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PREFACE
The Third International Seminar on Neutron-Nucleus Interactions (ISINN-3) "Neutron Spectroscopy, Nuclear Structure, Related Topics", as previosly, was organized by the Frank Laboratory
of Neutron Physics of the Joint Institute for Nuclear Research and took place in Dubna on April
26-28, 1995. Over 100 scientists from Belgium, Bulgaria, Czech Republic, Germany, Japon, Latvia,
Mexico, Poland, Slovakia, Ukraine, USA and from more than 10 research institutes of Russia presented their papers at ISINN-3.
This Seminar was dedicated to memory of the founder of the Neutron Physics Laboratory of JINR,
the famous soviet scientist Professor Fedor L. Shapiro, whose 80th anniversary is being observed by
his colleagues, pupils and friends. The contribution of F.L.Shapiro to neutron nuclear physics was
outstanding and the influence of his scientific ideas can be seen today. A special issue of the JINR
review journal Particles k Nuclei will be published at the end of 1995 which will include some papers
devoted to different topics of the scientific activity of F.L.Shapiro.
The Proceedings contain all of the orally presented papers as well as those poster section papers,
which were sent to the Organizing Committee before the deadline. The range of discussed problems is
traditionally wide, as at the previous Seminars. It includes the problems of fundamental interactions
and symmetries in neutron induced reactions, fundamental properties of the neutron, properties
of excited nuclei after neutron capture, with special emphasis be on 7-decay and neutron induced
nuclear fission, etc. A new feature of this Seminar was a special session devoted to the methodical
aspects of new experiments.
We gratefully acknowledge the financial support of the Russion Foundation for Fundamental
Reasearch. This support permitted us to ensure the attendance of some participants from Russia as
well as to publish these Proceeding.
I want to.express special appreciation for the contributions of V.N.Shvetsov and N.A.Malysheva
to the preparation of ISINN-3.
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FUNDAMENTAL INTERACTIONS AND SYMMETRIES
IN NEUTRON INDUCED REACTIONS

CORRECT ANALYSIS OF P-V1OLAT1ON MEASUREMENTS
IN NEUTRON RESONANCE REACTIONS
V.E.Bunakov, I.S.Novikov
Petersburg Nuclear Physics Institute, 188350, Gatchina, Russia

1. Introduction
It is a well established fact nowadays (see e.g. [1-3]) that P-violation effects in polarized
neutron transmission exhibit major enhancements of 5-6 orders of maguit ude when measured
in the vicinity of compound-nucleus resonances. Consider for instance a frequently measured
quantity
&p =

<T+ - <J_

(1)

where or+t_ are the total cross-sections for the neutrons with positive and negative heliriiies.
In the vicinity of compound-resonance, say, p-wavc one. this quantity is shown (see e.g.[-l])
to exhibit a Breit-Wigner type of resonance enhancement reaching at E = /•,',, the maximal
value of:

Here

vp = < 4>p\Vw\4>. >

(.'*)

is the matrix element of weak interaction Vw which mixes the p-resonaiue wave function
<f>p with the neighboring s-wave resonance (f>a; I) — K, — Ep is the spacing of the mixing
resonances; Vp is the total width of the p-resonance, while •)£ and 7" are the neutron partial
widths' amplitudes for those resonances.
Eq.(2) demonstrates the two types of enhancements in A: 1). Small resonance spacing
D leading to the "dynamical enhancement" first, discussed in ref. (5). 2). Large lifetime of
compound resonance r = 1/T leading to "resonance enhancement" (see [•!]).

The most essential point is that both enhancements stem from the complexity of compoundnucleus resonances (nuclear chaoticity). It is just this complexity that removes the degeneracies of the independent- particles' eigenstates and enormously increases the level density
of compound nucleus. The same complexity leads to "entrapping" of the incident neutron
inside the almost black compound nucleus and leads to the increase of its lifetime.
This complexity however makes the head-on calculations of the matrix elements vp completely hopeless, since the wave-functions <j>Pi, consist of N « 106 "basic" components $,
and

vP = E<tc'<*<\V"\*3>

(4)

Similar problems were faced and successfully solved in the framework of statistical approach
to nuclear resonances initiated by Wigner and Dyson more than 3 decades ago. In this
approach the coefficients c, as well as matrix elements vv are considered to be the random numbers varying from resonance to resonance, while the value vv for the ensemble
of individual resonances obeys the normal distribution law with zero mean and variance
vp =

Thus any particular value of vv obtained from one on-resonance measurement is of minor
importance and the main interest is shifted to the variances M. Comparing these variances
with the variances v of strong interaction matrix elements, which can be obtained from the
spreading widths of neutron resonances, one can estimate the scaling factor

thus characterizing the relative strength of weak and strong interaction in nuclei.
It is important to notice that similar enhancements are predicted (see e.g. [4]) for measurements of quantities violating both T- and P-invariance in neutron compound-resonances.
This fact is quite essential, since after the creation of electro-weak interaction theory the
phenomenon of P-violation in nucleon-nucleon and nuclear systems is more or less trivial in
itself. Surprisingly huge enhancements of P-violating effects in neutron resonance reactions
are nowadays well understood (see above) and present some interest rather in studies of
nuclear many-body problem. The situation in CP-violation is quite different. There we have
only one experimentally observed effect in K-meson decays and an experimental upper bound
on the neutron EDM value. The experimental technique of neutron EDM measurements had
been developed by the world leading laboratories through decades and seemingly exhausted
its possibilities by now. Therefore it is quite tempting to make use of the above 5-6 orders
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of "nuclear" enhancements in order to obtain new independent information on CP-violating
interaction from the experiments with resonance neutrons. However the use of polarized
targets as well as polarized neutron beams, which is essential for these measurements, adds
a good deal of extra complications while the strength of CP-violating interaction is expected
to be orders of magnitude smaller than the above weak interaction constant F. Therefore
one should be prepared to the fact that in future T-and P-violating experiments of this type
we shall have only a small number of on-resonance experimental results presenting perhaps
experimental upper bounds rather than the observed effects. We think however that even in
this reasonably-pessimistic case the above nuclear enhancement gives hope to improve the
existing upper bounds on CP-violating constant. In view of the present scarcity of experimental data on CP-violation even improved upper bounds on CP-violating strength (upper
bounds on MT values) might be quite valuable for the development of the theory. The main
problem however is how to extract the statistically reliable upper bounds on MT from few
necessarily imperfect experimental on-resonance measurements of CP-violating effects.
From this point of view the already existing experimental data on P- violating on-resonance
measurements (see e.g. [2,3,6]) provide a nice testing ground for the development of the statistically reliable analysis of this type. The phrase "statistically reliable" means methods
based on the theory of mathematical statistics rather than on short manuals for experimentalists. These methods should allow to construct the probability distribution P(M) of
parameter M (see eq.(5)) from a minimal number of experimental values vp measured with
limited accuracy.
We have already demonstrated in [7] the advantage of Bayesian approach to conditional
probability theory in extracting the upper bounds on T-violating interaction from imperfect
detailed-balance measurements. Therefore in the present paper we shall apply Bayesian
analysis to the existing experimental data on P-violation in neutron resonance reactions.
In Sec.2 we shall compare the Bayesian analysis with the maximal likelihood method
(MLM) used for the analysis of P-violation data and show that for known p-resonance spins
MLM turns out to be just a limiting case of Bayesian analysis applied for a large number
n > 1 of on-resonance measurements.
In Sec.3 we analyze the case of unknown p-resonance spins when p-resonances with spin
3/2 can not mix with s-resonances (which have spin 1/2). In this case the standard prescriptions of MLM as given in various manuals do not apply. Therefore the existing analysis of
experimental data was done (see [2,3,6]) with the use of phenomenological "generalization"
of standard MLM expression for the likelihood function. We shall demonstrate that this
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phenomenological expression contradicts the rules of conditional probability theory and artificially strengthens the contribution of the most statistically significant non-zero results of
the measurements. We shall also demonstrate that proper Bayesian analysis of the existing
experimental data without the resonance spin assignment allows to obtain only the upper
bounds on the weak interaction M-values.

