~ 6 MeV the excitation energy of the
compound nucleus is sufficiently large that fission is possible following
the emission of one or more neutrons. Consequently, Eqs. (14) or (23) for
the prompt_neutron spectrum N(E) and Eq. (28) for the average neutron mul-
tiplicity V must be solved for successive fissioning compound nuclei that
occur in the competing multiple-chance fission reactions. The final expres-
sions for N(E) and v are then obtained by combining the contributions from
the individual competing reactions in proportion to their corresponding
probabilities of -currence. We present here the final equations for N(E)
and v for the -̂ ..ects of and competition between multiple-chance fission
processes up through third-chance fission and refer the reader to Ref. [6]
for a complete derivation of these equations. We then illustrate these
effects for the neutron-induced multiple-chance fission of 235U.

The prompt fission neutron spectrum for neutron-induced multiple-
chance fission is obtained by construction, using the expression for the
prompt fission neutron spectrum N(E) due to first-chance fission, the ex-
pression for the evaporation spectrum <|>(E) due to neutron emission prior to
fission, and the multiple-chance fission probabilities P-.. The total
prompt fission neutron spectrum due to first-, second-, ana third-chance
fission events is given in the laboratory system by

N(E) = { pj v N (E) + P* [<j> (E) + V N (E)]
II pl x r2 l P2 4

[(ME) + <|>_(E) + vn N_(E)]}/[P^ 5
r3 P3 1 Pl

+ P^ (1 + v ) + P^ (2 + \J )] , (29)
r2 P2 X3 P3

where E is the energy of the emitted neutron and A is the mass number of the
fissioning compound nucleus. The first term of this equation is the first-
chance fission component; the second and third terms are the second-chance
fission component; and the fourth, fifth, and sixth terms are the third-
chance fission component of the spectrum. The spectrum constructed in this
way gives unit normalization when integrated from zero to infinity.
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When Eq. (29) is evaluated as a function of incident neutron energy E ,
one obtains the prompt fission neutron spectrum matrix N(E,E ). This matrix
is illustrated in Figs. 7 and 8 for the neutron-induced fission of 2 3 5U up
through third-chance fission. In Fig. 8 the ratio matrix R(E,E ) = N(E,E )/
N(E,O) is illustrated to enhance fine details of the matrix. These figures
clearly illustrate the dependence of the matrix upon the incident neutron
energy E particularly in the tail region corresponding to high secondary
neutron energy E, where the matrix generally becomes harder with increasing
E . As E increases beyond about 6 MeV, the tail region softens somewhat
because part of the nuclear excitation energy is dissipated by the emission
of a neutron prior to fission. This softening is observed again just beyond
13 MeV where the threshold for the emission of two neutrons prior to fission
occurs.

We also obtain the average prompt neutron multiplicity for neutron-in-
duced multiple-chance fission by construction, using the expression for the
average prompt neutron multiplicity V due to first-chance fission and the
multiple-chance fission probabilities ^P... The total average prompt neutron
multiplicity due to first-, second-, and third-chance fission events is
given by

5 - [P£ vn + P* (1 + 5 ) + P* (2 + 5 )]/(pJ + P̂  + P* ) . (30)
p t P J p r p i r r

III. SOME COMPARISONS WITH EXPERIMENT FOR THE NEUTRON-INDUCED FISSION OF J 0

In this section we compare our calculations to some experimental re-
sults for the neutron-induced fission of 235U. In our calculations we use
values of the constants as determined in Ref. {6].

We first compare the spectra calculated for both a constant compound-
nucleus cross section a and an energy-dependent cross section o (e) with
the experimental spectrum measured by Johansson and Holmqvist [16] for
0.53-MeV neutrons incident on 235U. The comparisons are shown in Figs. 9
and 10. Figure 9 shows that both of the calculated spectra agree well with
experiment although there is a clear preference for the energy-dependent
cross-section calculation in the tail region of the spectrum above ~ 3 MeV.
This preference can be seen more clearly in Fig. 10 where the ratios to the
constant cross-section calculation are plotted. This figure shows conclu-
sively that the energy-dependent cross-section calculation is the physically
preferred spectrum.

Second, we compare the calculated average prompt neutron multiplicity
with experiment for the neutron-induced fission of 235U for incident neutron
energies ranging from thermal energy to 15 MeV. We compare the experimental
data with two different calculations. The first calculation, shown by the
dashed curve in Fig. 11, assumes that first-chance fission only is occurring
[Eq. (28)], whereas the second and more realistic calculation, shown by the
solid curve, includes the effects of first-, second-, and third-chance fis-
sion [Eq. (30)]. In the first-chance fission region the two calculations
are of course identical and agree well with experiment, although discrepan-
cies as large as 3% occur near 5-MeV incident neutron energy. The multiple-
chance fission calculation introduces a smooth upward step at the second-

- 433 -



chance fission threshold near 5.5 MeV and a very slight drop at the third-
chance fission threshold near 12 MeV, relative to the smoother first-chance
fission calculation. It appears therefore, for 235U fission, that multiple-
chance fission processes introduce only slight corrections to the calcula-
tion based on first-chance fission.

IV. PROMPT FISSION NEUTRON SPECTRUM AND AVERAGE PROMPT NEUTRON
MULTIPLICITY FOR THE 252Cf(sf) STANDARD REACTION

We now turn our attention to the prompt fission neutron spectrum and
average prompt neutron multiplicity for the spontaneous fission of 252Cf.
These are very important quantities as they are used as standards in many
neutron physics measurements and in many areas in applied programs. There-
fore, we use our energy-dependent cross-section calculation here [Eq. (23)].
We have already reported our preliminary studies on 252Cf at the 1982 Antwerp
meeting in Ref. [7] and in this section we summarize our progress since that
meeting.

As in Ref. [7], we take two important new steps to calculate N(E) and
v for the 252Cf(sf) reaction. The first of these is that we perform a com-
plete integration for the average energy release in fission <E > without ap-
proximation instead of using our normal seven-point approximation. In so
doing, we obtain mass values from the new 1981 Wapstra-Bos mass evaluation
[21] when they exist and otherwise from the new macroscopic-microscopic mass
formula of Moller and Nix [22]. The second step is that we perform a least-
squares adjustment of our calculated spectrum to a well-measured experimen-
tal spectrum in order to determine the value of the nuclear level-density
parameter a that enters our calculations of N(E) and V through Eq. (5). A
least-squares adjustment is performed because we wish^tc obtain the most
accurate representations of the physical spectrum and physical neutron mul-
tiplicity as is possible. We do so with respect to the nuclear level-
density parameter because it is the least well-known parameter that enters
our formalism. The average neutron multiplicity is not included in the
least-squares adjustment because it depends only weakly on the nuclear level
density, as shown by Eq. (28).

We perform the least-squares adjustments with respect to two recent
measurements of the spectrum. The first of these is the measurement of
Boldeman et al. [23], experiment no. 7, final data analysis [24], and the
second is the measurement of Poenitz and Tamura [25,26]. Our results are
given in Figs. 12-15 and in Tables I and II, where they are compared with
the two experimental measurements as well as with the results of least-
squares adjustments that we have performed with respect to the temperature
TM of a Maxwellian spectrum.

Considering first our results for the measurement of Boldeman et al.
[23,24], shown in Figs. 12 and 13 and tabulated in Col. 1 of Tables I and
II, we find that a Maxwellian spectrum with temperature Tj, = 1.426 MeV gives
a better value of Xj?- than does o u r energy-dependent cross-section calcula-
tion with temperature T = 1.124 MeV. The values of x2- are 1.175 and
3.529, respectively. Inspection of Fig. 13 indicates tlial? the difference
between the two x2 • values is due largely to contributions to x2 from the
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region 800 keV to about 1.1 MeV, where the Maxwellian spectrum is everywhere
in better agreement with experiment than our calculated spectrum.

Considering second our results for the measurement of Poenitz and
Tamura [25,26], shown in Figs. 14 and 15 and tabulated in Col. 2 of Tables I
and II, we find that our energy-dependent cross-section calculation with
temperature T = 1.094 MeV gives a better value of x2- than does a Maxwel-
lian spectrummwith temperature TM = 1.429 MeV. In tBis case, the values of
X?. are 0.552 and 1.201, respectively. Inspection of Fig. 15 indicates
tnat the difference between the two x2- values is not due to the preference
of our calculated spectrum in a specific energy region, as is the case for
the Maxwellian spectrum preference with the Boldeman et al. experiment, but
is instead due to uniformly better agreement with the experiment over most
of the experimental range.

Thus, we see that the two spectrum measurements are inconsistent with
each other and that these inconsistencies, although slight, are significant
because they lead to different conclusions as to what the shape and energy
moments of the real physical spectrum are. Therefore, additional existing
or new experimental measurements of this spectrum are required to determine
exactly the prompt fission neutron spectrum for the 252Cf(sf) standard reac-
tion.

In closing, we note that our calculated values of V appearing in Table
II are quite close to the experimental values of 3.757 ± 0.009, obtained
from the measurements of Amiel [27] and Smith [28], and 3.773 ± 0.007,
obtained by Spencer et al. [29].

V. CONCLUSIONS

We have formulated a new method for the calculation of the prompt fis-
sion neutron spectrum N(E) and the average prompt neutron multiplicity V
that incorporates the known relevant physical effects and is sufficiently
simple that it can be used in most applications. Our calculations agree
well with experiment and, where measurements do not exist or are not pos-
sible, we are able to provide calculations of N(E) and v as functions of
the fissioning nucleus and its excitation energy. In cases requiring maxi-
mum accuracy, our approach lends itself to least-squares adjustments of the
spectrum with respect to the nuclear level-density parameter. In the case
of the 252Cf(sf) standard reaction we have demonstrated small, but very sig-
nificant, inconsistencies between two measurements of the spectrum that pre-
vent definitive conclusions on the physical shape of the spectrum and the
values of the spectrum energy moments.
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TABLE I

Least-Squares Adjustments of Maxwellian Spectra
for the Spontaneous Fission of 252Cf

Quantity

Number of data points

Energy range of experiment (MeV)

Fraction of theoretical
spectrum (%)

TM (MeV)

<E> (MeV)

<E2> (MeV2)

Experimental
Boldeman et al.

95

0.801-14.239

77.13

1.426

2.139

7.626

1.175

Spectrum ,
Poenitz and Tamura

51
0.225-9.800

95.39

1.429

2.144

7.658

1.201

TABLE II

Least-Squares Adjustments of Present Energy-Dependent Cross-Section
Spectra for the Spontaneous Fission of 252Cf

Quantity Experimental Spectrum ,

Boldeman et al. Poenitz and Tamura

Number of data points

Energy range of experiment (MeV)
Fraction of theoretical
spectrum (%)

a (1/MeV)

Tm (MeV)

<E> (MeV)

<E2> (MeV)

V
J

aRefs. [23] and[24]
bRefs. [25] and [26]

95
0.801-14.239

78.80

A/9.65

1.124

2.171

7.637

3.789

3.529

51
0.225-9.800

95.99

A/9.15

1.094

2.134

7.364

3.810

0.552
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Fig. 1. Prompt fission neutron spectrum in the laboratory system for the
fission of 23SU induced by 0.53-MeV neutrons. The solid curve gives the
present spectrum calculated from Eq. (14); the dashed curve gives the Watt
spectrum calculated from Eq. (17); and the dot-dashed curve gives the Max-
wellian spectrum calculated from Eq. (18). The mean laboratory neutron
energies of the three spectra are identical.
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Fig. 2. Ratio of Watt spectrum and the Maxwellian spectrum to the present
spectrum, corresponding to the curves shown in Fig. 1.
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Fig. 3. Dependence of the prompt fission, neutron spectrum on the fissioning
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Fig. 4. Dependence of the prompt fission neutron spectrum on the kinetic
energy of the incident neutron for the fission of 23SU. For the 7-MeV and
14-MeV cases, the spectra are calculated for first-chance fission only.
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1.5

O

03

0.5

a35U 4 n(0.53 MeV)

oc(e) Becchetti-Greenlees potential
CTC(C) Wilmore-Hodgson potential
o-c(e) Moldauer potential

Iff" iff1 itf id
Laboratory Neutron Energy E (MeV)

Fig. 6. Ratio of the spectra calculated using different optical model
potentials to generate a (e) to the spectrum calculated with a - constant,
corresponding to the curves shown in Fig. 5. c

- 441 -



10.0
b« (MeV)

5.0
0.0

Fig. 7. Prompt fission neutron spectrum matrix N(E,E ) for the neutron-in
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fl. 8. Prompt fission neutron spectrum ratio natrix R(E,E ) = N(E,E )/
N(E,O) corresponding to the matrix shown in Fig. 7.
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Fig. 9. Prompt fission neutron spectrum in the laboratory system for the
fission of 235U induced by 0.53-MeV neutrons. The dashed curve gives the
spectrum calculated with Eq. (14) for a constant cross section, whereas the
solid curve gives the spectrum calculated with Eq. (23) for energy-dependent
cross sections. The experimental data are those of Johansson and Holmqvist
[16].
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Fig. 12. Prompt fission neutron spectrum in the laboratory system for the
spontaneous fission of 2S2Cf. The dashed curve gives the least-squares
adjusted Maxwellian spectrum calculated with Eq. (18) and the solid curve
gives the least-squares adjusted energy-dependent cross-section spectrum
calculated with Eq. (23). The experimental data are those of Boldeman et
al. [23] and Boldeman [24], experiment 7, final data.
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NEUTRON RESONANCES IN NUCLIDES FAR FROM STABILITY
VIA ENERGY SPECTRA OF BETA-DELAYED NEUTRONS

D. D. Clark, R. D. McElroy, T.-R. Yeh
Cornell University, Ithaca, NY 14853

R. E. Chrien, R. L. Gill
Brookhaven National Laboratory, Upton, NY 11973

ABSTRACT

Recent results are reported on high-resolution neutron energy
spectra below 100 keV for the precursors Rb-95 and Rb-97 taken
with an improved time-of-flight system at the TRISTAN separator.
A preliminary value of 300 ± 40 eV is deduced for the natural
width of the 14-keV resonance In Rb-95. The long terra goals of
the program are discussed.

INTRODUCTION

This report gives some recent results on the measurement and interpreta-
tion of high-resolution energy spectra of 1 - 100 keV delayed neutrons from
mass-separated fission products using the on-line separator TRISTAN at Brook-
haven National Laboratory. The technique is time-of-flight and interpreta-
tion is principally in terms of resonance parameters of neutron-emitting
levels. The goal of the project can be described by quoting from a paper [1]
presented at the Antwerp (September 1982) nuclear data conference in which
results from an earlier stage of the project were reported:

"Quite apart from the practical value of data on fission-product delayed
neutrons for reactor applications, the phenomenon affords unique empiri-
cal clues to neutron cross sections of far-unstable nuclides, including
even cross sections of nuclei in excited states. The key point is to
exploit the inverse relationship between neutron emission and absorption
by compound-nuclear levels above the neutron binding energy.... One pur-
pose is to provide spectra to lower energies than previously observed,
but the major motivation is to explore the feasibility of obtaining data
of sufficient quality and quantity to allow construction of empirically
based cross sections for very neutron-rich nuclides. Such cross sections
are of interest for astrophysics and for nuclear theory."
These cross sections may in some cases be dominated by individual isola-

ted resonances and in otheismay be viewed as averages over a number of
closely spaced resonances. In either case, delayed neutron energy spectra
are a unique source of data for constructing cross sections for nuclides that
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are completely inaccessible to direct measurement. Enthusiastic interest-has
been expressed by W. A. Fowler and D. D. Clayton because of the potential
uses in astrophysics. A very recent article by Raman et al. [2] describes
studies of Kr-87 by neutron cross section measurements on Kr-86 and by Br-87
beta-delayed neutron emission. The two approaches correlate very well,-
demonstrating the power and limitations of delayed neutron (DN) data for •
deducing nsutron resonance parameters. In a recent unpublished report [3]
Kratz et al. apply the approach referred to in the above quotation to con-
struct the Kr-86 cross section from DN and gamma spectra and compare it with
experiment [2] and statistical model calculations. The authors also apply
the resonance data from a (non-fission) DN precursor, K-50, to an explanation
for an astrophysical calculation by Sandier et al. [4]. The present project
has the same aims but is not yet far enough advanced to provide cross sec-
tions. The results in Refs. 2 and 3, however, validate the approach.

METHOD AND APPARATUS

The basic features of the method are very similar to those described in
Ref. 1. Briefly, the time-of-flight (TOF) apparatus consists of a plastic
scintillator telescope to detect betas that feed neutron-emitting levels and
a Li-6 glass scintillator to detect the emitted neutrons. A fast coincidence
between the two beta detectors provides the stop pulse for a time-to-ampli-
tude converter (TAC); the start pulse is from the neutron detector. The ob-
served FWHM of the TOF pe.k due to betas in the telescope and gammas in the
neutron detector is 2.97 ns under running conditions. The TAC output and
slow signals from the neutron and thick beta detectors are digitized and re-
corded in three-parameter event mode. The neutron detector pulse height is
used to eliminate many of the pulses due to gammas. The thick beta detector
pulse height can be used to determine the beta spectrum in coincidence with
neutron time (energy) gates and thereby determine which level in the final
(grandchild) nucleus is fed by neutrons of the selected energy. The neutron
scintillator is of type NE912 glass, 0.95 mm thick and 127 mm diameter,
shielded on its face by 6.7 mm of Boral and 14 mm of lead and on its sides by
6.4-mm boron-loaded plastic. Improvements in the electronics, shielding,
beam focusing, and geometry have resulted in much better quality TOF spectra
than those reported in Ref. 1.

The most important single parameter of the detection system is its
energy resolution. Its width (indeed, its shape) must be known to permit un-
folding it from observed peaks to deduce natural line widths. For planning
and preliminary analyses we have used a calculated system FWHM discussed in
Ref. 1. The formula is

AT 0

=-£ = j /(A*)2 + (vAt)2

n

where T and v are the neutron kinetic energy and velocity, & is the path
length,nAt is the FWHM of the electronic timing, and LI is the FWHM uncer-
tainty in the flight path. && is taken to be one-half the detector thickness
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in.the direction of the central path. Table I lists some values for I =
49.36 cm and At = 2.97 ns. The formula is straightforward but does not in-
clude effects such as absorption in the flight path and neutron scattering-
in by chamber walls, etc. Ultimately, a measured resolution function must
be used. Fortunately, the spectrum of delayed neutrons fro-a Br-87 can now
be used as a standard by employing the level parameters in kef. 2.

RESULTS

To date, Rb-95 and Rb-97 spectra have been measured with our present
system for about 100 net hours each. The deduced neutron peaks of Rb-95 are
given in Table II, which also lists results obtained by Ohm [5] with a Cutt-
ler-Shalev ionization chamber and by Crawford et al. [6] in a TOF experiment.
Very recently Greenwood [7], using a proton recoil spectrometer, found peaks
at 14.1 keV (intensity 10.4%), 26.4 (2.7%), and 47, 93.3, and higher ener-
gies. The agreement between results from different techniques with widely
differing resolution is quite good. The FWHM resolutions at 14 keV are, from
lowest to highest, about 12 keV for the ionization chamber, about 3.6 for the
recoil detector, about 1 keV for the Crawford TOF experiment, and 0.39 keV
(calculated) for the present system. The experimental FWHM of the 14-keV
peak in our case is 0.58 ± 0.07 keV, from which we deduce a preliminary value
of 0.30 ± 0.04 keV for the natural level width (preliminary because the reso-
lution is only calculated). The net beta spectrum coincident with 14-keV
neutrons was also obtained. The endpoint energy is 4740 ± ^100 keV, compared
to a value for Qg-B of 4903 + 113 keV given by Miinnich [8]. Since the first
excited state of the grandchild nuclide Sr-94 is at 837 keV, the conclusion
is that the 14-keV neutrons feed the ground state of Sr-94. This conclusion
had been obtained earlier but indirectly by Kratz et al. [9] by subtracting
neutron spectra coincident with gammas from the singles neutron spectrum.

The character of the Rb-97 spectrum is very different from that of Rb-95:
There are no prominent peaks. Peaks are indicated, however, at 2.79 ± 0.03,
8.9 ± 0.2, 14.2 ± 0.2, 19.6 + 0.3, 69,4 ± 0.6, 106 ± 1, and 129 ± 2 keV.
Both isotopes (and others) have been extensively studied with ion chambers by
the Kratz group; see Refs. 5, 6, and 10. The cause of the difference in the
spectra may be due to the fact that the spin/parity of Rb-95 is 5/2" and of
Rb-97 3/2+, so that beta selection rules and neutron transition rates are
quite different. It may also be related to the difference in deformation be-
tween the two. In terms of Bn the two are similar and the difference in P
is not a likely cause. Whatever the reason, peaks in Rb-97 are more diffi-
cult to see and to characterize. Data taken with lower random rates are
needed.

SUMMARY

(1) The purpose of the project — to obtain from DN spectra resonance
parameters for synthesis of cross sections of unstable nuclides — is of wide
interest. Evidence for this includes endorsing comments by astrophysicists
and the recent report by Kratz et al. [3]. (2) The approach has been vali-
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dated by the examples analyzed in Ref. 3. (3) The potential of the chosen
apparatus and method to obtain the desired data has been demonstrated by our
recent results, but several areas need to be improved. (4) The most serious
experimental problem is the random rate due to background singles rates in
both detectors. Judging from the existing data, reduction of the random rate
in the TOF spectrum by a factor of four or more appears feasible. (5) The
actual energy resolution of the system, which must be known, can now be found
using the DN spectrum of Br-87 as a standard. (6) The rate of data accumula-
tion can be a limiting factor, especially for low Pn nuclides. We now have
three additional detectors, so an array can be used when needed to increase
true rates without degrading resolution or true-to-random ratio.
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TABLE I

Calculated System FWHM Energy Resolution
U = 49.4 cm; At = 2.97 ns)

T (keV)

AT
r

13
25
41

72
83
94
104
118
133

t(keV)

2.5

0.052 0.

Energies and

He-3 Ion Chamber
Ohm (thesis)a

T (keV
n

.6 + 1

.5 + 1

.4 + 1.

.6 ± 1.

.5 ± 1.

.2 ± 1
+ 2
+ 2
± 2

) I(rel)

1
1
3

5
2
2

(100)
28.2 ± 1
6.4 ± 0

2.7 ± 0
10.3 ± 0
15.5 ± 0
7.3 ± 0
3.8 ± 1
8.7 + 1

.6

.9

.3

.7

.9

.8

.9

.5

5 10

113 0.255 0.

TABLE II

Intensities of Rb-95

TOF

25

816 2.

50

097 5

Delayed Neutrons

Crawford (ILL)b

T (keV)
n

12.2
C13.7 ± 0.2
25.5
43

74
85
95

T

A12d14
e26

56
64

93
103
120
133

100

.610

TOF
this i

n(keV)

.0

.2

.3

.5

.3

.3

± 0
± 0
+ 0

± 0
+ 0

± 1.
± 2
± 1.
± .1..

.2

.1

.3

6
7

0

4
6

»rork

150

10.10

I(rel)

(100)
23.7

8.0

20 ±

± 5.3

± 2.7

10

Ref. 5 Ref. 6 °Width = 0.9 keV

FWHM(exp) = 0.58 ± 0.07; FWHM(system) = 0.39; FWHM(level) = 0.30 ± 0.04 keV
2FWHM(exp) = 0.85 ± 0.15; FWHM(system) = 0.87; FWHM(level) < 0.23 keV
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ABSTRACT

As part of a program of studies of delayed-neutron emission
using the TRISTAN facility at Brookhaven National Laboratory,
spectra of delayed neutrons from the separated precursors Rb-93-
97 and Cs-143-146 have been measured. A He-3 neutron spectro-
meter of the Cuttler-Shalev type with a FWHM of 13 keV for thermal
neutrons was used. The spectra and average energies are very
similar to those previously obtained elsewhere. A simplified
statistical model was used to attempt fits to the spectra and
to the partial neutron emission probabilities pi obtained else-
where but only moderately good agreement was possible.

INTRODUCTION

The work reported here had two distinct phases. The first was measure-
ment of delayed neutron spectra from four Rb and four Cs separated isotopes.
The second was calculation of energy spectra and of partial neutron emission
probabilities P* for the same cases. The poster presentation of which this
is a summary had 12 figures and three tables; only an abbreviated descrip-
tion can be provided here.

EXPERIMENTAL MEASUREMENTS

A Cuttler-Shalev spectrometer with a FWHM of 13 keV for thermal neu-
trons was used at the TRISTAN mass separator. Detector efficiency x*as
checked using the Sc and Fe filtered beams at the Brookhaven reactor. The
experimental arrangement and the method of extraction of energy spectra from
the raw pulse height were similar to ones usually employed with this type of
detector. The resulting spectra are closely like those obtained with

Present address: National Tsing Hua University, Hsinchu, Taiwan, R.J.C.
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Cuttler-Shalev detectors by the Studsvik [1], the Mainz [2] and the Pacific
Northwest Laboratory [3] groups. Differences in peak locations and intensi-
ties are seen primarily below 100 keV. Average energies for the eight cases
are given in Table I; for comparison, results from the other Lhree groups
and from ENDF are also listed. Agreement is quite satisfactory.

CALCULATIONS OF SPECTRA AND P1

n
The two-step process of beta-delayed neutron emission is inherently com-

plex, involving both beta decay and neutron emission processes. Although it
has become increasingly clear that detailed structure occurs in the beta
strength function — see for example Kratz [4] — and that neutron branch-
ing to different states in the final (grandchild) nuclide, and fluctuations
in neutron widths, are important, it is still worthwhile to see whether
gross features of the spectra and of the P^ can be fitted with simple statis-
tical models Recent attempts include those by Hoff [5] and by Schenter et
al. [6]. In the present work the approach followed was similar to that of
Mann et al. [7], in which the level density parameter a employed in the beta
decay step is allowed to differ from the standard value. In Ref. [7] a is
multiplied by the ratio N/A where N and A are the neutron and mass numbers
respectively; in the present work a was varied more strongly to try to find
a best fit.- Although the spectra and the P_- could be brought somewhat closer
to the experimental values, the agreement was still not very satisfactory.
For example, the spectra for Rb-95 through 97 and for Cs-145 were not good
fits. Moreover, the values of the parameter a to reach even these fits were
so much smaller than standard values that it would be hard to find a physical
explanation for them.
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DELAYED NEUTRON SPECTRUM MEASUREMENTS AND COVARIANCE ANALYSIS

D.R. Weaver, J.G. Owen end J. Walker
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ABSTRACT

Improvements have been made in the electronics employed with two
He neutron spectrometers; these changes allow greater neutron
source fluxes to be used in delayed neutron spectrum measurements.
Measurements of the delayed neutrons emitted following fission
induced in U by neutrons from the Be(d,n) reaction are reported.
Covariance matrix analysis has been applied to proton recoil
spectrometer results from the University of Washington.

INTRODUCTION

Attempting to improve the statistics of our measurements of delayed
neutron spectra using He spectrometers by increasing the flux of the
neutrons inducing the fissions has been hampered by a phenomenon of
saturation in the detector system which results in it remaining inactive even
during the counting phase of the "beam-on", "beam-off" cycle. Modifications
to the electronics have enabled us to overcome this problem and increase
markedly the source flux that we can use. Using this modified system a
measurement has been made recently of delayed neutrons following fission
induced in a U sample by neutrons produced on the Dynamitron accelerator
using the Be(d,n) reaction. Finally results are reported of a covariance
analysis of the results obtained by the University of Washington on delayed
neutron spectra measured using a cylindrical proton recoil counter.

3
Improvements in Electronics for He Spectrometers

Measurements of delayed neutron spectra from separated precursors, as
performed at other laboratories, can be performed in a geometry where the
spectrometer is at a distance from the place where the fissile sample is
irradiated. In our measurements of equilibrium delayed neutron spectra
induced by fast fission, it is more difficult to separate the irradiation
position from the measurement position; in fact in our work we do not
attempt to shuffle the sample at all and so the spectrometers are exposed to
the full intensity of the bombarding neutron flux. Because after the source
burst the spectrometers and their electronics appear to have a dead period
which lengthens rapidly with increasing source intensity, it has been
necessary to limit the source intensity in order that counting throughout the
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"beam-off" period might be guaranteed. However3 recent alterations to the
electronics have enabled us to reduce the effect of saturation and hence
increase our source intensity by nearly an order of magnitude.

Because of their different construction, different techniques have been
applied to our two spectrometers. For the earlier Technion spectrometer we
have concentrated on alterations to the Ortec 12O-3F preamplifier. First a
subminiature relay was installed inside the preamplifier casing which enables
us to ground the mid point of the circuit between the current sensitive stage
and the voltage amplification stage during the "beam-on" interval. This has
given a factor of two or three improvement in usable source intensity. A
second relay was used to switch the value of the D.C. feedback resistor on
the input to the FET current sensitive stage. This was in accord with Ortec's
recommendation that reducing the value of this resistor would improve the
count rate capabilities of the preamplifier. Unfortunately a simple
replacement of the feedback resistor, with one of a lover value severely
worsened the resolution of the system, hence it was necessary to devise the
present scheme whereby the value of the resistor is effectively lowered but
only during the "beam-on" period. The combination of these two improvements
has given nearly a factor of ten increase in the maximum source intensity
which ran be employed. While these two changes have improved the pulse
response of the preamplifier, we have found it necessary to instal an R-C
network between the preamplifier and the main amplifier in order to isolate
the latter from the D.C. level variations now seen on the preamplifier output.
These are a reaction to the intense source flux and the effect of the relay
switching system. For the newer Seforad detector, saturation is less of a
problem despite its higher efficiency; however, we have found it necessary
to take some action to prevent it too suffering from the effects of overload-
ing during the "beam-on" interval. Since the saturation phenomenon is due
largely to the high rate of flow of charge into the preamplifier during the
"beam-on" phase, this can be counterbalanced by feeding a chain of pulses
during that phase into the "test input" of the preamplifier. The shape and
amplitude of these pulses do not have to be selected with a great deal of
precision, the intention being to produce a complementary flow of charge to
balance out the current from the detector. For both detectors, the efficacy
of these procedures was tested by counting a moderated Am/Be source during
the "beam-off" period. The ability to detect the thermal neutrons with equal
efficiency whatever the level of "beam-on" intensity was used to indicate
that saturation was not occurring.

Clearly increased source rates permit improvement in counting statistics.
However, from our earlier work on covariance analysis there comes a point
vhen the errors on the final spectra become dominated by the errors from the
response function rather than those from counting statistics. Thus while
greater source intensities will permit some improvement in the statistical
accuracy of the results, the primary use of having more intense source fluxes
will be to make possible measurements of the time dependence of the delayed
neutron emission and hence the determination of group spectra.
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235Delayed Neutrons from Fission of U Induced by Neutrons from the Be(d,n)
Reaction

Measurements were made in August 1983 using both our spectrometers. For
the older, Technion detector the covariance analysis is complete according to
our methods described earlier |l,2|, while for the newer, Seforad detector
only the effect of counting statistics has been taken into account at the
time of writing. The results are shown in Figures 1 and 2 respectively. The
generally better statistics in Figure 2 are in part due to the non-inclusion
of the effects of errors in the response function, but also reflect the
higher counting efficiency of the second detector. Figure 3 compares the two
results, normalised to have equal areas. The agreement is good both in shape
and structure which is encouraging in view of the fact that the two detectors
have markedly different pressures and hence response functions. The
differences that do exist at the low energy end could well be due to the
slightly different group structure used for the two counters. An exact
comparison will have to await a rebinning and combination of the two sets of
results onto the same group structure. It is anticipated that because the
two counters are independent this will lead to results with reduced
fractional variance and reduced correlation from channel to channel. While
not yet backed by a calculation of the average energy, the imrediate
impression given by these new results is of a spectrum somewhat harder than
earlier results obtained with bombarding neutrons of lower energy |3J. In
particular the interesting structure at around 1100 keV has not been seen
clearly before, but can be observed in the results of both detectors
indicating it is not an anomaly caused by one of the detector systems.

Analysis of Covariance of University of Washington Proton Recoil Spectra

Through the kind co-operation of Professor Woodruff it has been possible
to apply our covariance calculation techniques to the resulf.s of delayed
neutron spectrum measurements by the University of Washington group |4,5,6|.
The results are shown in Figure 4. Note the unusual units on the y-axis;
this, however, is the parameter produced in the unfolding program.
Nevertheless, because the full covariance matrix is being produced, any
subsequent re-analysis of the spectrum into a more usual form can be
accompanied by a calculation of the appropriate covariance matrix. It can
be seen that the fractional error on the results is very good, reflecting
the good counting statistics in the original measurements. During the course
of the analysis it became clear that an effect of the Fourier Filtering of
the data |4| was to make the results highly correlated channel to channel.
We are attempting to find some means of determining whether this high degree
of correlation has any effect on the way structure in the spectrum is
interpreted.
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Appendix
During the process of modifying the University of Washington computer

codes in order that the covariance information might be derived, it became
clear that the algorithm used there in order to convert neutron flux as
measured in the detector to neutrons/keV emitted by the fissile sample was
different to that used in our He spectrometer work despite the similarity
in the geometry of the two experiments. The point is currently the subject
of discussion between the Washington and Birmingham groups.

Figures 5, 6 and 7 show (i) the original Washington data, (ii) the
Washington data modified using the Birmingham algorithm and (iii) a
Birmingham He spectrometer result for comparison. Should the current
discussion lead to the adoption of the modified proton recoil spectra, the
result would resolve the long standing discrepancy between delayed neutron
spectra with proton recoil and He spectrometers.
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together with the range predicted by covariance analysis of
counting statistics alone).

- 464 -



Neutrons/
keV
(Normalised
scale)

500

Fig. 3

1000

235,

1500 2000 2500
Neutron Energy (keV)

Delayed Neutron Spectrum - U fission induced by neutrons from
Be(d,n) accelerator source. Comparison of results from detectors
1 and 2, normalised to equal areas.

Neutrons/
unit
lethargy

500 1000 1500 2000

Neutron Energy (keV)

Fig. 4 Delayed neutron spectrum from University of Washington - measurements
(Nulcear Science and Engineering 62_, 636 1977). Note units on y-axis.
Curves shown represent the spectrum and the range corresponding to
+ 1.0.S.D.

- 465 -



Neutrona/
kcV
(Nonuliaed
•calc)

500 1000 1500 2000
Neutron energy (keV)

Fig. 5 Comparison of delayed neutron spectra. 1. U. Washington original
data.

Neutron*/
k«V
(Normalised
•cmle)

500 1000 1500 2000
Neutron energy (k«v)

Fig. 6 Comparison of delayed neutron spectra. 2. U. Washington modified
data.

- 466 -



4. K.-L. KRATZ, "Reliability of Nuclear Model Predictions of Beta-Decay
Properties of Nuclei far from Stability," Z. Phys. A 312^ 263 (1983).

5. P. HOFF, "Population of Excited States in Residual Nuclei via Delayed
Neutrons," Nucl. Phys. A 359, 9 (1981).

6. R. E. SCHENTER, F. M. MANN, R. A. WARNER, and P. L. REEDER, "Population
of Delayed Neutron Granddaughter States and the Optical Potential,"
International Conference on Nuclear Data for Science and Technology,
(6-10 September 1982, Antwerp), K. H. Bockhoff, ed., D. Reidel,
Dordrecht (1983), p. 593.

7. F. M. MANN, C. DUNN, and R. E. SCHENTER, "Beta decay properties using
a statistical model," Phys. Rev. C 25_, 524 (1982).

Precursor

TABLE I

Average energies of delayed neutron spectra

Average Energy (keV)

TRISTANa

412

47*

506

440

520

299

287

413

376

Mainz

405

480

530

445

540

276

312

331

406

PNLC

419

413

406

433

540

255

199

317

386

Studsvik

343

347

398

-

228

299

-

ENDF/B-V

361

385

356

451

503

223

294

405

589

93

94
Rb

Rb

95Rb

96Rb

97Rb

143Cs

145
Cs

146
Cs

work Ref. 2 "Ref. 3 dRef.

- 457 -



Neutron*/
keV
(Noiulited
•cale)

500 1000 1500 2000

Neutron energy (keV)

Fig. 7 Comparison of delayed neutron spectra. 3. U. Birmingham August 1983
Data.

- 467 - if



ATOMIC MASSES OF FISSION PRODUCT NUCLEI
FAR FROM STABILITY

Daeg S. Brenner
Clark University

Worcester, MA 01610

The techniques for measuring fission product masses far from
stability are discussed and recent progress in experimental meas-
urements is reviewed. A comparison of new mass values with pre-
dictions of 10 mass equations suggests that most theories predict
far-from-stability fission product nuclei to be more bound than is
found experimentally. A closer look at several isotopic chains is
used to identify regions of structural change where mass equations
encounter difficulty.

INTRODUCTION

There has been a rapid increase in our knowledge of the atomic mass sur-
face far from the valley of stability in recent years{l-3}. A measure of
this progress is found by comparing the number of entries in the mass eval-
uations by Wapstra and Bos as published in 1977(4} and as recently updated in
1982(5}. During this period 179 new masses were added to their tables. How-
ever, even with these advances there remain an estimated 3500 nuclei which
are thought to be stable with respect to spontaneous nucleon emission for
which mass measurements have not been made. The study of these exotic nuclei,
especially the measurement of their ground state masses, is essential since
the ground state mass is one of the most fundamental properties of nuclei. A
comparison of measured masses to those predicted by various mass models is
not only a test of nuclear models, but is a serious test of our understanding
of nuclear interactions in general because the binding energy, and thus the
mass, of a nucleus is a consequence of the exact details of the nuclear force.
Systematic mass measurements of a wide variety of nuclei far from stability
provide a stringent test of current atomic mass theories and, therefore, the
testing of these models provides a means for testing the whole of our under-
standing of nuclei.
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In this conference our concern is primarily focussed on fissionable
nuclei and the byproducts of the fission process. In keeping with this theme
this review of nuclear masses, methods of measurement, and agreement between
theory and experiment will be limited to the fission product region. As it
turns out, this limited region of the mass surface will serve as a microcosm
of many of the circumstances encountered throughout the mass surface in
general.