2. Bayesian Analysis and Maximal Likelihood Method for Known Resonance
Spins
The distribution law (5) concerned only the statistics for the "theoretical" values of
observables arising from the chaotic nature of compound-resonances. However each onresonance measurement of, say, A, value can be done with finite experimental error a,, and
the experimental results i,- of this measurement in majority of cases would obey the normal
distribution law:

Here we introduced the notation of conditional probability P{a\b) of a given 6. In our
case the measured value A^ itself is randomly distributed in accordance with the Gaussian
law (5), which we shall denote as P(A;|M). Therefore the connection between the measured
value Xi and M will be given by:
P(*
For an infinite set of experimental measurements xt with small errors O{ one could plot
the curve (8) and extract the M value by applying, say, the least square method. Even in
this idealized case the problem of finding the confidence intervals AM for M is not clearly
defined. However the realistic situation of imperfect measurements is much worse. In practice
we might hope to get only few experimental points i , with accuracy not exceeding a few O{.
To dramatize the problem even more, consider a case when after years of hard experimental
work we shall finally get an upper bound xj < O\ in the T- and P-violation measurements
on one resonance. What shall we do then in order to connect this upper bound with the
corresponding upper bound on M?
Up to now denoting (7),(8) as conditional probabilities might seem to be an unnecessary
terminological complication of simple things. But when we start considering the above
case of imperfect measurements, only the conditional probability theory allows to solve our
problems. Indeed, the exact formulation of the problem is: We have a theoretical expression
(8) defining probability of experimental result i , (with <7,) for a given M value. We need
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to "inverse" (8) and find a probability P(M\xi) of M given an experimental result x,(<r,).
This problem is in principle easily solved by using the well-known Bayes theorem of standard
conditional probability (CPr) theory:
P{M\x) • P(x) = P(x\M) • P{M)

(9)

and putting it into the form:

According to the same standard CPr theory the "unconditioned" probability

P(x) = f P{x\M)P(M)dM = N{x)

(11)

Expressions (9)-(ll) are given in any textbook on CPr and accepted by all the mathematicians. However the interpretation of (10) given by Bayes himself makes a special branch
of Bayesian statistics (BS) (see an excellent and very brief review of this topic in [8]).
Unfortunately BS is practically unknown to physicists. Unfortunately, since every physicist
who ever worked with experimental data or with any kind of the above 'inverse' problem
intuitively felt the necessity of BS or even tried to apply it without realizing that this is BS.
Bayes supposed that before we do any kind of measurements x of the physical quantity A/,
we often have some 'a priori' knowledge concerning P{M) - e.g. before measuring the mass
we know that it is positive. Bayes theorem (10) formulates in a mathematically precise way
how to combine this 'a priori' knowledge with the results x of our measurement in order to
obtain the 'a posteriori' probability P(M\x). One might associate this 'a priori' P{M) with
considerations of common sense, which prompts to a physicist that application of orthodox
statistical prescriptions to, say negative experimental i , obtained in the mass-measurement
experiment leads to nonsense - he is sure that mass is positive, and that only poor accuracy
of his measurement produced the negative z,. But without BS the physicist does not know
how to get out of this trap. The best solution might be to throw this result away and take a
more precise measuring device. But what to do if this is the best at your disposal (and often
the only one in the world)? In BS approach you just suppose the 'a priori' P(M) = 6(M)
and go ahead through (10), (11), obtaining a sensible upper limit on mass as an 'a posteriori'
result of your imperfect measurement (see [9], where Philip Anderson describes BS as "the
correct way to do inductive reasoning from necessarily imperfect data"). In case when nothing is known 'a priori' about M the standard assumption is (sec [8]) that. P(M) is uniform
and constant.
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There is a close, but sometimes misleading connection between the Bayosian post probability (BPP) given by (10), and the maximal likelihood method (MLM) described in numerous manuals on statistics for the experimentalists (e.g. [10]). One might characterize
MLM as an attempt to use Bayesian statistics without recognizing it. Indeed, the P(x\M)
function of (10) is often called "likelihood function" L{M) and MLM says that the best
estimate of M is the value Mmax, which maximizes P(x\M) considered as a function of M.
One easily sees from (10) that in case of complete 'a priori' ignorance (i.e. P{M) =const)
BPP coincides with the likelihood function to within the normalization (11). Therefore the
BPP in this case has exactly the same maximum. As to the definition of the confidence, the
MLM usually prescribes to assign the errors of M by finding the values of M for which L(M)
is reduced from its maximal value by a factor of exp(—1/2). This prescription is obviously
based on the assumption that L(M) is a Gaussian centered at Mmax. For this (and only for
this) assumption the above prescription indeed gives the conventional "one a" confidence
level of 68%. What is even more important, the ratio of confidence intervals AM for 99%
and 68% confidence levels in this case is only a factor of 2.6, and this is known to everybody.
We shall see, however, that for a small number n of independent experimental measurements
L(M) is highly non-Gaussian - in terms of BPP this means that AAf for 99% confidence
might be larger than AM for 68% by a factor of 102 ~ 10s (see e.g. [7]) ! Therefore for small
n the MLM confidence prescription becomes senseless. For this reason the most accurate
manuals on MLM warn against the use of this method for small n cases and vaguely state
that the actual accuracy of Mmax definition in MLM should not exceed the characteristic
width (whatever it is) of the L(M) function maximum (see e.g. [11])
Thus we see that standard MLM coincides with BS only when P(M) =const and the
ensemble of experimental measurements n is large. In all the other cases MLM strongly
deviates from BS and should not be applied to data analysis at all.
Since most physicists do not know the ordinary CPr theory (not to mention the BS) we
shall briefly mention most dangerous points, where CPr and BS disagree with our "intuitive"
expectations based on rudimentary knowledge of the ordinary (non-conditioned) probability
in its "frequency" modification.
First of all, the BPP of eq.(10) (as well as any conditional probability) for 2 independent
measurements is not equal to the product of BPP's for each measurement:

Here N{xux2) = J

P{xux2\M)P{M)dM.
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Thus for n independent on-resonance measurements ii,X2, •••£„ = {xi}n we obtain:

with normalization
(14)
Expressions of this type were used by us [7] for the analysis of T-viovation in detailedbalance experiments [12, 13], which were unfortunately done in the regime of strongly overlapping resonances long before the discovery of resonance enhancement. Our analysis revealed the already mentioned highly non-Gaussian shape of F(M|{i,} n ) curves for small n.
Therefore in case of [12] with its n=2 we got at confidence level 85% the upper bound on
T-violation constant £ < 4 • 10~3, which is comparable to 3 • 10~3 quoted in [12]. However
at confidence level 99% our result was £ < 8.8 • 10~2 « 0.1. Mark 2 orders of magnitude
difference between confidence level 85% (not even 68%!) and 99%. Only after combining
the n=6 independent observations of [12, 13] the BPP curve started approaching Gaussian
and allowed us to obtain £ < 3.5 • 10~3 at 99% confidence level.
We also observe that for one measurement the N(x) integral of (11) diverges logarithmically at the upper limit Mu even for infinite accuracy a = 0. This means that a single
experimental upper bound (however accurate) would never allow you to extract the upper
bound of random variable variance M. This is obvious, since observed z,- « 0 might emerge
both in case of M « 0 and for large M - as an unlucky fluctuation of random variable.
All this was true for px/a compound resonances. For P3/2 ones, which can't mix with
s-resonances, we know 'a priori' that M = 0. Here the BS results differ drastically from our
naive expectations. Since now the 'a priori' probability P(M) = 6(M), we get from (8)-(ll):

P(M\x, 3/2) = ^ j § « W = S(M)

(15)

The meaning of this purely Bayesian result is also quite simple - if we know for sure the
exact value of M before the experiment this knowledge would not be changed by any further
measurements.
3. Bayesian Statistics and Existing Phenomenology for Unknown P-Resonance
Spins
The situation becomes much more complicated if we do not distinguish between pi/j
and P3/2 resonances. Then we can only use their statistical weights and claim that while
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probing p-resonances at random one gets spin 1/2 with probability p = 1/3 and spin 3/2
with probability q = 2/3. If only one measurement is done, we can use the ordinary CPr
expression:
P(M|*) = £P(M|x,/?)P(/?)