METHODS OF MEASUREMENT

Beta End-Point Energies

Three different methods have been used in the past to measure the masses
of nuclei far from the valley of 8 stability. The first and perhaps most ex-
ploited method involves the determination of B spectrum end-point energies.
Through the use of Fermi-Kurie plots and data unfolding algorithms, the end-
point energy can be extracted. If the excitation energy of the populated
level or levels is known, then the mass difference (Q ) between the parent
and daughter members of the isobaric chain is determined. Normally plastic
scintillators are used as 8 detectors and the 6-ray singles spectrum and/or
B spectra in coincidence with y deexcitation of daughter nuclei is recorded.
Recently hyperpure Ge (HpGe) detectors have been introduced as g detectors.
Because of their inherent superior energy resolution, ease and accuracy of
calibration, linearity of response, and stability, they offer the potential
for determining end-point energies with higher precision than is feasible
with scintillation detectors{6-8}. Plastic scintillators on the other hand
have higher efficiency for B rays thus making them useful for studies very
far from stability where counting statistics are poor due to low source activ-
ity. Their insensitivity to y rays, while greatly complicating calibration,
particularly at high energies, does have the concomitant advantage of mini-
mizing background effects caused by y rays impinging upon the B detector.

Several factors serve to limit the usefulness of end-point measurements
as a technique for far-from-stability mass determinations. Use of this tech-
nique for accurate mass measurements requires good counting statistics and a
detailed knowledge of the decay scheme. However, often the most basic decay
scheme information is unknown or the level density in the daughter nucleus is
high such that B-y coincidence experiments, with their inherent low detector
efficiencies, are required. Another factor which limits the use of this tech-
nique is the need for a very rapid chemical and/or mass separation in order to
obtain clean spectra. Nevertheless, this technique has been used successfully
to measure the majority of known mass differences in the fission product
region. Currently, the research group from Clark University and our collab-
orators are measuring masses of very neutron-rich fission products produced
by thermal neutron fission of 235U at the TRISTAN On-Line Mass Separator lo-
cated at the High Flux Beam Reactor hero at Brookhaven National Laboratory.

As an example of the use of the end-point energy method we can consider
our recent study at TRISTAN of the $ decay of 6.2-s ^La to llt6Ce. In this
experiment a HpGe B detector and a Ge(Li) y detector were used to measure B
singles and 6-y coincidence spectra over 10-s counting intervals. A detailed
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description of the technique and analysis can be found in reference{8}. In
Figs. 1 and 2 are shown the experimental data and Fermi-Kurie fits to the
end-point regions of the llf6La" singles and the 258 keV (2j -»• Oj) y-gated g
spectrum, respectively. From these we determined end-point energies of
6384 ± 50 keV for the singles spectrum and 6120 ± 30 keV for the coincidence
gate. Combining the latter with the gate energy yields 6378 ± 30 keV. With
the assumption that the singles spectrum end-point corresponds to a ground
state branch and combining the two results we arrive at Q = 6380 ± 30 keV
for 6.2-s ll*6La decay which in turn can be combined with the mass of 1It6Ce to
compute an atomic mass for llf6La.

However, lll6La illustrates another factor which often introduces un-
certainity in QR results, the existence of isomerism. In the case of 1If6La
a second isomer with a half life of 10.0 s has been reported. For technical
reasons that need not concern us here we did not observe the decay of the
10.0-s isomer at TRISTAN although Q. results have been reported by a group of
experimenters at the Institute Laue-Langevin{9}. The question then arises as
to which isomer is the ground state; in other words have we determined a
ground state or isomeric mass for ltf6La? This question has not yet been
resolved.

The case of llf6La has been considered in some detail because it illus-
trates many of the situations encountered in measuring masses using fj end-
point techniques. Despite the difficulties this method is the most generally
useful technique in the fission product region and accounts for the major
portion of mass measurements in this region to date.

Nuclear Reaction Q Values

The second method of performing mass measurements is the accurate deter-
mination of nuclear reaction Q values. This very sensitive technique has
proven to be a very successful method for performing precision mass measure-
ments. The promise and diversity of this method is illustrated by a variety
of complex heavy ion transfer{l-3,10-13} and pion double charge exchange
reactions{2,14} which have been used for mass determinations. An important
limitation of this method, however, is that it is useful only when the desir-
ed nucleus can be produced in a two-body final state reaction. In addition,
this method requires that the ground state of the product of interest be pop-
ulated in a significant amount by the exotic rearrangement reaction. Mis-
assignments have resulted from problems of this type in the past.

Direct Mass Measurements

The third method of measuring masses of nuclei far from stability is by
direct atomic mass determination, an adaptation of high resolution mass spec-
trometry used to directly measure mass differences between stable isotopes.
This technique was pioneered by Klapisch and coworkers from Orsay using an
on-line mass spectrometer coupled to the CERN proton synchrotron{15}. Sub-
sequently many refinements were introduced into this technique which enabled
the Orsay group to make very accurate mass measurements of extremely neutron-
deficient and neutron-rich isotopes of alkalai elements{16}. Their results
for Rb and Cs will be introduced later in connection with a discussion of
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mass formulae. The Orsay technique is critically dependent on having a mass
spectrometer ion source with element specificity. The surface ionization
source developed for this purpose provided clean beams of allcalai elements.
This group in collaboration with personnel at the ISOLDE facility (CERN) is
developing new ion sources that are intended for studies of halides and noble
gases. When these developments reach fruition very significant data relevant
to the fission product region will become available.

While the Orsay group has produced some very beautiful data in recent
years and promises additional results in the future, it is very doubtful that
their technique can be developed into a general method for performing mass
measurements. This is because each new study requires an element-specific
ion source which often requires years of technical developement.

Future Developements

In looking to the future a new approach being developed at Los Alamos
National Laboratory holds promise for someday providing a nearly universal
method for performing precision direct atomic mass measurements. This device,
the Time-of-Flight Isochronous (TOFI) spectrometer which is being developed
by Vieira and collaborators to study fragmentation products produced by 800
MeV protons at LAMPF, is a recoil mass spectrometer. Since there is nc ion
source or chemistry involved, this technique is not restricted to any par-
ticular set of elements. This feature permits, in principle, a systematic
study of the entire mass surface. However, technical constraints will likely
confine the initial use of TOFI to light elements (Li through Zn) when the
spectrometer goes on line at LAMPF, sometime in 1985. A unique feature of
the TOFI spectrometer is that all nuclei within a given isobaric chain are
measured simultaneously, thus dramatically reducing systematic errors. Al-
though the TOFI spectrometer will not be useful for mass measurements in the
fission product region in the immediate future, technical improvements en-
visioned, such as the incorporation of ray tracing and improved timing may
eventually extend the capabilities into higher mass regions.

FISSION PRODUCT MASSES

Mass data find many applications in reactor technology and other areas.
An example of recent concern has been the problem of the calculation of the
fission-product decay-heat source term. As Reich{17} has pointed out, the
precision with which this curve is known has important economic implications
for reactor design and operations. At short times, which correspond to decay
of far-from-stability fission products, the uncertainty in the accuracy of
this curve is large due, in part, to the the absence in some cases of exper-
imental mass data. Although these isotopes are often produced with lower
yield than products closer to stability, their higher Qfi values magnify their
contribution to the decay heat. A comprehensive discussion of the decay heat
problem has taken place elsewhere in this conference. The remarks here will
be confined to a report on the status of the fission product mass data base.

Crouch has published a comprehensive evaluated data base of fission
product yields for neutron-induced fission{18}. Focussing for the moment on
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thermal neutron fission, one finds a total of 703 entries for isotopes pro-
duced as fission products. The most recent evaluated mass data base by
Wapstra, Audi and Bos{5} contains entries of measured masses for 414 of these
nuclides. If we also consider the fast fission and 14 MeV tables of Crouch a
few isotopes are added. Altogether approximately 60% of neutron-induced fis-
sion products have measured masses while 40% remain unknown, experimentally.
The situation is illustrated graphically in Fig. 3 where the portion of the
Chart of the Nuclides which includes the fission product region is shown.
The X's mark the limits for spontaneous nucleon emission, the so-called "drip
lines", and the outer solid line encloses the fission product region for 235U
thermal neutron-induced fission as defined by Crouch{18}. Dots mark nuclides
whose masses are known{5}. The solid line within the boundary of the fission
product region is meant to guide the eye along the neutron-rich edge of the
region of known masses. The situation is not nearly as uncertain as Fig. 3
suggests, however, since many of the unknown 40% group are produced in very
low yield. A simple and somewhat more realistic assessment can be made by
making use of the adjusted fission yields and fractional independent yields
from Crouch's compilation. If one computes the % fission yield with known
masses the situation looks much brighter as can be seen in Table I where
these quantities are listed for thermal, fast, and 14 MeV neutron-induced
fission for various targets. The values range from 146% for fast-neutron
fission of 238U to 197% for thermal-neutron fission of 233U. The real sig-
nificance of the lack of data for the missing isotopes, however, can only be
realized by a detailed examination of the particular application at hand.
For example, the estimation of the decay heat build-up on a very fast time
scale, say less than one minute, will be critically affected by our knowledge
of many factors including Q values and hences the masses of the unknown far-
from-stability fission products.

MASS EQUATIONS

As discussed in the introduction mass equations test in a very important
way our understanding of nu;lear forces and interactions. Mass equations are
used for applied purposss as well, for example, in predicting the existence
of delayed neutron precursors and in calculations of decay heat where the rel-
event mass data are not known. The models on which mass formulae are based
vary widely in fundamental approach and detail. A general and excellent re-
view of the macroscopic approach for calculation of nuclear masses was recent-
ly published by Myers and Swiatecki{19} where the interested reader is direct-
ed for further information.

The best way to evaluate mass formulae is to test their predictive power
in regions far from stability. The reason is that mass models are fit to ex-
isting data at a point in time. These models have between 5 and 500 param-
eters which are adjusted to give a best overall fit to the experimental data.
At some later time one can look back and evaluate the model by comparing new
mass data with predictions. The tests of a model become much more sensitive
as one moves further from the body of data which ?;as used to determine param-
eters. Thus the measurement of masses for isotopic chains into regions very
far from stability is of special importance for evaluating mass formulae.
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. Since the focus of this conference is fission products we will only con-
cern ourselves here with performance of mass equations in this limited region
of th^ mass surface. As already mentioned, mass equations are fit to a data
base at some point in time. In Table II are listed 10 mass formulae together
with the number of adjustable coefficients and the daxa set to which these
were fit. Since the most recent data compilation used for this purpose was
that published by Wapstra and Bos in 1977{4}, it is interesting to compare
this compilation with the 1982 version{5}. Considering only masses which re-
sult from measurements (systematic predictions omitted), one can identify 50
new fission product entries in the 1982 table which are shown as circled dots
in Fig. 4. One can then calculate the differences between predictions and
experiment which may be considered in terms of mass excess values:

4 = (M-

In Table II are average values of the difference A computed for these 50 iso-
topes which serve as a measure of agreement between theory and experiment.
Since averages can conceal large cyclical variations we also show a(A), the
root-mean-square difference, in order to provide a measure of dispersion.
One result is immediately evident. With the exception of the equation of
Mtiller and Nix(MN) {20} all the mass equations in Table II have A values
which are negative. A negative A value means that the "real" nucleus is less
bound than the "calculated"_nucleusj and vice versa. Thus the fact that 9 of
10 equations have negative A values means that to the degree that the 50 new
masses are representative of the fission product mass surface far from sta-
bility, that these equations on the average predict neutron-rich nudities to
be more stable than they are in reality. Saying this in another way, it ap-
pears that the slope on the neutron-rich side of the mass surface rises more
steeply, on the average, than is usually predicted as one moves away frô . the
valley of 3 stability. __

Another conclusion that holds if one excepts the A result for the for-
mula of Groote, Hilf, and Takahashi(GHT) {21} is that as a class the formulae
which are fit to later data sets do better in fitting the 50 new masses in
terms of A than those fit to earlier sets. This is not surprising since each
subsequent data set includes more entries far from stability than its prede-
cessors and thus is better adjusted for prediction at the extremes of stabil-
ity. Another factor is that the entire data base evolves with time and a
later set should be more accurate overall and therefore serve as a better
base for fitting parameters. Also it is interesting to note that there is no
particular correlation between the number of adjustable parameters and the
ability of a formula to fit the data. This point is illustrated by comparing
A and a(A) values for the equations of Uno and Yamada(UY), 500 parameters {22}
with that of MtJller and Nix(MN), 5 parameters {20}. Interestingly another
equation from the Japanese groupCUYAT) {23} also has 500 parameters and gives
the best fit to the 50 new masses.

Several qualifications to the above remarks need to be made. First of
all Table II represents a majority but not a complete set of available mass
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formulae and therefore the conclusions concerning A and a (A) n-a, .-:> overstat-
ed. Another point is that conclusions concerning agreement b'. . theory
and experiment for a set of neutron-rich fission products may oessarily
hold when the entire mass surface is considered.

Another perspective on mass equations can be seen by mapping the sign of
A over the fission product region. One would expect the map of a "perfect"
mass equation to consist of a random distribution of positive and negative
values. Two examples of the type of maps found are shown in Figs, 5 and 6
where A is mapped for the MOller-Nix equation {20} and the Liran-Zeldes
equation {24}, respectively. The cross-hatched areas within the fission
product boundary denote regions where the sign of A is negative and the dot-
ted region without cross-hatching has positive A. Considering first the
MOller-Nix results in Fig. 5 we see that there are large contiguous regions
where the sign of A remains unchanged. The same effect is seen, but to a
much smaller degree in Fig. 6 for the Liran-Zeldes formula. The existence of
large contiguous single-signed regions suggests that some slowly varying ef-
fects, such as deformations or stiffness changes, are not being accounted for
properly by the MBller-Nix equation and to a lesser extent by the Liran-
Zeldes formula. The more random distribution of signed regions seen in Fig.
6 may reflect the greater flexibility to fit data afforded by the 178 param-
eters in the Liran-Zeldes model.

Finally, a closer look at the very long isotopic chains of Rb and Cs is
useful. In these two cases measurements extend completely to the neutron-
rich boundary of the fission product region. Plots of the differences be-
tween calculated and experimental mass excess values (A) are shown in Figs. 7
and 8 for Rb and Cs, respectively. The calculated results are those of
Myers{25}, Liran and Zeldes{24}, and MOller and Nix{20} and represent three
different types of mass formulae.

T: appears from Fig. 7 that the best global fit to the Rb masses is ob-
tained from the Liran-Zeldes formula while that of Myers has the greatest
deviation. Several general trends are apparent: (1) agreement usually wors-
ens at the extremes; (2) all three equations and indeed all mass equations
we have examined overestimate the binding of very neutron-rich Rb isotopes;
(3) the effect of pairing is not completely taken into account resulting in
an odd-even staggering; and (4) the Myers formula, and to an even greater
degree the Mttller-Nix equation, underestimates the binding in the shape
transition region beyond the N=50 shell closure.

In Fig. 8 we see a somewhat different situation for the Cs isotopes.
Here the Liran-Zeldes equation reproduces experiment remarkedly well and bet-
ter than the other two equations. The Myers formula again predicts nuclei to
be too stable at the extremes but the magnitude of the discrepancy is much
smaller on the neutron-rich side than was observed for the Rb isotopes. The
MBller-Nix formula has problems around the N=82 shell closure and in the
neutron-rich transition region beyond, where A becomes positive, as was pre-
viously seen for the transition region in the Rb isotopes beyond N=50. Odd-
even staggering is again apparent. In general, the three equations do a bet-
ter job of fitting and predicting masses for the Cs isotopes than for Rb.
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CONCLUSION

A review of masses far from stability in the fission product region
shows that steady progress has been made in both theory and experiment in
recent years. The applied user interested in fission products has a sub-
stantial amount of new experimental data (50 new evaluated masses) with which
to reduce uncertainties in calculations involving far-from-stability nuclides.
These new data when compared to predictions of 10 mass equations reveal, how-
ever, an apparent tendency for many equations to overestimate the stability
of very neutron-rich nuclei and a closer look at three mass formulae suggests
that systematic structure-related effects may give rise to discrepancies of
the order of several MeV or more in individual cases. Thus the user of mass
equations is advised to examine the detailed agreement between theory and ex-
periment in the region of interest and to use caution when projecting more
than a few nucleons beyond the existing data base.

This work received support from the U. S. Department of Energy in con-
tract with Clark University.
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TABLE I

3.
Fission Yield with Known Masses

Fission Reaction

Thermal Neutron

Fast Neutron

14 MeV Neutron

Target

233{j

235JJ

239pu

2«Pu

2 3 2 T h

233(j

235(j

235u

239p u

2«t0pu

2«Pu

232Th

233y

235y

238JJ

Yield (%)

197

179

171

152

164

193

180

146

168

165

149

156

187

179

152

al
'Computed using the adjusted fission yields and ad-
justed fractional independent yields compiled by
Crouch{18}.
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TABLE II

Comparison between Calculated and New Experimental Fission Product Masses'

Mass Formula
{reference}

UYAT{23}

UY{22}

MN{20}

GHT{21}

LZ{24}

J{26}

CK{27}

JE{28}

M{25>

SH{29>

Coefficients

500

500

5

50

178

500

-

220

16

9

Fitted Data Set
{reference}

77WB{4}

77WB

77WB

7SWB{30}

75WB

75WB

75WB

75WB

71WG{31}

71WG

A
(MeV)

-.03

-.36

+ .28

-1.17

-.14

-.52

-.57

-.24

-1.11

-.71

a (A)
(MeV)

.59

.99

.79

1.48

.86

.70

.81

.97

1.62

1.08

Fifty fission products from the 1982 tables of Wapstra, Audi and Bos{5}
for which there are no experimental entries in the 1977 tables of
Wapstra and Bos{4}.
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620 360 700
CHANNEL

740

Fig. 1 The 0 spectrum and Fermi-Kurie fit in the end-point region for decay
of 6.2-s llf6La.

5000 6000

480 540
CHANNEL

600

Fig. 2 The B spectrum in coincidence with the 258 keV v ray in !"*6Ce follow-
ing decay of 6.2-s llt6La. The Fermi-Kurie fit to the data is also
shown.
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25

100

Fig. 3 The Chart of the Nuclides in the fission product region. The outer
solid line encloses the fission product region for " 5 U thermal neu-
tron-induced fission{18}. Dots mark nuclides viliose masses are known
{5}. The inner solid line marks the neutron-rich edge of the mass
data. Nucleon "drip lines" are marked by X's.

25

40 50 60 70 80 90

Fig. 4 The Chart of the Nuclides in the fission product region. Circles
i5«"r-ote new mass entries in the 1982 evaluation{5}.
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100

Fig. 5 Variation in the sign of A in the fission product region as calculat-
ed using the mass formula of MBller and Nix{20}. The cross-hatched
areas within the fission product boundary denote regions where the
sign of A is negative. The dotted region without cross-hatching
within the boundary has positive A.
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Fig. 6 Variation in sign of A in the fission product region as calculated
using the mass formula of Liran and Zeldes{24>. See caption of Fig.
S for details.
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Fig. 7 Comparison of experimental and calculated mass excesses for Rb iso-
topes. The dotted, dashed and solid curves are the predictions of
Myers{25}, Liran and Zeldes{24> and MBller and Nix{20}, respectively.
Results from TRISTAN{8} are shown as open circles.

|
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+ 1
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i i i I i i i i I t i i i I t t t 1

120 130
A

140

Fig. 8 Comparison of experimental and calculated mass excesses for Cs iso-
topes. The dotted, dashed and solid curves are as defined in the
caption for Fig. 7.
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APPLICATIONS FOR FISSION PRODUCT DATA
TO PROBLEMS IN STELLAR NUCLEOSYNTHESIS

G. J. Mathews
University of California

Lawrence Livermore National Laboratory
Livermore, CA 94550

ABSTRACT

A general overview of the nucleosynthesis mechanisms for heavy (A > 70) nuclei is
presented with particular emphasis on critical data needs. The current state of the
art in nucleosynthesis models is described and areas in which fission product data may
provide useful insight are proposed.

INTRODUCTION

In the past several decades considerable effort has been devoted to the
developement of an understanding of the mechanisms by which the elements are
synthesized in astrophysical environments (see Ref.'s [1-5] for excellent
reviews). More often than not, at each stage in this development the major
limitation to further progress has been (and still is) the degree to which
the associated microscopic nuclear physics is known. With this in mind it is
no surprise that the best understood astrophysical environments (e.g.
main-sequence hydrogen burning in the CNO cycle) are those for which the
associated nuclear physics is most easily measured. Whereas phenomena such
as the r-process (rapid neutron capture in explosive stellar environments)
for which no direct nuclear measurements are available, are also the poorest
understood astrophysically. After three decades of study, the stellar site
for the r-process is still unknown [6-8].

Obviously there is a close connection between the detailed microscopic
nuclear physics and whatever constraints can be imposed on viable models for
the astrophysical environments of stellar nucleosynthesis. Ultimately, only
more and better experimental data can lead to a deeper understanding.

With this background in mind, I would like to clarify in this talk some
of the critical data needs in nuclear astrophysics with emphasis on areas in
which fission product data may provide at least some useful input. Since
fission yields generally involve heavy (A > 70) nuclei these data are of
most relevance to the various neutron-capture scenarios which are probably
responsible for the abundances of such heavy nuclei.
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These processes fall roughly into four catagories. Perhaps the most
important for fission product data is the classical r-process. This process
is represented schematically in Fig. 1 far on the neutrun excess side of beta
stability. It corresponds to rapid neutron capture time scales compared to
beta-decay lifetimes for nuclei far from stability (-\-1-1000 ms) and may be
the dominant contributor to the abundances of neutron-rich isotopes. This
process is generally thought to be associated with supernovae, although the
detailed connection is not clear.

Along the line of beta stability, the classical s-process has long been
thought to be important. This process, which may occur, for example, in
helium-burning zones of red-giant stars [1], corresponds to slow neutron
capture time scales compared to beta-decay lifetimes near the line of beta
stability (T.5-104 yrs.) [9].

More recently [10-16] as stellar models have refined, it has become
widely accepted that the universe includes numerous dynamic environments
[5,6] (such as thermally-pulsing red giants [10-14], or shock driven
explosive helium burning in supernovae [15-16]} which provide processes
intermediate between the classical s- ana r-processes. For the purposes of
this talk we shall refer to all of them as the n-process [15], corresponding
to the network calculations necessary to the describe the evolution of the
abundances.

On the proton-rich side a number of nuclear processes (mostly (YJH)
photodisintegration [17]) may contribute to what is called the p-process.

Since fission product data involve nuclei with large neutron excesses
the most important possible contributions from these data are probably to the
understanding of the r-process, although some contributions to the other
processes are also possible as we shall see.

THE r-PROCESS

In the classical r-process [1,2] a great simplification is introduced by
assuming that the temperature and neutron density are sufficiently high that
(n,y) •*-*• (y,n) equilibrium can be achieved. It is constructive to
review the consequences of this assumption since this highlights in a simple
way the important nuclear data needs.

In (n,Y) equilibrium the relative abundances for isotopes of a given
element are simply determined by the properties of a non-relatiyistic,
non-degererate Boltzmann gas. This reduces to what is called a nuclear Sana
equation (in analogy with atomic populations in a stellar plasma [18]).

nnN(Z,A-l) . 2(21I»kT)
3/2G(Z,A-l) exn{.B /kT} . (1)

N(Z,A) hJ G(Z,A) n

In Eq. (1) ]s is the reduced mass and G(Z,A) is the partition function
for isotope A,

G = I (2Ji+l)exp{-Ei/kT} , (2)
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where the sumation is over all excited states. The quantity Bn in Eq. (1)
is the neutron binding energy for isotope A. The occurance of this term in
the exponential makes this the most important datum in the classical
r-process,

An example of the relative abundances calculated from Eq. (1) for
cadmium (Z = 48) isotopes is given in Fig. 2. Binding energies for this
calculation have been estimated from the M011er and Nix mass formula [19],
and an empirical relation [2] has been utilized to estimate the partition
functions. Because of the exponential dependence on Bn, the abundances
peak very sharply about a particular value for the neutron binding eneryy.
These peaks for each element constitute what is called the r-process path.
Almost no neutron binding energies are actually known along the r-process
pai.fi. It is surmised from the observed r-process abundances that the
r-process path probably passes through the neutron closed shells (N = 50, 82,
and 126) at A = 80, 130, and 195 respectively (the reason for this will be
explained below). For these nuclei it is estimated [19] that the neutron
binding energy along the r-process path is about 2 MeV. An uncertainty of a
factor of two in this number, however, can lead to an order of magnitude
uncertainty in the calculated abundances.

Thus, the most important data need is for neutron binding energies, i.e.
beta endpoint energies, along the r-process path, especially for 8oZn5o,
^0cds2, and l95Tnv|26. Although such nuclei are difficult or even
impossible to measure in fission-product yields, clearly the measurement of
end-point energies as close as possible to the r-process path is a much
needed constraint on theoretical mass formulae. As an alternative to
fission-product data, spallation yields may allow one to reach the necessary
neutron excesses. It is important to emphasize that the measurement of even a
single binding energy along the r-process path would be extremely useful
since this would precisely indicate, via Eq. (1), the stellar temperature and
density regimes necessary to achieve a classical r-process environment.

It should also be pointed out that as much as a factor of two
uncertainty in the final abundances can be introduced by uncertainties in the
partition function. Thus, there is a need to know excited state spins and
energies for the first MeV of excitation on or near the r-process path. Such
information can provide useful constraints on theoretical estimates of
partition functions.

After the binding energies, the next most important data are beta-decay
half lives along the r-process path. The relative i:otopic abundances are
determined by the binding energies but the relative .lemental abundances are
determined by the beta-decay rates. If the total beia-decay rate, Xz,
for the sum of all isotopes of a given element is given by:

Xz = V N(Z,A)Xg(Z,A) , (3)

then, the final relative elemental abundances, Nz, will be given by tne
integration of the set of coupled differential equations;
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Table V Status of Measured Decay Data for Important FPs with Q^ i - 5MeV

nuc1i de

87 K r

8 8 K r

8 9 K r

8 9 R b

9 0 K r

91Sr

9 1my

9 2 S r

9 2 y

93Sr

9 3 Y

9<*Sr

9 4 Y

9 5 Y

9 6 Y

9 6mv

9 7 Z r

?7N b

9 7mNb

98Nb

9 9 Z r

9 9 M O

1 C 0 Z r

10 1 M o

1 0 2 T c

1 0 5 r c

1 0 5 R u

1 31 |

1 3 1 S b

1 3 2 |

(MeV)

3.8 89

2.9 13

4.9 7 0

4.4 8 6

4.39 0

2.6 8 4

Highest Level
Known

EL (MeV)

3.3 0 8 ( 1 3 j

2.7 7 1 ( 1 7 )

4.6 8 6 ( 5 2 )

4.0 9 4 ( 1 7 )

3.8 8 1 ( 2 3 )

2.5 7 2 ( 1 5 )

E L / Q A

' 0.8 51

0.9 51

0.9 4 3

0.915

0.88 4

0.95 8

Ground
State
Beta

3 1 %

14

23

25

29

31

mos t 1 y 1 . T .

1.9 3 0

2.0 0 6

3.9 5 0

2.89 0

3.42 0

4.8 8 2

4.4 3 0

7.020

7.0 30

2.6 5 7

1.9 3 3

1.384( 9)

0.9 34 ( 1)

3.895(26)

2.4 7 4 ( 1 2 )

1.428 ( 3 )

4.670(23)

4.068(17)

1.594 ( 2)

4.3 9 0 ( 2 )

2.2 4 8 ( 1 0 )

1.6 29 ( 6)

0.7 17

0.4 6 5

0.9 86

0.8 5 6

0.418

0.9 5 7

0.9 18

0.2 2 7

0.6 2 4

0.8 4 6

0.8 4 3

3

0

0

90

0

41

58

75

0

0

0

1 . T . o n 1 y

4.5 8 5

4.4 60

1.3 57

3.3 6 0

2.8 1 1

4.5 0 0

3.4 0 0

1.9 18

0.9 7 1

3.18 0

3.5 8 0

2.6 0 8 ( 8 )

1.0 1 5 ( 5 )

1.1 9 ? ( 1 1 )

2.436 ( 7)

2.6 5 9 ( 3 5 )

1.83 7 ( 6)

2.4 0 4 ( 2 5 )

1.830(23)

-

2.7 5 9 ( 2 3 )

3.0 5 8 ( 1 6 )

0.569

0.2 26

0.68 4

0.7 25

0.9 4 6

0.4 0 8

0.7 0 7

0.9 5 4

-

0.86 8

0.8 54

90

0

0

40

0

9 3.3

26

0

0

0

0

ra
n

k
B

A

C

C

A

B

D

commen t

discrepant among f i l es
E>~25% ,Er~50%

E^ measured direct ly (Studsvik)<49)

E^ (Studsvik)

E^ (Studsvik)

JNDC E> larger by 15% than
UK and B-V files:E^Studsvik)
Ep (Studsvik)
Ti/2 discrepant among f i les
(570-642 sec):E/Studsvik)

Up (Studsvik)

new exp.(Nagoya)^57)

'a discrepant among f i l e s
d.95~1.49MeV)

a) See no t e under Table IV.
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Table V (cont'd)

Nuclide

1 5 5 T e

13 3mTe

1 33 i

1 34 |

134-re

135,

135 X e

1S7 X e

13 8 X e

139 C s

13 9 B a

14°Xe
1 4 1 Ba

1 4 1 L a

1 4 2 B a

1 4 2 L a

1 4 3 B a

1 4 3 L a

1 4 3 C e

1 4 6 P r

2.97 0

3.3 0 4

1.7 6 0

4.150

1.5 6 0

2.7 1 1

1.159

4.34 4

2.6 3 0

4.29 0

2.3 0 6

4.0 60

3.015

2.4 3 0

2.2 00

4.7 5 2

4.3 0 0

3.3 0 0

1.4 5 5

4.0 8 0

E L

2.5 41 ( 11 )

2.2 63 ( 6 )

1 .590 (10 )

5 . 4 9 3 ( 1 9 )

1.1 0 7 ( 3 )

2.4 7 5 ( 2 3 )

1.0 62 ( 5 )

3.9 7 7 ( 3 1 )

2 . 5 0 8 ( 1 9 )

3.95 1 ( 5 7 )

2.0 6 0 ( 1 7 )

2.324(25)

1.873(10)

2.2 6 7 ( 1 7 )

1.458(16)

4.043(22)

2.3 4 7 ( 1 7 )

1.981 ( 7)

1.398(10)

3.2 7 7 ( 1 5 )

EL/Q^

0.8 5 6

0.6 8 5

0.9 0 3

0.8 4 2

0.7 10

0.9 13

0.9 16

0.916

0.8 8 6

0.9 21

0.89 3

0.57 2

0.6 2 1

0.9 3 3

0.66 2

0.85 1

0.54 6

0.6 0 0

0.9 6 1

0.8 0 3

g.s.fi

0%

0

0

0

0

0

0

67

0

83

73

0

0.1

97

0

13

69

0

0

40

ran)

C

D

D

C

D

i comment

E# (Studsvik)

E7 discrepant by~10% among
f i les:E^(Studsvik;

Efi (Studsvik)

Er discrepant by~10% among
f i les:E^(Studsvik)

the same as above

Jiscrepant arr;ong files(E^~30%,
E>:0.1~0.7MeV).New exp.(Nagoya)

Discrepant among f i l e s
(E^-25%, Er~8%
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Tab I e VI List of Irrpontaot Nue I i des in Long—term Decay Heat Evaluation

o

Nucí i de

Sr89

Sr?O

Y 90

Y 91

Zr95

Nb95

Ru103

Rh106

Sb126ma

Cs134

Cs137

Ba1S7m

La140

Ba140

Ce144

Pr 144

Pm147

tota I

Percentage contributi-
on in 235u decay heat
(1 yr . i rrad.)

106 sec

6.0

-

-

7.8

1Z2

12.7

3.4

-

C1.9)

-

2 8.1

4.0

-

10.0

-

84

107 sec

5.7

-

1.3

9.0

15.7

2 6.4

2.2

2.6

(3.6)

-

-

-

2.7

3 0.7

-

96

IO** sec

-

4.0

21.5

-

-

-

-

6.5

(4.7)

Í.0

14.5

-

-

3.8

42.2

2.5

99

H a l f - I i f e

UKFP
-D02

50.5D

29-1Y

2.6 7 D

5 8.6D

6 5.5D

35.1D

39.4D

2 9.9 S

19.1m

Z0 6Y

5 0.0 Y

2.5 5M

1.6 8D

12.7D

2 8 5D

17.3m

2.6 2 Y

JNOC

505O

2 8.5 Y

2.6 70

5 8.5D

6 4.00

3 5.0 0

39.40

3 0.4 S

19.0m

2.0 6 Y

3 0.2 Y

2.5 5 M

1.6 80

12.7D

284D

17.3m

2.6 2 Y

ENDF
-B/V

5 0.5D

29.1 Y

2.67D

58.5D

64.1 D

3 5.1D

39.3D

2 9.9 S

1 9.0 m

2.0 6 Y

3 0.2 Y

2.5 5M

1.6 8 0

12.8D

284D

17.5m

2.6 5 Y

f

UKFP
-DD2

0.58 4

0.196

0.9 37

0.6 09

0.8 52

0.8 0 9

0.5 54

1.6 31

2.2 0 1

1.7 18

0.187

0.66 2

2.8 47

0.5 6 9

0.11 1

1.23 8

0.0 62

JNDC

0.5 6 8

0.17 4

0.93 0

0.59 2

0.8 5 0

0.8 08

0.5 4 2

1.618

2.4 3 1

1.7 0 8

.0.1 7 1

0.6 62

2.8 61

0.46 7

0.1 11

1.24 4

0.0 6 2

ENOF
-B/V

0.58 3

0.19 6

0.9 5 7

0.60 6

0.851

D.80 9

0.54 4

1.619

2.198

1.7 15

0.18 7

0.661

2.87 9

0.5 69

0.1 19

1.23 8

0.0 6 2

Fission
yield

errorCa
Ref.(30)

1

0.7

0.7

0.5

0.7

0.?

Ì .4

1

0.4

0.4

-

0.5

0.5

0.5

0.5

1

c omme n t

(generated throngh neutron«
capture by Cs-133

new data under analysis(Nagoya)

a) Sb126m becomes impon tant for 259pu decay heat. Percentage contribution in the parentheses is for 239pu case.



Table M Comparison of Two Decay Schemes for Rb-^l

E.Achterberg,

Phys.Rew. CS

16 betas from

reported

et a l .

> (1974) 299

56 garrmas

Q,? =5.7 ±0.1 MeV adopted

E^CMeV)
5.7
5.6

5.3

4.7
4.5
—

3.8
-

3.6

3.1
3.0
—

_

2.0
—

_

—

1.6

_

-

1.4

l^(%)
6 0.0

1.1

3.3

2.3

1.3
—

1.9
-

4.6

1.6

1 0.5
—

_

6.2
—

—

-
3.7

_

—

1.4

M. D. GIascock , et a I .

Phys.ReV. C13 (1976) 1630

38 betas from 125 gammas

reported

Qfi =5.68±0.04

E^CMeV)
5.6 8
5.5 9
5.2 4

4.6 4
4.4 5
4.2 0

3.7 6
3.7 4
3.6 2

—

3.0 2
2.3 2

2.2 3
1.9 9
1.9 4

1.7 4
1.6 4
1.6 0

1.5 2
1.4 9
1.4 1

MeV adoptcb

l/?(%)
5

2 3

2.1

1.7
1.6 0
1.01

1.0 0
3.1
4.7

—

15.3
2.68

1.91
10.7

1.9 8

1.2 2
1.5 2
6.3

1.15
1.17
2.1 0
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Fig. 3 Gamma-Ray Component of Th-232 Decay Heat After a Fission Burst
: JNDC (version 1.5), : ENDF/B-IV
: ENDF/B-V [36] # : Tokyo Univ. [42] [43]
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Fig. 4 Beta-Ray Component of U-233 Decay Heat After a Fission Burst
(see legend under Fig. 3)
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Fig. 5 Gamma-Ray Component of U-233 Decay Heat After a Fission Burst
(see legend under Fig. 3)
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Fig. 9 Beta-Ray Component of Pu-239 Decay Heat After a Fission Burst
: JNDC (version 1.5) : ENDF/B-IV
: ENDF/B-V : UKFPDD-2
: CEA (699 FPs) # : Tokyo Univ.
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Fig. 10 Gamma-Ray Component of Pu-239 Decay Heat After a Fission Burst
(see legend under Fig. 9)
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Fig. 11 Beta-Ray Component of Pu-241 Decay Heat After a Fission Burst
: JNDC (version 1.5) : UKFPDD-2
: ENDF/B-V O ' ORNL
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Fig. 12 Gamma-Ray Component of Pu-241 Decay Heat After a Fission Burst
(see legend under Fig. 11)
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(version 1.5)
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GAMMA DECAY HEAT FOR 14 MeV NEUTRON FISSIONS OP 235U, 238U AND 232Th

M. Akiyama and S. An

Nuclear Engineering Research Laboratory,
Faculty of Engineering, University of Tokyo
Tokai-mura, Ibaraki, 319—11» Japan

ABSTRACT

Fission-product decay gamma energy release rates have been
measured for 14 MeV neutron fissions of 535U, 238U and 232Th. Sam-
ples were irradiated for time periods of 1000 seconds (235U), 60
and 300 seconds (238U and 232Th) by 14 MeV neutrons produced by DT
reactions. Spectral data for gamma-ray were obtained using a
Nal(Tl) scintillation spectrometer. The gamma energy release rates
were derived by integrating the experimental spectral data
normalized to unit number of fissions. These results were compared
with the resul ts of decay heat for fast fissions and summation
calculations.

INTRODUCTION

In fus ion- f i s s ion hybrid r eac to r s as a future energy resource and as a
f u e l p roduc ing d e v i c e , the f i s s i o n - p r o d u c t decay h e a t caused by 14 MeV
neutron fissions is one main source of the after heat and wil l have an
important role in the safety analysis Ox their loss-of-coolant accidents.
So, main purpose of this study is to obtain experimental data of the f i s -
sion-product decay energy release rates (decay heat) caused by 14 MeV neu-
tron fissions.

The amount of the decay heat is known very sensitive to the basic
fission yield data. Fig.1 shows each decay heat data calculated using JNDC
file [1 J in three different neutron energy regions of thermal, fast and 14
MaV, where a distinct difference between the 14 MeV data and others has been
found which is thought due to the differences of the fission yield data in
each neutron energy region. The difference between the values of the decay
heat for thermal fissions and fast fissions is only 2 - 3 %, which has well
confirmed through comparing the fast fission data of YAYOI [2],[3]»[4]»[5]
with the thermal fission data of ORNL [6],[7], shown in Fig.2 and Fig.3.
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The second purpose of the study i s to confirm the c a l c u l a t i o n a l r e s u l t s for
14 MeV neutron f i s s ions by experiments.

EXPERIMENTS

Samples of Z 3 5U c o n s i s t e d of about 1.6 mg of m e t a l l i c uranium
elec t rodepos i ted on 18 mm diameter, 0.1 mm thick t i tanium f o i l s . The d ia-
meter of the e l e e t r o d e p o s i t e d a r e a was 10 mm. The uranium was 97.78 % en-

Q Q O 9 9 9

riched in mass number 235 isotope. Samples of U and Th were metallic
foils of which diameter was 12.7 mm and thicknesses were 0.15 mm and 0.10
mm, respectively.

The samples were irradiated by 14 MeV neutrons at the front face of the
tritium target of a Cockcroft-Walton type neutron generator. For 235U sam-
ple^the irradiation time was for 1000 seconds. The experiments for 238U
and ° Th consisted of three runs, where the first two runs had same irradi-
ation period of 60 seconds, but the measuring time schedules were different,
and the third run was for 300 seconds.

The number of fissions in each irradiated sample was determined from
measurements of the gamma activity of 97Zr using a Ge detector. The time
dependent gamma-ray pulse height data were measured using a Nal (Tl) scinti-
llation spectrometer which was contacted with a 30 mm thick polyethylene
disk at it's front face to prevent beta-ray from entering into the scintill-
ator. The measured energy region was between 0.1 and 5.0 MeV. The response
function of the spectrometer was obtained using gamma-ray standard sources
and sources made using several neutron reactions. The measured pulse
height data were corrected for backgrounds, and unfolded by the FERDOS code
[8] with the use of the response function of the gamma-ray spectrometer.
The gamma energy release data were derived to integrate the unfolded spectra
over energy and normalize to unit number of fissions.

RESULTS AND COMPARISON WITH RESULTS FOR FAST FISSIONS AND
SUMMATION CALCULATIONS

For 235U, the gamma decay heat was measured only for the long 1000
seconds irradiation because the amount of fissile material electrodeposited
on Ti foil was very littel to obtain enough countings. The results were
obtained as the values of finite irradiation decay heat data with a constant
fission rate, which are presented in Fig.4 together with the results for
fast fissions and the summation calculations using JNDC file (Version
1«5)t9J|- Although the present results have large uncertainties of 7 - 17 %
(1 o) , they agree very well with the summation calculations.

The gamma decay heat for 238U and 232Th were obtained as the values of
the pulse function of the decay heat, which is defined as the energy release
rate at the time t seconds following a fission. These results are presented
respectively in Fig.5 for Z38U and in Fig.6 for 232Th, together with the
results for fast fissions and the summation calculations. The experimental
uncertainties (1 a) were 4.3 - 7.5 % for 2 3 eU and 4.3 - 11.5 % for 232Th.
For Z3su, the present results are in good agreement with the summation

- 306 -



calculations excapt for the cooling time region between 300 - 2000 seconds,
where the summation calculations give underestimates. The similar feature
is found in the comparison of the experimental results and the calculations
for fast fissions. The calculations of the pulse functions of the decay
heat of thermal and fast fissions of 233U, 235U and 2 3 9 P U using the JNDC
file (Version 1.5) also give underestimates the experimental results in this
cooling time region [9]. These discrepancies are considered due to the
discrepancies of the decay data, i.e. ha l f - f i le , average beta and gamma
decay energies of some nuclides of the fission-products.

In the JNDC f i le (Version 1.5), there are no fission yield data of 14
HeV neutron fissions of 232Th. Therefore, the 232Th fission yield data of
14 MeV neutron fissions were obtained from ENDF/B-V in this calculations.
The present results are in good agreement with the calculations, but the ex-
perimental results for fast fissions show a large disagreement with the
calculations in the cooling time region between 200 - 8000 seconds. This
disagreement is considered due to the 232Th fission yield data of fast-
fissions because this large disagreement is peculiar to the results for fast
fissions of 232Th.

CONCLUSIONS

o a c 2 3 B
The gamma decay heat for 14 MeV neutron fissions of U, U and

232Th have been measured with the experimental accuracies of 7 - 17 % for
235U, 4.3 - 7.5 % for 23BU, and 4.5 - 11.5 % for 232Th. The present r e su l t s
arc frund in reasonable agreement with the summation calculations using the
JNDC f i le (Version 1.5). However, i t becomes conclusively clear that data
improvements are urgently required for the 232Th fission yield data of fast
fission regions.
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DECAY HEAT CALCULATION WITH THE
C.E.A. RADIOACTIVITY DATA BANK

B. DUCHEMIN1, J. BLACHOT2, B. NIMAL1,
J.C. NIMAL1, J.P. VEILLAUT1

COMMISSARIAT A L'ENERGIE ATOMIQUE FRANCE

1 SERMA/LEPF - CEN.SACLAY - 91191 GIF SUR YVETTE CEDEX
2 DRF/CPN - CEN.GRENOBLE - 38041 GRENOBLE CEDEX -

SUMMARY

For a long time the French CEA has developped a radioactivity
data bank. This bank is updated using ENSDF and some recent experi-
mental results.

The fission product part of this library is currently used
for shielding source and decay heat calculations. A computer code
called PEPIN, using direct summation method has been developped
and is briefly described. A comparison is made with other calculations
and available experiments.

INTRODUCTION

In this report wf recall briefly how our PEPIN code, which computes
residual heat and source terms for shielding calculations, due to fission
products, works, using the summation method. We also show how, by comparing
our results with available experiments and other calculations, we are able
to improve them.

DATA

To make summation calculations many data are necessary : fission yields,
spectroscopic data by nuclide, capture cross sections and branching ratio,..

Fissiou yields

The fission yields are computed using the well-known Wahl(l), formula

Y (A) * KP (Z,A) * NF (A) #-«--".5
Yif(Z,A) = — £ - - f e dz

/•z+o.:

Jz-0.5
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where :

Z : atomic number
A : atomic mass
Y.(A) cumulative fission yields after RIDER (2)
ZP(A) :more probable Z value for A chain after RIDER (2)
NF (A)normalisation coefficient
c : gaussian parameter
KPf(Z,A):pairing coefficient after Wahl (1) with EOZ and EON values selected

by J. BLACHOT

For isomeric states, Y^f (Z,A) is distributed using the MADLAND (3)
method. The nuclide spins are taken from our radioactivity data bank.

Spectroscopic data

The spectroscopic data are taken from the CEA radioactivity data bank (4)•

More informations about this bank are given by M. BLACHOT in his poster
contribution to this conference. We use now the May 82 version which contains
699 nuclides.

Capture cross sections

The effective capture cross sections, resonance integrals and branching
ratio are taken from several sources (5).

CALCULATION METHODOLOGY

Our PEPIN code solves analytically the Bateman equations for irradiation

dC.(t)

— " Z Yifdt f

Ck (t> \ \ * i " h Ci

with

C.(t) : nuclide i concentration at time t

T- : C_ CT--y> : fission rate

Of i fission cross section of nuclide f
tp : neutron flux

T- : o. <p : capture rate

a. : nuclide i capture cross section

b. : branching ratio of nuclide j towards nuclide i

X. : decay constant.
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Our method which assumes that the fission rate is constant during an
irradiation step allows us to get analytical solutions at any cooling time
without too much computer cost.

COMPARISON WITH EXPERIMENTS

Many comparisons have been made with available experiments and other
calculations. As an example we show in figure 1 to 4 such comparisons for
fission pulse of 235JJ (total, 8 and y decay heat) and 239pu (total decay
heat). Our -esults (PEPIN 699) are compared with DICKENS experiments (6),
LOTT et FICIIS experiments (7), our earlier calculations (PEPIN 635) and
calculations made by the CINDER code with ENDF/BV (8).

These figures show that the total residual heat is well reproduced either
if some underestimations appear for 239pu around 1000 sec cooling time. But
for 3 and y residual heat the comparisons are not so good. Some improvements
of these results were obtained using Aleklett and Rudstam values (9) for
mean £ energy.

In conclusion it seems to us that although these results are satisfac-
tory, some improvements have to be made in our knowledge of nuclides with
large Q value or short decay time.
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Figure 1. 235U thermal fission pulse total
residual heat.

Figure 2. 23SU thermal fission pulse Beta
residual heat.
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Figure 3. 235U thermal fission pulse gaoma
residual heat.

Figure 4. 239Pu thermal fission pulse total
residual heat.
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A determination of the strengths of some first <jor.pj,̂ den

B-transitions

B. Fogelherg and A. Kere.k

The Studsvik Science Research Labortory

S-611 81 Nykoping, Sweden

A knowledge of the ^-strength function is required in model calcu-

lations of p-decay properties such as the half lives and the delayed

neutron emission probabilities of unknown, far unstable nuclei. Usually,

sae e.g. ref. and references therein, the strength function is in the

fission produrt region taken to be represented by the Gamow-Teller

transition probability as a function of the excitation energy, neglecting

the contribution from first forbidden p-decays. This may in most cases be

a reasonable approximation ss the allowed transitions are expected to be

on the average one or two orders of magnitude faster than 1:st forbidden

ones, especially in not too heavy nuclei. Theoretical studies ' suggest

that first forbidden strength becomes appreciable only fox A>200. Several

of the fast first forbidden transitions that have been observed (see e.g.

refs. ' and references therein) in the region around Pb are, however,

likely to be a consequence o£ the closed shell structure. Similar en-

hanced strength of forbidden transitions can thus be expected to be

present also among fission product nuclei near closed shells.It is

natural to turn to the nuclei near 132Sn for an experimental study of

fl-transition probabilities both because of their importance for the heavy

fission product region and because several of these nuclei have now been

studied in sufficient detail to permit unambigous assignments of level

spins and parities, which are necessary prerequisites for a classifi-

cation of the p-transitions. In the present work the decays of
1 1 'in, ^•'Sn and lj:5Te have been studied at tha OSIRIS mass se-

parator facility, yielding log££ values for 13 ̂ -transitions between five

different pairs of shell model states. The resulting log££ values are

given in the table below together with data for first forbidden transi-

.ons in the decays of In and 1 Sb from refs.6'7 respectively. The

fact that five of the 17 p-transiti.ons in the table have logJLt values
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which are smaller than, or equal to, the average of logfj; =5.5 observed

for allowed transitions suggests that first forbidden p-strength can be

quite significant over a large region of the heavy fission product mass

peak.
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Some important first forbidden p-transitions in the heavy fission

product region

Shell model

classification

*p 1/2"*vS 1/2

-1 -1
»P i/2*

vd 3/2 •

_ _-l _ h-l
"99/2 * v h 11/2

vf7/2 *"97/2

vf?/2 *»d5/2

Initial

state

127. I n

1 2 9 m l n
1 3 1 m I n

"127fflln
129» J n

131m I n

1 2 7 I n
1 2 9 l n
131m2 I n

. 1 3 2In
1 3 3 S n
1 3 4 S b
134™Sb
135Te
133Sn
134m

Sb

T1/2(s)

3.7

1.2

0.35

3.7

1.2

0.35

1.2

0.6

0.32

0. 19

1.5

0.85

10.3

18

1.5

10.3

18

6

7

8

6

7

9

6

7

8

9

7

8

6

6

€

6

S

E (MeV)

.4

.5

.9

.7

.2

.2

.5

.6

.1

.2

.8

.4

.7

.0

.9

.0

.4

logli

5.8

5.9

6.4

5.7

5.5

5.1

> 6.1

> 6.2

5.3a)

5.2a)

5.4

5.2

6.4a>

6.2

6.0

6.0a)

6.7

a) The full shell model configurations are more complex than indicated
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SYMMETRIC DEFORMATION IN A ~ 100 ODD AND ODD-ODD NUCLEI
AND ITS INFLUENCE ON FISSION PRODUCT BETA-DECAY RATES

R. A. Meyer (1,2), N. Kaffrell (3), H. Lawin (1), G. Lhersonneau (1),
E. Monnard (4), V. Paar (5), B. Pfeiffer (6), J. A. Pinston (4),
I. Ragnarsson (7), F. Schussler (4), A. Schmitt (3), T. Seo (1),

K. Sistemich (1), and N. Trautmann (3)

(1) IKP KFA-Jülich GmbH, D-5170 Julien FRG;
(2) Nucl. Chem. Div., LLNL, Livermore, CA 94550 USA;
(3) Institut für Kernchemie, J. Gutenberg U., Mainz, FRG;
(4) Lab. de Chimie Physique Nucleaire-CENG, Grenoble, France;
(5) P.-M. Fakultet, U. of Zagreb, Zagreb, Yugoslavia;
(6) I.L.L., Grenoble, France;
(7) Dept. of Math. Physics, Lund Inst. of Techn., S-22007 Lund-7, Sweden*

Nuclear shape changes can bring about rapid changes in nuclear proper-
ties. That such "vibrational" + symmetric rotor •• asymmetric nucleus
changes may be present in the A ~ 100 region is suggested by rapid, low-
energy level density changes and unexpected g-decay rate changes in several
series of odd-odd and odd-mass fission product nuclei. In order to define
the nature of these nuclei we have performed measurements on a series of
nuclei using JOSEF and LOHENGRIN mass separators, fast-chemistry, and n-
capture yray techniques. Here we summarize the several features we find.

ODD-PROTON NUCLEI; The studies of Z = 39 and 41 (Y and Nb) nuclei havp
shown that (FIG 1) an abrupt change in level structure occurs from " Y to
Y and that the ground state band (gsb) up to spin 19/2 can be described as

a 422 5/2 Nilsson state. Band properties such as the (|gK - go|)/Q0 band
member values, agree with 10-band Coriolis-mixed Particle Rotor Coupling
Model (PRCM) calculations (FIG 2). The symmetric-deformed structure remains
stable up to at least 2 MeV where (FIG 3) we observe a 8.6 JJS isomer and its
population of K1* = 11/2+ band members (see FIG 3) as well as the gsb (not
shown in FIG 3). These bandheads and the K = 11/2+ band member properties
can be characterized as K17 = ll/2+ and 17/2+ partners of the ir422 5/2«
v411 3/2«v404 9/2 three quasiparticle configuration. We observe Nilsson
state of f-p shell model parentage (FIG 4), which have moments of inertia
very different than the gsb (see FIG 5) but can be accounted for in PRCM.
The 302 3/2 band in both N = 62 Y and Nb (101 and 103) are found to have the
requisite similar properties (see FIG 1 and FIG 4). Bey< M Z = 42 a phase
change occurs for at least N < 62 Tc nuclei. The long half-life of *"^Tc
M X suggest a different character than the J-2 (gçm) of -he lighter

3Tc. We find that the Z = 43(Tc) and corresponding N = 41 nuclei have
similar structure. These nuclei can be accounted for on a nonsymmetrlc basis
which excludes a 422 5/2 assignment (suggested by others) to the gs of Se,
75Kr, and 77Kr.
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ODD-NEUTRON NUCLEI; We find that the N = 59, 61, and 63 nuclei (FIGS 6
and 7) with Z of 38 to 42 have 9 = 3/2 gsb properties. However, our (FIG 8;
n.b. numbers in parenthesis are local values of <s >) recent PRCM calcula-
tions show that both ft = 3/2 orbitals have <s,> ~ 0 at e ~ 0.3 if we use
parameters based on more recent single-particle energies and 100Sr rather
than A ~ 110 nuclei (see INSERT FIG 8). Thus, these bands may be of mixed
parentage. This is in contrast to the 404 9/2 Nilsson state that is expect-
ed to be of rather pure parentage in these nuclei. We can identify candi-
dates for the 404 9/2 in the odd-N nuclei studied. These states are
characterized by their isomeric nature arising from K-hindered de-excita-
tion. Candidates for hi , /-> parentage Nilsson states can also be identified
as 541 3/2 in lOlZr, 103M5; and I05Mo and 532 5/2 in 105Mo.

SYMMETRIC TO ASYMMETRIC PHASE CHANGE: Comparison of our level struc-
ture in the series of N = 59 or 61 nuclei shows a" dramatic break in the
level structure at Z of 40 to 42 for N = 59 (FIG 6) and Z of 42 to 44 for a
• 61 (FIG .7) odd-mass nuclei. This change and the*-different, basis of level
structure of Mo compared to *"^Mo can be accounted for by the expected
change from symmetric deformed core to asymmetric core. Further, the seem-
ingly abrupt change in the N = 59 nuclei from Z of 44 to 46 can be accounted
for within the framework of quadrupole phonon models (PTQM/IBFM) as due to
the diminishing of the exchange term (A...which may be associated with the
interaction of the spin orbit partners) [see FIG 9].

BETA DECAY RATES OF EVEN-EVEN TO ODD-ODD NUCLEI: The beta decay rates
of 0 + g.s. to 1+ low-energy levels in the Zr/Nb (Z = 40/41) series of nuclei
vary from log ft values of ~4 in light mass Zr/Nb.nuclei to slightly over 5
in some of the heavier nuclei. In the lighter mass nuclei -the fast rate is
understood within the framework of allowed Gamow-Teller (GT) vg7 ,. to
irggy- spin-flip transitions. Our results may suggest a deformation-based
cause of the slower rate in heavier nuclei. If we use our present results
on the relative energy and nature of the Nilsson states available for form-
ing K = 1 band heads in the neighboring odd-odd nuclei, two effects become
apparent. First, the GT strength will spread over the Nilsson states.
Second, the lowest 1+ levels may not have the required ^SQ/O ~ v87/o shell
model parentage. Most low-energy 1 levels will arise from ̂ Po/2~*5/?
and vh..y» parentage and not have the fast spin-flip GT strength avail-
able. The ir422 5/2. -'v(£1=3/2) configuration also will generate a 1+ level.
However, at larger deformation (or using A ~ 110 NS) the £2 = 3/2 orbital
will have mostly d^^ origin. Only in special cases, as illustrated in Fig.
8 the ft = 3/2 may have a g-j/% character. Thus, within the series of deform-
ed even-mass nuclei the presence or absence of fast 6 transitions to low-
energy levels may be governed, in part, by the changing nature of the ft •
3/2 component in the {TT422 5/2-v(ft=3/2>l states. This suggests that one
method of determining the nature of the low-lying ft = 3/2 neutron configura-
tion may be by investigating beta-decay rates in these nuclei.

This work was performed with partial support from IKP KFA-Jlilich GmbH
(FRG), C.E.N.G. Grenoble (France), I.L.L. (Grenoble), Lund Inst. of Tech.
(Sweden), US-NSF Yugoslav-US Grant No. Y0R 80/001, U.S. Fulbright Founda-
tion, and in part under the auspices of the U. S. DOE by LLNL under contract
No. W-7405-Eng-48.
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A HE-JET SYSTEM TO STUDY SHORT-LIVED FISSION PRODUCT NUCLEI AT LAMPF

W. L. Talbert, Jr., M. E. Bifnker, and J. W. Starner
Los Alamos National Laboratory

Los Alamos, NM 87545

ABSTRACT

Experiments have been performed at LAMPF which demonstrate the
feasibility of utilizing a He-jet system to transport fission pro-
ducts to an on-line mass separator from a target chamber mounted
in the 800-MeV, >600|JIA main proton beam. Activities of essen-
tially all elements produced are transported with about 60% abso-
lute efficiency, both for fission reactions and spallation reac-
tions. Transport times are short enough to allow study of activi-
ties with half-lives as short as 300 ms. Technical features and
scientific possibilities of the system are presented.

INTRODUCTION

The technical feasibility of constructing a He-jet coupled on-line
mass-separator facility at LMMPF is under investigation. The He-jet system
would rapidly transport short-lived fission and spallation products from a
target chamber to the ion source of a remote separator. The He-jet tech-
nique, as a method for transporting radioisotopes to an isotope separator,
has two main advantages: (1) it provides access to the isotopes of a number
of elements that cannot be efficiently extracted for study at any other type
of on-line facility, either present or proposed, and (2) low cost. Except
for gaseous products, all elemental species are transported efficiently with
a He-jet system, including the refractory metals such as Zr, Nb, Mo, Tc, Pd,
Ru, and Rh. In contrast, the relatively massive targets that must be used
(because of the low beam currents) at other major on-line separator facili-
ties almost completely retain the refractory-metal radionuclides, making
these activities unavailable for study. Use of the thin targets required in
the He-jet method necessitates a very large incident beam current, of the
order of that available at LAMPF, in order to get sufficient yield of indivi-
dual radioisotopes for detailed study.

The separated ion beams extracted from the proposed separator would be
directed to various experimental devices capable of determining basic nuclear
properties such as half-life, spin, nuclear moments, mass, and nuclear struc-
ture. The data acquired would have broad application to theories of nuclear
matter and such related topics as fission-reactor technology and nucleosyn-
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thesis of the elements. Emphasis initially would be placed on the study of
short-lived neutron-rich fission products. Fission is the only way to reach
very neutron-rich nuclei, and among the refractory metals alone it appears
that we would have a good chance of identifying and making measurements on at
least 150 previously unobserved isotopes. These prospects would inevitably
attract a sizeable international user group. In addition, spallation and
fragmentation reaction products will make many more previously unstudied
nuclei available.

Feasibility studies were initiated at LAMPF in late 1981. These initial
experiments, which were performed in a low-intensity (~ 5p.A) 800-MeV H" beam
and utilized a rather simple target chamber and activity collection arrange-
ment, yielded very promising results on the activity transport efficiency for
both fission and spallation reaction products. The experiments were carried
out with little flexibility; only one target chamber pressure was used, only
one aerosol (NaCl) was employed, and beam current and aerosol furnace tem-
perature variations were not made over wide ranges. Hence, plans were made
for further experimental time at LAMPF in late 1982. The additional experi-
ments were outlined to investigate more thoroughly the influence of beam
current variations, aerosol furnace temperatures, and target chamber pres-
sures. It was also proposed that PbCl2 be studied as an alternate aerosol.

In preparation for the second set of experiments, several activities were
undertaken. An extensive off-line program to measure aerosol properties
established that both NaCl and PbCl2 aerosols had favorable number densities
and sizes, and that the capillary transport line had a noticeable, but not
drastic, filtering effect on aerosol sizes. A new target chamber concept was
developed that allowed the target chamber thickness to be changed for each
pressure of interest (the chamber thickness corresponding to the fission-
product range in helium at the pressure used). Finally, analytical calcula-
tions were made to predict the transit times through the capillary. The above
preparations were accompanied by a series of discussions with the LAMPF staff
which resulted in (1) the inclusion of space for a He-jet target facility in
the plans to reconstruct the beam-stop area of LAMPF, and (2) provision for
space in the new LAMPF staging area for an isotope separator system.

NEW RESULTS

The second set of on-line experiments at LAMPF- was performed in November,
1982, and most of the experimental objectives were successfully met. The
LAMPF operations staff provided an intense, steady, tightly-focused beam
which, in effect, made it unnecessary to proceed with plans to continue these
studies with a Line-A (main beam) experiment. The major results of the
experiments are summarized below.

We utilized a moving tape collector at the collector chamber to rapidly
transport collected samples of activity to a well-shielded detector. The
tape collector provided us with the capability of observing short-lived
activities, of half-life 1 to 5 seconds. The observed counting rates of 238U
(p,f) products were very high, and in the resulting spectra, many of the
gamma-ray peaks cannot be identified from previously reported studies. The
transport efficiencies for the more refractory-element activities averaged
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about 60%, measured absolutely. At higher target chamber pressures (up to
600 kPa), the short-lived activity levels were much higher than those
observed at 200 kPa - a result of the higher flow rates. A comparison is
shown in Fig. 1 of the elements observed at LAMPF with those accessible at
two other major on-line facilities (ISOLDE [1] and TRISTAN [2]) where
fission-product activities are studied.

Transit time measurements were performed for various conditions, the best
result being 230 milliseconds for a target chamber pressure of 500 kPa. The
calculated prediction for the transit time at this pressure over a capillary
length of 22 meters is 320 milliseconds. Since the calculation is based on
an average flow velocity in the capillary, the experimental result suggests
that the aerosols are "herded" into the central part of the capillary during
flow, thus acquiring a larger-tnan-average flow velocity. The transit time
measurements are convincing that activities as short as 300 milliseconds
could be readily studied with the proposed He-jet on-line mass separator sys-
tem.

During variation of the proton beam current over a range of 1.5 nA to 6.1
|iA, we observed no variation in the transport efficiency. Post-experiment
scans of the beam-induced activity in the 238U target foils indicated that,
at the highest • Trent, a beam current density of 45 jiA/cm2 had been
achieved. The highest expected beam current density at LAMPF Line A is about
35 iiA/cm2; hence, we conclude that the He-jet transport system should func-
tion satisfactorily in the intense LAMPF beam,' which has been a major con-
cern.

The highest target chamber pressures used (500 and 600 kPa) resulted in
capillary flow for which the Reynolds number approached 5000, considerably
exceeding conventional laminar flow design limits of about 2200. However,
the rate of activity transport continued to increase when these pressures
were used. The conclusion is that any turbulence resulting from the high
flow did little to disturb the transport of the heavy aerosols.

The temperature dependence of the amount of transported activity verified
directly that the activity attaches to the aerosols according to total aero-
sol surface area, as seen in Fig. 2. This result had been indicated
indirectly in other, unrelated studies at aerosol laboratories for aerosols
in the size range employed (less than 0.1 \im). Aerosol sajiiples were col-
lected for electron microscopy, and aerosol size distribution measurements
were made on activity-loaded aerosols. The electron microscope pictures of
the PbCI2 aerosols revealed that the aerosol particles are not spherical, but
resemble chains of smaller nucleations -- conglomerations having a high ratio
of surface area to mass.

STATUS AND FUTURE PLANS

The availability of H" beam at LAMPF is too infrequent and too short in
duration to be able to make the systematic studies needed to optimize the
design for a Line-A target chamber. We have therefore installed a He-jet
target chamber in a neutron beam port at the Los Alamos Omega West Reactor
(OWR) to continue these studies and arrive at an optimum configuration
regarding: 1) the effect of using multiple capillaries rather than only one;
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2) capillary and He supply line placements which maximize the target volume
sweep rate; and 3) evaluation of three candidate aerosol materials, NaCl,
PbCl2 and KC1, to determine which will provide the highest transport effi-
ciency.

Results to date include overall transport times, using a 22-m transport
line and a target chamber with up to 5 exit capillaries and up to three inlet
lines. Although all of the data have not undergone analysis, the preliminary
indication is that a single exit capillary and two inlet lines provide the
optimal configuration for use under the LAMPF Line-A conditions. Figure 3
shows preliminary data for two sizes of exit capillary. The initial onset of
activity transport is clearly evident, as is the rapid "sweep" of the target
chamber (of the order of 2 s). Based on these early results, we are confi-
dent that we will be able to study fission-product activities as short-lived
as 0.3 s at LAMPF . We will continue the OWR experiments in order tc study
the transport of activity under different target chamber conditions, using
each of the aerosols of interest (the present studies have utilized only
NaCl).

The data acquired thus far have convinced us that the proposed He-jet/
mass-separator system is technically feasible. With respect to the scien-
tific justification for proceeding with the project, the measured transport
times and estimated cross sections at 800 MeV clearly indicate that a large
number of previously inaccessible short-lived fission products could be iso-
lated for detailed study at the LAMPF facility. For example, Fig. 4 displays
regions of nuclei that are essentially unexplored but would become available
at LAMPF. The new data that could be acquired in these rather large regions
would represent a major extension of our knowledge of nuclear behavior.
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SURVEY OF DELAYED NEUTRON EMISSION PROBABILITIES

P. L. Reeder, Pacific Northwest Laboratory, Richland, WA 99352

ABSTRACT

This paper summarizes the techniques used to measure the
delayed neutron emission probability and includes an evaluated list
of all experimental values for fission product precursors. Various
models and theories for calculating these probabilities are summar-
ized. The application of estimated and experimental delayed neu-
tron emission probabilities to the calculation of delayed neutron
yields from fission is illustrated. Some suggestions for new and
improved measurements are presented. Emission probabilities for
non-fission product precursors are compiled in a separate table.
The recently discovered processes of beta-delayed two-neutron and
beta-delayed three-neutron emission are reviewed.

INTRODUCTION

The importance of delayed neutron data for reactor design and opera-
tion has been thoroughly covered in previous publications El, 21. The
specific topic of delayed-neutron emission probabilities {Pn) has recently
been surveyed by Mann,, et al. [3] and their paper is the basis for the
evaluated PQ values of the present review. Mann's paper in turn relied
upon the 1979 survey by Rudstam [4].

Traditionally, the delayed neutron emission probability has been
defined as the fraction of the beta decays from a given nuclide (precursor)
which lead to neutron emission. This simple definition is adequate for all
precursors of importance in nuclear fission. However for exou'c nuclides
very far from the line of beta stability it is possible for the recently
observed processes of beta-delayed two-neutron emission and beta-delayed
three-neutron emission to occur. Thus the definition of Pn should be modi-
fied to include the probabilities of 1, 2, or 3 neutron emission as
fol1ows:

pn " = i pin

where Pjn = fraction of beta decays with i neutrons emitted.
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Pn is now defined as the number of neutrons emitted per beta decay and
in some nuclides may actually be greater than 1.0. The sum of P n, P2n,
and P cannot be greater than 1.0. For practical applications it is the
number of delayed neutrons which is of importance as defined by Eq. 1.
Beta-delayed two-neutron emission occurs for fission product precursors
with small fission yields and the P n value is much less than the P.n
value. Thus, multiple emission of delayed neutrons is of little importance
for reactor calculations. However, it can be important for calculations of
the r-process path in astrophysics [5].

Not all beta decays to levels above the neutron binding energy lead to
neutron emission. A detailed study of neutron unbound levels in 86Kr
showed that gamma de-excitation can occur from levels as much as 280 keV
above the neutron binding energy [63.

The present paper first describes soma of the techniques used in Pn
measurements and summarizes the experimental results since Rudstam's
review. An updated version of Mann's evaluation of fission product precur-
sors is then presented. Various models of beta decay are now being used to
calculate Pn values. The results have been compared to known Pn values to
determine the validity of the model and have also been used to predict
unknown Pn values in calculations of the distribution of delayed neutron
yields in fission. After discussing these topics, some recommendations for
Pn measurements are given. Several cases where Pn values have been meas-
ured for isoraeric precursors are known. It is suggested that these cases
are valuable tests of the theories and improved data are needed.

There are now many examples of delayed neutron precursors outside the
fission product region. This emphasizes the fact that delayed neutron
emission is a general decay mode for highly neutron rich nuclides.
Although two examples of beta-delayed two-neutron emission have been found
among the fission products, most of the examples of two and three neutron
emitters have been found below the fission product region. These data are
summarized in separate tables.

EXPERIMENTAL TECHNIQUES

Beta and Neutron Decay Curve Analysis:

The most common procedure for P,, measurements has been the simultane-
ous measurement of beta and neutron decay curves from sources deposited by
a beam from an on-line isotope separator. The decay curves are resolved
into the various half-life components and the saturation counting rates of
the precursor component are determined. The Pn value is then calculated
from the ratio of neutron to beta saturation counting rates after correct-
ing for the neutron and beta counting efficiencies.

The neutron decay curve often has only one component plus background
to resolve. However, as experiments have pushed out to nuclides farther
from stability, the decay curves may contain neutrons from several isobaric
precursors. Mass 97 has a four component decay curve where neutrons are
observed from 9?Rb, 97Sr, 97Y9, and "Y

1" as illustrated in Fig, 1 [7].
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The beta decay curves are considerably more difficult to resolve as
there are always components due to the daughter activities. In cases where
the isotope separator ion source is not chemically selective, there may be
several beta activities present in the directly deposited beam. The decay
curve analysis must then distinguish daughter activities coming directly
from the ion beam or from beta decay. The accuracy of the analysis may be
enhanced by depositing the ion beam on a tape which is moved between beam
bursts to remove long-lived beta activity, by measuring both growth and
decay curves, and by starting the multi-sealers slightly before the beam
burst so that the residual activity is accurately determined.

The computer program MASH [8] used by several groups [7, 9] has been
specifically written to simultaneously analyze growth and decay curves and
to explicitly handle parent, daughter, and granddaughter relationships. It
also allows for inclusion of isomer decays and for delayed neutron branch-
ing. The beta growth and decay at mass 98 as analyzed by MASH is shown in
Fig. 2 [73.

Neutron Counting Efficiency:

Average energies of delayed neutron spectra range from about 200 to
600 keV [10]. It is important to calibrate the neutron counting efficiency
as a function of neutron energy at least over this energy range. A flat
efficiency should not be assumed without some experimental evidence. The
AmLi neutron source with an average energy of about 530 keV has been recom-
mended as a calibration source [11]. Photoneutron sources have been used
for energy dependent efficiency calibrations [12]. However, the preferred
method for calibrating a neutron counter as a function of energy is that
used by Lund, et al. [13]. They obtained monoenergetic neutrons from {p,n)
reactions on thin targets of 51V and 59Fe. The neutrons were counted dur-
ing the irradiation. The total number of product atoms (i.e. neutrons) was
determined off-line by counting gamma rays from the long-lived decay of the
product nuclides. This method originally proposed by Adams et al. [14]
provides calibration points from about 200 keV to about 1300 keV.

Beta Counting Efficiency:

Most beta detectors used in Pn measurements have been plastic scintil-
lators or Si surface barrier detectors. These detectors have flat effi-
ciency versus energy curves for average beta energies above about 1.2 MeV
[13]. Most delayed neutron precursors have Q0 greater than 5 MeV so the
average beta energies are well into the flat response region. The absolute
efficiency is usually obtained by counting calibrated beta sources mounted
at the ion beam deposition point. The preferred method would be to use
beta-gamma coincidence counting of several sources as was done in the
experiments of Lund, et al. [13]. Precautions should also be taken to pre-
vent interference by conversion electrons or by gamma rays.

Ion Beam Counting:

The number of precursor atoms in a given sample can be determined by
counting the ion beam directly [15, 16], This technique is valid only if
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the ion source of the mass separator produces ions of a single element at
that mass number (i.e. ionization of Rb and Cs from a hot Ta surface). For
cases where there is only one precursor present, it is possible to obtain
Pn values without the necessity for decay curve analysis [16], The ions
are deposited on the first dynode of an electron multiplier detector and
are counted directly. Our first measurements by this technique [16] gave
results which were about 25% higher than recommended average values. Later
experiments [17] showed that about 15% of this discrepancy was due to ions
which struck the first dynode but gave no secondary electrons and thus no
ion signal. Additional corrections to the neutron counter efficiency cali-
bration accounted for the remaining 10% discrepancy. Thus, there is now
excellent agreement between Pn measurements made by the ion counting tech-
nique and by the beta counting technique.

Gamma Counting:

Another technique used to determine the number of atoms in the sample
has been the measurement of gamma rays from a long-lived decay product.
This again requires the use cf an icn source which is chemically specific.
In the experiments of Talbert, et al. [18], only Kr or Xe was produced from
the ion source. Neutrons were counted on-line, but the number of atoms in
the sample was determined by off-line gamma counting. For isotope separa-
tor beams which have no mass contamination, the technique can be extended
by counting gamma rays from long-lived daughters in'both the A and A-l mass
chains [19, 20]. For any gamma counting experiment, the accuracy of the Pn
result depends largely on the accuracy with which gamma ray branching
ratios are known.

Beta and Neutron Counting with Tape Collector Velocity Analysis:

As a consequence of the long focal plane of the Lohengrin separator, a
modified version of the beta and neutron counting technique was employed by
the Lohengrin group [21, 22, 23]. The activity from the separator was
deposited on a continuously moving tape. The beta and neutron count rates
were measured as a function of tape velocity. The plot of count rate ver-
sus velocity gives a "Hovestadt" curve [24] which was analyzed to give the
various half-life components. In some cases the data were insufficient to
obtain Pp values directly, so some of their results depend on fission yield
or Pn values at neighboring masses.

Chemical Separation:

Before on-line mass separators became available, a number of P_ mea-
surements were performed using fast radiochemical separations followed by
neutron counting [25-34]. As there was no isotopic separation the decay
curves were complicated by the presence of several mass chains. In most
cases the quantity determined directly was the number of neutrons per fis-
sion rather than the Pn- Some experimenters then measured the fission
yield by means of gamma counting and others estimated the fission yield
from systematics. The Pn was then obtained indirectly by dividing the
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neutrons/fission by the fission yield. This procedure suffered from the
lack of isotopic separation and the poorly known fission yield data. How-
ever, for some precursors it is still the only data available.

Beta and Neutron Measurements Relative to Known Pn:

Some Pn measurements have used well known Pn values to determine the
ratio of neutron and beta counting efficiencies. These efficiency ratios
were then used to calculate Pn values for the desired precursor. In
effect, one is simply measuring the ratio of Pn values. This approach was
used in our recent measurements of Sr, Y, Ba, and La precursors where the
known Pn values of Rb and Cs precursors were used at each mass number [7],
If one can guarantee the same neutron and beta counting efficiencies for
experiments done at different masses, one can use the efficiency ratio
determined at one mass from a known Pn to calculate Pn values measured at
different masses. This procedure was used to obtain the Pn of "Rb
relative to 98Rb [35], and the Pn for Ag and In precursors relative to
1 2 7In m [36, 37], Roeckl et al. measured a number of Na, Rb, and Cs iso-
topes relative to the Pn for

 9Li [38, 39], For the benefit of future com-
pilers, experimentalists using this technique should report the actual
ratio measured along with appropriate uncertainties.

Beta-Neutron Coincidence Counting:

In principle, one might expect the most accurate Pn values could be
determined from the beta-neutron coincidence rate divided by the beta
counting rate. The beta counting efficiency cancels out in such a measure-
ment so the PQ depends only on the two count rates and the neutron counting
efficiency. This technique has been used by Bjornstad, et al. to measure
the Pn of

 9Li [39], Neutrons had a mean residence time of about 100 \is in
their detector which means that ordinary coincidence techniques were not
applicable. The time intervals between beta start and neutron stop signals
were recorded and the data were fit to an exponential plus a constant which
accounted for the random background. Integration of the exponential compo-
nent gives the total number of coincident events. 9Li is an unusual case
in which the delayed neutron precursor decays only to stable products.
Thus, it was not necessary to perform decay curve analysis to determine the
beta count rate for 9Li.

If one tries to apply this technique to fission product precursors,
one must measure the beta-neutron coincident count rate and the beta sin-
gles count rate as a function of time after source deposition in order to
resolve the precursor beta activity from all of its daughters. We have
performed this experiment on 91f"97Rb and i^-i^Cs using a neutron counter
with a 35 us residence time for neutrons [37], The shorter residence time
allows correspondingly higher count rates before the random background
interferes with the coincidence measurement.