(16)

0

in order to combine the BPP's of (13)-(14) (for n = l ) for spin 1/2 and (15) for spin 3/2 with
the aid of corresponding probabilities P(P) (equal to p or q). It is obvious that p + q = 1.
However, the trivial S(M) arising in (16) from the J = 3/2 term of (14) does not interest
us. Therefore we can easily subtract it from (16) and consider only the remaining quantity
Pi,2(M\x).
The case of 2 measurements x-i,xj is more subtle. Then we should consider different
possibilities. With probability A both resonances might be J = 1/2; with probability B only
one of them is J = 1/2, and it is equally possible that this is either x\ or x2. Therefore:

P(M\Xlx2)

= A • P(M\x1x2,1/2)

+ C • P(M\xlX2t

+ B[P{M\xu

1/2) +

P(M\x2,1/2)]

3/2) + B • [P(Af|ar,,3/2) + P(M\x2,3/2)

(17)

Since the /? — 3/2 terms are of no interest to us we consider only the following quantity:
Pi/ a (M|x,x 2 ) = A • P(M\xlXi,

1/2) + B • [P(M\xu 1/2) + P{M\x2i 1/2)]

(18)

In generalizing for the case of n experimental points (see [14]) we should consider separately the possibilities that any r(r = l,2...n) observed resonances out of total n belong to
J — 1/2 class, while for any given r we should select all the possible combinations KT of
particular values {xi)Kr.

Then we obtain from the conditional probabilities rules:

P(M | {*}") = £

P(M | {xi}K'rfi)P(Kr

| rH)P{r \ 0)P(fi)

(19)

The BPP's for particular subsets {x,} Kr are defined by the eqs.(13), (14) :
P(M | {xi}K'rl/2)

- ^~~ I I P(*i I Ml/2)6(M)

(20)

P(Xi\Ml/2)

(21)

All the particular combinations {xi}Kr of r experimental points are equally probable. Therefore the probability P{KT \ rl/2) of any combination is related to the number nCT of this
combinations:
P(Kr | rl/2) = P{Kr | r) = (nCr)-1
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(22)

The probability of picking r J — 1/2 resonances in n trials P(r | 1/2) is then proportional
to the binomial distribution coefficients

±fn(r-p,q)

(23)

Since the case r = 0 means that all experimental points belong to J = 3/2 class the sum
over r in (28) starts with r = 1. Therefore the normalization factor N in (23) is
;p^)

= 1

-9

n

(24)

Repeating the same reasoning for /? = 3/2 we obtain the expression for P(M\{x}n).

As

mentioned above we are not interested in trivial delta-function contributions. Therefore we
consider only the expression for Pi/2(M\{x}n)

:

P1/2(M|{ian) = - J - - £y,<-'> £ P{M\{xi)*', 1/2)

(25)

(One can see that for n = 2 eq.(25) coincides with eq.(18) to within the normalization factor
Yz~z since the probabilities A, B might be written as: A = p 2 , B = pqf'l.)
Index r in (25) denotes the number of 1/2 resonances which we might hit in our n trials,
and coefficients in the first sum give the probabilities of this to happen. However for each
given r we need to find all the possible combinations KT of r particular x, values {:r,-}*r.
For each particular combination {xtf* the BPP P{M\{x,}?'l/2)

is given by (12)-(13).

The number of KT increases with increasing r < n in a factorial way. Therefore trying
all the options in the sums of (25) for, say n = 30 takes weeks of fast-speed computer
time, while the calculation of each particular P(A/|{i,}^ r l/2) defining the M-distribution
for a chosen set of 1/2 resonances takes only seconds. This is a good example of how the
lack of elementary spectroscopic information on resonance spins enormously complicates the
P-violation analysis. Unfortunately this is not the whole truth. Much worse is the fact
that this lack of information on spins makes the results of all P-violation measurements
practically meaningless. We shall show below that without the spin assignment all
the measurements performed on

238

U and

232

Th in recent 6 years allow only to find the

statistically significant upper bound F < 10~6 on the strength of P-violating weak
interaction in those nuclei. It is just a lucky chance that the purely phenomenological
expression used for likelihood function in the analysis of these data produced for
results close to those obtained with the spin assignment.
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Fig.l Maximal likelihood plot for the case of seven p,/j resonances in
(see ref. [15])

Fig.2 Maximal likelihood plot for the case of nine p 3 /j resonances in
based on spin assignment of ref. [15]
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U

Before showing this, let us summarize the difference between Bayes method and MLM
prescriptions of the orthodox statistics in application to our problem. When resonance spins
are known the only principal difference for J = 1/2 resonances is that BPP of eq.(12)-(13)
are normalized to unity, while the MLM functions are not. This seemingly insignificant detail leads in case of small ensembles n to quite different results: in case of one measurement
the BPP can not be normalized (and we have seen the deep physical reasons behind it),
while standard prescription of the MLM still gives the 68% "confidence level" which is quite
meaningless. In case of n > 2 measurements the BPP curves are normalizable, but the MLM
prescription for 68% confidence remains misleading since: a. The exp(—1/2) prescription
deviates from actual 68% confidence level, b. The AM intervals for confidence levels of
68% and 99% might differ by several orders of magnitude. With increasing n the difference between BS and MLM becomes less marked because L(M) gradually approaches the
Gaussian. To illustrate this we show in Fig.l the L(M) behaviour for seven P(i/2) resonances
in

238

U based on P-violation measurements of [2, 3] and spin assignment of [15] together

with "one-a intervals" of MLM prescription. Mark that even for n=7 the L(M) is still not
Gaussian. Therefore the correct definition of 99% confidence would raise the upper limit of
M to M up « 1.5 meV.
There are no standard MLM prescriptions for the case of J = 3/2 resonances. One might
try to use in this case the same likelihood function as for J = 1/2 case but with M = 0 in

However with this function we can say nothing at all about the M value, because (26) does
not depend on M. Obviously this kind of MLM prescription is absurd and meaningless in
case of known J = 3/2 resonances, since common sense tells us that correct results should
be at any rate compatable with M = 0. It might be more reasonable from the point of view
of common sense to use for J = 3/2 resonances exactly the same likelihood function as for
J= 1/2 :
ex
L(M) = fl / 1
p{-of 2*1A42\)
H J 2 ( ? + M*)
I 2(<7? + Af')J

(27)

Exactly this likekihood function L(M) for nine 3/2 resonances in 238U of ref. [15] is shown
in Fig.2. One can see that even in this case consistant application of MLM prescriptions
leads to non-zero results for Mmax demonstrating how misleading are the 68% confidence
levels defined in this method for the case of n=9. We all understand that for 3/2 resonances
L(M) results should be compatible with M=0 and that all the extra maxima of L(M) curve
should be associated only with poor statistical ensemble (small n). This confirms once more
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that the positions of L(M) maxima are much less important than the correct
definition of their confidence levels.
In case of no spin assignment the purely empirical expression was suggested for L(M)
in [2]:

L(M) = f[

/

P

ex

p{-o, 2*1 AM) + -r=™p\-£l)

I

(28)

We see that this expression is built in violation of both Bayes statistics (since the 3/2
term with q coefficient should be ^-shaped - see (15), while here the absurd form of (26)was
assumed) and the rule (12) of conditional probability theory (conditional probability of n
independent measurements differs from a product of n conditional probabilities). The plot of
(28) for 16 resonances measured in 238U as given by [3] is shown in Fig.3. When a similar plot
of ref. [2] was first demonstrated at 1990 Alushta School the response of the experimental
audience was: "How do you manage to extract the M values so precisely, when only 6 out
of your 17 measured x,- deviate from zero by more than 2a?" (One should add that now we
know that only 3 of those 6 non-zero results are actually J = 1/2 - see Table in ref.[15])
This perfectly sound remark aroused our interest to imperfect data statistical analysis and
led finally to the above Bayesian results.
These results, as given by (25) are demonstrated for the case of

238

U measurements in

Fig.4. Their obvious meaning is (see Fig.5) that without spin assignments the extracted

value of M is compatible with zero and gives only the upper bound M < 3 meV at
95% confidence level, in complete agreement with sound expectations. The oscillations
of L(M) curve, likewise in case of Fig.2, result only from the poorness of the statistical
ensemble.
The problem now is to understand the striking similarity between the curves of Fig.3
obtained by using the erroneous analysis (28) and Fig.l, whose analysis (besides the above
remarks on confidence levels) is correct.
Let us compare the phenomenology of (28) with the Bayesian ex.(25). By removing the
constant factors exp—(if/2a?) out of each factor in the product of (28) and presenting (28)
as an n-th power of binomial we can simplify this comparison:
-exp < —

where
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(29)

Now we see that the main difference between (25) and (28) lies in the fact that each
term of the binomial expansion in (28) contains an extra weight factor exp(x2/2<72), which
exponentially enhances the contribution of each significant deviation x2/2cr2 of the effect
from zero. In particular

238

U case a single 63.5 eV resonance with io « 7cr0 contains an

enormous enhancement factor Ao — 1O10. Therefore the maximum of this term M£,ai =
— aft — 0.65 meV practically defines the maximum of the whole expression (28). The
remaining 4 statistically significant results, whose maxima lie on both sides of A/o, only
slightly shift the overall maximum to 0.58lo2 rneV of ref. [2]. In order to estimate the
influence of those remaining terms, observe that omission of one of the 2a effects at 57.9
eV in [3] shifted this maximum to 0.56i£2 meV. Naturally, all the abundant zero-effects,
mentioned above, produce no influence whatsoever on the L(M) curve of (28).
Thus the phenomenological construction (28), built in violation of conditional probability
theory, has a surprising feature of artificial 'exponential' selection of the most statistically
significant results, or, to put it the other way, exponential suppression of all the null results.
Intuitively one might expect that this lucky feature of (28) (quite unexpected by its creators)
is a strange but reasonable way to select 1/2 resonances, since we expect, that in average
only those resonances would show marked deviations from zero. To a cert ain extend this is
true, but only to a certain extend. Let us come back to our basic expression (8) to understand
how sound this selection might be. First of all, we observe that for any value of M (that
means 1/2 resonances!) the most probable result is x, = 0.

238

U case is not. an exclusion

- 4 out of 7 resonances J = 1/2 show zero results. However, the width of the distribution
curve (8) depends both on M and <r, values. Consider first a limiting case of extremely high
experimental accuracy (A//<7,)2 ^> 1. In this case practically all the non-zero results Xi would
come from 1/2 resonances with M ^ 0. The 'contamination' from 3/2 resonances would be
negligible because of small a values. Therefore in this idealized situation the suppression of
null results is perfectly correct and the ex.(28) might be a reasonable approximation of (13).
Consider now the case (M/<r)2 cs 1. In this case the distributions (7) for M = 0 and
M ^ 0 would come closer to each other and 3/2 resonances would considerably 'contaminate'
our measurements contributing a lot of non-zero results x,-. However, if we have a very large
ensemble of resonance-measurements n ~%> I and exponentially select, the most significant
results, we can still be sure that more x, ^ 0 would come from 1/2 resonances. Mind that,
for small n ensembles this will not work and a 'degree of contamination' coming from 3/2
resonances would randomly vary from ensemble to ensemble.
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Finally consider (M/cr,) 2 < 1. Then the distributions (8) for M = 0 and M ^ 0 would
practically coincide. Only by taking the unrealistic limit of infinite ensemble n —> oo plus
some kind of selection of largest results one might hope to select the 1/2 contributions.
Coming back to

238

U results, we know only after spin assignment that M = 0.56

meV. Comparing it with tr, of [2, 3] we see that experimental accuracy parameter (M/<Ti)2 is
more or less evenly distributed between 400 and 0.05. Therefore the chances that non-zero
effects come only from 1/2 resonances are roughly 'fifty-fifty'. Indeed, as we know now, 4 out
of 7 non-zero results in U were coming from 3/2 resonances. Therefore the above coincidence
of 2 maxima positions is an unpredictable chance coming essentially from the fact that the
main la contribution to (28) alone was giving the value M™or already within a0 of the
true M-value of [15]. Therefore it would be much simpler and honest to say plainly: "We
have reasons to hope that 7(7 effect is a 1/2 resonance one, while with the rest we have no
guaranties. So we identify the matrix element of this large effect with the variance Mn.
Obviously, the statistical significance of such a statement is quite unpredictable, but so is
the statistical significance of results obtained with the much less transparent ex. (28).
We can also understand now the results of Monte-Carlo simulation [16] of Th case. The
authors of [16] considered the ensemble of n=7000 resonances with non-zero effect in case
when (Af/<r,)2 parameter was distributed in the range from 103 to 1 (observe that in actual
Th experiment this parameter was orders of magnitude smaller!). We have already shown
above that for such a choice of (Af/a) 2 the unrealistically large ensemble of 7000 non-zero
observations would almost certainly produce the correct results, which was the outcome of
[16]. The trouble is that in actual n2Th of [17, 6] we have only 7 non-zero effects and do not
know in advance the (M/<r,)2 values. Therefore without the spin assignment we can not even
make a clever guess how many non-zero effects arise from 'contaminating' 3/2 resonances
and how many null effects come from 1/2 resonances (in U those were 4 out of 7 resonances
with J = 1/2).
Therefore in realistic measurements even the correctness of M mox derived from (28) would
be always unpredictable without spin assignment, not to mention the confidence levels given
by (18). This unpredictable character of (28) is mathematically reflected in Bayesian expression (25) and in the results of Figs.4,5.

4. Summary
The same chaoticity which produces huge enhancements of P- and T-violation in neutron compound resonances also necessitates the use of statistical methods for the analysis of
observables and their proper connection with strength parameters of the symmetry breaking
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interactions. This does not lower the reliability of information obtained as compared to
simple nucleon-nucleon interaction processes, provided that one obeys certain general rules
and uses the correct statistical methods. In theory this boils down to using the methods of
random matrix approach, whose reliability was established during half a century in neutronresonance spectroscopy. In processing the experimental data one should use Bayesian statistics (BS), whose significance is gradually realized by all the physical community.
Both statistical approaches (in theory and experiment) show an important general feature - lack of information on 'standard' spectroscopic parameters (in our case, on p-resonance
spins) immediately complicates the analysis and enormously lowers the statistical significance of the symmetry-breaking observations. Correct analysis of P-violating data on 16
p-resonances in

238

U without resonance spin information allows to obtain only the upper

bound M < 4.0 meV with 99% confidence. In terms of weak interaction constant F (see
eq.(6)) this gives an upper bound F < 10~6, i.e. information of no practical value.
The empirical method used up to now for extracting the M values from experimental data
on P-violation in neutron resonances without spin assignment is mathematically incorrect
and artificially enhances the contribution of all the "nonzero" effects into M. It would be
much simpler just to select among the observed effects only those exceding, say, 2<7 and
estimate the average M among them. Thus obtained values of M might give a reasonable
order of magnitude estimate, especially for large number of measurements. However the
statistical reliabilities and confidence levels of those estimates are quite unpredictable. Such
results are practically of no value for the theory of weak interactions in nuclei where the order
of magnitude estimates for constant F are well known already for a long time. For future Tviolating experiments where it would be of utmost importance to extract the correct upper
bounds on interaction constants out of very few measurements this method is absolutely
invalid and should be substituted by the methods of Bayesian statistics (BS).
In planning the experimental strategy of T-violation measurements one should especially
follow the rule resulting from BS - more independent on-resonance observations even with
smaller accuracy. Mind that in the optimistic case of non-zero effect one measurement
would only produce a sensation, telling nothing about the interaction constant. In the
more probable case of experimental upper-bound observation one point, however accurately
measured, would be quite meaningless.
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Abstract
Parity violation experiments performed at the Los Alamos Neutron Scattering
Center with longitudinally polarized resonance neutrons are discussed. The parity
violating asymmetries of neutron cross sections have been observed for several pwave resonances in each nucleus studied from the mass region of A ~ 100 and A a
230. Applying the statistical model and the likelihood technique, the root-meansquared weak matrix elements, M, were extracted from experimental data. The
first results on the mass dependence of M are obtained.