Alternatively, one can use NE213 liquid scintillate which does not
depend on thermalizatiion and neutron capture. The ORSAY group has built
such a counter which includes a well-shaped plastic scintillator beta
counter. The background beta-neutron coincidence rate is extremely low
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which makes this detector ideal for looking at precursors very far from
stability [40, 41, 42].

RECENT EXPERIMENTAL RESULTS

In this section, the Pn measurements reported since Rudstam's 1979
review will be briefly summarized. Papers dealing with the same elements
have been grouped together.

Rb, Cs:

Preliminary data on Ga, Br, Rb, In, Sb, I, and Cs precursors from
OSIRIS had been included by Rudstam in his 1979 review. The final values
were slightly revised and published in 1980 [13].

Preliminary data from SOLAR on Rb and Cs precursors done by ion count-
ing had also been included in the 1979 review. These data have also been
revised and the final values are available in a PNL report [17], This
report also updates the original SOLAR data on Br, Rb, I, and Cs precursors
[16].

Preliminary data from SOLIS on Rb, Sr, Y, In, Cs, Ba, and La precur-
sors had also been included in the 1979 review. The final values were pub-
lished in 1981 [43].

In 1981, the ISOLDE group published a new measurement of the 9Li Pn of
50 ± 4% [39]. Since the 1974 ORSAY paper [38] on Rb and Cs Pn values had
normalized their results to a 9Li Pn of 35 ± 5%, these Rb and Cs Pn's had
to be increased by a factor of 1.4.

The Rb and Cs Pn values from these four papers are compared in
Table I.

Br, I:

The previously mentioned paper from OSIRIS gave Pn values for 8
and 137-1391 [13], shortly thereafter, the same group studied molecular
ions of AlBr+ and A1I+ and were able to reoort measurements on 89-9iBr and
139-141J

had

Unpublished data from ISOLDE provides additional Pn values for
[45]. n

The recent Br and I data are compared in Table II.

Srt Y, Ba, La:

The report of rather large Pn values for
 9 7' 9 8Sr, 97,98Y> >

and llt7La by the SOLIS group [43] was rather surprising in that most mass
formulas predicted very small or even negative energy windows (Qg-Bn) for
these precursors. In the meantime, the latest update of the experimental
mass table by Wapstra and Bos [46] shows that these nuclides could be
delayed neutron precursors.

The OSTIS group has published a brief report on their studies of Sr,
Y, Ba, and La precursors [20]. They find very small Pn values for

 9?-99$r
and 9/-99Y and set rather small upper limits for i ^ , m 8 B a and
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The SOLAR group also has just published their work on Sr, Y, Ba and La
precursors [73.

The Pn values for Sr, Y, Ba, and La from these three papers are com-
pared in Table III.

Ag:

The SOLAR group has recently measured the Pn for 121-123^ relative to
ffl[36]

 n

In:

The measurement of In Pn values has been complicated by the presence
of isomers at almost every mass. The first set of Pn values came from the
OSIRIS group [133. Another set come from the SOLIS group [43], Unpub-
lished and preliminary data from the SOLAR group are also available [37].
These three sets of data are compared in Table IV.

New Fission Product Precursors:

The SOLAR group reported a delayed neutron activity at mass 124 with a
half-life of 0.54 ± 0.08 s and assigned it to 12I»Ag [36], They were not
able to see the beta activity and could not measure the Pn. However, the
half-life of 12JfAg has also been reported as 0.17 ± 0.03 s by means of
gamma counting [473. The half-life discrepancy has not yet been resolved.

The OSIRIS group reported tentative evidence for a 12 s neutron pre-
cursor at mass 128 [48] but later experiments could not confirm it [13],
However, unpublished data from the SOLAR group [37] indicate a precursor
with a half-life of 19 ± 3 s which probably is an isomer of 1 2 8In.

The ISOLDE group has unpublished data on the delayed neutron decay of
1 3 3In [453. They report a half-life of 0.18 ± 0.02 s but do not have a Pn
measurement yet.

EVALUATED Pn VALUES

Pn values for fission product precursors iiave been evaluated by
F. Mann for inclusion in the ENOF/B data file [33. His evaluation includes
all the new data reported since Rudstam's 1979 review except the unpub-
lished Br results from ISOLDE and the unpublished In results from SOLAR.
Mann has updated those Pn values which depended on reference values of
gamma ray abundance, fission yields, or other Pn's. The complete list of
all Pn measurements after updating is given as an appendix to Mann's paper
and is not reproduced here.

The weighted average Pn values from Rudstam's 1979 review [4] and
Mann's 1983 review are presented in Table V. The uncertainties on Mann's
values were calculated from

q_ = E w>~ k (2)

x
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where w7- = 1/a
2
 ancj ff^ is the uncertainty assigned to a particular value.

To account for the large spread in experimental values outside the uncer-
tainty estimates, this error was multiplied by the square root of chi-
squared per degree of freedom whenever this quantity exceeded 1.0.

The procedure of taking weighted averages does not account for the
fact that the data come from sets of measurements at several laboratories
each having a possible systematic bias. Mann has therefore determined lab-
oratory bias factors by a least squares analysis. These factors are pre-
sented in Table VI. With a few exceptions these bias factors are close to
unity. Mann applied these normalization factors along with the normaliza-
tion uncertainty and calculated the recommended values also shown in
Table V. For 8 5~ 8 7As, S2Br, and 136Sb, Mann reported the value for
neutrons/fission. However, in Table V the neutron/fission values except
for 92Br have been divided by estimated fission yields from ENDF/B-VM to
give indirect P_ values. For 9 2Br > the unpublished P_ from ISOLDE has been
included [45].

PREDICTED Pn

Predictions of Pn values depend on knowledge of the masses of the pre-
cursors and their decay products. Delayed neutron emission is forbidden
unless the beta decay energy (Q8) is greater than the binding energy (Bn)
of the neutron in the daughter nuclide. On the chart of the nuclidas, the
delayed neutron "drip line" is defined as the line where the energy window
(Qo-Bn) changes from negative to positive. In the fission product mass
regions, the drip line is well defined by experimental mass measurements as
found in Wapstra and Bos [46], In the valley between the fission product
peaks and outside these peaks, the drip line can only be estimated using
the various mass formulas [50].

Any model for predicting Pn values must treat the problem of how beta
decay populates states above the neutron binding energy and this requires
knowledge of the beta strength function. Strength functions are beyond the
scope of this review, so this discussion will only list a number of refer-
ences which give calculated P» values.

The early calculations or Jahnsen, et al. [1], Takahashi [51], and
Pappas and Sverdrup [52], were limited by rather primitive input data.

An attempt to calculate Pn values from simple statistical model con-
siderations was reported by Rudolph and Kratz [53]. They found systematic
deviations from the experimental Pn values and suggested that nuclear
structure effects above and beyond the simple statistical model were
required.

More recently, Tachibana and Yamada have proposed a method of estimat-
ing the beta strength function from beta-decay data of neighboring
nuclei [54]. Their publication presents Pn results only for

 87Br and
1 3 7 I . However, the method has recently been extended to 20 precursors as
described in a progress report [55],

An ambitious calculation of beta decay properties including Pn values
has been reported by Thielemann, et al. [5], They have calculated Pn
values for all nuclides out to the neutron drip line for all Z values from
10 to 100. The publication gives comparisons of calculated and
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experimental Pn values for Na, Rb, and Cs. The agreement is quite impres-
sive for the cases shown. However, Kratz has pointed out that reproduction
of integral beta-decay properties (ti/2 and Pn) does not imply that the
beta strength function is necessarily understood [56], He shows that very
different strength functions can fortuitously give the same result in
certain cases.

Mann et al. have developed a beta decay model from the statistical
model approach and have applied it to the calculation of Pn values and neu-
tron energy spectra for a complete set of fission product precursors [57].
Their calculated Pn values can be found in a recent paper by England
et al. [58].

In the evaluation of experimental Pn values$ Mann et al. investigated
the correlation of Pn with two empirical functions of the energy
window [3], The first function is due to Amiel and Feldstein [59]

Pn - a (Qp - B n )
b (3)

where a and b are free parameters. The second is due to Kratz and
Herrmann [60]

Pn "
 c

where c and d are free parameters and K is a cut-off parameter depending
upon the type of precursor.

K = 0 even-even precursor
K = 13/rt^2odd precursor
K = 26//P2 odd-odd precursor.

The best fit was obtained for Eq. 4 with c = 125 and d = 4=35_- If Eq. 4 is
then used to predict known Pn values, the agreement with experimental
values is actually slightly better than the predictions from Mann's beta-
decay model. However, the beta-decay model accounts for the spins and
parities of the levels involved and thus gives predictions for ground and
isomeric state decays.

The beta-decay models also predict the partial Pn for neutron emission
to excited states of the final nuclide. The calculated and experimental Pn
have been compared.for Cs precursors by Schenter, et al. [61], Calculated
and experimental Pi are given by Kratz et al. for 93-ioORb [62, 63] and by
Hoff for 8iGa, 88,B9Sl% 93-96Rb> i35 Sb( and 138.139J [64]# in p i g. 3> pi
for 96Rb from three different experiments are compared to the calculations
of Schenter, et al«

DELAYED NEUTRON YIELDS IN FISSION

For reactor applications, the delayed neutron yields and time depend-
ence are required. Many experiments have measured the total delayed neu-
tron yield for various fissioning systems [65], The time dependence has
also been measured and analyzed in terms of six half-life groups [66]. In
view of the extensive number of Pn measurements now available, it is
practical to calculate delayed neutron yields by summing the product of Pf
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times the fission yield for all the individual precursors. The time
dependence can also be calculated by a similar summing procedure [67, 68].

A recent publication by England, et al. uses PD values for 105 precur-
sors and calculates delayed neutron yields for all 20 fission yield data
sets in ENDF/B-V [58]. The 105 precursors still do not include all the
possible precursors in the valley and wings of the fission yield distribu-
tions, but the effect of additional precursors is minimal. To get the com-
plete distribution of delayed neutrons from fission, Reeder and Warner used
a set of 248 precursors using estimated Pn values based on Eq. 4 [69]. To
illustrate the strong enhancement of delayed neutrons from odd Z elements,
the sum of delayed neutron yields at constant Z is plotted versus Z in
Fig. 4. For fissioning systems without enhancement of even Z fission
yields (i.e., 14 MeV n + 2 3 5 U ) , the contribution of even Z precursors to
the total delayed neutron yield is less than 2%.

This odd-even effect in delayed neutron yields makes the total delayed
neutron yield sensitive to the amount of odd-evi effect on fission yield.
Discrepancies between the calculated and total delayed neutron yield for
fission spectrum neutron fission of 232Th and 238U may be due to the large
pairing effect used in the ENDF/B-V fission yields for these two systems
[58], However, the discrepancy for 232Th could also be eliminated by the
use of additional precursors [69, 70]. A discrepancy between the calcu-
lated and experimental total delayed neutron yields for 252Cf cannot be
explained by pairing effects in the fission yields [69]. For this system,
a remeasurement of the total delayed neutron yield is highly recommended as
there exists only one measurement.

An alternative model of fission yields has been used by Waldo et al.
to calculate total delayed neutron yields and the time dependence [71].
Their model gives good agreement for the experimental and calculated total
delayed neutron yields of a number of fissioning systems including the
2 3 2Th, 2 3 8U, and 2 5 2Cf cases. However, the fission yield model does not
allow for odd-even effects which are known to exist.

UNMEASURED Pn

Although there are Pn measurements for about 80 precursors, one can
estimate from energetics that there should be about 260 precursors among
the fission products listed in the present ENDF/B-V yield files [58]. As
mentioned previously the precursors with unmeasured Pn generally have low
fission yields and are of minor significance for reactor applications.
However there are 6 unmeasured precursors with estimated delayed neutron
yields of greater than 1.0 x 10"1* neutrons per fission for thermal neutron
fission of 2 3 5U [69]. These precursors are 88As, ioo-io3Y) and i37St>#
These should be given high priority in future ?n measurements as they may
account for about 6% of the total delayed neutron yield in fission of 2 3 5U.

In Fig. 5 the calculated delayed neutron yields for 240 precursors are
shown for thermal neutron fission of 2 3 5U. The Ag precursors with a yield
of about 4 x 10"8 neutrons per fission represent the current level of
sensitivity for P~ measurements. However there are many precursors among
the Cu, Zn, Zr, Nb, Tc, Cd, and Pr elements which have yields above this
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limit. As of now there are no precursors known for these elements because
of the difficulties in getting fast diffusion and efficient ionization from
existing ion sources for these elements. There are also many short-lived
precursors among the more accessible elements which have not yet been iden-
tified, but which have yields well above the Ag precursors.

There are a number of nuclides with measured half-lives which are
known to emit or are expected from estimated masses to emit delayed neu-
trons but their Pn values have not been measured. This list consists of
83-8tQej 95|(r) 100-102^5^ 100-101$^ 100-102yf 103-106^ 109-llOjc,
m R h , *21*Ag,'133In, I33sn, l'ta-l^xe, i 4 8 C s / a n d i « L a # ' -rne study'of
these additional precursors is a challenge to experimentalists, but we do
not expect these precursors to significantly change our understanding of
delayed neutron yields for reactor applications.

There is a definite need for improved measurements on the As and Sb
precursors. All together, they account for about 10% of the total delayed
neutron yield from thermal neutron fission of 2 3 5U. The existing data are
discrepant for I3»t»i35sb and for the very important 8 5As. Most of the mea-
surements gave the number of neutrons per fission and the Pn values were
obtained indirectly from estimated fission yields. Additional measurements
are also recommended for all the precursors for which only one measurement
exists (see Table V).

Pn OF ISOMERS

The Pn values of isomers are primarily of interest for nuclear struc-
ture rather than reactor physics. However, the ioo-i°3Y precursors prob-
ably have isomers and are expected to have significant delayed neutron
yields particularly from high mass number fissioning nuclides. The current
list of precursors with known isomers is given in Table VII. The number of
experimental cases is rather limited and the results are sometimes discrep-
ant. Since this area provides rather unique tests for theoretical models,
one hopes for improved experimental data in the near future.

The table shows one example (97Y) where both isomers have similar Pn
values and at least two examples (127»129In) where the Pn values of the
isomers are vastly different. The I27,i29in isomers were discussed by
Lund, et al. [13]. The two isomers have spins of 1/2- and 9/2+. The high
spin isomer has strong beta transitions to levels below the neutron binding
energy via the v 9 7/2 --> % g9/2 transition and thus has no intensity to
neutron unbound levels. Table VII gives the results of a calculation for
I27»i29in from jachibana in which gamma de-excitation competed with neutron
emission [55]. Further calculational and experimental efforts should be
encouraged.

Pn OF NON-FISSION PRODUCT PRECURSORS

With the development of techniques for producing and separating
nuclides very far from stability outside the fission product region, many
new precursors have been identified [39-42, 72-80]. With one exception,
these non-fission product precursors have been found in the light mass
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region. One expects even more precursors at masses heavier than the fis-
sion products, but they have not been observed due to experimental problems
in producing them.

The known non-fission product precursors are given in Table VIII. In
7 cases, the Pn values are almost 100% which shows that delayed neutron
emission can become the dominant decay mode for very neutron-rich nuclides.
Some of these precursors undergo beta-delayed multi-neutron emission. The
P_ values given in Table VIII represent total neutrons per decay and thus
it is quite possible for the Pn value to exceed 100%.

BETA-DELAYED MULTI-NEUTRON EMISSION

Beta-delayed two-neutron emission was first observed in n L i [81] and
now has been reported for 6 other nuclides as listed in Table IX The known
nuclides a^'^Na, 52'53|<, 8 3 G 3 J 8 6 , 8 7 A S J 91Se, 92 B r j 101,102Rb, 136Sb,
l t f 2I, and ilfBCs are probably two-neutron precursors also. n L i is the only
example of a beta-delayed three-neutron precursor reported to date [82].
However 31"35Na should all be three-neutron precursors. 55K is expected to
be the first precursor with appreciable P3f1 among the K nuclides.

Two experimental methods have been used to measure P _ and P3Q val-
ues. One approach has been to measure the time interval distribution
between successive neutron events [81, 82, 85, 86]. The coincident neu-
trons appear as an exponential component with a lifetime given by the resi-
dence time of a neutron in the moderating material of the counter. The
technique in fact measures the ratio of P2n/P,n. The other approach has
been the measurement of gamma spectra [83, 84, 85]. If there is no mass
contamination in the isotope separator, the intensity of gamma rays from
mass A-2 daughter nuclides relative to the intensity of gammas from mass A
nuclides can be used to determine P n. The absolute abundance of the var-
ious gammas involved must be known.

The prediction of the P2n/P,n ratio is a good test of theoretical
models. In Table IX are shown some experimental ratios compared to calcu-
lated ratios from Thielemann et al. [5] and from Jonson, et al. [85].

One of the interesting questions in beta-delayed two-neutron emission
is whether the two neutrons are emitted sequentially or as a pair. If the
two neutrons are emitted together, one might be able to study neutron-
neutron interactions in a unique way. Angular correlation measurements
have been suggested as a first step in such studies.
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I

Precursor
92Rb
93Rb
s4Rb
95Rb
96Rb
97Rb
98Rb
141Cs
142Cs
143Cs

144Cs
145CS
146CS

(a) Ref.
(b) Ref.
(c) Ref.
(d) Ref.
(e) Ref.
(f) Ref.

Rudstam(a)

TABLE

OSIRIS*6)

0.0116±0.0012 0.0109±0.0012

1.39±0.18

10.4±l.l

8.8±0.6

14.2±1.4

28.0±6.0

16.0±l.0

0.036±0.021

0.09l±0.003

1.68±0.17

3.0±0.6

13.3±1.8

13.2+.0.6

4 recommended
13.
17.
43.
38 updated in
3 recommended

1.40±0.08

10.1±0.16

8.9±0.9

13.5±0.9

0.029±0.002

0.097±0.007

1.54±0.09

2.79±0.17

13.6±1.0

1979.

Ref. 39.
1983.

I. Recent Rb

SOLAR(C)
O.O098+0.00O3

1.36±0.04

10.1±0.2

8.7±0.9

14.5±0.3

27.9±1.1

12.8±1.5

0.034±0.003

0.105±0.006

1.61±0.04

3.12±0.12

13.3±2.7

and Cs Pn (%)

SOLIS^

1.97±0.21

ll.l±0.9

8.2±0.8

14.2±1.1

21.5±2.6

16.7±1.7

0.082±0.008

1.90±0.20

4.07±0.33

19.5±1.6

13.U1.3

-

ORS;AY(e

1.74±0.

11.

12.

18,

38,

18,

16

20

,8±1.

,0±l.

,2±2,

0

.19

,3

.3

.0

.0±4.0

.6±3.0

.9±2.0

.0+2.0

r)

0.0*00*0.0007

1.36±0,

10.2±0.

8.59±0.

,08

,6

,60

14.2±0.9

26.9±1,

13.4±0,

0.034±0,

0.096±0

1.62+.0

3.17±0

13.8+.0

13.4±1

.9

.9

.003

.007

.10

.19

.8

.2



Precursor
87Br
88 B r

89Br
90 B r

91Br
92Br
137j

138j

139j

140!

141 j

TABLE II. Recent Br and I Pn (%)

Rudstam(a) OSIRIS^b) OSIRIS<C) SOLAR^ ISOLDE^)

2.

6

13

21

10

22

6

5
9

23

39

3810.08

.710.2

.512.6

.212.4

.911.8

.016.0

.610.6

.310.2

.410.5

.016.0

.0113.0

2.

6

13

6

5
9

5711.5

.610.4

.910.8

.710.4

.510.4

.510.6

14

24

19

9,

9.

21.

.210

.611

.211

,l±0,

,210,

,013,

.9

.7

.3

.7

.6

.0

2
6

13,

7.

5.

.110.3

.110.4

.911.4

.610.8

,113.0

12

22,

27,

32,

.611.2

.812.1

.813.3

.014.0

M
2.
6.

14

24

18

43

7

5

9

9

21

ann*
5810

3510

.211

.912

.311

f)

.21

.51

.0

.5

.3

.0(9)

.no
,5±0

.5

.6

.910.8

.411

.714

.1

.6

(a) Ref. 4 recommended 1979.
(b) Ref. 13.
(c) Ref. 44.
(d) Ref. 17. updated from Ref. 16.
(e) Ref. 45.
(f) Ref. 3 recommended 1983.
(g) Ref. 3 n/F converted to Pn with ENDF/B-VM yield
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TABLE III. Recent Sr, Y, Ba, and La Pn (%)

Precursor
9?Sr

9CSr

99 S r

97y

97 ym

98y

98ym

99y

W7ea
i 4 8Ba
147La
1 4 8La

R:dstam(a) SOLIS(5)

0.2710.09

0.3610.11

3.412.4
0.0610.02

3.4H.0
1.210.8

5.210.5

23.912.1
0.5010.17

0

0,

0,

3.

5.

23

0.

.?7i0

.3610

.0610

.4410,

2110.

.912.
5010.

.09

.01

.01

.95

,52

,1
,17

OSTIS(C)

0.00510.002
0.810.2

0.3510.15
0.00610.001

0.310.1

3.010.2

<0.001

<0.01
<0.01

<oa

I •

<0.02
0.1810.02

0.3110.11
0.06110.007
0olli0.03

0.2110.04

0.9610.15

0.3010.16

<0.03
0.03310.006

0.1310.01

Mann(e)
0.00610.003
0.3210.13

0.3310.13
0.05910.008

0.1110.04
0.2310.05

3.110.9
2.612.2

0.0310.21
0.05510.013

0.03310.008
0.1310.02

(a) Ref. 4 recommended 1979.
(b) Ref. 43.
(c) Ref. 20.

(d) Ref. 7.
(e) Ref. 3 recommended 1983,

TABLE IV. Recent In Pn (%)

Precursor
127m
127Inm

128In

128Inm

1 2 9 i n
129Inm

130 I n

130Inm

1 3 1 m
132m

(a) Ref.
(b) Ref.

OSIRIS<a)
<0.04

0.6810.06
0.05910.008

0.2510.05
' 2.510.5

1.4010.09
1.7210.23

4.210.9

13.
4 3 . •

SOLIS<b)

<0.15

<0.2

3.510.5

4.311.5
5.511.9

SOLAR<C)

<0.002

0.04710,
0.910,

0.03010,
4.3510.
1.1910.

10.018.

(c) Ref.
(d) Ref.

.002

.3

.014

,14

,14

,0

37.

Mann^

0.7010
0.06010

0.2610
3.010

1.4310
1.7610

4.310

d)

.08

.009

.06

.5

.11

.25

.9

3 recommended 1983 .
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TABLE V. Evaluated Pn

Precursor

31-Ga-79
31-Ga-80
31-Ga-81
31-Ga-82
31-Ga-S3

33-AS-84
33-AS-85

33-AS-86
33-AS-87

34-Se-87
34-Se-88
34-Se-89
34-Se-91

35-Br-87
35-BT-88
35-Br-89
35-Br-90
35-Br-91
35-Br-92

36-Kr-92
36-Kr-93
36-Kr-94

37-Rb-92
37-Rb-93
37-Rb-94
37-Rb-95
37-Rb-96
37-Rb-97
37-Rb-98
37-Rb-99

38-Sr-97
38-Sr-98
38-Sr-99

Rudstam-79

0.094±0.016
0.80±0.06
11.9±1.0
21.9*2.3

0.09±0.05
50.0±50.0

12.0*4.0
44.0±14.0

0.19*0.03
0.6*1.2
5.Oil.5

21.0±8.0

2.38±0.08
6.7±0.2
13.5±2.6
21.2*2.4
10.9±1.8
22.0*6.0

0.033±0.003
1.96±0.17
5.7*2.2

0.0116*0.0012
1.39*0.18
10.4*1.1
8.8*0.6
14.2*1.4
28.0*6.0
16.0*1.0
15.0*3.0

0.27*0.09
0.36*0.11
3.4*2.4

Precursor

0.098*0
0.84*0
12.0*1
21.4*2
43.0*7

0.082*0

0.19*0
0.81*0
7.7*2
21.0*8

2.59*0,
6.23*0,
13.6*0.
23.8*1.
16.2*2.

0.034*0.
1.98*0.
5.7*2.

0.0099*0.
1.35*0.
10.1*0.
8.68*0.
14.1*0.
26.9*1.
13.4*0.
12.7*1.

0.017*0.
0.32*0.
0.33*0.

Average

.010

.06

.0

.1

.0

.041

.02

.33

.3

.0

.10

.25

.8

.4

.4

,002
,10
,2

,0003
,05
2
,09
4
3
9
7

039
06
09

Recommended

0.100*0.012
0.86*0.08
12.2+1.2
21.9*2.6
44.0*7.0

0.085*0.043
66.0

8.5
42.0

0.18*0.03
0.94*0.15
7.5*2.3
22.0*8.0

2.58*0.21
6.35*0.51
14.2*1.0
24.9*2.5
18.3*1.3
32.0*4.0

0.032*0.005
1.93*0.19
6.1*2.4

0.0100*0.001
1.36*0.08
10.2*0.6
8.59*0.60
14.2*0.9
26.9*1.9
13.4*0.9
13.1*1.8

0.006*0.003
0.32*0.13
0.33*0.13

Comments(b»c)

1 measurement
1 measurement
1 measurement
1 measurement
1 measurement

1 measurement
discrepant
n/104f/F.Y.
n/loJf/F.Y.
n/104f/F.Y.
1 measurement

discrepant
1 measurement
1 measurement

discrepant
Ref. 45

1 measurement

discrepant

discrepant
discrepant
1 measurement

discrepant
discrepant

(a) Adapted from Ref. 3.
(b) Discrepant = chi-square per degree of freedom is >1.0.
(c) n/104f/F.Y. = Evaluated data is neutrons/104 f issions. Pn is obtained by

dividing by f i s s l m yield from ENDF/B-VM.
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TABLE V. (contd)

Precursor

39-Y-97
39-Y-971"
39-Y-98
39-Y-98"1

39-Y-99

47-Ag-120
47-Ag-121
47-Ag-122
47-Ag-123

49-In-127
49-In-127m

49-In-128
49-In-128m
49-In-129
49-In-129m

49-In-130
49-In-130m
49-In-131
49-In-131in

49-In-132

50-Sn-134

51-SD-134
51-Sb-135
51-Sb-136

52-Te-136
52-Te-137
52-Te-138

53-1-137
53-1-138
53-1-139
53-1-140
53-1-141

54-Xe-141
54-Xe-142

55-CS-141
55-CS-142
55-CS-143
55-CS-144

Rudstam-79

0.06±0.02

3.4±1.0

1.210.8

<0.03
0.65±0.05

0.057±0.008

3.5±0.5

1.38±0.09

1.7310.26

4.3*0.9

17.0±7.0

0.108±0.008
15.6±2.1
23.0±8.0

0.9±0.4
2.510.5
6.3±2.1

6.6±0.6
5.3±0.2
9.4±0.5

23.0±6.0
39.0H3.0

0.044±0.011
0.42±0.04

0.036±0.021
0.091*0.003
1.68±0.17
3.0±0.6

Precursor Average

0.008±0.007
0.11±0.04
0.2210.04
3.4±1.0
1.7±0.7

<0.003
0.076±0.003
0.186±0.006
0.55±0.02

<0.03
0.68±0.06

0.059±0.008

0.2510.05
3.0±0.5

1.4010.08

1.72±0.22

4.2±0.9

17.017.0

0.0909±0.020
16.1±1.6

22.0

0.88±0.35
2.5±0.5
6.3±2.1

6.1±0.7
3.24±0.58
9.53±0.4
9.210.6
21.1*3.0

0.043±0.002
0.4110.03

0.038±0.005
0.09710.014
1.6110.03
2.9210.32

Recommended

0.05910.008
O.lliO.04
0.2310.05
3.110.9
2.612.1

<0.003
0,07610.005
0.18610.011
0.5510.03

<0.03
0.7010.08

0.06010.008

0.2610.15
3.010.5

1.4310.11

1.7610.25

4.310.9

18.017.0

0.11710.013
20.812.3
24.0

1.110.6
2.710.5
6.712.2

7.110.5
5.510.6
9.910.8
9.411.1
21.714.6

0.04110.004
0.3910.05

0.03410.003
0.09610.007
1.62*0.10
3.1710.19

Comments<b»c)

discrepant
1 measurement

1 measurement
discrepant

1 measurement
1 measurement
1 measurement
1 measurement

1 measurement

1 measurement

1 measurement

1 measurement

1 measurement

1 measurement

discrepant
discrepant
n/104f/F.Y.

1 measurement
1 measurement

discrepant
discrepant

discrepant
discrepant

discrepant
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TABLE V. (contd)

Precursor
55-CS-145
55-CS-146
55-CS-147

56-Ba-146
56-1^-147
56-Ba-148

57-La-146
57-La-147
57-La-148

Laboratory

Ariel
Harwell

Lohengrin

Mainz
Hoi

ORSAY-69

ORSAY-74

OSIRIS
OSTIS

Russia

SOLAR

SOLIS

TRISTAN

Rudstam-79 f

13.3±1.8
13.2±0,6
25.4±3.2

5.2±0a5
23.9+.2.1

0.50±0.17

TABLE VI.

'recursor
13.6±0
13.7±1
25.4±3

<0.02
0.005±0
O.O14±0

<0.007
0.02±0
0.13+0

Average

.5

.2

.3

.009

.016

.01

.02

Laboratory Bias

Reference

23, 87

25, 26

21, 22, 23

29-35

27, 28

15

38

13, 44

9, 20

49

7, 16, 17, 19

43

18

» 36, 37

Number

Recommended

13.8±0
13.4±1
26.4±3

<0.02
0.031*0
0.055±0

<0.007
0.033±0
0.13±0

Factors^

of
Measurements (!

8

5

15

29

6

6

8

25

18

5

35

18

8

.8

.2

.7

.21

.013

.008

.016

a)

3ias •

1

3

-6

-5

9

-4

32

-2

-3

-3

0

11

29

±

±

±

±

±

±

±

±

±

±

±

±

±

Comments^3*0'
discrepant
discrepant
1 measurement

1 measurement
discrepant
discrepant

1 measurement
discrepant
discrepant

1.0) x 100

7

10

6

6

8

7

10 W
5

5

11

5

6
I2(b)

(a) From Ref. 3,
(b) ORSAY-74 and TRISTAN had a priori bias uncertainties a factor of 5

greater than other laboratories (i.e., little weighting in
recommended average)
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TABLE V I I . Pn of Isomers

Precursor

84As

97y

98y

99y

KJOy

127In

128In

, 129In

134sb

ll/Z (s)
0.65
5.3

1.1
3.7

2.0
0.65

1.51

0.94
0.55

3.7
1.12

19.0
0.9

1.26
0.59

0.85
10.5

0.3
0.83

Pn (*) Pn (calc.) {%)

(a)
0.085

0.11
0.059

0^23

(a)
2.6

(a)
(a)

Q Q \ G /

O.O5^eVo.O6'^^

4#3(e) /2.5^) 2.5^^

(a)
0.12

(a)
(a)

(a) No data,
(b) Not observed in 2 out of 3 experiments,
(c) Existence uncertain,
(d) Ref. 55.
(e) Ref. 37.
(f) Ref. 13.
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TABLE

Precursor
8He
9Li

l l L i

13g
16C

17pj
2?Na
^Na
2 9 Na

30Na

31Na

32Na

33Na
34Na
35|\ja

32M 9

Mg
3*Mg

K
49i/

5OK

51K

52«
53^
54^

2Ca
9^fia

210j]

V I I I .

Hn
0.122
0.178

0.0087

0.0173
0.747
4.174
0.304
0.0305
0.044

0.048

0.017

0.0132

0.0080
0.0055
0.0015
0.230
0.120
0.090
0.020
6.8
1.26

0.472

0.365

0.105
0.030
0.010
4.6
0.090

78.0

Pn of Non-Fission

I (s)
± 0.002
± 0.001

' ± 0.0001

1 ± 0.0002
± 0.003
± 0.004
± 0.007

- ± 0.0004
i 0.001

t 0.002

± 0.0004

± 0.0004

± 0.0006
± 0.0010
± 0.0005
± 0.020
± 0.020
± 0.020
± 0.010
± 0.2
± 0.05

± 0.004

± 0.00b

± 0.005
± 0.005
± 0.005

± 0.015
t 2.0

12
49
50
87
95

0

Pn

.0

.0

.0

.0

.28
>98.8
95

0
0

21
22
21
33
47
26
38
43
39,
20,
77,

115,

1.
2 .

17.

1.
90 .
86 .
2 8 .
2 9 .
6 8 .
47.

107.
100.

<2.
>40.

0 .

.1

.11

.8

.5

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0

,7
A
,0

,14
0
0
0
0
0
0
0
0

0
0 i
007

Product

W
±
±
i

±
±

±
±
±
£

±
±
i
±
±
±
±
±
±
±

i
±
±

±
±
±
±
±
±
±
±
±

+

1
5
4

10
8
0

0
0
0
3
3
4
5
5
4,
6,

11.
6.
8.

15.
20.

0.
0 .
5 .

0 .
14
9 .
4 .
3,

10.
5 .

.0

.0

.0

.0

.0

.04

.7

.04

.2

.0

.0

.0

.0

.0

.0

.0

.0

.0

.0
,0
,0

3
5
0

15
.0
0
0
0
0
0

20.0
30 .

IO.I
O.i
O.I

0

I)
007
004

Precursors

Reference
72
73
39
74
39
75
76
76, 77
74
74
42
74
78
42
74
78
42
74
42

42
42
40
42
42
42
42
79
41
79
41
79
41
79
41
41
41
41
41
80
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TABLE IX. Beta-Delayed Multi-Neutron Precursors

Precursor

"LI
30Na

3*Na

32Na

33Na

98Rb

iooRb

(a) Ref.
(b) Refo
(c) Ref.
(d) Ref.
(e) Ref.
(f) Ref.
(9) Ref.
(h) Ref.
(i) Ref.

82

30
30
26

36
40,

21,
32.
10,

52.

13.

82.
42,
83.
42,
5.
78.
85.
3.

Pin (%)

.0 ± 7.o(a)

.0 ± 6.o(b)

.0 ± 5.o(d)

.0 ± 4.o(f)

.0 ± 6.0Jb)

.0 ± 12.0(d)

.o ± 8.o(b!

.0 ± 13.0}dJ

.0 ± 4.0*c'

,0 ± 2O.o(d)

,4 ± 0.9(h)

deduced from

deduced from

86 (updated P~ }.

p?'
3.9

1.4
1.15
1.2

0.87
1.0
0.70

9.4
Q'.O
5.1

12.0

0.050

Ref. 83

Ref. 83

, (%) P^n (»)
± 0.5(a) 1.8 ± 0.2(a

x Q O \ Dy

± o!25(d)
± 0.2lc)

± 0.24(b) <0.05
± 0.4(9)
t 0.25'^'

± 2.5C5)
± 3.o(d)
± 1.8(c)

± 5.o(d)

± 0.007^)

(nn correlation).

(gamma).

P2n/pln

0.042 ,± 0.008(c)
0.04}e)
0.07(9)

0.023. ± 0.005(c)
0.005 e|
0.006(9)

0.24, ,± 0.05(c)
0.11 e
0.20(9)

0.0038.±.0.0004(i)
0.0048)e|
0.0028(9)

0.027. ± 0.007(9)
0.015(97
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1,000 -
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Fig. 1.

4 6
TIME (sec)

12

Neutron growth and decay curve at mass 97 and calculated components, a
experimental count rate, b = count rate after subtraction of constant
background, c = 97Rb (0.169 s). d = 97Sr (0.40 s). e = 97Y9 (3.7 s).
f = 97ym d.2 s).

TIME (sec)

Fig. 2. Beta growth and decay curve at mass 98 and calculated components, a =
experimental count rate, b = count rate after subtraction of constant
background, c = 98Rb (0.108 s). d = ̂ Sr (0.66 s). e =
98y3 (0.51 s). f • 98Zr (30.7 s). g = 97Sr (0.40 s). 98Sr and 98Y9 each
have two components corresponding to 98Sr produced by beta decay of 98Rb
and by deposition from the ion beam directly.
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0.2 0.4 0.6 0.8 1.0 1.2 1.4
10" 3

Fig. 3. Deiaved neutron emission probabilities to excited states in 95Sr from decay
of "Rb. Squares = experimental data from Ref. 61. Circles = data from .
Ref. 62. Triangles = data from Ref. 64. Solid and dashed lines are calcu-
lations from Ref. 61.
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1oio
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PROTON NUMBER

60

Fig. 4. Calculated delayed neutron yields summed
thermal neutron fission of *35\}.

over constant proton number for
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Fig. 5. Calculated delayed neutron yields for all precursors in thermal neutron
fission of 2 3 5U. Lines connect precursors of the same element. Precursors
with known Pn are indicated by solid circles. Precursors with estimated Pn
are indicatea by open circles.
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MEASURING DELAYED NEUTRON SPECTRA-A COMPARISON OF TECHNIQUES

R.C. Greenwood and A.J. Caffrey
Idaho National Engineering Laboratory, EG&G Idaho,

P. 0. Box 1625, Idaho Falls, ID 83415, USA

ABSTRACT

Currently, there are three quite different techniques that are in
general use for measurement of delayed-neutron energy spectra from fission-
product precursor isotopes. These three techniques use ^He gas-filled
gridded ionization chambers, proton-recoil proportional counters and neu-
tron time-of-flight, respectively. Since there now exists a sufficient body
of expermental data, especially for several of the Rb and Cs precursor iso-
topes, measured using each of these techniques, a meaningful intercomparison
of the quality of data and range of applicability for each technique is now
possible. Such an intercomparison is the subject of this paper.

INTRODUCTION

Until very recently almost all measurement of delayed-neutron
energy spectra of individual fission-product precursors have been
made using -̂ He gas-filled gridded ionization chambers. There have
been three principal groups involved in such measurements: the Kratz
group at Mainz [1-9]; the Rudstam group at Studsvik [10-17]; and .the
Reeder group at the Pacific Northwest Laboratory (PNL) [18,19]. .A
comparison of delayed-neutron spectral data obtained by these groups,
for the 93-95Rb and 143cs precursors, has been made by Reeder [18,19]
and the results are reproduced here as Figs. 1-4. As noted by Reeder
[19], the overall spectral shapes, together with the peak structures,
show reasonable agreement above ~200 keV between the three laboratories.
Below ~200 keV however, potentially significant differences are apparent,
which can presumably be attributed to difficulties in correctly sub-
tracting the large background peak due to thermalized neutrons.

Other techniques, used in other fields for neutron energy spectral
measurments, employing time-of-flight (TOF) or proton-recoil detectors
have until recently been used only infrequently in delayed-neutron
spectroscopy. (Some data exist on 87,88Br [21] and on 95Rb [8,9,22]
using TOF and on 87fir using proton recoil [23].) However, in order to
resolve the low-energy discrepancies observed in 3He spectrometry, and
to better define the spectral region below -200 keV, there has been
increased use of TOF and proton-recoil proportional counters for delayed-
neutron spectral measurements. Specifically, such measurements have
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recently been made for several of the Rb and Cs precursors using the
TRISTAN ISOL facility by the Clark group at Cornell [24-27] using TOF
and by the INEL group [28,29] using H2 and CH4 gas-filled proportional
counters.

The existence of spectra for the same Rb and Cs precursor isotopes
measured ujin;? each of the three techniques allows, for the first time,
a truly quantitative intercomparison of the data obtained using each
technique. Such an intercomparison is the focus of this paper.

Before undertaking this intercomparison, it is necessary to note
that the specific energy resolution cheracteristics of each detector
type, illustrated if Fig. 5, have influenced the goals, and hence the
type and range, of the measurements undertaken. The proton-recoil
spectrometer measurements have had as a specific goal an improved under-
standing, over that obtained using a ^He spectrometer, of the delayed-
neutron spectral shapes below -400 keV, with the spectral data measured
above this energy primarily being used to provide a complete spectral
envelope for comparison and/or normalization to ^He spectrometer data.
On the other hand, the TOF measurements have, because of their much
superior lower energy resolution, generally had as their specific
goal a detailed understanding of the properties of the low-energy
( _^100keV) line structures observed. Thus, in this review, a quanti-
tative intercomparison of spectral intensity distributions has been
possible only for the ^He and proton-recoil detectors, with inter-
comparison between these and the TOF technique being confined to line
structures.

In this review we have chosen to focus our emphasis on a quanti-
tative intercomparison of the data rather than on the specifics of the
techniques themselves. Thus, only sufficient detail of the techniques
is discussed, with references to existing work used whenever possible,
to provide an understanding of the data quality and interpretation.
However, since details of the approach used by the INEL group to measure
delayed-neutron spectra with gas-filled proton-recoil proportional
counters have not previously been published, some of the specific
features of that method are also briefly discussed.

EXPERIMENTAL TECHNIQUES

3
He Gridded Ionization Chamber

3
The basic reaction used to detect neutrons with a He gridded

ionization chamber is

3He + n -> 3H + p + 763.8 keV

The use of such detectors for measurement of delayed neutron energy
spectra has been extensively discussed and reviewed in the literature
[4,6,9,11,18,30,31]. Consequently, we will merely summarize in the
following what appear to be the major advantages and disadvantages of
using this type of spectrometer for the measurements:
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Advantages
Adequate energy resolution over a broad energy range,
with the best available energy resolution above -400 keV.
The best overall detection efficiency.
Monoenergetic neutrons show up as peaks in a spectrum.

- The gamma-ray background appears in the spectrum at a
lower energy than the neutron distribution.

Disadvantages
A careful determination of the response of the detector
to neutron energies over the range of interest, to
account for scattering of neutrons by 3He and lH as well
as wall effects, is essential if accurate intensity dis-
butions are to be determined.

- The curve of full-energy peak efficiency as a function
of neutron energy, diverges significantly from the 3He
reaction cross section curve above -100 keV.

- The long collection times inherent with this detector
require long (>5 us) pulse shaping times. With such long
pulses, neutron-gamma pile-up can become significant at
even moderate data acquisition rates.
Because of the large thermal-neutron cross section,
0=5327 b, for the 3ne(n,p)3H reaction these detectors
are quite sensitive to thermalized neutrons.

- The inevitable thermal-neutron background peak, with
FWHM >_12 keV, obscures the low-energy portion of the
delayed-neutron spectrum.

- The detectors are extremely microphonic.
Each of these "disadvantages" can, of course, be overcome by care-

ful experimental procedure and, as illustrated in Figs. 1-4, 3He spec-
trometers have been used successfully to obtain good quality delayed-
neutron spectra. One feature of this type of detector for neutron
detection which appears still not to be fully understood is the "dip"
in the full-energy peak efficiency curve at -300-400 keV. In con-
sequence, careful experimental measurement of detector efficiency must
be made in order to extract meaningful neutron intensity distributions
from data measured using this type of detector.

Time of Flight

The principle of the TOF method as applied to delayed-neutron
spectroscopy is straightforward, the time between the detection of the
beta particle populating the level and the arrival of the emitted neu-
tron at a distant point provides the neutron velocity and therefore, the
energy. Unique identification of the beta particles is obtained using
a AE-E beta telescope. Plastic, ^He gas and 6Li glass scintillators
have all been used for the neutron detector. The best energy resol-
ution achieved so far with such a system (Fig. 5) was obtained using
a 0.95-cm thick 6Li glass scintillator for neutron detection, following
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a 50 cm flight path [26,27]. Work with TOF systems for delayed-neutron
measurements is still in a relatively early stage of development and
has yielded to date information on only a few peaks in the spectra for
several Rb precursor nuclides. Nevertheless, based on this work it
would appear that advantages and disadvantages of the method are as
follows:

Advantages
- The system resolution and efficiency are inversly related.

This allows a degree of latitude in optimizing the experi-
mental arrangement to achieve a specific goal.

- The system is capable of achieving the best energy resolution
at low energies (cf Fig. 5).
The measured TOF spectra are straightforwardly converted to
neutron energy distributions..

Disadvantages
Generally, a TOF system with acceptable energy resolution
will have the. poorest detector efficiency of the three tech-
niques.
Count rate limitations in the beta detector will limit the
usable count rate in the neutron detector.

- The system energy resolution (AE) increases more rapidly, with
AE a E ^'2 at the higher neutron energies, than those of the
^He and proton-recoil detectors, as shown in Fig. 5.

Despite the poor energy resolution achieved with a TOF system at the
higher neutron energies (while maintaining an acceptable overall det-
ector efficiency), the simplicity of the data reduction could make this
technique attractive for determining overall spectral shapes of delayed
neutron spectra for comparison with those measured using ^He and proton-
recoil spectrometers. It is therefore of interest to note in Fig. 6
of Ref. [8] such a comparison for 95Rb, between a low resolution TOF
spectrum (using a NE 213 liquid scintillator for the neutron detector)
and a 3He gridded ionization chamber spectrum. The TOF spectrum
illustrated there is for the energy region from 200 to 1100 keV and
appears to be in rather good agreement with that shown for the ^He
spectrometer, although unfortunately no direct quantitative inter-
comparison of relative neutron group intensities was made in Ref. [8].

Proton-Recoil Proportional Counters
Application to delayed-neutron spectroscopy

The basic reaction usnd to detect neutrons with the proton-recoil
proportional counter is elastic scattering of neutrons with ^H nuclei,
with the energies of the recoil protons being measured. Over the
neutron energy range of importance for delayed-neutron spectroscopy,
the recoil protons have an isotropic angular distribution (in the center-
of-mass system)and monoenergetic neutron groups appear in the spectrum as
a series of steps. This is illustrated in Fig. 6 which is the spectrum
measured for neutrons transmitted through for the 56ye/Ai filter at
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the HFBR reactor at Brookhaven National Laboratory. In order to
obtain the corresponding neutron distribution, shown in Fig. 7, the
measured spectrum must be differentiated. This was accomplished using
the PSNS code developed by Bennet je£ aJL. [32,33].

Proton-recoil proportiona.1 counters, using either H2 or CH4 gas
fillings, have been used extensively for measurement of neutron dis-
tributions in fast-reactor critical assemblies [32-39]. Furthermore,
the quality of the results obtained with these detectors, used in that
application, has undergone extensive testing and have been validated by
comparison of measured neutron distributions in simple assemblies with
those determined from calculation [32-37].

In addition to the proton-recoil measurements of Ray and Kenney
[23] of the 87fir delayed-neutron spectrum, Woodruff et al. [40,41]
have used these detectors to measure delayed-neutron spectra of
unseparated fission products. A puzzling feature of this latter work
until now has been the apparent significant discrepancies at lower
energies between those data and 3jie spectrometer data (see, e.g., Fig.
14 of Ref. {19]). Weaver, in a paper at this conference [42] points
out that these discrepancies in fact results from an additional El/2
factor incorrectly used in the conversion of measured proton-recoil
distributions to neutron-source intensities.

The advantages and disadvantages of using proton-recoil detectors
for delayed-neutron spectroscopy are as follows:

Advantages -
Superior energy resolution compared to He spectrometers at
energies below -200 keV.

- Higher pressure counters with CH4 gas filling have detection
efficiencies comparable to those of ^He spectrometers.

- Insensitive to thermal neutrons.
- The neutron - lH scattering cross section is precisely known

(+1%) over the neutron energy range of interest.
Knowledge of the response correction is not critical for
neutron energies where the wall and end effects are not
excessive.

Disadvantages
- Gamma background can obscure the lower energy part of the

neutron spectrum. Pb shielding and pulse-shape discrimin-
ation are both necessary to obtain neutron spectral dis-
tributions below ~ 30 keV.

- The measured spectral distribution must be corrected for heavy
atom recoils from C and N (sometimes added to provide an
energy calibration via the l%(n,p)14c reaction with thermal
neutrons).
Experimentally, it has been determined that these detectors
do not provide reliable neutron spectral distributions above
~2-3 MeV.
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The INEL system

As noted above, in order to extend the range of delayed neutron
spectral measurements down to a few keV, the detector must be ade-
quately shielded and neutron-gamma pulse shape discrimination must be
utilized in order to minimize the effect of the gamma background.
In this respect, the availability of the Fe/Al and Sc filtered beam
facility [43] adjacent to the TRISTAN ISOL facij.iL, at BNL proved
invaluable in the INEL work in the development, understanding, and
characterization of the pulse-shape discrimination circuitry (Fig. 8
illustrates the pulse-shape discrimination with the improved circuitry),
as well as in characterizing any spectral distortion resulting from
the Pb shielding. For the delayed-neutron measurements of the INEL
group at TRISTAN, the cylindrical proportional counters were located
in a cave-type Pb shielding arrangement, with a minimum of 3.8-cm Pb
surrounding each detector. Earlier Monte Carlo calculations [44] had
shown that this type of Pb bhielding arrangement, with thicknesses of
<5-cm Pb, produced only a small perturbution to the neutron spectral
shape. The measured data shown in Table I confirm the correctness
of this conclusion. Furthermore, because of the close proximity of the
filtered beam and TRISTAN facilities, the proportional counter system
could be moved between them without disturbing it. Thus, the filtered
beams could be used directly for energy calibration, with the cali-
bration lines shown in Table II being used.

The PSNS code [32,33] used for analysis of proton-recoil spectra
contains response function corrections for finite detector size and
electric field effects. In the application of proton-recoil counters
to fast-reactor spectral measurments it has been found [32,33,37.38]
that these corrections have only a small effect on the uncorrected
spectrum, provided that the range of gas filling pressures is selected
such that wall and end effects do not become excessive. Consequently,
because of the uncertainties in the response functions themselves,
current practice in fast-reactor spectroscopy is to ignore these
corrections [37,38]. It is of interest, however, to check whether
this conclusion is still valid for other types of neutron fields,
particularly those encountered in delayed-neutron measurements. In
making these tests of the effect of response function corrections, it
was recognized that the finite-size corrections contained in the
PSNS cede are f or" an isotropic flux distribution and are therefore
not strictly correct for a point delayed neutron source located at
the mid plane of the detector (as is the case in the TRISTAN experi-
ments). This difference should, however, lead to an overcorrection,
since, in this case the end events are not as numerous as for an
isotropic flux [41]. Considering first the rather simple spectrum of
neutrons from the Fe/Al filter, we note from Table III that the
effect of the response correction is indeed small, with changes of
<5% for the major neutron groups. In Fig. 9 we show a comparison
for 96Rb of the spectrum of delayed neutrons obtained with and without
the response correction. This comparison is also shown in a more
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quantitative manner in Table IV (with the flux normalization being
to that of the total area under each curve). Table IV clearly indi-
cates that over a large energy range, in this case from ~65-770 keV,
the two sets of data are in close correspondence. However, above ~800
keV, the corrected and uncorrected data diverge. Also, at the lower
neutron energies there are differences of 10-20% between the two sets
of data* These results are quite representative of those obtained
for other delayed-neutron precursors, with the notable addition that
the normalized intensities of stronger low energy neutron groups,
such as are seen in 95Rb and 137cs, are also uneffected by the response
correction. Based on these comparisons, which yield similar results
to those encountered in fast-reactor neutron-fields, we have chosen to
ignore the finite size effect corrections in the analysis of delayed-
neutron spectral data.

COMPARISON OF DATA

Delayed-Neutron Spectra

The delayed-neutron spectra measured by the 1NEL group for
the 93-95Rb an(j 1 4 3 Q S precursors using proton-recoil proportional
counters are shown in Figs. 10-13, respectively. These are to be
compared with the corresponding spectra measured with 3He gridded
ionization chambers shown in Figs. 1-4 (originally published in Ref
[19]). Similarly, the proton-recoil spectrum for 97]ib is shown in
Fig. 14 for comparison with that measured using a ^He detector, shown
as Fig. 9 or Ref. [9]. Qualitatively it can be seen that the overall
spectral shapes and peak structures for each precursor isotope for
the two detector types are quite similai, allowing for the differences
in energy resolution functions. Quantitative comparisons of these
data are given in Tables V-IX, with the intensity normalization being
accomplished for each isotope by requiring the summed intensities
to be equal over a broad energy range, from -100 keV to 770 keV.
Within the region of normalization, betweem 175 keV to 770 keV,
these tabulated comparisons show that the data are in reasonable
agreement, with the maximum variation in intesity within each
neution group being generally <30%. Furthermore, within this energy
range there appear to be no systematic biases between the >̂He and the
proton-recoil data. In fact, if for each precursor we compute the
average neutron group intensities (for the five neutron groups con-
tained within this energy range shown in Tables V-IX) from the %H&
detector data and compare these average neutron group intensities
with those obtained in the proton-recoil data we find that the
maximum deviations in intensities betweea the two techniques are
reduced to <15%.

For the two neutron groups shown in Tables V-IX within the
energy range 770 keV to 1262 keV, howaver, significant and systematic
deviations in intensities are apparent. While the INEL proton-recoil
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data and the Rudstam % e data [45] still appear to be reasonably con-
sistent for these two higher energy groups, their reported intensities
are significantly lower than those reported by Kratz [47] and Reeder
[46] using their ^lle detectors. Some of the discrepancy between the
INEL and the Reeder data might result from uncertainties in the back-
ground subtraction in the Reeder data (i.e., see footnote to Table
VIII). The statistical quality of the INEL and the Kratz data, however,
is such as to indicate that the discrepancy between these data sets
is real. How significant this discrepancy is relative to a comparison
of proton-recoil and 3He detector methods is not clear at the present
time, since from the earlier discussion on the INEL proton-recoil
system it was apparent that finite size effects are becoming sign-
ficant above -800 keV for the 2.6 Atm. CH4 proton-recoil counter
used to obtain the INEL data in this energy region. A more definitive
conclusion as to the existence of systematic biases between data ob-
tained at higher energies (>800 keV) using, the.two methods must there-
fore await planned measurement of delayed-neutron spectra by the INEL
group using higher gas pressure proton-recoil detectors.

Figures 15-19 show intercomparisons of the lower energy portions
of delayed-neutron spectra of 93-95gb, 97Rb aiKj 143ps measured with
proton-recoil and 3He detectors (with intensity normalizations as noted
above being accomplished over the energy region .from ~100 keV to 770
keV). Unfortunately, these intercompar.isons are not complete since
we could only include those data for which we had.,in-hand, actual data
listings. Figures 1, 2 and 4 for the 93,94Rb and 143cs precursors
can, however, also be used to provide qualitative intercomparisons
between each set of the ^He data.

The most thoroughly studied delayed-neutron precursor is 95Rb
and it is thus of value for any data comparison to consider in
detail the data measured for this precursor. The outstanding
features of the 95Rb delayed-neutron spectrum are the prominent
14- and 26-keV peaks, which have been observed in spectral data
measured using each of the three different techniques considered
here. Furthermore, there, is relatively good agreement between the
experiments as to the relative intensity of these peaks, with values
of 0.28, 0.28 and 0.24 measured for the 26/14 keV peak intensity
ratio by Kratz (3He)[47], INEL (proton-recoil) [29] and Clark (TOF)
f26], respectively. There are, however, significant discrepancies
in the absolute intensities inferred for these peaks. Using the
Mainz data [47] to provide an absolute intensity normalization (with
the energy region from 106 keV to 770 keV being taken to contain
63.8% of the delayed-neutron intensity from a normalization to the
total spectral area) the summed intensity values for the 14- and 26-
keV peaks given tin Table VII range from 3.4% for Reeder, to 10.3%
for Kratz, to 13.3% for INEL. (Since these intensity values do not
contain a correction for any neutron background under the peaks,
being group intensities rather than peak intensities, the discre-
pancies in the corrected peak intensities could be even greater.
In fact, an earlier Mainz value of this intensity [6] resulting from
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a more rigorous peak analysis gave an intensity value of 7.6%.)
The most plausible explanation for these rather large discrepancies
appears to lie in the difficulties associated with correcting for
the thermal-neutron background peak in the 3He spectra. At higher
energies, The data comparisons in Fig. 15 for 95&b show that there
is rather good agreement between the Kratz data and the INEL data
regarding the existence and location of peak structure but that
there is a significant systematic bias between the two sets of
absolute intensities up to -200 keV (Table VII also demonstrates
this bias). On the other hand, the Reeder data, while showing
better overall agreement with the INEL data regarding neutron
intensity, do not reproduce the peak structure observed in both the
INEL and the Kratz data (particularly the 93 keV peak observed by
Kratz, INEL and Clark [26].)

Systematic trends similar to those noted above for 95Rb,
are also observed for the other precursors compared, namely 93,94Rb,
9^Rb an(j 143cs. Briefly, the results of those intercomparisons in
the energy region below ~200 keV reveal the following:

For 93Rb we note from Fig. 16 that the 113 keV peak is not
seen in the Reeder data, and (from Fig. 1) that while this
peak is seen by Kratz, the overall spectral intensity
in the Kratz data below - 200 keV appears to be less than
thatgreported by Reeder.

- For Rb we note from Fig,17 that there is good agreement
between the Reeder and the INEL data above -40 keV, and
(from Fig. 2) that the overall spectral intensity of the
Kratz data below -300 keV appears to be significantly
less than that of Reeder.

- For 97]jb ;7e note from Fig. 18 that, while there is good
agreement as to the existence and location of peaks, the
Kratz data have significantly lower overall intensity
below -200 keV than do the INEL data.
For 143cs we note from Fig. 19 that that the 25.9-keV
and the (complex) 84-keV peaks are noL seen (or only
weakly seen in the case of the former) in the Reeder
data, and (from Fig. 4) that, while these peaks are seen
by Kratz, the overall spectral intensity in the Kratz
data below -100 keV appears to be less than that reported
by Reeder.

A final comment on the results of this first qualitative inter-
comparison of delayed-neutron spectral data for separated precursors
measured using ^He and proton-recoil spectrcunetry might be that it
is perhaps remarkable that the two sets of data are in as good
agreement as they are. The two measurement techniques and their
associated data analysis methods are quite different, and yet the
overall delayed-neutron data sets obtained using the two techniques
are quite comparable. Based on the present comparison, the most
significant systematic difference in the results obtained using both
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detectors is that the proton-recoil data tend to suggest a larger
component of low-energy neutrons (below ~ 200 keV) than do the ̂ He
data.

Average Energies

Average-energy values computed from measured delayed-neutron
spectra have been used as a quantitative method of intercomparison
of these data [9,19,48-50]. Average-energy values computed from
spectra can also be compared with directly measured values [48,49],
thus providing yet a further independent check on the measured
spectral data. Unfortunately, a rather practical problem with the
use of average energy values for such intercomparison arises from the
fact that the higher energy portions of these spectra, which are
generally the least well known, can, as a result of their leverage,
have a large effect on the actual values computed for the average
energies. It is apparent from Table X that for many of the delayed-
neutron precursors (of Rb and Cs here), the available energy (Qg- Sn)
for delayed-neutron emission can be in excess of several MeV. Much
of the available delayed-neutron spectral data, however, are confined
to the energy region below -1.5 MeV. In the specific cases of the
Rb and Cs precursors, this is presently the situation for all but
the Kratz data [9]. Thus, it is not surprising that the calcu-
lated values for the average energies in Table XI, based on data
sets with different upper energy limits, show such a wide variation
between the different research groups. (In fact, Kratz had earlier
[9,50] attributed a major part of the discrepancies in average ener-
gies computed from the Matnz data as compared to the Studsvik data
as being due to this effect.) The importance (leverage) of higher
energy neutrons on the computed values of average energies is clearly
illustrated in the case of 95RD, we have computed average energy
values using the INEL data alone and using the INEL data plus the
normalized Kratz data above 1262 keV to obtain the following values:

INEL data (<1262 keV) <En> = 368 keV
INEL data (<1262 keV) + Kratz data (>1262 keV) <En> = 477 keV

Hence we see that, despite the fact that only ~8% of the neutrons have
energies above 1262 keV, the contribution of these higher energy
neutrons increases the value of the computed average energy by ~30%
(or 109 keV). Even for the cases of the 93RD and 143,144cs precursors,
where Table X would indicate that the energies available for delayed-
neutron emission (Qg - Sn) are much smaller, there are still signif-
icant differences in the values computed for average energy values
using the different data sets. Clearly these differences are related
to the discrepancies discussed earlier in the measured intensities
for neutrons with energies above ~800 keV. It appears that the-
effect of the higher energy neutrons is sufficiently large that
computed average energies, computed from the present neutron spectral
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data, do not provide a satisfactory basis for intercomparing delayed
neutron spectf si data measured by different groups.
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TABLE I. Distortion in measured neutron spectra resulting from
the ~3.8 cm thick Pb gamma shield surrounding the proton-recoil
detectors.

Neutron
energy
(keV)

24.37
71.7
128.0
272
351.4
468.2

Adopted diff.

Measured differences(%)
E (Pb) - E (no Pb)

-0.8
-1.4
-1.0
-0.3
-0.8

-0.86%

Measured relative
neutron intensities

(Pb shield/no Pb shield)

1.00 (Normalization)
0.98
1.00
1.06
1.06
1.00

No distortion

TABLE II. Neutron calibration energies used.

Neutron
energy Calibration source
(keV) ,

7.6 Sc
24.37 Fe
29.5 Sc
71.7 Fe

128.0 Fe
272 Fe
351.4 Fe
468.2 Fe
610.1 Fe
950.1 Fe

607 14N(n,p) - Internal
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TABLE III. Relative neutron flux distribution measured for the
(30.5 cm)/Al (35.6 cm) filter. (Effect of response function

correction used in combination.)

Neutron
energy
(keV)

24.37
71.7

128.0
182
272
351.4
468.2
610.1
697
950.1

TABLE
(Effect

Relative neutron

No response
correction

1000
40.2
60.9
8.2
66.1
14.4
2.1
10.2
4.2
3.6

Response
corrected

984
38.2
60.9
5.1
67.9
14.7
1.1
10.4
4.2
3.9

flux

Difference
(%)

-1.6
-5.0
(-)

2.7
1.6

1.8
-1.2
7.6

IV. Relative neutron flux distribution measured for Rb.
of response function correction with 2

CH, proportional

Neutron
range
(keV)

5.5 -
11.6 -
31.1 -
50.9 -
65.2 -
83.5 -

106.8 -
136.7 -
175.6 -
224.1 -
286.8 -
367.2 -
470.0 -
601.7 -
770.2 -
985.9 -

energy

11.6
31.1
50.9
65.2
83.5
106.8
136.7
175.6
224.1
286.8
367.2
470.0
601.7
770.2
985.9
1262.0

. counters used in

Relative

No response
correction

0.8
3.7
4.4
2.9
5.0
5.6
6.4
8.8
9.7
11.0
12.3
8.5
7.5
6.3
4.2
2.8

combination.

neutron flux

Response
corrected

0.5
3.0
3.8
2.5
4.8
5.4
6.0
8.7
9.6
11.2
13.3
8.8
7.8
6.5
4.6
3.6

.6 Atm. H_ and 2.6 Atm
) 2

Difference

CO

-40
-21
-14
-15
- 3
- 4
- 7
- 1
- 1
1
8
4
4
4
10
26
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93 3
TABLE V. Rb - comparison of He and proton recoil data.

Neutron
range
(keV)

0 -
24.3 -
50.9 -
83.5 -
136.7 -
175.6 -
286.8 -
367.2 -
470.0 -
601.7 -
770.2 -
985.9 -

TABLE

Neutron
range
(keV)

7.1 -
19.0 -
50.9 -
106.8 -
175.6 -
286.8 -
367.2 -
470.0 -
601.7 -
770.2 -

energy

24.3
50.9
83.5
136.7
175.6
286.8
367.2
470.0
601.7
770.2
985.9
1262.0

VI. 94Rb

energy

19.0
50.9
106.8
175.6
286.8
367.2
470.0
601.7
770.2
985.9

985.9 -1262.0

Relative neutron intensity

3
He spectrometer

Rudstam[45

1.1
8.7
7.1

21.3
14.0
14.9
13.0
9.0
3.2
1.1

- comparison

] Reederf46]

1.0
1.7
3.2
8.3
5.9
24.1
15.4
13.4
10.3
10.6
3.0
2.9

Proton-recoil data

INEL
no response
correction

2.0
2.3
3.7
10.8
6.6
21.9
13.4
13.4
12.0
9.9
3.2
0.9

3
of He and proton recoil data.

Relative neutron intensity

He spectrometer

Rudstam[45]

5.2
13.9
19.2
12.8
11.9
9.6
7.3
4.5

Reeder[46]

1.2
4.3
7.9

13.2
20.3
14.5
10.2
8.0
8.5
8.3
7.4

Proton-recoil
detector
INEL

no response
correction

2.4
5.4
6.1
13.3
18.0
12.4
11.7
10.4
8.9
6.6
3.1

- 380 -



TABLE VIT.
95 3

Rb - comparison of He and proton recoil data.

Neutron energy
range
(keV)

0
39.8
65.2
106.8
175.6
286.8
367.2
470.0
601.7
770.2
985.9
1262.0
1615.5
2068.0
2647.2

TABLE

Neutron
range
(keV)

0 -
14.8 -
39.8 -
65.2 -
106.8 -
136.7 -
224.1 -
286.8 -
367.2 -
470.0 -
601.7 -
770.2 -

Relative neutron intensity

He Spectrometer

Rudstatn[45]

- 39.8
65.2

- 106.8
- 175.6
- 236.8
367.2

- 470.0
- 601.7
- 770.2
- 985.9
-1262.0
-1615.5
-2068.0
-2647.2
-3386.6

VIII. 143

energy

14.8
39.8
65.2
106.8
136/. 7
224.1
286.8
367.2
470.0
601.7
770.2
985.9

985.9 -1262.0

4.5
8.9
15.7
7.3

10.8
12.3
8.7
6.2
2.3

Reeder[46]

3.4
2.4
4.7
8.2
14.8
8.3
10.1
11.1
11.3
7.6
7.1

Kratz[47]

10
1
4,
6,
13,
6,
10.
15.
12,
7.
4.
3.
2.
0.
0.

.3

.4

.5

.2

.1

.6

.5

.3

.1

.4

.7
9
,7
9
3

3
Cs - comparison of He and proton

Q
3He

Relative neutron

spectrometer

Rudstam[45] Reeder[46]

10
7

23,
12,
10.
5.
4.
3.
1.
0.

.4

.2

.3

.3

.9

.6
,7
,3
,9
,9

1.9
5.6
5.1
9.5
7.5

22.2
13.3
11.3
5.6
3.7
3.6l'9l6.4a

Proton-recoil
detector
INEL

no response
correction

13,
2.
6,
8,
14,
7.

10.
13,
10,
5,
3.

recoil

intensity

.3

.4

.2

.4

.3

.0

.2

.4

.3

.6
,0

data

Proton-recoil
detector

no
INEL

response
correction

1.6
9.5
5.3
13.3
8.7
24.0
11.4
9.7
5.4
4.6
3.5
2.0
1.0

Statistical uncertainties are noted to be greater than the data
[18].

- 381 -



TABLE IX.
97 3
Rb - comparison of He and proton recoil data.

Neutron
range
(keV)

0 -
24.3 -
50.9 -
106.8 -
175.6 -
286.8 -
367.2 -
470.0 -
601.7 -
770.2 -
985.9 -
1262.0 -

energy

24.3
50.9
106.8
175.6
286.8
367.2
470.0
601.7
770.2
985.9
1262.0
1615.5

Relative

3
He spectrometer

Kratz f47]

1.4
2.0
6.4
9.1
15.2
10.3
11.3
11.4
12.7
10.7
5.8
3.6

neutron intensity

Proton-recoil data

INEL
no response
correction

2.1
2.9
9.4
11.2
16.3
9.4
10.6
11.4
1.1.. 2
7.6
3.3

TABLE X. Decay properties of Rb and Cs precursor isotopes.

Isotope

93Rb

94Rb
95Rb
96Rb
97Rb
143Cs
144Cs
l45Cs

Parent

Half--lifa

5.85 s

2.72 s

0.38 s

0.20 s

0.17 s

1.78 s

1.02 s

0.58 s

Pn(Z)

1.

10.

8.

13.

27.

4

3

8

9

8

Qg (MeV

7.36

10.11

9.26

11.80

10.46

6.24

8.56

7.95

Daughter isotope

) Sn(MeV) q;

5.46

6.76

4.25

6.00

4.09

4.26

6.09

3.86

&eVn

1.90

3.35

5.01

5.80

6.27

1.98

2.47

4.09
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TABLE XI. Comparison of average energies of delayed neutrons determined by the ring ratio tech-
nique with average energies calculated from measured spectra (adapted from Table V of Ref. [49]).

Isotope

33Rb
94Rb
95Rb
96Rb
97Rb
143Cs

Cs
W 5 C s

SNC
ring ratio [49]

419+ 9

413+ 7

406+15

433+25

540+48

225+14

199+17

317+14

Average energies (keV)

Kratz [49]

414+20

474+20

508+25

481+25

533+35

276+15

312+20

331+20

He spectrometer

Rudstam [49]

330

310

540

220

310

Reeder [49]

392

413

477

335a

Proton-recoil
detector

INEL

347b

>364

477C

>311

>400

242b

255b

>317

An average energy of 232 keV is obtained if one neglects all data above 800 kev' where the
statistical uncertainties were greater than the data [49].

Measured data extrapolated to full neutron window.

Measured data of Kratz used to extropolate to full neutron window.

- 383 -



600 —

>400 -

o
oc

UJ

200 -

93
Fig. 1. Delayed-neutron spectrum of Rb

obtained using He gridded ionization
chambers; solid curve is data from
Mainz [9], dashed curve is data from
PNL [18] and, dotted curve is data
from Studsvik [20].
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Fig. 2. Delayed-neutron spectrum of 94Rb
obtained using ^He gridded ionization
chambers; solid curve is data from
Mainz [9], dashed curve is data from
PNL [18] and dotted curve is data from
Studsvik [20]. 200
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HOl = X_ , N ,- X_N . (4)
dTT z ' z ' 2 z

From Eq. (4) it is clear that whenever the r-process path falls on a
nucleus with a relatively small beta-decay rate, then the the abundance of
this element will build up as it waits to decay. Such waiting points tend to
occur when the r-process path encounters neutron-closed-shell nuclei. For
these nuclei the beta-decay Q-values tend to be less than other nuclei with
the same neutron binding energy.

Figure 3 shows the observed abundances of heavy nuclei separated [20]
into s-, r-, and p-process contributions. Note the peaks in the r-process
abundances for A * 80, 130, and 195. If these peaks are due to beta-decay
waiting points at neutron closed shells, then the r-process path must pass
near to the closed-shell nuclei with these mass numbers, i.e. Q^ln^Q,
130cds2, and l95Tm]26. Although such nuclei may be difficult to
measure, a determination of the beta lifetimes for even a few of them would
be extremely valuable as a constraint on theoretical estimates.

In this regard measurements of Gamow-Teller (GT) distributions for
nuclei far from stability is quite useful. The 6T interaction is the
dominant mode of beta decay for these nuclei and the state of the art of
theories for GT interactions in nuclei has undergone considerable change in
recent years, as we have already heard at this conference.

Figures 4 and 5 from recent work [21,22] by the group at Heidelberg
illustrate two important recent developments. Figure 3 is an example of the
kind of uncertainties that exist in the theories. An order of magnitude
decrease in the predicted beta half life is indtroduced by considering the
microscopic shell-model structure rather than a gross average distribution of
GT strength [23].

Figure 5 from Ref. [22] illustrates how such changes have made possible,
for the first time, the reproduction of both the A - 130, and A = 195
abundance peaks in a single calculation. Nevertheless the beta-decay theory
in this calculation is based on a schematic interaction, and the assumption
of (n,y) equilibrium in the r-process calculation may not be valid [8].
Figure 6 is an example of a, perhaps more realistic, GT strength-function
calculation by our group at Livermore [24] utilizing an ab initio realistic
finite-range effective interaction based on a free nucleon G-matrix. The
spectrum of final states has been produced by diagonalizing in a large basis
of shell-model configurations. The data for 95Rb are from the Mainz group
[25]. More such GT distributions must be measured and compared with
predictions before a definitive theory for beta decay far from stability will
be realized.

With regard to beta decay it is also necessary to know excited states.
Nuclei in the r-process are probably in a thermal bath with kT -vlOO keV.
There is therefore a substantial population of excited states for the first
several hundred keV of excitation. Such populations may dramatically enhance
or even inhibit the ground-state decay rates [9] depending upon the
properties of the excited states. Thus, knowledge of excited-state
properties for nuclei along the r-process path is critical to an eventual
understanding of the r-process.

As neutron capture and beta decays continue to produce heavier nuclei in
the r-process, the path is eventually expected to halt due to neutron-induced
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fission of Z % 85-95, A % 260-P90 nuclei [26]. At this point fission
product yields play a direct role in r-process nucleosynthesis. The fission
of nuclei at the end of the r-process path is probably asymmetric [26]. As
the r-process continues to cycle through the succesive buildup of heavy
nuclei till fission, the abundances should increase for atomic mass numbers
corresponding to the peaks in the fission product distribution. This
scenario is probably the best explanation [27] for the r-process "rare-earth
peak" near A = 160 (see Fig. 3). Better estimates for fission product yields
and fission barriers for Z ̂  90, A i, 280 nuclei would, of course be
valuable. They would also help to clarify [26] whether or not superheavy
nuclei could have ever been produced in nature.

We must also consider how the r-process is terminated in its stellar
environment. This is another aspect to which fission product data may make
important contributions. As the neutron flux and temperature are turned off
the nuclei decay from the r-process path back to the line of beta stability.
As the decay proceeds, beta-delayed neutron emission (as well as beta-delayed
fission and alpha-decay branches for heavy nuclei) introduce distortions in
the final observed abundances. Therefore, delayed neutron emission must be
measured wherever if occurs from the r-process path to stability.

With this discussion in mind, Table I summarizes some of my own biases
as to which nuclei are the most important to be measured for the r-process.
The various experimental quantities which need to be measured are roughly
prioritized from left to right.

THE n-PROCESS

Although the title "n-process" has been applied in reference to a
specific dynamic r-process calculation [15], I utilize the term here to
include a more general range of stellar environments which can not be
discribed by the simplifications of the classical s- or r-process. That is,
dynamical environments with lower neutron densities than the r-process, but
shorter neutron-capture time scales than typical beta-decay lifetimes near
stability. At the present time such environments seem to be the most
realistic site for the s-process [10-14] or the r-process [15,16].

Figure 7 shows an example of neutron densities and temperatures during
the thermal pulse of a 7MQ, red giant star with a 1.16M0 carbon-oxygen core.
In this scenario, neutrons are generated by the 22fje(a>n)25Mg reaction
as helium burning explosively ignites above the electron-degenerate
carbon-oxygen core. For a peak pulse neutron density of 2.4 x 1 0 ^ n/cm3
the mean lifetime for neutron capture on a nucleus with a 500 mb cross
section is only 10 hours, often less than the competing beta-decay lifetimes.

In explosive helium burning triggered by a passing super-nova shock wave
[15,16,22], or a core helium flash [7], neutron densities as high as 10 1 8

n/or)3 may be generated [16]. This is probably insufficient to drive a
classical r-process [8], so that the nuclear Saha equation (1) is no longer
applicable.

In dynamic environments such as these the only way to compute the
nucleosynthesis is with a complete network of equations such as:
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Ward and Beer.[30] This figure depicts the s-process flow and the r-process
decay-back in the region of A = 108 to 118. The classical s-process and
r-Drocess would normally bypass the proton-rich nuclei; ]^in> H4s n > a nd
]^Sn, which are shielded by the stable nuclei; ''3Cd, 114Cd, and
''5ln, respectively. These .nuclei would then ordinarily require a p-process
origin, e.g. due to (y.n) reactions on ' ^ i n > or H7sn. There is,
however, another mechanism by which these nuclei can be produced in the r- and
s-process due to the population of long-lived isomers in the A = 113 and 115
decay chains as illustrated in Fig. 10. The branching ratios for the decay of
these isomers was last measured, however, in 1959 [31]. A new look at, t.ie
decay properties of these isomers may help to clarify the nucleosynthetic
origin of these nuclei. A similar isomer chain in A = 180 may also account
[32] for the abundance of nature's rarest isotope, ^80ya# i^k iS currently
in progress [33] for this chain, however, which seems to rule out this
possibility. Other chains, if discovered may also substantially improve
current understanding of the abundances of these rare nuclei. For example,
the discovery of such a chain at A = 138 might help to solve the long-standing
mystery of the 138La abundance [17].