Many-body systems such as compound nuclei with their dense spectra of excited
levels give rise to the phenomenon of dynamical enhancement of the weak interaction.
The experiment of Ref. [1] on the asymmetry of gamma-quanta decay of cadmium
demonstrated the parity violating (PV) effect at the level of 10~4. Neutron cross section
longitudinal asymmetries on the 10~3- 10~3 scale were observed in the Dubna work [2]
for single resonances in several nuclei. Following this work and using the LANSCE
spallation neutron source, the TRIPLE collaboration measured the PV asymmetries
of cross sections for many p-wave resonances in 338U [3, 4] and 233Th [5] and applied
the statistical model to extract the root-mean-squared (rms) parity violating matrix
element M.
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Being independent of details of the wave functions of individual resonances, the rms
value of M bears a direct relation to the effective parity violating nucleon-nucleon interaction. The theory of Refs. [6, 7], describing the weak NN interactions on the quark
level, introduces the meson-exchange picture and predicts the values of weak meson
coupling constants. They are under active study in few body systems and in pp- and
pa- scattering experiments as reviewed, e.g., in Ref. [8]. An approach to the extraction
of the weak coupling constants from PV effects in the compound nucleus was suggested
in Ref. [9]. Subsequently, the first such attempt to use these data to obtain constraints
on the values of F* and Fp couplings was made in Ref. [10]. To check the consistency
of this approach it is useful to have data on M from different atomic mass regions. The
mass dependence of the weak interaction matrix element has not yet been experimentally tested: only the work of Ref. [11] addressed this subject when analysing the early
class of experiments which had statistically inadequate data. Therefore, the TRIPLE
collaboration initiated measurements of the PV asymmetries for A ~ 100 nuclei - near
the 3p-maximum of the neutron strength function. Some preliminary results are reported here.
The PV-asymmetry P,- for the *-th p-wave resonance is the fractional difference
between the neutron cross sections for the two helicity states
P.

where af and cr~ are the Breit-Wigner shaped resonance parts of the total cross sections
for neutrons with positive and negative helicities, respectively,
_= *

2

9J?nT
2

2

__

Jfe CE£) + (I72) '

9J

27 + 1
2(27+1)"

Here 7 is the angular momentum of the target and 7 is the spin of the compound
nuclear resonance. The leading term of the asymmetry for a given p-wave resonance
can be written [12] as

Here Vij is the matrix element of the weak interaction between a given p-wave resonance
at energy J5, with spin 7 and an s-wave resonance (also with spin 7) at energy Ej. In
principle, the sum in Eq.(3) extends over all s-wave compound states with the same
spin 7. The quantities gi and g, are the neutron width amplitudes of the corresponding
states (g2 = F n ), and x, characterizes the relative contribution of the partial amplitude
gpi of a p-wave resonance in the total angular momentum representation / = / + t =
1/2, 3/2. The factor A\j depends on resonance energies and neutron width amplitudes.
For even-even target nuclei (spin 1 = 0, spin J = j such as 232 Th and 238U), x =
1 for the spin J = 1/2 resonances and x = 0 for J = 3/2. For the 7 ^ 0 case, z
is an unknown parameter whose average value for many resonances may be estimated
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from experimental information on the neutron strength functions Sj=i/2 and Sj=3pAccording to the statistical model of compound states, the neutron amplitudes and the
weak matrix elements Vjj are mean-zero Gaussian variables. This implies, as argued in
Refs. [3, 14], that the measured asymmetries are also mean-zero variables with variance
Var(Pi) = A]E{Vl) = A]M\

(4)

where A] = £ j Afj is a known parameter for each p-wave resonance. Then a likelihood
analysis, performed on Pi according to Ref. [3] for / = 0 nuclei, and following Ref. [15]
for J ^ 0 nuclei, yields the root-mean-square value of M. An estimate of the expected
value M « 3 meV follows from the statistical model approach of Flambaum [16]
(5)
with Ve/f « 1.0 eV as Michel's [13] effective weak single particle potential in a nucleus
and with N « 10s as the number of quasi-particle components in the compound state
wave function. The favourable experimental values of |A;| are 0.5-50 eV"1 depending
on the distances between neighbouring p-wave and s-wave resonances and their relative
strengths. Therefore one might expect, according to Eq.(4), the values of experimental
asymmetries Pi w yJVar(Pi) as large as 0.15-15 %.
The experiments were performed with the use of a longitudinally polarized pulsed
neutron beam available at the Los Alamos Neutron Scattering Center [17]. The unpolarized neutron intensity is approximately given (at 70(iA average proton beam) by
dN/dE = 1.5 x lO12E~if$l(eV • sec)'1, where SI is the solid angle in sr viewed by a
detector, / is the fraction of the 13-cm by 13-cm moderator limited by the collimator
system. The TRIPLE collaborators have developed an apparatus [18] to measure the
longitudinal asymmetries in neutron resonances by a time-of-flight method. This apparatus includes a polarized proton target, spin flipper and detectors. All components
were upgraded recently as described in Ref. [19, 20]. Two different detector systems
have been developed. The first is an array of 55 10B-loaded liquid scintillator neutron
detectors which is described in Ref. [21]. The combined instantaneous count rate of
all neutron detectors would be as high as 5xlO8 Hz, therefore the aquisition system
is operated in a digital-current mode. The 55 separate digital signals are sent to a
summer. The analog sum is reconverted to digital signals by a transient digitizer which
samples the combined analog signals and encodes them into a 12-bit word. The resulting sequences of digitized signals are added into a 8192-channel memory read out
by computer after every 200 beam pulses (~ 10 seconds). The second detector is a
multi-segmented Csl(pure) capture detector described in Ref. [22] which is intended for
capture measurements on small targets of enriched isotopes. Making use of the high
multiplicity of capture events, one can reduce the neutron background. The signals
from the separate sections of the capture detector are introduced into a coincidence
logic unit. The data acquisition system in this case utilizes a Canberra multiscaler and
8192-channel memory.
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A typical time-of-flight transmission spectrum of a natural Ag target is shown in
the bottom of Fig.l. The resonances appear as dips in the count rate of the neutron
detector. The p-wave resonance at Ep = 32.6 eV is weak relatively to a strong s-wave
resonance at E, = 30.4 eV for which the count rate drops to the level of the background.
A statistically significant PNC effect observed in the Ep = 32.6 eV resonance is evident
in the ratio of counts N + /N~( upper part of the Fig. 1). The fluctuations at the bottom
of the s-wave resonance are due to a lack of neutron counts. A time of flight spectrum
from the capture detector with the 113Cd sample is shown in Fig. 2. The count rate (N +
+ N~) scale here is logarithmic, with the channel width equal to 200 ns. The strong
s-wave resonances saturate the measuring system due to the high instantaneous count
rate. The relatively weak p-wave resonances with the PV effects presented no problem.
The latest PV measurements were performed on targets of Nb, Ag, 113Cd, In, and I .
Improved data on targets of Th and 238U were obtained as well. The preliminary results
on PV asymmetries for In, Ag and 113Cd are presented in Fig.3. The data are plotted
as the asymmetry multiplied by y/E in order to include effects of the orbital momentum
barrier penetrability. The crosses do not represent an error bar, instead they are the
statistically significant (with the effect no less than 3a) non-zero asymmetries. For In
and Ag, where the spins of the p-wave resonances are not known, the data are presented
for all p-wave resonances. For 113Cd , where the spins were measured [23], the data are
presented only for those resonances which can show parity violation. The resonances
which show the PV effect in In belong, according to the spectroscopic measurements
of Ref. [24], to the isotope m I n . The isotopic assignment of the p-wave resonances in
Ag is not known yet. The improved measurements on 338U showed five resonances that
exibit PV asymmetries of greater than 3 sigma significance: three have positive values
and two have negative values. The new measurements on Th yield eight statistically
significant effects, all eight positive, confirming the anomalous sign effect found in Ref.