CONCLUSION

The field of stellar nucleosynthesis still contains many unanswered and
baffling questions, particularly for heavy nuclei. Before these questions can
be definitively addressed, the associated microscopic nuclear physics must be
better known. It is clear that fission-product data and other investigations
far from beta stability offer some of the most promising approaches to
clarifying this nuclear physics. It is hoped that this brief overview will
provide the experimenters with at least some quidelines as to which new
investigations could prove to be the most fruitful in the future.
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Table I. Some nuclear data needs for the r-process. The
numbers represent an approximate priority for the measurements.
Asterisks indicate quantities which are known experimentally.
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5

5
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r-process peak
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r-process path
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- 493 -



Table I. (continued)

Z=4O - 50 1 2 3 4 5 r-process path

( B n x 0 - 4 MeV)

Z=60 - 70 1 2 3 4 5 r-process path

(Bn = 0 - 4 MeV)

Z=50 - 60,70 - 90 1 2 3 4 5 r-process path

(Bn = 0 - 4 MeV)

Z=40 - 90 1 2 3 4

(0 stability to Bn = 4 MeV)
5 approach to r-process

path & test of nuclear
model extrapolations
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Fig. 1. Schematic representation of various the neutron-capture processes
contributing to the abundances of heavy nuclei.
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Fig. 2. Calculated relative r-process abundances for Z = 48 isotopes.
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Fig. 3. Abundances of heavy nuclei separated into s-, r-, and p-process
contributions from Ref. [20].
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Fig. 6. Calculated Gamow-Teller strength function for 95Rb compared with
data [25].
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Fig. 9. Schematic representation of neutron-
capture on the stable target
isotope 86Kr and the inverse process
of 0-delayed neutron emission from
87Br. In the latter decay mode only
JIT = 1/2- - 5/2" emitter states are
populated.

117,
'Sn 118,'Sn

(n,Y>

Fig. 10. Schematic illustration of the various combinations of neutron
captures and beta-decays that channel the s- and r-process flows in
the Cd-In-Sn region. The thinner solid lines show the various
competitions between neutron capture and beta-decay that define the
branched s-process path. The larger diagonal arrows show the final
r-process beta-decays with particular emphasis on the contributions
to the key isomeric species along the A = 113 and A = 115 isobaric
decay chains. Each stable nuclide is boxed as shown and also
labelled with its solar abundance.
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SPINS AND MOMENTS OF FISSION PRODUCT NUCLEI

Curt Ekstrom

The Studsvik Science Research Laboratory,
S-611 82 Nykoping, Sweden

Experimental data on nuclear spins and moments are of great im-
portance in testing the applicability of different theoretical
approaches to nuclear structure. Directly,-measured spin values
also serve as a basis for spin assignments of excited nuclear
states. The present paper reports on experimental methods adapted
to on-line measurements of nuclear spins .and moments of short-
lived nuclides far from stability, and gives a discussion of the
data obtained in the N > 50 and N > 82 fission product regions.
Finally, the prospects for future extensions are indicated.

1. INTRODUCTION

Nuclear spins and moments of ground and isomeric states are basic pro-
perties probing the structure and shape of atomic nuclei. The systemati
experimental study of these quantities along isotopic and isotonic chains
thus allows a mapping of the nuclear behaviour, to be compared with the pre-
dictions of different nuclear models.

The main experiments specifically aimed at revealing the nuclear struc-
ture by measuring nuclear spins and moments are those investigating the hy-
perfine structure of free atoms using radio-frequency and optical spectros-
copy techniques. Although a large amount of data has been obtained in off-
line experiments, it is only through the introduction of on-line techniques
that short-lived nuclides far from stability, and thus long isotopic chains,
have come within reach for study. The experiments performed at the ISOLDE
facility, CERN, by the Mainz, Gothenburg-Uppsala and Orsay groups constitute
a main effort in this direction.

In addition to the restricted beam-time available in accelerator ex-
periments, the groups have to face the problem of low sensitivity of these
"atomic physics" techniques. The experiments all require typically 106

atoms/sec, a number which may vary as much as two orders of magnitude in
both directions depending on technical details and on the proparties of
the nuclide under investigation.

Here, we will concentrate on the different experimental techniques
used at the ISOLDE facility, and on the results obtained on neutron-rich
nuclides produced in fission reactions induced by high-energy protons.
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Obviously, these techniques are not restricted to the study of fission pro-
ducts. In fact, the majority of results have been obtained in neutron-de-
ficient spallation reaction nuclides.

The neutron-rich nuclei in the lower and upper parts of the double-
humped fission yield curve exhibit several common features due to their
occupation of analogous positions in the nuclear chart. They are both lo-
cated just above a neutron shell closure; N = 50 and N = 82, respectively,
with the proton numbers being intermediate with respect to the proton shell
closures at Z = 28, 50 and 82. It is thus of great interest to map the
nuclear spins and moments of these fission products in order to follow the
influence of increasing collectivity above the neutron—shell closures at
N = 50 and N = 82. The effects of the subshell closures, both with respect
to N and Z, are shown to be well reflected in the data.

2. NUCLEAR SPINS AND MOMENTS FROM HYPERFINE STRUCTURE EXPERIMENTS

In the hyperfine structure (hfs) experiments on free atoms, the small
energy splittings of atomic levels due to the interaction between the
nuclear multipole moments and the corresponding field quantities from the
electrons are investigated. We may here distinguish between two classes of
experiments: radio-frequency spectroscopy studying the hfs within an atomic
level, generally the atomic ground state, and optical spectroscopy in which
the hyperfine structures of the initial and final states are superimposed
on the optical line.

The narrow line-widths obtained in rf-experiments constitute the main
advantage compared to optical experiments, and allow high-precision measure-
ments to be made. The Doppler broadening, limiting the precision in optical
experiments, can however be strongly reduced by using crossed-beam geometry
with a collimated thermal atomic beam or collinear geometry with a fast
atomic beam.

Direct measurements of nuclear spins I are made by rf-experiments in
weak external magnetic fields by studying the transitions between different
Zeeman-levels in which the production and detection of the orientation may
be done by several methods as will be seen below. The nuclear spins may also
be determined in optical experiments by the number of hf-components and their
intensity ratios. Whereas the latter method has been shown to be of limited
validity, a combined analysis of the hfs of two optical lines in the same
nuclide provides an unambigious determination of the nuclear spin.

The energies of the zero-field hyperfine levels, characterized by the
quantum number P, (|l~J| £ F £ I+J ), may be written as a linear combina-
tion of the hyperfine coupling constants and known functions including the
quantum numbers I, J and F:

"S = A fl + B f2 (1)
neglecting the small energy contributions from higher order terms.
Here, the quantities
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A <= v < B >/IJ I,J > 1/2

B « Q| < 62\r/6z2 > I,J i 1 ( 2 )

are the coupling constants for the dipole and quadrupole interactions, res-
pectively, with the given restrictions on I and J. The quantities B and V
are the magnetic field and the electric potential, respectively, due to the
electronic shell.

Experimental data on the hyperfine separations thus give values for the
coupling constants, from which the corresponding nuclear moments; magnetic
dipole u, and electric quadrupole Q|, may be evaluated.

The evaluation of the magnetic dipole moments from the measured A-
factors is generally made through a direct comparison with a stable isotope
in which the values of I, u and A are known. Neglecting the hyperfine ano-
maly (cf. below), the following relation holds within a given level of an
element:

The evaluation of Q2 from the measured B-factors has torely to a large
extent on theoretical calculations of the electronic part of the quadrupole
interaction. In recent years, however, a number of accurate quadrupole mo-
ments has been determined, particularly on strongly deformed heavy nuclides,
from the study of muonic and pionic atoms [1,2]. These values serve as re-
ference data in the same way as for the dipole interaction (3).

In addition to the nuclear spins and moments discussed above, hfs ex-
periments may also yield a direct measure of nuclear g-factors through their
interaction with an external magnetic field. Combined with experimental A-
factors, one gets in this case information on the differential hyperfine
anomaly A, defined by:

( f ^ - (^)2 • (1 • ̂ ) (4)

The anomaly, prob-ng the difference in distribution of nuclear magnetism
between the two isotopes is generally small, but may reach a 10 % level in
2 2 states in heavy elements.

Here, we will not discuss the. additional important nuclear information
on changes of mean square charge radii obtained from isotope shift (IS) data
in optical experiments.

The description below of the different hfs experiments at ISOLDE al-
though classified according to the technique used, follow to a large extent
a chronological order.
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2.1 Cell Experiments

The importance of systematic investigations of long isotopic chains is
maybe most clearly demonstrated by the sequence of mercury isotopes studied
by the Mainz group at ISOLDE. Here, the discovery of a sudden onset of
nuclear deformation between 187Hg and 185Hg [3] has initiated a large ex-
perimental as well as theoretical activity to reveal and understand the
structure and shape of nuclei in this region.

Atomic lines, like 6s2 1SQ •*• 6s6p 3Pi in mercury, with large hfs
and IS compared to the Doppler width are conveniently studied in cell ex-
periments. At ISOLDE, radiation-detected optical pumping (RADOP) and laser-
excited fluorescence techniques have been used to investigate radioactive
nuclides confined in a cell.

2.1.1 RADOP

The RADOP technique, based on the detection of the optical pumping
effect in the atomic ground state by the asymmetry of the beta-radiation
(or the anisotropy of the gamma-radiation), was first applied in in-beam
experiments on short-lived light alkali nuclides polarized through spin ex-
change with optically pumped stable isotopes. Nuclear spins and magnetic
moments were determined by rf-experiments in the 2 S w 2 atomic ground states
[4] (cf. also [5]).

The RADOP version applied by the Mainz group to the sequence of mer-
cury isotopes at ISOLDE is schematically given in the left part of Fig. 1.
The method, described in letail in ref- [6], is conveniently discussed in
connection with the simplified hyperfine structure diagram of 187Hg
(I = 3/2) in Fig. 1. The radioactive beam of 187Hg from ISOLDE is trans-
ferred to the resonance cell where the atoms are excited by the 1So •* 3Pi>
2537 A, line from the light source of stable 198Hg placed in the pole gap
of the magnet. The sigma-plus Zeeman component of 187Hg scanning the 3Pi
hyperfine structure of 18 Hg, gives rise to optical pumping at the matching
points, and thus to a nuclear polarization of the 1SQ ground state of 187Hg.
The polarization is detected by the beta-asymmetry in the nuclear decay with
the beta-detector telescope. A typical resonance pattern is given at the
bottom left in Fig. 1. From this pattern, the hyperfine structure constants
A and B are deduced. The isotope shift between 187Hg and 198Hg is directly
obtained from magnetic field at the center of gravity of the i87Hg hfs
pattern and the known atomic g-factor of the 3Pistate. In addition, the
nuclear g-factor is determined directly to a high accuracy by a nuclear
magnetic resonance experiment (rf-loop not shown in Fig. 1) in the polarized
^o ground state of 187Hg. The extensive RADOP studies cf odd-A mercury iso-
topes at ISOLDE include 18l-191Hg [7]j 199mHg [g] a n d 205Hg [pj.

Furthermore, the Mainz group has used the RADOP technique to measure
the nuclear spins of short-lived mass-separated alkali nuclides at ISOLDE,
76Rb and 119Cs [10], and at the reactor in Mainz, 91,93,9it,96mRb [11,12].
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2.1.2 Laser Fluorescence Spectroscopy

As a continuation of the RADpP experiments on mercury (RADOP is not
applicable to the 1 = 0 even isotopes), the Mainz group installed a laser
fluorescence set-up at ISOLDE [13] (cf. the right part of Fig. 1). It was
soon realized, however, that the method could be used also to extend the
measurements in the odd-A isotopes.

In the mercury laser fluorescence measurements, the radioactive nu-
clides from ISOLDE are transferred to the resonance cell and excited by the
6s2 ^SQ -*• 6s6p 3Pji, 2537 A transition from a pulsed nitrogen dye laser system
including frequency doubling in an ADP crystal. The 3P} hfs pattern is
scanned by tuning the laser frequency and the resonance fluorescence light
is detected with a photomultiplier. Simultaneously, a reference signal is
recorded from the sigma-plus Zeeman components of the stable even isotopes
198-20<+Hg ;n a magnetic field.

In Fig. 1, the hfs splittings of the ?p1 state in
 187Hg (I = 3/2) and

187mHg (I = 13/2) are shown together with the observed resonances. A clear
improvement as compared to the RADOF results is seen. Furthermore, data were
obtained from the I = 13/2 isomer. The reason for the absence of signals
from the isomer in the RADOP experiment is not quite clear.

The results from the laser-fluorescence experiments in mercury include
the even isotopes 18'+-190>206jjg [13,14,15], revealing a huge nuclear shape
staggering between the ground states of the even and odd light isotopes, and
the I = 13/2 isomers in 185-191Hg [M>] giv£ng a similar nuclear shape diffe-
rence between I = 1/2 ground state and the I = 13/2 isomeric state in 185Hg.
The nuclear spins of the isomers iSsm-l.gimjjg were determined by quantum-beat
spectroscopy by applying an external magnetic field (not shown in Fig. 1) to
the resonance cell and observing the Larmour frequency [17].

The laser-fluorescence experiments have been extended to the chemically
analog element cadmium, in which the isotope shifts of the radioactive iso-
topes 102-105,107,lllm,113m,115,117m,118,119, 119m,120cd a n d h f s o f 103cd
were measured [18]. The cadmium experiments, however, suffered from the
large Doppler width, which is comparable in magnitude to the hfs and IS of
the investigated isotopes.

Recently, Kluge and collaborators from Mainz have studied the hfs and
IS in a sequence of gold isotopes using laser fluorescence spectroscopy at
ISOLDE [19].

2.2 Experiments with Thermal Atomic-Beams

Thermal atomic beams have been used extensively to determine nuclear
spins and moments by investigations of the atomic hyperfine structure. The
atomic-beam magnetic resonance (ABMR) method has already become classical
[20]. More recent efforts include laser spectroscopy in a crossed-beam
geometry, in which a large supression of the Doppler width is obtained by
collimation of the atomic beam.

Several off-line experiments have been made with the specific aim of
revealing nuclear properties in long isotopic chains. We mention here the
systematic investigation of the rare-earth region by the Gothenburg-Uppsala
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group [21,22] using AMBR methods, and the laser spectroscopy study of IS
and tift- of the sequence of barium isotopes 12**~13°Ba by the Karlsruhe'group
[233. The introduction of on-line techniques, however, has extended consi-
derably the field of application. Below, we will discuss the Gothenburg-
Uppsala AMBR experiment and the Orsay laser spectroscopy experiment, both
connected on-line to the ISOLDE mass separator.

2.2.1 Atomic-Beam Magnetic Resonance (ABMR)

The ABMR apparatus connected on-line to the ISOLDE isotope separator
is given schematically in Fig. 2. A detailed description of the design and
operation may be found in Refs. [24,25]. The apparatus consists of an oven
section where the atomic beam is formed, a main section with focussing mag-
nets of 6-pole and 4-pole type acting as polarizer and analyser of the ato-
mic beam, respectively, the rf-transitions being induced in the intermediate
homogeneous field of the dipole magnet, and finally a collector and detec-
tor section. In the on-line experiments, the 60 keV ion-beam from ISOLDE is
deflected into the oven section and focussed to a small spot at the source
position from which it is evaporated in the form of thermal atoms. Atoms
with positive effective magnetic moments (those in states with Mj = 1/2
in Fig. 2) are focussed by the 6-pole magnet into the central region. When
rf-transitions are induced changing the sign of the effective magnetic mo-
ments (to states with Mj = -1/2 in Fig. 2), the atoms are defocussed in
the 4-pole magnet and transmitted through the apparatus. The resonances
are recorded by exposing collectors to the atomic beam for certain periods
of time and counting the activity in radiation detectors.

The ABMR method has been applied to several different elements at
ISOLDE for measurements mainly of nuclear spins and magnetic dipole moments.
The main results have been obtained in the alkali elements 37Kb [26,27],
55Cs [27-29] and 87Fr [30,31], and in 7gAu [32,33]. Shorter sequences have
been studied in 3gBr, i^In, 53I, 6^Eu, G9Tm and 8lTl [34,35,31].

2.2.2 Atomic-Beam Laser Spectroscopy

A considerable extension of the ABMR measurements in the alkali ele-
ments, discussed above, was obtained by the introduction of the atomic-beam
laser experiment at ISOLDE. With this method the nuclear spectrosccjpic
quadrupole moments could be reached by studying the hfs of the ZPi/2 exci-
ted state, as well as the IS in the isotopic sequences studied. A number
of nuclear spins and magnetic dipole moments was also added. Of particular
importance was the discovery of the D2 optical line in francium which
opened the way to hfs and IS measurements in this element. The atomic-beam
laser sprctroscopy works at ISOLDE on the alkali elements 37Rb, 55CS and
S7Fr have been presented in Refs. [36-39].

The atomic-beam laser method with non-optical detection, schematically
given in Fig. 2, was developed at Orsay and first applied to the sequence
of sodium isotopes 2I>22»2l*>25Na [40]. Later, long isotopic chains of J
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and igK were studied extensively [41-43] with an improved version of the
apparatus put on-line at the proton synchrotron at CERN. The apparatus aaJ
tLe different oven systems used are described in Refs. [44,45].

In the on-line experiments at ISOLDE, the 60 keV ion-beam is converted
to a thermal atomic-beam, which after collimation is illuminated at right
angle with the light from a tunable dye laser. The laser light induces op-
tical pumping when tuned to the resonances of the D2 line (cf. Fig. 2),
causing a change in the population of the ground state hyperfine levels.
This change is monitored by a detector system consisting of a state se-
lecting 6-pole magnet, a mass spectrometer and an electron multiplier. The
resonances obtained in a laser frequency scan give the hfs of the ground
state and the excited state. In double-resonance experiments including rf-
transitions in weak external magnetic fields, nuclear spins and accurate
values of the hyperfine separations in the ground and excited states may be
determined.

2.3 Experiments with Fast Atomic-Beams

The cell and thermal atomic-beam experiments, discussed so far, are all
performed with samples obtained by collecting the mass-separated ion-beam
and a subsequent re-evaporation in the form of an atomic vapour or an atomic-
beam. Although this procedure may work continuously there ais large losses,
e.g. a factor 101* because of the low transmission in atomic-beam experiments.
The collinear fast-beam laser spectroscopy method offers an elegant solution
to this problem by working directly with the mass-separated beam from the
separator. Combined with the large reduction in velocity spread, and thus
in Doppler width, of the electrostatically accelerated ion-beams [46],
assuring a high sensitivity and resolution, the collinear method represents
a major step towards the ideal spectroscopic tool for systematic'hfs and IS
measurements.

The collinear fast-beam laser spectroscopy method [47] was developed
at Mainz, tested with stable beams of Na and Cs [48], and subsequently used
for on-line measurements at the mass-separator connected to the Mainz reactor.
Here, neutron-rich fission products of the alkali elements rubidium and ce-
sium were investigated; 89»91>93Rb [49] and 137""1/t2Cs [50,51]. Full advan-
tage of the potential of the method was taken by connecting an improved ver-
sion of the apparatus on-line to the ISOLDE isotope separator, where a
large range of elements are within reach for systematic hfs and IS studies.
The first measurements at ISOLDE were made in a long sequence of barium
isotopes, 122~llf6Ba [52] covering both sides of the N • 82 neutron-shell
closure. A systematic investigation of neutron-deficient rare~earth nuclides,
with special emphasis on those in the transitional region above N = 82, is
in progress. At present, the measurements include 11|0-153Eu, ltf2~160Gd,
lielet 150-170 156176 [ ]p , , ,

150-170Er a n d 156-176Yb [53]. Recently, the hfs and IS of the
radium isotopes in the range 208 £ A < 232 were measured in the atomic as
well as ionic spectra [53].
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In connection with Fig. 3, a few comments will be given on the col-
linear experiments at ISOLDE. The high sensitivity and resolution, due main-
ly to the large reduction in Doppler width in the accelerated ion-beam, is
fully utilized only if the acceleration voltage is sufficiently stable. At
ISOLDE, a high-voltage stabilization system has been constructed at the se-
parator [54], giving an absolute accuracy of ± 0.1 V per day. This deviation
is small compared to the energy spread of about 1 eV of the ions from a sur-
face ionization source. The latter gives a Doppler broadening of about 5 MHz
for a medium-mass nuclide and an optical wave-length of 6000 A. This is to
be compared to a typical value of 10 MHz for the natural line-width in
strong optical transitions.

In a measuring cycle, the nuclide under investigation and two refe-
rence nuclides are directed alternately through the apparatus. The absorp-
tion lines are simultaneously Dopplershifted into reasonable ranges by an
offset voltage (±10 kV) put on the retardation and charge exchange systems.
The resonances are subsequently scanned by applying an additional sweep
voltage (±500 V).

Since the resonance lines of ions generally lie in the ultraviolet re-
gion, inaccessible to present-day cw dye lasers, the ion-beam from ISOLDE
is neutralized in a charge-exchange cell, usually containing an alkali metal
vapour. In the charge transfer process, the vapour may be chosen as to fa-
vour a population of either the atomic ground state or metastable states.
The latter alternative may give access to elements with the ground-state
transition beyond the reach of cw dye lasers. The wider choice of sensitive
transitions is also of importance, as demonstrated by the investigations
of ytterbium [55]. This new version of collinear laser spectroscopy has
been exploited in experiments on 80Hg and in test experiments on the noble
gases 36Kr and s^Xe.

The excitation of the fast atoms along the 20 cm observation region
is detected by monitoring the fluorescence photons in a system consisting
of cylindrical optics, a light-guide and a photomultiplier. Schemes of non-
optical detection are under development.

2.4 Ion Trap Experiments

Precision measurements of hfs separations and nuclear moments using
the ion storage technique at ISOLDE have been proposed by G. Werth, Mainz
[56]. The determination of these quantities in a sequence of isotopes would
yield accurate values of the differential hyperfine anomalies [cf. eq. (4)]
from the A- and g-factors, and of the higher order hyperfine coupling con-
stants.

The radioactive ions stored in the ion trap will be subject to a micro-
wave - optical double resonance experiment. A population difference between
the F-levels of the ionic ground state is induced by optical pumping when
laser light is tuned to a resonance transiton. Microwave transitions, sub-
sequently induced between the different F-levels; are monitored by the
change in fluorescence intensity.
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The first test experiments have been made with about 1012 atoms of ra-
dioactive 133Ba from ISOLDE. They were confined to a volume of 1 cm3 for
several hours inside the trap, and the optical spectrum was observed follow-
ing excitation by a pulsed tunable dye laser. The minimal production yield
needed for an ion trap experiment has been estimated to be about 10 atoms/s,
[57], a number comparable to the requirements of the other hfs techniques
discussed above.

To conclude this section on experimental lifs techniques at ISOLDE we
give in Fig. 4 an overview of the ISOLDE facility, showing the location of
the different experiments.

' 3. RESULTS ON FISSION PRODUCT NUCLEI

During the last few years, a tremendous progress has been made in the
study of spins and moments of nuclei far from stability. This is particu-
larly the case for fission product nuclei, in which prior to 1977 practical-
ly no data were available. The development of the efficient UC-target for
production of neutron-rich nuclides at ISOLDE together with the development
and application of powerful on-line hfs-techniques have been decisive in
this process.

The production yields of cesium isotopes from different reactions are
given in Fig. 5. The proton-induced fission of 238U at ISOLDE is shown to
give more than one order of magnitude higher yields than those obtained in
thermal neutron fission of 235U, e.g. at the Mainz reactor. The situation
is similar for rubidium. Though, a number of important experiments has been
performed at the Mainz reactor; the spin measurements on the heavy rubidium
isotopes using RADOP techniques, and the pilot experiments with the colli-
near fast-beam laser method on rubidium and cesium. At ISOLDE, fission pro-
duct nuclides of the elements rubidium, indium, cesium and barium have been
subject to systematic hfs-investigations (ABMR, atomic-beam laser spectros-
copy and collinear fast-beam laser spectroscopy), giving nuclear spins and
moments of ground states and long-lived ( £ 1 sec) isomeric states. The re~
suits from ISOLDE and Mainz are collected in Table I.

The dipole coupling constants of the 2Si/^atomic ground states in the
rubidium and cesium isotopes are weighted mean values from ABMR, collinear
fast-beam laser spectroscopy and atomic-beam laser spectroscopy. The A-
factors of the 2Pz/Z excited states are not included in the table since
they are less accurate. The evaluated magnetic dipole moments in rubidium
and cesium, with 87Rb and i33Cs as reference isotopes in eq. (3), have been
assigned an additional error of 1 % due to the uncertainty in the hyper-
fine anomaly. In barium, an error of 0.01 n.m. has been added to the syste-
matic error to take the hyperfine anomaly into account [52].

The spectroscopic quadrupole moments in rubidium and cesium are weighted
mean values of those derived from the different 2P3/2 excited states, whereas
the moments in barium are taken directly from ref. [52].
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4. THEORETICAL INTERPRETATIONS

As a basis for the interpretation of the nuclear spins and moments of
the neutron-rich fission products in the lower and upper parts of the double-
humped fission yield curve we show in Figs. 6 and 7 the development of col-
lective effects above the neutron-shell closures at N = 50 and N = 82, res-
pectively.

In the lower mass region, the strong subshell closures at 96Zr (the
Pl/2Proton state is filled at Z = 40, as is the ds/2neutron state at N = 56)
counteract the development of deformation effects. Going to N = 60, the
effect of the subshell closures are lost, giving rise to a steep increase in
nuclear deformation. Federman and Pittel [58] have explained this onset of
deformation as due to the deformation driving n-p interaction between the
spin-orbit partners ^9/2 an& vg7/2 a s the neutron-shell is being filled
above N = 56. Similarly, Casten et al. [59] have studied the upper mass re-
gion, extending into the rare-earths, and suggested the onset of nuclear de-
formation between N = 88 and 90 in the elements around gadolinium (proton
subshell closure at Z = 64 when the ds/2 proton state is filled) as an
effect of the n-p interaction between irhi2/2 and vhg/2- The transition to
deformed shapes becomes more gradual in elements removed from the closed-
subshell elements ^QZV and gijGd, respectively.

We have made particle-rotor calculations, using the core-quasiparticle
model of Larsson et al. [60], in an attempt to understand the single-particle
structure and nuclear deformation of the investigated fissioii product
nuclides. The following g-factors: gR = Z/A, gs = 0.6 gs^

ree, g ^ = 1 and
g = 0 have been used in the calculation of the magnetic dipole moments.

4.1 Odd-Proton Nuclei in the Lower Mass Region

A comparison between the experimental and theoretical nuclear moments
in the sequence of rubidium isotopes between 77Rb and 97Rb is given in
Fig. 8. Hftre we will be concerned only with the neutron-rich isotopes above
N = 50.

The ground state spins and parities are 3/2~ in 89»91Rb and 5/2
in 93»95Rb. The spectcoscopic quadrupole moments indicate weakly deformed
shapes of these nuclei (cf. the right part of Fig. 8) in agreement with the
information on collective effects in the neighbouring even-A nuclei (Fig. 6)
The ground states may be associated with the shell model states P3/2 a°d
f5/2> respectively, or by the alternative assignments [301 3/2] and
[303 5/2] (cf. the Nilsson diagram given as an inset in the left part of
Fig. 8). The latter Nilsson orbitals are, in fact, built up with main com-
ponents of (P3/2)3/2 and(f5/2 )s/2» respectively over a large range of de-
formations. The experimental magnetic moments of these states are well re-
produced by the calculations.

The situation is quite different in the N = 60 nucleus 97Rb. Here, the
spectroscopic quadrupole moment clearly indicates the presence of a strong
nuclear deformation (cf. Fig. 8 and compare with Fig. 6).
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The experimental magnetic moment in 97Rb rules out the orbital
[312 3/2] as the ground states assignment, leaving the choice between
[301 3/2] and [431 3/2]. The similarity of magnetic moments of the latter
orbitals, however, makes a distinction on this basis not possible. The theo-
retical energy systematics slightly favour the assignment [431 3/2]. At de-
formations e w 0.35, a 3/2+ state, being more or less pure [431 3/2] appears
lowest among the positive parity states from the high-spin shell model state
gg/2> and also energetically below the negative parity orbitals [312 3/2]
and [301 3/2]. The beta-decay data on 97Rb obtained by Kratz et al. [61]
strongly favour the assignment [431 3/2].

The neighbouring odd-Z element yttrium with Z = 39 exhibit in the range
50 <• N £ 58 spin I = 1/2 ground states and I = 9/2 isomeric states, asso-
ciated with the odd-proton px/2 and S9/2 shell model states [62].

The band structures in the N = 60 and N = 62 yttrium isotopes, on the
other hand, give evidence for strongly deformed nuclear shapes [63, 64].
The ground state rotational bands in "> 1 0 1Y are most probably due to the
Nilsson orbital [422 5/2]from the gg/2 shell (cf. the Nilsson diagram of
Fig. 8) and the excited band in IO*Y to [303 5/2], A direct moment measure-
ment which would distinguish between the two orbitals is, however, hampered
by the difficulty to produce a strong primary ion-beam of this refractory
element. Though,the theoretical magnetic moments at e = 0.30 are about 3.2
n.m. for [422 5/2] and 1.4 n.m. for [303 5/2], the spectroscopic quadrupole
moments being about 1.1 b in both cases.

4.2 Odd-Neutron Nuclei in the Lower Mass Region

No direct spin or moment measurements are available for even-Z fission
produced nuclides in the lower mass region. Some comments should, however,
be made on the ground state assignments. The odd-N nuclei with N = 51, 53
and 55, due to the filling of the ds/2 neutron shell,are followed by the
N = 57 and 59 isotonic sequences having ground state spin 1=1/2 for
Z £ 42. The latter are expected to be due to the Si/2 shell model state
[61,62]. However, the measured magnetic moment in ^Mo is ±0.374(3)n.m. [65],
far from the value of about -1 n.m. for a S1/2 neutron.

The rotational bands observed in the N = 61 isotones99Sr and 101Zr [64]
again poi. . to a strong nuclear deformation in this region. Tha band heads
of the ground state bands in 99Sr and 101Zr and of the excited state band
in 101Zr are all assigned a nuclear spin of I = 3/2. Possible candidates
are the Nilsson orbitals [411 3/2] and[541 3/2], lying close to the Z = 61
Fermi level (cf. Fig. 9). Direct spin and moment measurements should be
possible in 99Sr to distinguish between the two orbitals [411 3/2] and
[541 3/2]. The theoretical magnetic moments are -0.25 n.m. and -1.0 n.m.,
respectively,at e = 0.30 and the spectroscopic quadrupole moments 0.67 b
and 0.49 b.
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4.3 Odd-Proton Nuclei in the Upper Mass Region

The alkali olement cesium in the upper fission mass region has been
almost as well investigated as the corresponding element rubidium in the
lower mass region. The sequence include at present isotopes up to mass^
number 145. :

The nuclear moments of the spin I = 7/2 ground states of 137,139,4
give evidence for spherical or weakly deformed nuclear shapes and an asso-
ciation with the g7/2 proton shell model state. The decreasing quadrupole
moments above N = 82, however, indicate increasing nuclear deformation. This
is realized from the formula [66]

31 (a*V K ) 2 - 1(1+1)

£ - <& • ~ V (1+1) (21*3) (5)

relating the spectroscopic and intrinsic quadrupole moments, and the fact
that the Fermi level of cesium is located at the lower part of sublevels
from the gj/2 shell model state giving a negative projection factor.

To explain the spin I = 3/2 and nuclear moments of the N = 88 and
N = 90 cesium isotopes 1If3Cs and ll*5Cs we have to assume deformed nuclear
shapes, and an interpretation in terms of the orbital [422 3/2] (cf. Fig.10).
This orbital also appears in the far neutron-deficient cesium isotopes
119Cs and 121Cs.

4.4 Odd-Neutron Nuclei in the Upper Mass Region

The gradual increase in nuclear deformation above the neutron-shell clo-
sure at N = 82, suggested by the increasing collective effects (Fig. 7), is
also evidenced from the spins and moments in the sequence of barium isotopes.
Here, the odd-A isotopes may be interpreted in terms of the low-J2 levels
from the shell model states f7/2 and hg/2 (Fig. 11)•

The wave function of the weakly deformed 7/2 ground state in 139Ba
is built up mainly of the f7/2 low-fi sublevels. This composition of the
wave function is reflected particularly in the spectroscopic quadrupole mo-
ment in which the negative sign, like in eg. i 3 9Cs, is due to a negative
projection factor in eq. (5).

The positive quadrupole moment of the I = 3/2 nuclide ltflBa, on the
othei hand, indicate a wave function built up of I = 0. orbitals. In the
particle-rotor calculations, an I = 3/2~ state, originating mainly from
[532 3/2] is obtained at low excitation energy for deformations e = 0.20 -
0.25. The f - 5/Z~ ground state in 1+3Ba, actually being the theoretical
ground state, is represented by a mixture of low-Q orbitals from f7/2
hg/2» tne dominant components at e = 0.20 - 0.25 being [530 1/2] and
[532 3/2]. There is at present no straightforward interpretation of the
nuclear moments of the spin I = 5/2 isotope 145Ba.
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5. FUTURE POSSIBILITIES

The rapid progress in the field of hfs research seen the last few years
will certainly continue. The limitations will most probably be set by the
yields from the isotope-producing device, since present-day sensitive laser
techniques are applicable to almost any element.

The most powerful method at present is collinear fast-beam laser
spectroscopy. It is ideally adapted to experiments directly on ion beams
from mass separators or, after charge exchange, on fast atomic beams. The
selective optical transitions make work possible also on weak beams in a
heavily contaminated isobaric chain, e.g. on a beam from a hot plasma ion
source. The sensitivity of the method will probably be increased by the
introduction of non-optical detection techniques.

Systematic hfs investigations using the ABMR method are too time-con-
suming to compete with the iaser methods. However, direct measurements of
nuclear spins and g-factors, and precision data on hyperfine constants will
be of importance in particular cases.

The ion storage technique offers extreme precision in hyperfine con-
stants and nuclear g-factors, of importance in elucidating subtle effects
like the hyperfine anomaly. Further developments are, however, required
before the method can be applied in systematic on-line studies of nuclei
far from stability.

Since the application of the hfs-techniques strongly depends on the
chemical properties of the elements it is convenient to discuss possible
extensions for fission products according to the different groups of the
periodic table of elements.

The alkali elements rubidium and cesium have already been subject to
extensive studies, as summarized in this paper. Further measurements to
include ltf6Cs and ltf7Cs using atomic-beam laser spectroscopy are in progress
by the Orsay group at ISOLDE.

The alkaline earths strontium and barium are favourable candidates for
laser spectroscopy both in the form of ions and neutral atoms. The barium
isotopes have been thoroughly investigated by collinear fast-beam laser
spectroscopy [52], whereas strontium remains to be studied. The estimated
hfs in the *Pi state of neutral strontium of less than 50 MHz indicates
that a sufficient precision in the hyperfine constants will be obtained only
by studying the ionic spectra.

The refractory elements 39Y - î Pd following 3eSr in the lower mass
fission region are at present not available in sufficient yields from
existing mass separators. The same is true for the lanthanides following
5gBa in the upper region. In the latter, the situation seems a bit lighter,
though, keeping in mind the successful measurements on the heavier rare-
earths from spallation reactions in a Ta-target using the collinear method
[53].

In the sequences 29CU - 3sBr and î Ag - 53I, the elements 3jGa and
^gln are the most promising candidates both from the point of production and
laser work. The complication caused by the nuclear isomerisms in indium
should be resolved by analysing the hfs of the two atomic lines 2Pi/2 " 2

and 2 P 3 / 2 •*••
 2Si/2»
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As mentioned in Section 2.3, test experiments have been made in the
noble gases 3gKr and ŝ Xe by the collinear method at ISOLDE [53]. The
[ p5(3/2)s] J = 2 metastable states, populated in the charge exchange re-
action, are further excited by laser transitons to [ps(l/2)p ]j = 1. The
resonances are recorded either by normal optical detection or by non-optical
detection of the change in population of the ground or metastable states.

It is thus evident that the hfs-techniques in the coming years will
provide a wealth of data on nuclear spins and moments of fission product
nuclides, contributing to an extended understanding of the nuclear structure
in this important region of the nuclear chart.

Fruitful discussions with members of the different hfs groups at ISOLDE
are gratefully acknowledged.
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Table I. Summary of results from direct measurements of nuclear spins, hyperfine coupling con-
stants and nuclear moments of ground states and long-lived isomf.ric states in fission
product nuclides.

z

37

Rb

Z

49

In

A

88

89

90

90m

91

92

93

94

95

96

96m

97

98

A

118m

118m

119

119m

N

51

52

53

53

54

55

56

57

58

59

59

60

61

N

69

69

70

70

Tl/2

17.8 min

15.2 min

2.6 min

4.3 min

58 s

4.5 s

5.8 s

2.69 s

0.377 s

0.188 s

0.170 s

0.114 s

Tl/2

4.45 min

8.5 s

2.3 min

18 min

I

2a)

3/2b)

ob)

3b>

3/2c)

ob)

5/2c)

3C)

5/2b)

2d)

le)

3/2d)

(0)d)

I*>

5

8

9/2

1/2

A(5s 2S1/2)

. (MHz)

474.434(7)a'd)

2960.0(9)b'd'f)

1003.4(4)b'd)

2709.1(15)b'd'f)

1049.9(12)d'f)

930.4(ll)d)

993.7(25)d)

1365.2(16)d)

2286.2(26)d)

B(5p 2 P 3 / 2 )
d )

(MHz)

-1.1(90)

13.5(24)

19.2(42)

14.5(24)

16.6(38)

15.3(47)

19.8(61)

23.1(53)

54.6(41)

B(6p 2 P 3 / 2 )
f )

(MHz)

4.8(8)

4.2(7)

8.1(17)

0.

2.

1.

2.

1.

1.

1.

1.

1

(n.m.)

512(5)

38(3)

62(2)

18(2)

41(2)

50(2)

33(2)

47(2)

84(2)

Q!
(b)

-0.01(10)

0.15(2)

0,20(5)

0.15(2)

0.21(4)

0.16(5)

0.21(7)

0.25(6)

0.58(5)

cont.
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z

55

Cs

Z

56

Ba

A

138

138m

139

140

141

142

143

144

145

A

139

141

143

145

N

83

83

84

85

86

87

88

89

90

N

83

85

87

89

Tl/2

32.

2.

9.

63.

24.

1.

1

1

0

T

83

18

14

4

2 min

90 min

3 min

7 s

9 s

70 s

78 s

0 s

59 s

172

, 1 min

.3 min

.5 s

.3 s

I

3a)

6h)

7/2b)

lb)

7/2b)

ob)

3/2b>

lb)

3/2b)

7/2

3/2

5/2

5/2

A(6s
2

(MHz)

727.