[5].
The likelihood analysis method of Ref. [15] was applied to these data. The Dubna
results of Ref. [25] on the neutron strength functions for j = 1/2 and j = 3/2 channels
were used for / ^ 0 nuclei. The preliminary values of the rms matrix element M for
113
Cd and m I n are

M(U3Cd) = 2.0 ±i:f meV; M(n*In) = 0.59 ±£g meV.
The preliminary new values for M3 Th and ^ U are

M(™Th) = 1.23 ! £ g meV; M{™U) = 0.55 %$

mtV.

The latter values are to be compared with early results of Refs. [5], [4]:
= 1.21™ meV; M(**U) = 0.56t°;£

mtV.

Results on the mass dependence of M are presented in Fig. 4. Shown is the square
root of the parity nonconserving (PNC) weak spreading width TPNC, which is defined
2
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Figure 2: The Cd neutron resonances measured with
a capture detector.

Figure 3: The PNC asymmetry preliminary results
for In, Ag and 113Cd.
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Figure 4: Preliminary results on the mass dependence of the PV spreading width.
where D « 10 eV is the average level spacing in the compound nuclei studied. In
the statistical model, M follows the relation of Eq.(5) and D is proportional to 1/N.
Therefore, one expects that TPNC is roughly independent of the atomic mass. A different
mass dependence of the form y/AEbD was proposed in the work of Ref. [26] based
on consideration of the width of a giant 0~ resonance virtually excited by the weak
interaction. The statistical uncertainty in the M values obtained is not small enough to
distinguish between different theoretical predictions for the mass dependence of M. We
plan to measure PNC asymmetries for other nuclei in the A ~ 100 mass region in order
to improve the precision of M.
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COMPARISON OF EXPERIMENTAL
OPTIONS FOR T-INVARIANCE TESTS
IN RESONANCE REACTIONS
V.E.Bunakov
Petersburg Nuclear Physics Institute, 188350, Gatchina, Russia

Abstract
The theoretical analysis is carried out of possible P-conserving T-invariance
tests in isolated resonance reactions with special emphasis on various general enhancement and hindrance factors characterizing each particular type
of experiment. It is stressed that transmission of polarized neutron beam
through the oriented target (five-fold correlation - FC) always contains the
entrance channel hindrance factor » (kR)2 which cancels the resonance
enhancement factor D/T. Contrary to that, the T-violation detailed balance tests (TVDB) on close-lying resonances retain the resonance enhancement together with possible additional structural enhancement factors. The
TVDB experiments also do not require polarized beams and alligned targets
and their sensitivity is practically limited only by the experimental energy
resolution in the channels. Therefore the fine-resolution TVDB experiments
are in principle more promising than any FC tests. Detailed analysis of FC
experiments carried presently on 168Ho oriented target shows that this particular case is unfortunately one of the less promising from the point of
view of theoretically possible enhancements.
Introduction
Nowadays the problem of T-violation in nuclear physics bears much
more fundamentality than P-volation one. Therefore I would like to reconsider 2 possible Ways of measuring the P-conserving T-violation - the
so called five-fold correlation (FC) measured in transmissiom of polarized
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neutron beam through the oriented target and the T-violating detailed
balance tests (TVDB). Both of them, if measured in the region of isolated but close-lying compound resonances, present a possibility to enhance
the experimental sensitivity to T-violation by several orders of magnitude.
The general source of this enhancement is the complexity of compoundresonance structure (nuclear chaoticity). However the overall enhancement
comes from several particular enhancement factors (see e.g. [1,2]). First of
them is the widely-known dynamical enhancement v/D « \/JV, where v is
the variance of symmetry-breaking (SB) interaction matrix element, D is
the spacing between resonances "mixed" by this interaction and JV ~ 106 is
the number of basic components of the resonance wave-function. The other
is a factor of resonance enhancement D/T ~ 1/r, where F and r are the
resonance width and lifetime. It means that all the SB effects are proportional to the time r spent by the incoming particle in the region of SB field
(i.e. inside the compound-system). This very general effect is well-known
to professionals in nuclear reaction theory but, unfortunately, is not understood or is waved away by the majority of people who perform and plan the
fundamental SB experiments in nuclear physics. The resonance enhancement factor enters into the different experimentally measured quantities in
diffferent ways, leading to different enhancements. Even less people know
that all the SB quantitities obtained in transmission-type measurements as
well as in elastic-channel ones with slow neutrons contain the extra channel
hindrance factor (kR)n ~ 10~3n which originates from the extra centrifugal
barrier penetration factor in the neutron emission or absorption amplitudes.
The power n of this factor equals the number of times the neutron momentum vector k enters the SB correlation in question. On the other hand,
the dimensionless SB quantities measured in inelastic channels might contain extra "structural" enhancement factors arizing from the difference of
outgoing channel amplitudes in case of symmetry-breaking and without it.
Only the combination and competition of all these factors allows to
define the overall enhancement available in each type of SB experiments.
One should not also forget that the energy (and angular) dependence of
all the amplitudes in the resonance region might lead to a rather complicated dependence of the overall enhancement. With all this in mind, let
us estimate which overall enhancements we can expect for FC and TVDB
measurements.
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1. P-conserving T-violating transmission (five-fold correlation)
In this experiment we measure the T-odd correlation (Tn(kn x I)(kn • I)
in neutron transmission through the oriented target. The presence of Tviolating interaction would cause the difference in aioi for two different
choices of neutron polarization
A T = <r^-(7^

(1)

Since the experimentalists would always prefer to measure relative quantities rather than absolute ones, the experimentally observed T-violation
effect will be:
3=

~

(2)

The general expression for (1) was first derived in ref.(3]. In case of p-p
resonance mixing (we omit the geometrical factors):
47r

(7r(-)72 W (+)-7?(-)7r ( +))fc7[(£ - Erf + T]/A][(E - Erf
(3)

while s-d resonance mixing terms are:

(4)
Here Ei, Ft- are the energies and total widths of the mixing compound
resonances. The T-violating matrix elements between the compound states
$1 and $ 2 (VT)U =< $ I | V T | $ 2 >= ~(VT)21 are purely imaginary (V7O12 =
ivr- The indices (+) and (—) stand for the channel spins. The orderof-magnitude estimates for the brackets with 7-amplitudes in (3), (4) are
(fp)2 and 7S7J, respectively. Thus we see that both quantities contain
small hindrance factors of roughly (kR)2 arising from the twice repeated
|fc| value in FC. Otherwise both (3) and (4) show dynamical VT/D and
resonance (D/T)2 enhancements. However the optimal conditions for maximal observable B(E) of eq. (2) (see detailed analysis of [3]) are reached
in strong isolated p-resonance (when op{Ev) « <Ttot{Ep)). In this case the
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overall (kR)2 smallness is compensated by resonance enhancement (D/Y)2
to give:

In the vicinity of s-resonance one gets from (4):

The additional small (kR)* factor makes those observations impractical.
The main trouble with observations of (4) in d-resonance lies in the fact
that exceedingly small F|J values make those resonances unobservable in
atot. If only we knew Ed in advance, then:

Observe that for very small Dt<t (7) decreases drastically and transforms into
(6) for Dtd « F. If the d-resonance lies sufficiently far away from s-resonance
(say, Dt4 ~ IOCV) then the resonance enhancement factor (Dtj/T)2 in (7)
might almost compensate the smallness of (kR)2 ~ 10~5-7-10~6. Since, however, the Ed are not known in advance, the d-resonance enhancement seems
to be of purely academic interest, as it was pointed in my ref. [3]. This
point was misunderstood by authors of ref. [4] who 're-discovered' the s-d
mixing two years later (see also [5]). Unfortunately the only known target
of 16sHo suitable for FC measurements does not show any strong p-wave
resonances [5]. Therefore the above possibilities of resonance enhancement
(5) in FC were not used by the experimentalists up to now.
2. Detailed balance tests (TVDB)
The simplest quantity, which describes the T-violation in detailed balance (TVDB) is (see [6]):

Since, as usual, the &DB value is a ratio of experimentally measured
quantities we included the kinematic factors k\(2sa + \)(2&A + 1) into the
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value aab(E, t?) = k2a{2sa + l){2sA + l)d(Tab/dQ(E,

t?). To simplify our anal-

ysis we shall also restrict ourselves with only E dependence of the cross
section, omitting the •d dependence for the time being. Thus (8) would
read:
&DB(E) = 2

<Tab{E) +,

Any statistically meaningful deviation of this quantity from 0 would
mean T-violation. However the experimental accuracy for absolute crosssection measurements is much less than for relative ones. Therefore it is
preferable to do measurements at any rate in 2 different energy points Ei
and En and construct a quantity:
&DB(EI, En) =

. - 1

(10)

Here one of the points, say Ei, is chosen for the normalization of the ratio.
This allows to cancel out most of systematic errors. This can be seen, since
to first prder in A(E) we have:
En) ~ ADB(EI) - &DB{EU)

(11)

Therefore in most cases we shall proceed working with the simplest form

(9).
Then for the case of two weakly overlapping resonances (F < \E\ — E^\ =
D) we get (see [6]):

[(E -

) | |

)

(

|

] (

|

M

•
(12)
The analysis of this expression shows that it reaches its maximal value
in the interference minimum of the cross-sections |5^| 3 , i.e. when

In case of Tx « T2 = T this yields for (12):
-.- t >
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Supposing for simplicity FiaFii, « r 2 a r 2 6 (i.e. equally strong resonances)
we obtain:
(15)
7io|

where / = 2[|726/7it.| - |72a/7io|], and the position of the interference dip
of aab is given by:
Eo « r ( £ i + E2)
Thus we observe how the already familiar factors of dynamical and resonance enhancement give in (15) the overall enhancement factor
v D _ v_
We also see that (15) can be sometimes enhanced even more by the "real"
structural enhancement factor / . To be realistic however, one should take
into account the finite experimental energy resolution AE, which usually
exceeds F and smears the whole interference picture, bringing the observed
effect down to (vr/AE)f. Making now a conservative assumption / » 1 ,
we get the overall enhancement factor in ADB(EO) to be

51

(16)

Remember that v here stands for the variance of strong-interaction matrix element which is of the order of 1 MeV. Therefore the net enhancement
of TVDB might be about 103.
This was essentially the result of our analysis with Weidenmuller [6].
However, recently the TUNL-Duke group [7], which is the world authority
in fine-resolution experiments, generalized our approach to include the i9
dependence of eq. (8) in it. After performing a tedious analysis of their
own experimental data on (p,p) and (p, a) reactions, they concluded that
there are real experimental situations when the enhancement in TVDB
reaches 104 -f- 105. In view of specific difficulties which mar the TC and
FC experiments, this seems to be the most realistic experimental way of
T-invariance measurements in the nearest future.
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3. Summary.
Thus among the purely T-violating effects, TVDB has obvious advantages compared to transmission FC. Its enhancements for already known
experimental cases reach 104 4- 10s, while the only available target for FC
(16SHo) shows no strong p-resonances and therefore lacks even the enhancement of (5). Another important experimental advantage of TVDB is that
in those measurements we need neither the polarized beams nor oriented
(or polarized) targets.
Coming back to the only target where FC measurements were done [5],
it seems that 16SHo concentrated all the possible bad luck from the experimental point (no traces of observable p-resonances) and a lot of theoretical
misundrestanding. Lack of p-resonances has led D.Davis (see e.g. our
joint ref. [8]) to a strange statement that in this situation one can estimate
the effect /3 theoretically by "unbiased" energy-averaging the numerators
and denominators in it over the available neutron energy range (i.e. up
to 100 ev). The idea was to compare this quantity with experinentally
energy-averaged quantity < /? > in order to extract the upper bounds on
T-violating interaction. However in case of isolated resonances the numerators and denominators of 0 are strongly correlated and experimental < /? >
might bear no resemblance to the "theoretical" ratio of < A T > / < <Jtot >•
To finish the matter of energy averaging, I mention the recent publication [9] on FC experiments with 2 MeV polarized neutrons in i6SHo, where
the theoretical analysis is done in the spirit of a very simple model of Tviolation in direct reactions considered almost 30 years ago by Moldauer
[10]. Actually Moldauer had shown in [10, 11] that the contribution to
T-violating amplitudes from compound resonance mechanisms is about 3
orders of magnitude larger than from direct interaction ones - the fact,
which is quite obvious in terms of resonance enhancement physics (time
spent by the particles inside the T-violating nuclear field is much larger for
compound processes than for direct ones). Therefore I can not understand
why (apart from its extreme simplicity) the authors of [9] applied the direct
reaction analysis to their data and never tried to estimate the resonance
mechanism contribution.
This is especially strange, since this experimental energy range of overlaping resonances might be the most appropriate place to apply the "big
guns" of the above "unbiased" energy averaging, which involve complicated
numerical integration worked out [12, 13] by one of the authors of ref. [9].
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When a neutron beam with polarisation vactoc perpendicular to its linear momentum yf
propagate! through a material target the weak interaction can give a rotation PPWO of the
polarisation vector in the plane perpendicular to jf.
The neutron index of refraction n for alow neutron* can be written at:

where N - is the atomic number density of the medinm t /(0) - is the coherent forward scattering amplitude for neutrons. Taking into account the weak interaction in the description
of the scattering process one can write: / ( 0 ) = />a(0) + /pjrcr(O), where /j>jro(0) is a small
parity noo-oonserving component. For an unpolarisad medium: /pjra(O) = Cffjf, where /
- is the spin of neutron, O* - is a complex constaat.The absolute value of G* is expected to
be of the order of weak' coupling constant. From this follows that a neutron with two helidty
states will accumulate different phase changes after pa—age through a target of length /.The
result is an angle of PNC spin rotation:
VPHO =

-4*tNReCt.