889.

2401.

417.

2148.

1807.

-1701

1627

A(6s

8(5)b,h,i)

5(4) h )

1(9)b,h,i)

6(5)b,h,i)

1(15)b,h,i)

8(19)h)

0(30)h)

5(19)h)

6P h )
j )

(MHz)

49

40

-31

19

.0(3)

.6(7)

.9(7)

.1(18)

B(6p 2 P 3 / 2 )
h

(MHz)

17.1(25)

-55.6(63)

-9.1(47)

-14.4(22)

-64(10)

66.6(40)

43.5(18)

88.8(90)

B(6s 6p P..

(MHz)

-110.2(18)

94.2(15)

-177.4(25)

254(8)

» B ( 7 p 2 P 3 / / >

(MHz)

5.8(8)

-3.5(5)

-5.22(30)

-16.7(18)

) j )

u
(n.m.)

0.701(7)

1.71(2)

2.70(3)

0.134(2)

2.41(3)

0.870(9)

-0.546(6)

0.784(8)

V

(n.m.)

-0.975(17)

-0.346(16)

0.454(20)

-0.272(36)

Q 2
(b)

0.12(2)

-0.40(3)

-0.07(1)

-0.11(1)

-0.38(4)

0.47(3)

0.30(1)

0.62(6)

Q|
(b)

-0.50(4)

0.43(4)

-0.81(7)

1.15(10)

a) G. Fuller, ref. 67
b) C. Ekstrom et al., ref. 27
c) J. Bonn et al., ref. 11
d) C. Thibault et al., ref. 36
e) J. Bonn et al., ref. 12

f) W- Klepmt et al.., ref. 49
g) C. Ekstrom et al., ref. 31
h) C. Thibault et al., ref. 38
i) J. Bonn et al-, ref. 51
j) A.C. Mueller et al., ref. 52
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Fig. 1 Schematic drawing of the RADOP and laser-fluorescence set-ups at
ISOLDE as described in the text. Resonance curves due to the
3Pl hyperfine structure in 187Hg observed in the two experiments,
(beta-decay asymmetry as a function of magnetic field over the
scanning lamp and photon signal as a function of laser frequency,
respectively) are given at the bottom.
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Fig. 2 Schematic view of the atomic-beam magnetic resonance and atomic-
beam laser spectroscopy set-ups at ISOLDE. In both experiments, the
60 keV ion-beam from ISOLDE is converted to give a continuous flow
of thermal atoms through the machines. Resonances are observed in
t.he ABMR experiments when rf-transitions are induced in the atomic
ground state hfs, changing the atoms from a focusing (M» > 0) to a
defocusing (Mj < 0) state. The AF = 1 resonance transitons in 122Cs
(I = 1) are given at the bottom left; a) (F = 3/2, Mp = 1/2) -»•
(1/2, -1/2) and (3/2, -1/2) •* (1/2, 1/2), b) (3/2, 372) •»• (1/2, 1/2).
The small line-widths, determined mainly by the transit time of the
atoms through the rf-field, should be noted. They give the A-factor-
in this particular case with a precision 5xl0~6 . The sign of A is
however, not determined. In fact, a negative sign has been obtained
in Ref. [38], resulting in a reversed hyperfine level order. We
still keep to a "positive" level order, to show the close corre-
spondance with the atomic-beam laser experiment. Here, the resonan-
ces are recorded after state selection with a six-pole magnet; ne-
gative signals are obtained when the population of states with Mj> 0
in the strong-field limit is reduced by optical pumping with laser
light via an excited atomic state, and positive signals when the po-
pulation is increased (cf. the laser-frequency scan in 130Cs (I = 1)
at the bottom right).
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Fig. 3 Simplified drawing of the collinear fast-beam laser experiment at
ISOLDE. The ion-beam is deflected into the apparatus and passes,
superimposed on a laser beam, along the optical axis. The ions are
neutralized in a charge-exchange cell to give a beam of fast atoms.
These are excited by the laser light and the detection of the reso-
nances are made by recording the emitted fluorescence photons in a
photomultiplier. The resonances are scanned by keeping the laser
frequency at a fixed value and varying the Doppler shift of the ab-
sorption line by an additional voltage put on the retardation and
charge-exchange systems. The photon spectrum of llt9Dy (I = 7/2) as
a function of acceleration voltage is given at the bottom. The AF = 1
and AF = 0 resonances observed in the 4212 A transition are indicated
in the energy level diagram.
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K5
00

Overview of the ISOLDE ftcility [68] at CERN, built up around the
electromagnetic masr separator (1), well shielded from the expe-
rimental areas in three floors. The hfs experiments, discussed here,
are located at the bottom floor, with the Orsay atomic-beam laser
apparatus there represented by their high resolution mass spectro-
meter (2)] at beam-line 2 from bottom, the Gothenburg-Uppsala atomic
beam magnetic resonance experiment (3) at the middle of beam-line 3
and the different Mainz experiments; RADOP, laser fluorescence
spectroscopy and collinear fast-beam laser spectroscopy [here re-
presented by RADOP (4)] at the end of beam-line 3.
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Fig. 5 Production yields of cesium from different nuclear reactions [68]
as indicated in the figure. Filled and open circles represent yields
at ISOLDE in 1 |iA proton irradiations of a 120 g/cm2 molten La target
and a 13 g/cm2 238U target, respectively. Heavy-ion beams of 1012

particles/sec at the GSI separator in Darmstadt were used for the re-
maining neutron-deficient isotopes indicated. The crosses represent
the cumulative thermal fission yields using a 200 mg 235u target
and 1.7'IQ11 neutrons/cm2- s at the Triga reactor in Mainz.
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Fig. 6 Collective effects in the region 3^Se - (N = 50 - 62), represen-
ted by the ratio B/3cp> where the deformation parameter 3 is cal-
culated from the relation g = (1224/E2+ - A 7 / 3 ) 1 / 2 [ 69] and the
single-particle deformation parameter SF from SP = 1.59/Z [70].
The available proton and neutron shell model states are also in-
dicated. Note the effects of the strong subshell closures al. §§
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Fig. 7 Same as Fig. 6, but for the region 50Sn - ?itW (N = 82 - 106).
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Fig. 8 Comparison between experimental and theoretical moments of the odd-A
rubidium isotopes ranging from 77Rb to 97Rb. The Fermi level of ru-
bidium (Z = 37) is shown in l:he Nilsson diagram to the left. The po-
tential parameters K = 0.0685 and y = 0.480 were used in the calcu-
lations. To facilitate the comparison we give the experimental spin
values: 8hn,85mRb (I = 9 / 2 ) ) 79Rb (I = 5 / 2 ) ) 77,81,8^,89,91,97Rb
(I = 3/2) and 83,85,93,95Rb (I = 5/2). The theoretical I = 3/2
magnetic moments to the right are due mainly to the orbitals
[301 3/2] and [431 3/2] (the upper curves) and [312 3/2] (the lower
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Fig. 9 Nilsson diagram for odd neutrons in the. A = 100 region [71].
The position of the Fermi level for N == 61 is indicated.
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Fig. 10 Comparison between experimental and theoretical moments of the odd-
A cesium isotopes ranging from 119Cs - llt5Cs. The Fermi level of
cesium (Z = 55) is shown in the Nilsson diagram. The potential pa-
rameters K = 0.066 and y = 0.575 were used in the calculations.
The association between the experimental data (horizontal lines)
and the theoretical curves should be evident. The theoretical
I = 3/2 moments are represented by the mean values of those cal-
culated in a n < j the difference being small.
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Fig. 11 Nilsson diagram for odd neutrons in the barium region. The Fermi
levels of the odd-A barium isotopes 12^~^5Ba are indicated. The
potential parameters K = 0.0665 and u = 0.435 were used in the
calculations. The down-slopin negative parity states in the upper
part of the figure are due to f7/2 and hg/2 . The influence of
the asymmetry parameter y on the energy levels at the deformation
e = 0.20 is also given. In the lower part we present a comparison
between experimental and theoretical moments of the neutron-rich
odd-A barium isotopes 139~1I|3Ba.
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REPORT OF THE WORKSHOP ON FISSION YIELDS

Participants:
J. P. Blachot M. Lammer
T. C. Chapman W. J. Maeck
H. 0. Denschlag V. McLane
T. England P. L. Reeder
6. Engler (Chairman) G. Rudstam
A. J. Fudge A. C. Wahl
M. F. James K. Wolfsberg

Primary objectives of the meeting were 1) The consideration of the
present status of neutron-induced fission yield data, 2) to identify the
users need for yield data and the associated uncertainty levels, and 3) to
identify where future efforts should be directed. These items were looked at
within the context of achievements in experimental techniques and measure-
ments, in systematics of fission yield distributions and in evaluations of
fission yield data which occurred since the IAEA Panel on FPND, held at Petten
in 1977.

Experiments

In the last few years new techniques as well as improvements in existing
techniques have resulted ir substantial numbers of new results of independent
and cumulative yields (H.O. Denschlag, J. Blachot, and R. Brissot, this
meeting). Even though this was done largely for thermal neutron-induced
fission in 235U a great many measurements on other fissile nuclides both in
thermal and fast fission have been made and noted. A point of importance is
the fact that many new measurements of isomeric states have been carried
out. The Studsvik group has meesured 36 such state*;, to date which is a large
addition to the rather small number of such previous measurements. These
measurements are part of an extensive program of measuring fission yields and
^-branching ratios in 235Uth fission that was undertaken by this group.

SystematicB

A significant development in the systematics of fission yield
distributions is the introduction of the A' model by A. C. Wahl. This model
is in many cases more successful then his previous Zp model in representing
element yields and nuclear charge distributions (A.C. Wahl and J. Blachot and
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R. Brissot this meeting). However for the forseeable future the Z p model will
still be in intensive use in particular owing to the fact that the present
evaluation codes have this model incorporated into them. A compilation and
evaluation of nuclear charge distribution data, based on the A' model,
for 235Utjj,

 233Uth.
 and 239puth» ^or spontaneous fission of 252Cf, and for

fission spectrum neutron induced fission of 2 3 5U was done by Wahl for the
benefit of the users and for development of models.

Evaluations

It is important to note that there is continuity in the evaluation work,
now coordinated by M. F. James in the UK and T. R. England in the U.S. who
have taken over the previous work by Crouch and Rider, respectively. This is
of particular importance as the scope of evaluations has been greatly extended
in the recent years. For example, since 1978 the ENDF file has grown from 20
yield sets with 44000 yields to 50 yield sets and 110000 yields in 1983 (as
reported by T. England at this meeting). However, users and measurers (A.J.
Fudge and W.J. Maeck, this meeting) strongly emphasized the problems in using
the current existing evaluations because of discrepancies between them. It
was noticed that these discrepancies are due to different methods used by the
evaluators in assessing the uncertainties of individual fission product
yields.

In view of the above comments and other problems expressed by the
participants of the fission yield workshop the following list of conclusions
is presented.

1. There is great interest for the extension of isomeric yield measurements
not only for the contribution to the rather scarce data but also to test
existing theories which until now are only partially satisfactory.

2. Interest was expressed in measuring independent yields in 238U£ for
reactor safety since a significant amount of fission in 2 3 8u occurs in fast
assemblies.

3. In reviewing the measured and evaluated yield data of 2 3 8u and 239Pu
relative to the correlation of yields with neutron energy, the following
comments were brought up (see also W. J. Maeck, this meeting):

a) Although the bulk of the 2 3 5U fast yield data show reasonably good
correlation with neutron energy, the correlation is much less
for 239Pu * It was noted that new experiments are desirable in
order to resolve some of the problems associated with the 239Pu
yield data. It was also noted that consideration on such
correlations are best established in experiments covering a greater
energy range rather than fitting data from different experiments.

b) Little or no 229Pu fast yield data are available for the energy
range of about 400-1200 keV mean energy. Of particular importance
is the need for data in the 800-1000 keV mean energy region. It may
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be necessary to design special irradiations to obtain good Ru yield
values because of problems with Ru chemistry,

c) Specific areas which require attention are identified in Table 1.

4. Nuclide yields which are important for dosimetry are 95Zr, 1 0 6Ru, 1 3 7Cs,
^ B a . ' - C e , and ^ N d , in fission of " 5 n zhv , , " 9 ^ 2 3 2 ^
and "'Np f. Further yield measurements of " z T n and "'Np nuclides are
requested since the results of the existing evaluations differ from each
other, and values from individual measurements do not meet the target
accuracies of ±2% (la).

5. The request list of the Petten Panel (Table 5) has not been reassessed to
check if the user needs (except for dosimetry) still exist to the stated
requirements or whether the data and evaluations carried out since 1977
indicate that the needs have been met.

6. The status of existing evaluations, the users' requirements of the
evaluations, and also the responsibility of measurers to clearly and
thoroughly report the details of results and error analysis were high on the
agenda of the meeting. Following are the recommendations:

a) There is a continuing need for the evaluation of fission product
yield data by more than one evaluator.

b) The target accuracies need to be redefined by users in terms of
relative and absolute values and uncertainties for each individual
application.

c) In view of the restriction of effort due either to the lack of
experienced manpower and/or funding, a priority listing should be
drawn up for evaluation needs. In this context it is noted that the
more important fissioning nuclides are: 232Th, 233n 2 35IJ
2 3 8U, 2 3 7Np, 2 3 9Pu, and z ^ P u .

d) The following guidelines are recommended for the evaluation process:
i.) The data bases that exist be frequently updated and

interchanged by regularized exchange procedures.
11.) As far as possible all data included in the data bases should

be from single identified experiments, reported in reputable
form.

iii.) These data should have all the uncertainity estimates and
methods of assessment available,

iv.) Data needs for specific requirements be evaluated separately
from overall evaluation of complete data sets (e.g., burn-up,
dosimetry, safeguards, etc.).

v.) Where the information on uncertainties does not exist,
attempts be made to obtain it *uy consultation with authors,

vi.) The neutron energy spectrum for each measurement be defined or
evaluated and the grouping of such data be reconsidered.

7. Since fission yields are essenti., to all applications of fission product
data the participants of this meeting s^.ongly urge financial support for
measurement and evaluation activities.
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TABLE 1

Specific requirements for problem areas
in the correlation of yield data with neutron

energy for 2 " U and 239Pu

thermal

88,90g r

Zra)

149,151,152Sm

235y

fast

85Rbb)

Zrc>

Rua)

comment

i

1

1

C
M

 
C

M

Pu

thermal

8 8 , 9 0 S r

9 1 , 9 3 , 9 4 , 9 6 Z r

Xe a )

140,142C e

151,154S m

Rua>

Xea>

fast

92Zr

139La
140,142Ce

comment

1

1

1

1

1

2

2

2

1) Needed to reevaluate ENDF/B-V yield values
2) New yield measurements desirable
a) All isotopes
b) Chain yield
c) At high neutron energy (~ 1000 keV)
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REPORT OF THE WORKING GROUP ON DECAY HEAT DATA STATUS AND NEEDS

Participants

J. K. Dickens C. W. Reich (Chairman)
B. Duchemin G. Rudstam (Ex-Officio)
N. Francis R. E. Schenter
M. F. James T. Yoshida
D. Mac Mahon

Status

The meeting has reviewed recent measurements (listed in Table 1) of
fission-product decay heat. Differences have been studisd (see the review
papers by James and Yoshida given at this conference), and the Group suggests
that the two most important discrepancies are:

(1) Among measurements and among measurements and calculation for
2 3 5U and 239Pu total decay heat for cooling times between "10
and "lO^s ; and

(2) The 2 3 5U gamma decay-heat results for cooling times between 300
and 5000 s (burst description).

Investigation of the origin of these discrepancies should be undertaken,
using summation calculations and sensitivity studies as first steps. The
meeting does not recommend additional (integral) decay-heat measurements, for
cooling times <101*s, until such time as the source(s) of tha discrepancies
listed above can be understood.

Sensitivity studies should be carried out to identify those fission
products that are the prime contributors to fission-product decay heat in the
time intervals of concern. It will be necessary to ensure that the evaluated
decay data used in these sensitivity studies correctly reflect the reported
measurements. The Group recommends that new decay-data measurements for those
nuclides for which potential errors are identified should receive high
priority. [This recommendation is intended to apply only to the two nuilides
mentioned above, namely 2 3 5U and 239Pu. It is not intended to discourage such
measurements on other, much less studied, nuclides such as 232Th, 2 3 8U and the
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higher Pu isotopes. Measurements on these nuclides promise to improve the
predictive accuracy of the decay heat from highly burnt fuels and to provide
good benchmarks for testing the basic data as well.]

The meeting observes that the calculations using the JNDC data file
reproduce well the short-cooling-time data (l-100s) for total, beta, and gamma
decay heat, particularly for the important nuclides 235U and 239Pu. This time
interval is dominated by contributions from fission products with
large % values for which the <Eg> and <E > entries in the JNDC file have
been determined using a theoretical approach, namely the Gross Theory of Beta
Decay. The meeting recommends that a better understanding of the processes
involved in determining <Eg> and <E > values is required. In particular,
recent discussions of the so-called'Pandemonium Effect may be relevant. This
"effect" suggests that the usual decay-schemes studies may be inadequate
sources of information on <Eg> and <E > values for some of the nuclides with
large <L values. The group racommendl identification of important
radlonuclides in this category which would, in turn, lead to new measurements
of these quantities for specific nuclides. The ongoing experimental research
at Studsvik is recognized by the meeting as an example of direct measurements
of <Eg> values of individual nuclides for summation calculations. Similar
measurements of <E.,> are needed.

The meeting observes that the recent measurements of total decay heat
extend to «105s. It recognizes that integral decay heat measurements,
especially of the total or the gamma heat, for longer cooling times may
eventually be required.

Spectral measurements, especially high-resolution gamma-ray data, provide
a sensitive test of summation-calculation libraries (for some discrepancies
between experiment and calculation in this area, see the contribution of
Duchemin et al. to this conference). The meeting recognizes that some
spectral comparisons have been made, but it notes that the spectral results
from recent decay-heat experiments have not yet been fully utilized for this
purpose. It urges that this work continue. Significant discrepancies between
measured and calculated spectra, even for relatively long cooling times, have
been reported. Future comparisons should be carried out to identify
particular radionuclides whose spectral data may be discrepant (or important
but unmeasured) as a guide for future measurement effort.

Although much of the emphasis in the discussions was on decay data and
their possible deficiencies in the summation-code libraries, it was also
recognized that uncertainties in fission yields, especially in studying decay
power at short (<100 s) cooling times, need to be considered. Continued
fission-yield evaluation work is therefore needed.

The possibility of systematic errors, especially in normalization, in all
integral decay-heat measurements should be borne in mind in investigating the
discrepancies between calculation and experiment.
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Summary of Modern Fission-Product
Decay-Heat Measurements

Table 1

;^Fissile Quantity Neutron Irradiation
NucJ-ides Measured(a) Energy Time

235.

235
235
235r

U

239
239
239
239
239
239

239
239

Pu
Pu
Pu
Pu
Pu
Pu

Pu
Pu

241

233,
233

238,
233,
232,

Pu

U

Th
232Th

T
T

T
3,Y

T

T

B!Y

Y

Y

3,Y

T

Thermal
Thermal
Thermal
Thermal
Thermal
Fast
Thermal

14MeV
Fast
Fast

Thermal
Thermal
Thermal
Thermal
Fast
Thermal

Fast
Fast

Thermal
Fast

Fast
14-MeV
Fast

20000s
1-22 hr
0.4-22 hr
1000s
l,10,102s
10,60,100,300s
4,10,120s

1000s
105s
105s

20000s
24 hr
1000s
l,10,102s
10,102s
4,10,120s

105s
105s

Thermal l,10,102s

20000s
10,102s

1000s
1000s
1000s
1000s

Measuring
Time(s)

10-105

10-104

O.7-1.5xlO5

80-104

2-14000
11-26000
10-104

(Ongoing)
10-7000,
14-3X10 7

14-3xlO7

(Ongoing)

10-105

0.7-1O5

50-105

2-14000
11-26000
10-104

10-3x107

10-3xl07

2-14000

10-105

11-26000

2-7000
102-7000
15-2xlO4

102-104

Reference

LASL(l)
U. of Cal.(2)
IRT(3)
CEA(4)
ORNL(5)
Tokyo(6)
Studsvik

Tokyo(7)
Winfrith(8)
Winfrith

LASL(l)
IRT(3)
CEA(4)
0RNL(5)
Tokyo(6)
Studsvik
(Ongoing)
Winfrith(8)
Winfrith
(Ongoing)

ORNL(5)

LASLU)
Tokyo(6)

Tokyo(7)
Tokyo(7)
Tokyo(7)
Tokyo(7)

a) "T" denotes total ( i . e . , B & y) decay heat. The symbols 3 and
beta-decay heat and gamma-decay heat, respectively.

denote
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DELAYED NEUTRONS

R. E. Schenter, HEDL - Chairperson

D.D. Clark, Cornell P.L. Reeder, PNL
G.W. Eccleston, LANL C.W. Reich, INEL
T.R. England, LANL K. Takahashi, Saclay
R.C. Greenwood, INEL W.L. Talbeit, Jr., LANL
K.L, Kratz, Mainz D.R. Weaver, Birmingham
F.M. Mann, HEDL

I. Introduction - Applications

Delayed neutron data for applications of interest consist of distinct

quantities which are obtained either experimentally or theoretically and are

finally evaluated and put into nuclear data files such as ENDF/B, CEA data

bank, JNDC data library, UKFPDD, etc. These quantities include Pn's (delayed

neutron emission probabilities), Vd (total delayed neutron yields), delayed

neutron energy spectra and "aggregate" descriptions, half-lives, fission

yields and average neutron energies. In the three sections of this report

we present important applications for the use of these data, current status

(mainly summarizing the presentations at this meeting) and give recommenda-

tions as to what should be done in the future both experimentally and

theoretically.

A need continues for more precise and detailed delayed neutron data.

Eccleston (this meeting) reviewed several areas of application where new and

improved delaj'ed neutron data are needed. Information on minor isotopes,

such as 23SU from high-burnup of high-enriched uranium and 21>1Pu in high-

exposure light-water-reactor fuels, is becoming increasingly important.

Analytical analysis of these materials will be required in reactor safety and

and safeguards modeling for these materials throughout the fuel cycle. The

ability to calculate a composite ("aggregate") spectrum for any fissioning

isotope with specified group structure is a significant capability for input

to analytical calculations. To obtain the delayed neutron parameters re-

quires accurate and complete information of the fission fragment mass yields,

half-lives, delayed neutron emission probabilities and energy spectra.

Emission probabilities and decay times for the primary precursors (see
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Table I for a list of the important precursors for 235U thermal fission)''v"" "

should be known to within 1 to 5%, especially for half-lives less than 20s.

Energy spectra by precursor should be known to within 20% and better if pos-

sible. Comparisons of calculated yield values and decay times should be com-

pared to agree with measured values to within 5 to 10%.

Beta-delayed neutron emission affords unique empirical clues to neutron

cross sections of far-unstable nuclides, including even cross sections of

nuclei in excited states. The point is to exploit the inverse relationship

between neutron emission and absorption by compound-nuclear levels above the

neutron binding energy. Neutron resonance parameters (energies, spacings,

widths) derived from delayed neutron spectra can be used to construct empiri-

cally based cross sections for very neutron-rich nuclides that are completely

inaccessible to direct measurement. Such cross sections are of interest for

astrophysics and for nuclear theory (1-4).

In addition, accurate determinations of Pn values over as wide a range

of short-lived nuclides (including nonfission products) as possible are im-

portant to verifying empirical or physical models employed in astrophysical

processes, e.g., the r-process.

II. Status

The review papers presented at this meeting give a good summary of the

present status of delayed neutron data both experimental and theoretical.

Consequently, in this section we primarily draw from these papers for our

discussion. We also present additional material not covered in the review

papers,

A.1 Experimental Delayed Neutron Emission Probabilities (Pn)

Experimntal values of Pn for fission products have recently been

updated and evaluated by Mann et al. (5). This evaluation gives recommended

Pn data for 76 precursors which account for about 93% of the total delayed

neutron yield for thermal neutron fission of 23SU. However, for 24 of these

pr cursors there exists only one measurement. For 18 precursors with mul-

tiple measurements, the spread of individual measurements is outside that
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expected from the statistical uncertainties. For four precursors the Pn

value is indirectly determined from measurements of neutrons/fission divided

by the current best value of the fission yield. Thus there is still need for

accurate measurements of Pn data for particular nuclides.

At this meeting, Reeder summarized the various experimental tech-

niques and recent (sinca 1979) experimental results. There are a number of

. known precursors with unmeasured Pn values, but these will have little in-

fluence on the total delayed neutron yields from fission. However, six pre-

cursors with unknown half-lives account for most of the missing expected

contribution.

A.2 Theoretical Delayed Neutron Emission Probabilities (Pn)

Using the recommended Pn evaluations of Mann et al. (5) and the

equation of Kratz and Herrmann (6), Pn values can be estimated to about a

factor of 2.5. Global models (7-9) without adjustable parameters seem to do

slightly worse. Models using data from neighboring nuclei (10) do very well.

Models, unlike the equation of Kratz and Herrmann, are capable of calculating

isomeric ratios, and in the case of Tachibana and Yamada (10) do well.

Single particle models tend to fs.il, because model Pn's are ex-

tremely sensitive to the position of single particle transitions relative to

Bn. Spreading of single particle states has to be introduced empirically.

Shifts in the position of single particle states near Bn by ̂ 200 keV may

change model Pn's dramatically. In fact, gross theory Pn's for Rb and Cs are

in better overall agreement with experimental data than recent TDA predictions.

B. Experimental Total Delayed Neutron Yield (vd)

The subject was reviewed by Tuttle (11) in Vienna, 1979. Since that

time measurements have been reported by Waldo et al. (12) and Benedetti et al.

(13). It is noted that for the variation of vd as a function of the energy of

the neutron inducing fission the data base is dominated by measurements from

Los Alamos, even for 23SU and a39Pu. This was reviewed by Evans (14) at the

ACS meeting in Las Vegas in 1982.
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C.I Experimental Delayed Neutron Spectra - Individual Precursors

The following (see Greenwood this meeting) discusses the three

techniques used to measure individual spectra:

3He Gridded Ionization Chambers

Advantages:

• Adequate energy resolution over broadest energy range

• Moderately good efficiency

• Monoenergetic neutrons show up as peaks

• Gamma ray background is at a lower energy than the neutron
energy distribution

Disadvantages:

• Determination of response function to account for elastic
scattering and wall effects

• Long collection times require long pulse shaping time con-
straints, >5/]Js

• With long pulse shaping times n-y pile-up becomes a problem

• Ultrasensitive to thermal and epithermal neutrons [cr(3He) =
5327b]

• Thermal peak, with FWHM ̂ 12 keV, obscures low-energy portion
of neutron spectrum

• Microphenic

Time-of-Flight

Advantages:

• Capable of best energy resolution at low neutron energies,
<200 keV

• Can design system to choose resolution and detector effi-
ciency (trade-offs)

• Raw TOF spectrum most simply converted to final spectra

Disadvantages:

• Poorer efficiency with improved resolution

• The count rate limitation on the 3" start time detector can
limit the neutron counting rate as higher resolutions are
achieved
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H2 Gas-Filled - Proportional Counters

Advantages:

• Superior energy resolution, compared to 3He detectors,
<200 keV

• Fair efficiency

• Insensitive to thermal neutrons

• Knowledge of response function is not critical

Disadvantages:

• Gamma background can obscure lower part of neutron spec-
trum - pulse shape discrimination may be necessary

• Measured spectrum must be differentiated to obtain the
neutron spectrum

• Maximum usable energy range ̂ -2-3 MeV

Conclusions

For the first time we have been able to compare a selected

of delayed neutron spectra measured using three techniques. This com-

parison on the one hand shows a remarkable degree of consistency as regards

to the existence of peak structure and the overall spectral energy distribu-

tion. On the other hand, certain systematic differences are observed at

lower energies, <150 keV, and at higher energies, >700 keV. These inconsis-

tencies must be resolved by further analysis and measurements. Also, many

important cases, I and and fir precursors in particular, need to be studied

using TOF and proton recoil detectors for comparison to existing 3He detector

data.

Table II lists the recent (since the Vienna 1979 meeting) experiments

measuring delayed neutron spectra.

C.2 Experimental Delayed Neutron Spectra - Composite Data

The following summarizes the status of measurements since the

Vienna 1979 meeting:
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Place Material Source Method Comments

Univ. of
Lowell
U.S.

23 5
u

Univ. of
Birmingham
U.K.

Univ. of
Mainz
W. Germany

23 5

239 u
Pu

235l
23 3

239

Reactor and TOF 1) Comparison with Rudstam
5.5 MeV (15) shows some variations.
V. deG. 2) Further work to be done:

a) Measurements with a neu-
tron detector with bet-
ter response at low
energies.

b) Fast neutron induced
fission with samples
shielded with Cd/Ag.

Dynamiton 3He Recent developments make pos-
and V. DeG. sible measurements of the time

dependence of the d.n. spectra.

Reactor 3He In progress.
U
Pu
Cf

Note some earlier delayed neutron spectra measurements using proton

recoil counters (16) are in error and should be multiplied by En1' where En

is the delayed neutron energy (17).

D. Theoretical Spectra Calculations

Although delayed neutron spectra have been calculated for compari-

son with individual experiments, little work has been done in c comprehensive

treatment. The Gross Theory, from Japan, the statistical model of Mann, the

Tamm-Dankoff Approximation and the Random Phase Approximation model can each

be used if careful attention is paid to input parameters. Test cases of

spectra calculation, of branching to individual states in the granddaughter

nucleus, and multichance neutron emission have given fairly good results when

compared to experiment. Thus by assuming compound nuclear states, values for

Pn , Pn , and Y(En) (delayed neutron i-pectrum) are sufficient to derive

reliable estimates of SO(E) above the binding energy for those cases where
P

this distribution cannot be measured directly.

E. Composite Spectra and vd Calculations and Their Comparison to
Evaluations

England et al. "18) have made composite and time group spectra cal-

culations using summation codes. These were compared with the existing
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evaluations used for the ENDF/B files. The evaluations are inadequate in the

following aspects:

1) Energy range (low ind high).

2) Time groups.

3) Incident neutron energies.

4) Number of fissionable nuciides.

Aggregate and time-group evaluations of vd exist for only seven

nuciides (see Table I in Reference 18). These require a re-evaluation, par-

ticularly for the shortest and unmeasured time-groups (groups 5-6). This

evaluation should also be extended to other fissionable nuciides (if necessary

using summation calculations).

The following should also be noted:

• Recent work has shown that the uncertainty in summation calcu-

lations is approximately equally due to fission yields and Pn values.

• Prior to this meeting only the spectral measurements compiled

by G. Rudstam and P. L. Reeder have been available for evaluation. New, in-

dependent measurements are now available for evaluation (Clark, Greenwood and

Kratz).

III. Recommendat ions

Even though, as shown at this meeting, there has been a large amount of

new high quality experiments with many previous discrepancies being resolved,

there remains a need for additional measurements. There also needs to be

further development of theoretical models and strengthened evaluation efforts.

To do this, the following areas need to be pursued:

A. General

• Emphasis should be placed on measurements of individual pre-

cursor data in order to obtain 6 group decay constants, delayed neutron frac-

tions, and energy spectra (see Table I for a list of the important precursors

for 2 3 SU fission).
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• Sensitivity studies should be made to better determine which

precursors need to be measured and to what required accuracy.

• An extremely careful effort should be directed toward measure-

ment of 235U delayed neutron "aggregate" spectra as a function of time. 239Pu

spectra should also be measured because of its importance to fast reactors.

Results for other fissioning nuclei (e.g., Z36U and 2I|1Pu) should be obtained

from .summation calculations.

• Measurements of 252Cf neutron yields as a function of time

should be made tc check summation models.

• It is noted that corrections to vd measurements depend on

knowledge of the delayed neutron spectrum. With the improved status of the

spectra reassessment of these corrections is suggested.

• Spectra results should be sent to a central laboratory for

compilation and retrieval.

• Evaluation efforts should be initiated to obtain "best" values

for spectra of individual precursors with emphasis on good communication be-

tween the evaluator and the measurer. Integral testing should be included as

part of the evaluation process.

B. Specific Measurements

• Spectra for important precursors for reactor application should

be measured from 1. keV to EW(QO-Sn).
P

• Pn values should be measured for 88As, 1 O°-IO3Y, and 137Sb and

remeasured for other As and Sb isotopes.

• In order to test model calculations, Pnx, Pn of isomers and

P2n should be measured.

• High resolution spectra for energies between 1. keV to 100.

keV should be measured for selected fission products to develop data for neu-

tron cross sections and the further understanding of low energy results.
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C. Instruments

• Low energy (<200 keV) and high energy (>800 keV) neutron

spectra differences between 3He and proton recoil detectors should be re-

solved .

• An interlaboratory comparison of spectrometers using an Am/Li

source was recommended at Vienna in 1979. Existing efforts to arrange such

a comparison are encouraged with the recommendation that measurements to be

made by the end of 1984.

• Using a high resolution system, 87Br should be measured for

system calibration.

• A high efficiency, moderate resolution detector should be

developed.

D. Theory

• Delayed neutron spectra, using (n-y) coincidence techniques,

should be used to help obtain improved $-strength function models.

• For Pn calculations, ̂ -strength functions with smooth shapes

should be used.

E. Future Meeting

• A meeting to assess progress in the field of delayed neutron

data should be held in 1985, possibly in Birmingham, England. A planning

committee of Weaver(U.K.), Kratz(W. Germany), Rudstam(Sweden), Greenwood(U.S.)

and Reeder(U.S.) are requested to arrange details of format, sponsorship and

publication of papers. The first announcement for the meeting should be by

July 1984.
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TABLE I

Precursor

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

1 3 7I
9*Rb
89Br
90Br
88Br
139-j-

95Rb
87Br
93Rb

138-j-

9 8my

85As
a7As
lOOy

96Rb

"Y
91Br
llt3Cs
07Rb

IMPORTANCE LIST FOR DELAYED NEUTRON PRECURSORS
2 3 SU THERMAL FISSION*

Half-Life(s)

24.5

2.76

4.38

1.80

16.0

2.38

.380

55.7

5.86

.860

5.50

.650

2.03

.300

.800

.204

1.40

.600

1.78

.170

Total

Relative
Neutron

13

10

10

8

8

5

4

2,

2.

2.

2.

2.

1.

1.

1.

1.

1.

1.

1.

1.

Delayed
Yield (%)

.1

.4

.4

.2

.0

.7

.1

.9

.8

,7

,3

,2

9

7

7

6

6

5

3

2

85.3

See Reference 18.
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TABLE II

RECENT (SINCE THE VIENNA 1979 MEETING) EXPERIMENTS
MEASURING DELAYED NEUTRON SPECTRA FOR INDIVIDUAL PRECURSORS

precursor
79Ga
80Ga
81Ga
85 As
873r
88Br
89Br
90Br
91Br
92Br
92Rb
93Rb
91*Rb
95Rb
96Rb
97Rb
98Rb
129In

Ru
Ru
Ru
Kr
Ru
Ru
Ru
Ru
Kr
Kr
Ru
Ru
Ru
Ru
Kr
Kr
Kr
Ru

Kr
Kr
Kr
Kr

Kr
Kr
Kr
Kr
Gr
Gr

Ke

Gr
Gr
Gr
Cll
Cll

id*

Re Cll Cr
Re Cll C12 Cr
Re C11C12 Cr
C12 Cr
C12

Precursor Id*

130In
132In
a 3 3In
13 *Sn
135Sb
i3 6 T e

137Z

138-r

139J
140j

141 j
1]tlCs
1It2Cs
l*3Cs
ll^Cs
ll(5Cs
1116Cs
lk 7Cs

Ru
Is
Is
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Kr
Ru
Ru
Ru
Kr
Kr
Kr

Kr
ICr

Kr
Kr
Kr
Kr

Kr
Kr Gr Re Cll
Kr Gr Cll
Gr Cll

Id

Ru
Kr
Gr
Re
Cll
C12
Cr
Is
Ke

Experimenter

Rustam
Kratz
Greenwood
Reeder
Clark
Clark
Crawford
ISOLDE
Kenney

Technique and Facility

3He at OSIRIS
3He at OSTIS, ISOLDE and Mainz
H recoil at TRISTAN
3He at SOLAR
3He at TRISTAN
TOF at TRISTAN
TOF at OSTIS
3He at ISOLDE
H recoil at PSU

Underlined Id's have published data.
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WORKSHOP ON MICROSCOPIC BETA AND GAMMA DATA

Participants: D. Brenner R.C. Greenwood G. Rudstam
M.E. Bunker M.F. James R.E. Schenter
T.W. Burrows K.L. Kratz W.L. Talbert
R.E. Chrien D.G. Madland A. Tobias (Chairman)
J.K. Dickons F. Mann S. Whetstone
B. Ducherain R.A. Meyer
C. Ekstrom C.W. Reich

Microscopic beta and gamma data are needed:

1. To assist in a better understanding of nuclear structure, and
2. To satisfy user requirements for practical applications.

1. Basic Nuclear Physics

For a large range of elements, the fission process is the only way in
which neutron-rich nuclei far from stability can be readily produced. It:
is believed that several hundred of these short-lived nuclei have yet to
be identified and studied.

As the limits of known nuclei have been pushed further from stability
it has become increasingly clear that the models based upon nuclei near
stability are frequently inadequate in their description of the more
unstable nuclei. For example, the observed masses of nuclides far from
stability often deviate markedly from the predictions of existing mass
formulae as illustrated by Brenner (review, this meeting).
For the very neutron-rich nuclei, theorists are particularly interested in
new data on the half-lives, nuclear masses i.e. (Qg values), nuclear
moments, and spins and parities of the ground states, as well as the
energies and spins and parities of the first few excited states. These
latter parameters provide clues to the nuclear coupling scheme and, in the
region of deformed nuclei, to the magnitude of the deformation (Kratz,
Ekstrom; reviews this meeting). The region of deformation beyond A -98
was discovered in this way.

The on-line studies of fission products generated in high-energy
reactions provide for the acquisition of data on nuclides essentially as
far as the neutron "drip-line" throughout a sizeable range of Z. The
results obtained from these studies would represent a major extension of
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existing nuclear systeraatics and should enable theorists to improve
markedly the existing models. These improved models would enable a more
reliable prediction of the properties of nuclei. Some of the new data
would, in addition, have important astrophysical applications (Mathews;
review this meeting).