The first observation of polarised neutron spin rotation VPKQ wasmadeonaooldnentron
beam at ILL (Grenoble)[l]
Onr experiment was aimed at distinguishing between two theoretical apptoarhes in the interpretation of parity violation in nudeon-nudeus interaction: the compound-nuclear mechanism [2] and the valence mwrhanism [3] of mixing of opposite parity states.
In the first model the mixing takes place for the oomponnd-nudear state and the energy
of excitation is distributed between a large number of particles. In sndb a way muHipartide
components <i the wave function aw mixed and the enhancement mechanism is connected
with high level density of the compound nndeua.
According to the second modal the parity non-conserving enacts are due to the mixing
of single-parttde (valence) components of the wave function in the entrance channel of the
reaction.The inam advaiitage of tlik m c ^
the value of PNC effect. The valence mechanism contribution to P-odd effects is d
nw\m This mmH
p )in pn«f)J«
fl g
effect for natural Pb.measnred at ILL in 1982 by Hecfael et al [4]:
(2.24 ± 0.33) x 10"* rod/cm.
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According to the valence model this effect if assumed to be caused by the interference of
the nearest to th« thermal energy 3.06 keV p-wave resonance in 30r Pb with the s-wave
potential scattering (so-caUed resonance-potential mixing [3]) The authors of the valence
model predicted a large P-odd assymetry of T'*y* emitting in xrPb(fl, iy*Pb reaction with
polarised neutrons. The existence of such effects contradicts the compound-nuclear model
because isotopes of lead have small level densities and have no known low-energy p- and
^-resonances which could be responsible for PNC effects. Unfortunately the measurements
of the T**y assymetry [5] have not reached the necessary accuracy.
For these reasons it is important to investigate the transverse polarised neutron spin
rotation in a isotopically enriched (to 97%) sample of aor F6 and in natural Pb once more.
The apparatus was a modification of the neutron palarimeter at ILL.[6] Figure 1 shows
the scheme of the apparatus.
The neutron beam propagates along the a-axis.The polariier and analyser were identical
supennirror neutron polarisers.In both cases the magnetic field is along the x-axis.After the
polariser neutrons enter an input coil, whose increasing vertical magnetic field adds to the
decaying leakage field of the polariser.The result was a 10 G vertical guide field that preserved
the neutron polarisation.The exit of the input coil acts as a current sheet and the neutrons
enter the low field target region nonadiabatkally with spins along «-axis. After undergoing a
spin rotation in the sample neutrons enter the spin analyser system.lt consists of an output
coil identical to the input coil but rotated by 90* relative to it.So its magnetic field points
along y-axis.This field is then adiabaticaUy rotated back toward the z-axis by thin iron shim
plates placed after the output coil.If the neutron spin undergoes a rotation by an angle <p
about the z-axis in the target the analyser picks up the projection along the y-axis which
is proportional to simp. The y-fidd of the output coil was flipped periodically so that the
count rate at the detector placed after the analyser was proportional to the polarisation
vector projection parallel and antiparallel to the y-axis. The result of this arrangement is a
crossed polariser configuration.
If N+ and JV_ are the count rates for the two opposite current senses in the output coil
the spin rotation angle can be found from the formula:

where Pi and P% are the polarisation erBdences of the polariser and analyser.Note also that
gimp a <p, because <p is small.It is clear that measuring the count rates JV+(ir/2) and
JV_(x/2) one can determine P\Pi as:

This measurement was carried out by using the special current coil (called trim-coil) placed
after input coil. It rotates the neutron spins on T / 2 rad.
The low magnetic field in the sample region formed within a double-layer n -metal shield
was B < \mO. There are two sample positions separated by a solenoid (* -coil) , whose
magnetic field is directed along the s-axis.The y-axis projection of the neutron spin processes
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exactly through 180* over the time of flight through the x coil. The sample was alternately
moved between positiojM in front of and behind the n -coil.
Let us see bow the PNC signal can be extracted from the measured spin rotation <pp and
<PB with a sample placed in the forward and backward position .
If the target is in front position , before reaching the x -coil the neutron spins rotation
angle can be written as:

VF = VA + vur +
where <PA is the misalignment angle of the apparatus, <pyp the same due to a residual
magnetic field in the region between the input coil and the x -coil and VPMC is the angle of
PNC rotation in the target. When the neutrons leave the x - coil :
VP - -<PA - fur

- VPMC + Vw,

where <pw is the angle ot the magnetic field misalignment of the x -coil. Between the x -coil
and the output coil the neutron spins undergo a rotation <PUB which is due .to a residual
magnetic field in this region. Finally we obtain:

<pp = —*PA - <Pur - VPKO

+ <P* + tpttB

- V -

H>PKC-

Assuming that the target does not affect the neutron trajectories and its position does not
change the magnetic field inside the apparatus we can write:
~VA - <PUF + ¥>* + VPHC + H>MB =

One can see that for this ideal condition:

if the x -coil is switched oa , and <PB — <PP$ the * - cotf is switched off.
This experiment was made on the cold neutron beam of HMI reactor (Berlin). To inv
tigate of systematic effects we have made some measurements with xrPb on a low intensity
monochromatic beam.We found that the obtained results are very sensitive to the »Kgi»tn—t
of the apparatus and the colUmation of the beam.Later for minimisation of the systematic
effects due to scattering and for increasing counting rates we have used the end position of
the NL3B beam. For cutting off the short wave part of the neutron spectrum (5.8 A ) we
used a Bi+Pb filter with the length near 20 cnxThe mean neutron wave length of such a
beam was 6.8 A with FWHM~2.6 A which is greater than the Bragg threshold nentron
wavelength in lead.
We have made the measurement on xrPb , on natural Pb sample and on natural Br
sample as a control experiment.
The distribution of <PPKC values for separate T b runs is shown on figure 2. The mean
value for the ™Pb runs was:
VPHO X P1P2 as (0.10 ± 0.00 ± 1.3T) X 10"*
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Fig. 1 The scheme of the apparatus.*
1 - Polarizer, 2 - Filter, 3 - Input Coil, 4 - Sample Position 1,5- x-Coil,
6 - Sample Position 2,7 - Output Coil, 8 - fi-metal Shields, 9 - Field
Extending Shims, 10 - Analyzer, 11- Detector.

The first error is statistical and the second one is svstematical.The control experiment with
w-coil switched off for these runs gave:
ip0 = ( - 1 6 2 ± 1.27 ± 1.49) x 10~B rod,
which gives evidence that there were no large systematic effects. Pi Pa for our installation
was equal to 0.91 and the length of the sample was £=6 cm.So the result for the enriched to
87 % of mPb sample is:

'

I x P,P2

= (0.18 ±2.51) X 10"* rad/cm

or A^aoT < 4.3 x 10~* rad/cm

with 90% C.L.

The distribution of <PPNC values for separate natural Pb runs is shown on figure 3.The
mean value for natural Pb runs was:
<PPNC x

PiP a = (2.76 ± 0.62 ± 0.58) X 10~* rod.

The control experiment with x-coil switched off gave:
ipo = (-0.97 ± 0.89 ± 0.92) X 10"6 rod.
The length of natural Pb sample was £=8.6 cm.So the result for natural Pb is:
A?)*., = (3.3 ± 0.78) x 10~* rad/cm
in accordance with previous Heckel et al result [4].
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In the measurement with natural Bt sample we received:
<pp»o « (-T.T ± 3.7) x NT*

rod,

which is in accordance with Saha results [6].
After our experiments it is dear that the effect in natural Pb is not censed by
isotope (abundance ~ 33%. Due to protQ.Lobor calculations [7] th» effect can be explained
by **/*& iaotope contribntion using oompound-nnclear model.Arthough this isotope has a
•matt abundance (1.43 % in natural Pb) one needs to rappont for that the existence of
yet not known negative p-neonance in thb isotope at the energy E, s - 1 6 eV and with
« 0.003eK, which mixes with known s-ieeonance at E. »-3.98 heV and with J? fis 72eK
This work wee supported by RFFL
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EVALUATION OF THE MEAN INTENSITY OF THE P-ODD MIXING
OF NUCLEAR COMPOUND STATES
V.A.Rodin and M.II.Urin
Moscow Engineering Physics Institute
Moscow 115J(09, Russia
l.The f'-odd mixing of nuclear compound states (OS) in caused mainly by the parityviolating part of the nuclear mean field Vv. The mean intensity of this mixing is characterised cither by compound-lo-compound root-mean-squared matrix elements Mw of
the mentioned field or by the quantity Y^ — Af^/dle (d~l IB the density of initial CS),
which is the static limit of the relevant strength function. The experimental values of the
weak matrix elements M"T arc deduced from the data on the scattering of the low-energy
polarized neutrons from nuclei. These matrix elementH are found only for the 2iiTk and
339
U compound nuclei [1]. Found for many other nuclei weak matrix elements are usually
assigned to the mixing of the certain pi/i and si(2 CS (sec, e.g., rcf.[2]).-Somc experimental
data on the intensities of radiative low-energy transitions between GS axe also available.
These intensities are characterised by the radiative strength functions »,(w) = Tj{u)/dc
(u in the transition energy, T7(I*J) is the mean partial radiative width). Found for many
nuclei the mean total radiative width Yif1 of neutron resonances [3] is the integral characteristics of the above-mentioned transitions. Both the weak [ut = 0) and low-energy
(w < 2 — 3MeV) radiative compound-to-coinpound (c — c') transitions have common features: (i) these transitions are induced by the single-particle fields Vm and Vai^