The above arguments thus provide, in the view of the meeting,
substantial justification for the vigorous pursuit of further study of the
basic decay properties of short-lived fission product nuclei.

2. Practical Applications

The major practical applications for microscopic beta and gamma data
(and their required parameters) include:

a)

b)

c)

d)

e)

f)

g)

h)

Decay Heat

Shielding

Safety Studies

Energy Deposition

Moni toring

Dosimetry

Burn-up determination

Safeguards

- <E3>, <EY>,

" V *Y

' V \
— J7 T T 11

V IY'
 TV2

- Ey, Iy, Tl/2

Y' Y' ^2

a) Decay Heat

i) Since the meeting of the Pecten (1977) panel, (1) measurers and
evaluators have become aware of the problems of the "Pandemonium effect"
(2) which introduces potential bias in the values of <Efi> and <E > derived
from "measured" decay schemes for large Q-value nuclides as a
consequence of unobserved gamma transitions. This results in values
of <E > which tend to be underestimated and corresponding values of <E.>
which'are overestimated but to a lesser degree.

The magnitude of the bias has been estimated by Yoshida (review, this
conference) and, although some members of the meeting would question the
magnitude of these estimates, the existence of this problem is firmly
recognized. Furthermore, the tabulation provided by Yoshida (review, this
meeting) provides a useful guide to potential problem nuclides.
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Aleklett and Rudstam (3) have demonstrated that experimental
techniques can be applied to the direct measurement of <Eg> for
separated fission products. Equivalent techniques can also be applied to
the corresponding direct measurement, of <E > for separated fission
products. It is noted that such measurements have been planned.

In addition to by-passing the "Pandemonium effect," however large or
small this may be, direct measurements of <E > i:or individual fission
products would circumvent the additional requirement noted by Dickens
(review, this conference), namely the need to measure shapes of non-unique
beta transitions.

Recommendation

The meeting strongly recommends that direct measurements be made of
<Eg> and <E > for separated fission products having large Qg values.
Those to be measured should include the nuclides 82As, 88Rb, and 92Rb
noted by Yoshida (review, this meeting). It is also desirable that these
measurements be extended to include 92~95y for which there have been few
decay scheme studies (Dickens, review this meeting).

ii) We believe that values of <Eg> and <E > derived from measured beta
strength functions as carried out by Aleklett and Rudstam (3) and Reich
and Bunting (4), are likely to be more reliable than the corresponding
values derived from decay schemes for fission products having high
(Rvalues.

Recommendation

It is recommended that values of <Eg> and <E > be derived from
measured beta strength functions, when these are available, for high-Q
fission products which lack complete spectral data (James, review, this
meeting).

We recognize the value of the measured beta strength functions which
in general have resulted from nuclear structure studies.

iii) It was not considered to be within the scope of the meeting to
advocate the use of a particular model Cor the prediction of <Eg>, <E >,
and T \i for nuclides which lack these data. A number of such models ^
exist TTakahashi, Kratz, reviews this meeting; Yoshida (5); Mann, et al.
(6)) and their continued development is encouraged.

Recommendation

It is recommended that evaluators wishing; to predict unknown decay
parameters of short-lived fission products should fully understand the
model which they use and, in particular, they should be fully aware of its
capabilities and limitations.
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b) Due to the absence from the meeting of users from many of the
application areas noted above it became apparent that those present were
not qualified to assess the specific requirements for these applica-
tions. In general, these requirements are for the continued measurement
of gamma radiation energies and intensities for the nuclides of interest
to each application. Experience has shown that the specific require-ments
in terms of both nuclides and target accuracies can change drastically as
new problems are encountered. The meeting recognizes the need for rapid
and effective liaison between the users, evaluators, and measurers to
ensure that the true requirements may be satisfied in the most efficient
way.

3. a) Microscopic beta and gamma data are usually made available to the
practical applications user in the form of an evaluated general-purpose
decay data file. A major consideration in producing such data files is
the question of quality assurance. Recognized procedures for completing
this task are in existence and to this end the meeting recognizes the
value of intetcomparisons between the available evaluated decay data
file. The meeting warmly encourages the continued free exchange of these
evaluated decay data files between their countries of origin.

Recommendation

The meeting endorses the recommendations made at both Bologna (7) and
Petten (1) for the adoption of a standard format for the exchange of
evaluated decay data files and , in addition, revises the Petten
recommendation to ENDF/B-V format.

b) The value of ENSDF to evaluators of user-application files is
recognized. The meeting has noted the long evaluation cycle times which
exist for some fission product mass chains, in some cases being as much as
8 or 9 years. It, therefore, urges the ENSDF project to continue its
endeavor to achieve its target 4-year cycle.

4. The group has considered the two general areas which require
microscopic beta and gamma data and recognizes the fact that their
respective needs invariably require quite different experiments. It is
noted by Dickens (review, this meeting) that at the present time the
majority of experiments are devoted to nuclear structure studies. There
is a recognized need to optimize nuclear structure experiments for the
maximum benefit to both areas. The meeting endorses the recommendation
made by Dickens (review, this meeting) that consideration be given to the
microscopic beta and gamma data needs for practical applications both in
the design of experiments and in the presentation of results.
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Specialists Meeting on Yields and Decay Data
of Fission Product Nuclides:

MEETING SUMMARY

G. Rudstam

The Studsvik Science Research Laboratory
S-611 82 Nykoping, Sweden

It is a pleasure to summarize the results of this meeting
which has been very successful. We have heard excellent
reviews in various fields with up-to-date information of what
has happened during the last few years. We have had very
lively discussions during the sessions and, finally, we have
had working groups in the fields of fission yields, decay
heat, delayed neutrons, and the use of microscopic data. They
have just presented their recommendations about future work in
these fields. Instead of repeating their conclusions I would
like to give my own personal and perhaps biased views about
the outcome of the meeting.

Before coming here I made up a few tables with entries
for the various topics which I expected to be covered. These
tables I have completed during the sessions. The main fields
are:

1. Nuclear decay properties including ground-state pro-
perties, with subgroups
1.1. Ground state properties
1.2. Gamma-rays
1.3. Beta-rays

2. Fission yields
3. Applications
My tables are reproduced at the end of this summary.Here

I would only like to enlarge a few of the points.
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NUCLEAR DECAY AND GROUND-STATE PROPERTIES

Ground state properties

Ground state spins (and parities) are very useful data
for estimate*, and calculations of various decay properties.
Ekstrom's list of fission products already studied, or about
to be studied, contains many holes, but he was not willing to
fill these holes with estimates of what spin value to
expect. Thus, it i-s up to the user to make his own guess.

As for atomic masses the reviewer (Brenner) had some
ideas about which formula to prefer in the fission product
region. The one by Yamada and coworkers seems to give the best
fit to known masses with the Liran-Zeldes formula as the
second choice. For predictions far out from the known region
it might be adviceable to use the Moller-Nix formula which has
a more solid physical basis than the others (and fewer
parameters).

Gamma-ravs

No review of decay scheme studies was given. This is
perhaps a pity. Very extensive investigations of many short-
lived fission products have been carried out in recent years,
and a review would have made the results of these efforts more
easily accessible to the many users of such data.

The absolute gamma branching ratios are valuable pieces
of information with wide applications. Such data were posted
for isoopes of Br, Kr, and Rb and more will become available
within a few months.

The branching to isomeric states was not covered in a
systematic way although it was recognized that erroneous bran-
ching ratios may have a profound effect on e.g. evaluated
yields (cf. the Zr-case).

Average gamma energies were lively discussed, and the
need for such data was stressed. Direct determinations could
remove uncertainties in evaluating average energies from decay
data caused by the "Pandemonium" effect. No lists of directly
measured E^-values were presented, however, and no on-going
work was reported. Decay heat analyses indicate that the
average gamma energies used in summation calculations could be
systematically low in certain half-life ranges.

Beta-ravs

Nice examples of beta strength functions obtained by
combining "y-data with delayed-neutron spectra were shown by
Kratz. These can be well reproduced by a microscopic cal-
culation (Krumlinde/Mdller). The reviewer also exemplified how
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important tha interplay between theory and experiment can be
in this field. A more general outline of the p-decay was given
by Takahashi with emphasis on the gross theory. It may also be
mentioned that semi-empirical descriptions of the beta
strength function have been applied with considerable success
by Mann.

The average p-energies are important quantities in decay
heat calculations. Directly measured average energies have
been measured for 35 cases at Studsvik, and more work is under
way. Yoshida has used the gross theory for calculating average
P-energies for fission products with high Qjj-values and otains
a set of data which seems to be useful for decay heat calcula-
tions .

Delayed neutrons

Reeder reviewed P -work with evaluations of 76 precursors
with measured values and estimates of 160 unmeasured cases
using an updated semi-empirical relation due to Kratz-Herr-
mann. By plotting the dslayed-reutron effect versus neutron
number or proton number interesting systematic trends are
revealed.

Except for a few precursors there is now good
agreement between P -values measured at different
laboratories.

Mann presented calculations of branching to excited
states in the final nucleus showing good agreement with
experimental values. He also demonstrated the sensitivity of
the calculation to experimental quantities such as the Gig-
values.

A long standing discrepancy between delayed-neutron
spectra measured using He-spectrometers and proton-recoil
spectrometers now seems to be removed as shown by Weaver.
Greenwood gave in his review a detailed comparison between
spectra for rubidium and cesium isotopes measured using these
two techniques. Some small disrepancies may be found, but on
the whole the situation is satisfactory. Greenwood even used
the expression "a remarkable agreement". Useful tip: use
filtered neutron beams for calibration!

For the first time we have now seen excellent delayed-
neutron spectra obtained by time-of-flight (presented by
Clark in a poster).

No new directly measured average neutron energies were
presented. Greenwood warned against calculating such data from
imcomplete spectra, especially spectra lacking the high-energy
part.
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FISSION YIELDS

Maeck presented mass-spectrometric measurements of yields
of many stable or logo-lived fission products versus neutron
energy for U and Pu. The-g U yields agree satisfactorily
with evaluated data, but for Pu the agreement is less good
and trends often reversed. Apparently, the evaluated yields
need adjustments.

As for yields of short-lived fission produts Denschlag
gave a review of new measurements, and data for isotopes of
Br, Kr, and Rb (from Studsvik) were also found in a poster.
Yield systemtics was extensively discussed by Blachot and
England. A new approach to describe the yield pattern was
outlined by Blachot and Wahl who use isotopic distributions
and elemental distributions as an alternative to charge
dispersions and yield-mass curves. This is an interesting
complemement to the conventional model.

So far. no extensive sturiy of isomeric yields has
been reported but on-going work at Studsvik and Mainz-Grenoble
should provide more data in this field. Such data are needed
for evaluations as pointed out by England.

APPLICATIONS

Decay heat

Application of yields and decay data to decay heat cal-
culations and comparisons with integral measurements was
treated at length by James, Dickens, and Yoshida. We are
evidently in a situation where the calculated beta part of the
heat developed is in quite good agreement with experiments
whereas the gamma part shows serious discrepancies in the
cooling-time range 10 -10 s. Also, different integral
measurements are not always in agreement with one another. _

It seems necessary to improve the input of both !"„ and E
-values by more extensive experiments.

Fission yields for dosimetrv

A very lively discussion arose as the reviewer (Fudge)
was unable to get from the evaluators sufficiently accurate
yields of certain long-lived (or stable) fission products. In
particular, the yield of Cs from fast fission of Np did
not meet his requirements. No clear answer to his problems
was given, and apparently fission products used for special
purposes require special attention.
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Integral delaved-neutron spectra

No experimental results on group spectra were 3£V§n b u t

it was stressed that at least one fissile material ( U)
should be studied in great detail.Such studies are reported
to be in progress at Mainz. The results of the measurements are
essential as benchmarks for summation calculations.

Analytical applications of delayed neutrons

Eccleston discussed many important applications. This
field will benefit from improved data on delayed neutrons from
individual precursors.

Stellar nucleosynthesis

Mathews reviewed astrophysical applications. He seems to
be interested in all data on fission products which we can
provide. In the first place he put neutron separation energies
(from mass measurements including Qa-values) and in the second
half-lives, but he would also like to have better delayed-
neutron data, beta strength functions, fission yields, etc.- In
this field it is important to reach as far out from stability
as possible in order to make the extrapolation to the nuclides
in the r-procsss path shorter. In fact, the r-procass path is
already within reach at two places in the fission product
region: Zn (which has been seen at Studsvik) and Cd.

FINAL REMARKS

This meeting has taught us that our efforts to provide
decay and yield data must continue in order to satisfy the
users. This concerns applications both in other basic fields
and in nuclear technology. Incidentally, it is interesting to
note that the step from fundamental research to technical
applications is unusually short in the study of fission pro-
ducts. Thus, we may conclude that the meeting has been of great
value and that it is bound to initiate many research projects.
In addition, it has been very pleasant, and I would like to
express, on behalf of all the participants, our thanks to the
organisers Or Chrien and Or Burrows and to their staff for
the successful arrangements.

Note: This summary does not give references. All reports
referred to by giving the name of the author are found
in the proceedings of the meeting.

- 567 -



1.1. Ground state properties

1.1.1. Nuclear spin 1.1.2. Total beta decay energies 1

1.1.2.1. Measured 1.1.2.2. Extrapolated,
interpolated (mass
-formulae)

Review of methods used.
Spins given for series
of isotopes of Rb, Cs,
Ba, and a few isotopes
of In.
Isotopes of Ga. In. Kr,
Xe, Sr to be studied
next.
(Ekstrom)

1.2 Gamma-rays

Present situation
summarized and
methods reviewed
(Brenner)

Interesting compari-
sons with mass
formulae.Systematic
deviations exhibited
in a lucid manner.

i . 2 . 1 Decay schemes

No review of recent
work in the field.

1.2.2. Gamma branching ratios

Absolute branching ratios given
for isotopes of Br, Kr, Rb.
Work in progress for many other
FP.

1.2.3. Branching to isomeric states

1.2.3.1.
Measured

1.2.3.2.
Extrapolated

No contribution

1.2.4. Average gamma
energies

No lists of diectly
measured "Ey- values
given and no on-going
work reported.
"Pandemonium"effect
distorting Ey-valuas
calculated from decay
schemes lively
discussed.
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1.3 Beta-rays

1.3.1. Beta strength

1.3.1.1.

Measured

Deduced
from y-
data com-
bined
with dn-
spectra
(Kratz)

1.3.1.2.

Semi-em-
pirical

(reduced)
level den-
sity
(Mann)

functions

1.3.1.3.

Theory

From
gross
theory
(Taka-
hashi).
Micro-
scopic
approach
(Kratz)

1.3.2 Average beta

1.3.2.1

Measured

35 FP mea-
sured and
others un-
der way
(Studsvik)
Measure-
ments
planned
(Green-
wood )

} .3.2-2.

Semi-em-
jirical

energies

1.3.2.3.

Theory

From
gross
theory
(Yoshida )

1.3.3. Ground state-ground state transitions

1.3.3.1.

Measured

1.3.3.2

Evaluated from spectro-
scopic information and
gamma branching ratios

No contribution
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1.4 Delayed neutrons

1.4.1. Branching

1.4.1.1.

Measured

P -
values
evalua-
ted for
76 pre-
cursors .
Need
for Pn~
measure-
ments
of 88AS,

1 37..
Sb.(Reader)

1.4.1.2.

Semi-
empiri-
cal

Kratz-
Herrman
•Formula
updated
and used
for 160
precur-
sors
with
unmea-
sured
P -

vaSuss
Reeder)

ratios

1.4.1.3.

Theory

Determi-
nation
of
branching
to exci-
ted
states
(Mann)

1.4.2.

1.4.2.1

Methods

3He-
spectro-
meter
and
H-recoil
spectro-
meter
compared.
In gene-
ral good
agreement
Green-
wood ,
Weaver)

Energy spectra

1.4.2.2

Measured

H-recoil
spectra

§5-95

(Green-
wood ) .
TOF-
spectra
of 95,97m
(Clark)

1.4.2.3

Semi-
empiri-
cal

1.4.2.4.

Theory

No contributior

1.4.3 Average neutron

1.4.3.1

Direct
measurements

No contribution

energies

1.4.3.2.

From measured
spectra

Meaningful only
if major part of
spectrum has been
measured.
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2. Fission yields

2.1. Mass yields

Yields of many
stable or long-
lived products
ljo.ni U and

Pu as function
of neutron energy
(Maeck)

2.2 Independent yields

2.2.1.Measured

Review of new
data (Denschlag).
Yields for Br,
Kr, Rb isotopes
given in poster

2.2.2 Evaluations
and systematics

Pairing effects,
charge dispersion
widths. Zp-values.
A' p-model
(Blachot, England,
Wahl)

2.

2.

2.3. Isomeric yields

2.3.1. Measured

No extensive contri-
bution given but
work in progress
at Studsvik and
at Mainz-Grenoble

2.2 .3.2. Systematics 12.2.3.3. Theory

No contribution

- 571 -



3. Applications

13.1. Decay heat

3.1.1. Beta part 3.1.2.Gamma part

3.1.1.1. 3.1.1.2. 3.3.2.1. 3.1.2.2.

Measured Calculated Measured Calculated

Comparisons integral measurements - summation
calculations (James, Dickens, Yoshida,
Duchemin).
Improve Fo and F input!

3.2.Fission
yields for do-
simetry

Requirements not
met for specific
cases of in-
terest
(Fudge)

3.3. Integral delayed
neutron spectra

3.4 Analytical
applications of
delayed neutrons

3.5. Stellar nucleo-
synthesis

3.3.1
Measured

3.3.2
Calculated

Measure-
ments un-
der way
(Kratz)

Group
spectra
available

Many applications
Reactor
dynamics,
safety codes,
assay instru-
ments
(Eccleston)

Need for improved
data on separation
energies,
half-lives, beta-
strength functions,
P -values, yields
(Mathews)
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Compilations and Evaluations of Fission Product
Yields and Decay Data

V. McLane

National Nuclear Data Center
Brookhaven National Laboratory

Upton, NY 11973

M. Lammer

Nuclear Data Section
I.A.E.A.

A-1400 Vienna
Austria

This appendix contains a survey of the most recent compilations and
evaluations containing fission product yield, fissions product decay data,
and delayed neutron yield information.

For updates to the information contained in this survey see "Progress
in Fission Product Nuclear Data", published annually.*

*Issue No. 10, INDC (NDS)-155, will be published In the summer of 1984.
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BLACHOT

CINDA

CROUCH

DICKENS
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B: bibliography
E: evaluated
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Description of Library ,'••-.'

BLACHOT Ongoing compilation and evaluation of radionuclide decay data:
ENSDF + new works.

! J. Blachot: Dept de Recherche Fondamentale
Laboratoire de Chimie Physique Nucleaire

: Centr d1Etudes Nucleaires de Brenoble
85X-38041 Grenoble CEDEX, France

Publication: J. Blachot, C. Fiche, At. Nucl. Data Tables 20,
241 (1977) "Gamma-Ray and Half-Life Data for
the Fission Products"

CINDA Index to the literature and computer files on microscopic,
neutron data: includes fission product yields, delayed
neutron spectra, and fission product gammas and betas.

Distributed by the Neutron Data Centers (see list).

CROUCH Ongoing compilation of chain, cumulative, and independent
fission product yields.

Evaluation of chain and independent yields.
Compilation and evaluation of half lives of delayed-neutron

emitter precursors and emission probabilities of the delayed-
neutron emitters.

E.A.C. Crouch : UKAEA
(retired) AERE, Harwell

Orfordshire, OX 11 ORA, U.K.

Publication: E.A.C. Crouch, At. Nucl. Data Tables 19, 5 (1977)

DICKENS Compilation and evaluation of fission-product 3-decay
information.

J.K. Dickens Oak Ridge National Laboratory
P.O. Box X, Bldg. 6010
Oak Ridge, .N 37830, USA

Available from: ORNL Radiation Shielding Information Center

Publication: J.K. Dickens. "Electron Spectra from Decay of
Fission Products", ORNL-TM-8285.

- 575 -



ENDF/B-V Evaluated nuclear data f i l e , version V.

Maintained by: National Nuclear Data Center
Brookhaven National Laboratory
Upton, NY 11973, U.S.A.

Publication: BNL-NCS-17541 (ENDF-201),3rd Edition,
(ENDF/B-V), edited by R. Kinsey, "ENDF/B Summary
Documentation".

ENGLAND Ongoing evaluation of f ission product yield: cumulative,
independent and chain yields

T.R. England:

Publication:

Los Alamos National Laboratory
P.O. Box 1663
Los Alamos, NM 87545, U.S.A.

T.R. England, "Status of Fission Yield
Evaluations", paper presented at this conference
(1983).

ENSDF Evaluated nuclear structure and decay data file.

Maintained by: National Nuclear Data Center
Brookhaven National Laboratory
Upton, NY 11973, U.S.A.

Published in Nuclear Data Sheets. See "Cumulated Index to
A-Chains " on page ii of the latest issue for a summary of the
latest evaluations and those mass chains currently under
revision.

EXFOR Experimental nuclear reaction data library.

Distributed by: Neutron Reaction Data Centers (see list).

JNDC Evaluated f iss ion product yields and decay data f i l e .

Maintained by: Working Group on Evaluation of Decay Heat
Japanese Nuclear Data Committee
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-11, Japan

Publication: H. Ihara, et a l . , "JNDC FP Decay and Yield
Data", JAERI-M-9715 (198!)
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MANN Evaluated delayed neutron emission probabilities: complete set
of experimental data; original data plus updated values

F. Mann: Westinghouse Hanford Co.
Richland, WA 99352

Publication: F. Mann, M. Schreiber, R.E. Schenter and
T.R. England, "Evaluated Delayed Neutron
Emission Probabilities", Nuclear Sci. and Eng.,
to be published, 1984.

RIDER Compilation of fission product cumulative and independent yields.

B.F. Rider: General Electric
(retired) Vallecitos Nuclear Center

P.O. Box 460
Pleasanton, CA 94566, U.S.A.

Publication: B.F. Rider, "Compilation of Fission Product
Yields", NEDO-2154 C (1981)

UKFPDD Evaluation fission product decay data file, version 2: data for
about 300 nuclides

A. Tobias: CEGB
Berkeley Nuclear Laboratories
Berkeley, Gloucestershire GL139PB, U.K.

Publication: A. L. Nichols, M. F. James. "Radioactive Heavy
Element Decay Data for Reactor Calculations",
AEEW-R-1407 (1981)

WAHL Compilation of fission yields evaluated to obtain a set of
fractional independent yields and charge distributions

A.C. Wahl: Washington University
St. Louis, MO 63130, U.S.A.

ZIJP Evaluated fission product yields and decay data.

W.L. Zijp: Netherlands Energy Research Foundation
P.O. Box 1
1755 ZG Petten, the Netherlands

Publication: W.L. Zijp and J.H. Baard, "Nuclaar Data Guide
for Reactor Neutron Metrology, Part II: Fission
Reactions", EUR 7164 (1979).
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Neutron Data Centers and their areas of responsibility;

USA and Canada:

Other OECD Countries:

USSR:

All other countries:

National Nuclear Data Center
Brookhaven National Laboratory
Upton, NY 11973, U.S.A.

NEA Data Bank
B.P. 9
F-91190 Gif-sur-Yvette, France

Ceatr po Jadernym Dannym
Fiziko Energetichesky I n s t i t u t
Obninsk, Kaluga Region, USSR

IAEA Nuclear Data Section
P.O.B. 590
A-1011 Vienna, Austria
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NEUTRON DATA REFERENCES

Eleaent Quantity Eneny (eV)
Kin Max

Type Documentât ion Lab
Ref Paie Date

Comiten ts

'"Cd

la'Cd

'"Cd

'"Cd

'"Cd

'"Cd

'"Cd

'"Cd

'«Cd

'"Cd

'"Cd

'"Cd

'"Cd

'«Cd

'*°Cd

« 7 T h

« 7 Th

«»Th

«BTh

«"Th

« B Th

Spect.fisa n

Fisa.Yield

Piss.Yield

Fiss.Yteld

1.0+5 Revw BNL-S1778 485 Ma)84 LHL Mathtwa. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathewa. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathewa. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathewa. GRPH. CFD DIE. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 Hay84 LRL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 Uay84 LRL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Re vw 3NL-51778 485 May84 LKL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathews. GRP~H. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 48S May84 LRL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathewa. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathews. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathewa. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathewa. GRPH. CFD DIR. CAPT VS STAT.

1.0+5 Revw BNL-51778 485 May84 LRL Mathewa. GRPH. CFD DIR. CAPT VS STAT.

3.5-2 Eval BNL-S1778 33 May84 LAS Entland+ TBL.

2.5-2 Eval BNL-51778 33 May84 LAS England* TBL.

2.5-2 Eval BNL-51778 33 May84 LAS Enfland+ TBL.

3 .5-2 Eval BNL-51778 33 May84 LAS Enfland+ TBL.

3.5-2 Theo BNL-51778 433 May84 LAS Madland+ GRPH. CFD OTHER NUCLIDES.

3.5-2 Theo BNL-51778 65 May84 GRE Blachot+ GRPH.

FAST Eval BNL-51778 33 May84 LAS En(land + TBL. CFD ENDF/B-V.

1.5+7 Eval BNL-S1778 33 May84 LAS En«land+ TBL. CFD ENDF/B-V.

FAST Eval BNL-51778 33 May84 LAS Enfland+ TBL. CFD ENDF/B-V.

1.5+7 Eval BNL-51778 33 May84 LAS En(land+ TBL. CFD ENDF/B-V.

FAST Eval BNL-51778 33 May84 LAS Enfland+ TBL. CHAIN YIELDS.

FAST Eval BNL-51778 131 May84 HAR Fudfe. NI>S.
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NEUTRON DATA REFERENCES

Clemen

"'Pa

™V

"*V

" 3 U

233TJ

233|j

£33|i

233U

Z33V

« 3 U

" 3 U

Z33u

Z34U

234 u

2340

w»0

2 35 IT

235 it

2 35 IT

2 3 5 I J

239 TJ

a3»U

233u

235y

233U

e « U

233U

233u

23Su

t quantity

" P

•̂ P

f d

VP

VP

v p

t'd

f a

Fiss.Yield

Fiss.Yield

Frag.Chg.

" P

" P

v<

" P

VP

VP

VP

» i

Spect.fiss n

Fiss.Yield

Fiss.Yield

Fiss.Yield

Fiss.Yield

Fiss.Yield

Fi=s.Yield

Fiss.Yield

Fiss.Yield

Energy
Min

FAST

FAST

2 . 5 - 2

2.5-2

2.5-2

FAST

1 .5+7

2.5-2

FAST

1 . 5 + 7

2 . 5 - 2

FAST

2.5-2

FAST

1 .5 + 7

FAST

1 .5+7

2.5-2

FAST

1 . 5 + 7

2 . 5 - 2 1

2.5-2

FAST

1 .5+7

3.5-2 1

2.5-2

FAST

1.5 + 7

3 . 0 + 6

2.5-2

3.5-2 1.

FAST

2.5-2

(eV) Type Docunentation Lab
Max Bef Page Date

Comments

Eval BNL-51778 33 May84 LAS England+ TBL.

Eval BNL-51778 33 May84 LAS Eneland+ TBL.

Eval BNL-51778 33 May8+ LAS England+ TBL. CFD ENDF/B-V.

Eval BNL-51778 33 May84 LAS England+ TBL.

Eval BNL-51778 33 May84 LAS England* TBL. CFD EWDF/B-V.

Eval BNL-51778 33 May84 LAS England+ TBL. CFD ENDF/B-V.

Eval BNL-51778 33 May84 LAS England+ TBL. CFD ENDF/B-V.

Eval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

Eval BNL-51778 33 May84 LAS Englana+ TBL. CFD ENDF/B-V.

Eval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

Eval BNL-51778 33 May84 LAS England* TBL. CHAIN YIELDS.

Expt BNL-51778 133 May84 ACC Chapman* 136BA, 136CS TBL CFD ENDF.

Theo BNL-51778 65 May84 GRE Blachot* GRPH.

Eval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

Eval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

Eval BNL-31778 33 May84 LAS England* TBL.

Eva) BNL-51778 33 May84 LAS England* TBL.

Eval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

Eval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

Eval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

5+7 Theo BNL-51778 423 May84 LAS Madland* GHPII. ENERGY DEPENDENCE.

Eval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

Bval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

Eval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

4+7 Theo BNL-51778 423 MayB4 LAS Madland+ GRPHS. ENERGY DEPENDENCE.

Eval BNL-51778 33 May84 LAS England* TBL. CHAIN YIELDS.

Eval BNL-51778 33 May84 LAS England* TBL. CHAIN YIELDS,

fival BNL-51778 33 May84 LAS England+ TBL. CHAIN YIELDS.

Theo BNL-51778 65 May84 GRE Blachot* GRPH.

Theo BNL-51778 65 May84 GHE Blaehot* GRPH.

3+5 Expt BNL-51778 91 May84 ACC Maeck. 1BL. GRPHS.

Expt BNL-51778 133 May84 ACC Chapman* 136BA, 136CS TBL CFD ENDF.

Expt BNL-51778 137 May84 SWR Lund* TBL YLDS, BR, KR, R3.
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NEUTRON DATA REFERENCES

Element Quantity Energy (eV) Type Docunentation Lab
Min Max Ref Page Date

Comments

2 36 IT

238TJ

a 3 f l u
237TJ

2 3 7 I T

238TT

2 3 B u

"•u
238JJ

Z38TJ

238IT

" " U

338rj

233TJ

•"Hp

s 3 'Np

="NP

»"Np

" 7 Np

23'Np

338Hp

a38Np

" • P U

«»Pu

"°Pu

"»Pu

"«Pu

"»Pu

" 9 p u

239pu

239pu

238pu

" ,

" d

" d

" p

^ d

f p

^ P

^ P

^ d

" d

^ d

Fiss,

Fiss,

Fiss.

VP

Fiss.

.Yield

Yield

Yield

Yield

Fiss.Yield

" P

" d

•̂ P

^ d

^ p

^ p

" P

" d

^ d

f d

Spect.fiss n

Fiss. Field

FAST

1 .5+7

FAST

1.5 + 7

FAST

FAST

FAST

1 .5+7

SPON

FAST

1 .5 + 7

SPON

FAST

1.5 + 7

FAST

FAST

1.5 + 7

FAST

1 .5 + 7

FAST

FAST

FAST

FAST

FAST

FAST

3 . 5 - 2

"AST

1.5 + 7

2 . 5 - 3

FAST

1 .5 + 7

£ . 5 - 2

2 . 5 - 2

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Expt

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Eval

Theo

Eval

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

DNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-5t778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

BNL-51778

33

3 3

3 3

3 3

3 3

3 3

3 3

33

3 3

3 3

33

33

3 3

3 3

121

33

3 3

3 3

33

121

1 3 3

3 3

33

33

3 3

33

33

3 3

33

33

3 3

4 3 3

33 i

May84

May84

May84

May84

May84

May84

May84

May84

May84

May84

May84

May84

May84

May84

May84

May84

May84

May84

May84

MayB4

May84

May84

May84

K.ayB4

May84

May84

May84

May84

May84

May84

May84

May84

May84

LAS

LAS

LAS

LAS

LAS

LAS

LAS

LAS

LAS

LAS

LAS

LAS

LAS

LAS

HAR

LAS

LAS

LAS

LAS

HAR

ACC

LAS

LAS

LAS

LAS

LAS

LAS

LAS

LAS

LAS

LAS

LAS

IAS

England* TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

England* TBL.

England+ TBL.

England* TBL. CFD ENDF/B-V.

England4 TBL.

England* TBL. CFD ENDF/B-V.

England+ TBL. CFD ENDF/B-V.

England+ TBL.

England+ TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

England* TBL.

England* TBL. CHAIN YIELDS.

England* TBL. CHAIN YIELDS.

Fudge. TBL. CFD YLDS BY EVALUATOR.

England* TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

England* TBL.

England* TBL.

Fudge. TBLS. CFD YLDS BY METHOD.

Chapman* 136BA, 136CS TBL CFD ENDF.

England* TBL. CFD ENDF/B-V.

England^ TBL.

England* TBL. CFD ENDF/B-V.

England- TBL.

EnjUnd-r TBL. CFD ENDF/B-V.

Enjl«nd+ TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

Madland* GRPH. CFD OTHR NUCLIDES.

England* TBL. CHAIN YIELDS.
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NEUTRON DATA REFERENCES

Element Quantity Energy (eV) Type Documentation Lab
Min Max Rê f Page Date

Comments

P u

539pu

" 9 P u

«»PU

a 4 0 Pu

" " P U

2 4 O p u

S40pu

2 4 1 Pu

««PU

--'Pu

2 4 .p u

241pu

" • P u

2 4 2 p u

= «PU

2 4 2Pu

" ' A m

2 4 1Am

" ' A m

2 4 'A.n

2 4 l A m

3 4 ) Am

« « A m

«'*m

!»Ara

2 4 3 Am

" 2 C m

!<»Cm

2 4 4 r m

Fiss.Yield

Fiss.Yield

Fiss.Yield

Fiss.Yield

Frag.Chg.

»P

»P

Fiss.Yield

»P

"a

Fiss.Yield

Fiss.Yield

VP

Fiss.Yield

y P

^p

" P

^ d

^

V P

U P

^ d

^ c

^ d

y P

FAST

1.7+5 1.4+7

2 . 5 - 2 2 .5+5

FAST

2.5-2

FAST

1 .5 + 7

FAST

1.5 + 7

FAST

2 . 5 - 2

FAST

2.5-2

FAST

2 . 5 - 2

FAST

FAST

FAST

FAST

2 . 5 - 2

FAST

1 .5 + 7

2 . 5 - 2

FAST

1.5 + 7

2 . 5 - 2

2 . 5 - 2

FAST

FAST

FAST

FAST

SPON

SPON

Eval BNL-51778 33 May84 LAS

Theo BNL-51778 65 Ma,y84 GHE

Expt BNL-51778 91 Ma}84 ACC

Expt BNL-51778 133 May84 ACC

Theo BNL-51778 65 May84 GRE

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 L A S

Eval BNL-51778 33 May84 LAS

Expt BNL-51778 133 May84 ACC

Eval BNL-5177B 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eial BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Expt BNL-51778 133 May84 ACC

Eval BNL-51778 33 May84 LAS

Eva! BNL-51778 33 May84 LAS

Expt BNL-51778 133 May84 ACC

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eval BN'u-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

Eval BNL-51778 33 Ma}14 LAS

Evi' BNL-51778 33 May84 LAS

Eval BNL-51778 33 May84 LAS

England+ TBL. CHAIN YIELDS.

Blachot+ GRPH.

Maeck. TBL. GRPHS.

Chapman+ 136BA, 136CS TBL CFD ENDF.

Blachot+ Gi<PH.

England+ TBL. CFD ENDF/B-V.

England+ TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

England+ TBL. CFD ENDF/B-V.

Chapman+ 136BA, 136CS TBL CFD ENDF.

llngland+ TBL. CFD ENDF/B-V.

England+ TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

England* TBL. CHAIN YIELDS.

C h a p m a n * 13tiBA, 136CS TBL CFD ENDF.

England* TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

C h a p m a n * 136BA, 136CS TBL CFD ENDF.

England* TBL. CFD ENDF/B-V.

England-, TBL. CFD ENDF/B-V.

England* TBL. CFD ENDF/B-V.

England* TBL.

England* TBL.

England - TBL.

England* TBL. 242M TRGT.CFD ENDF/B-V.

England* TBL. 242-M TARGET.

England* TBL. CFD ENDF/B-V.

England* TBL.

England* TBL. CFD ENDF/B-V.

England* TBL.

England* TBL.

England* TBL.
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NEUTRON DATA REFERENCES

Element Quantity Energy

. Min
(eV) Type Documentation Lab
Max fief Page Date

Comments

" s Cm vp

5 C m

' C m

2 4 9 Cf vA

Z49Cf Spect.fiss

«°Cf vp

"°Cf ua

«'Cf up

" 2Cf

" sCr

=«Es

233Es

""Es

2 5 4 Es

" 4 F m

" ( F r a

Spect.fiss

" e Fm

as9Md Fiss.Yield

2 . 5 - 2 Eval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

2 . 5 - 2 Eva] BNL-51778 33 May84 LAS England* TBL.

SPON Eval BNL-51778 33 May84 LAS England* TBL.

SPON Eval BNL-51778 33 May84 LAS England* TBL.

2 . 5 - 2 Eval BNL-51778 33 May84 LAS England* TBL. CFD ENDF/B-V.

2.5-2 Eval BNL-51778 33 May84 LAS England* TBL.

n 2 .5 -2 Theo BNL-51778 423 May84 LAS Madland* GRPH. CFD OTHER NUCL1DES.

SPON Eval BNL-51778 33 May84 LAS England* TBL.

SPON Eval BNL-51778 33 May84 LAS England* TBL.

2 . 5 - 2 Eval BNL-5177G 33 May84 LAS England* TBL. CFD ENDF/B-V.

2 . 5 - 2 Eval BNL-51778 33 May84 LAS England* TBL.

SPON Eval BNL-51778 33 May84 LAS England* TBL.

SPON Theo BNL-51778 423 May84 LAS Madland* TBL.

SPON Eval B \ L - 5 1 7 7 8 33 May84 LAS England* TBL.

n SPON Theo BNL-51778 423 May84 LAS Madland* GRPHS. CFD EXPT.

SPON , Eval BNL-51778 33 May84 LAS Enj land* TBL.

SPON Eval BNL-51778 ' 33 .Way84 LAS England* TBL.

2 . 5 - 2 Eva] BNL-51778 33 May84 LAS England* TBL.

2 . 5 - 2 Eval BNL-51778 33 May84 LAS England* TBL.

SPON Eval BNL-51778 33 May84 LAS England* TBL.

SPON Eval BNL-51778 33 May84 LAS England* TBL.

2 . 5 - 2 Eval BNL-51778 33 May84 LAS England* TBL.

2 . 5 - 2 Eval BNL-51778 33 May84 LAS England* TBL.

SPON Eva] BNL-51778 33 May84 LAS England* TBL.

SPON Eval BNL-51778 33 May84 LAS England* TBL.

SPON Theo BNL-51778 65 MayB4 GRE Blachot* CRPH.

• 6 U . 9 . G O V E R N M E N T P R I N T I N G O F F I C E : 1 9 8 » t 7 1 7 0 3 2 1 0 0 0 5

5 8 3


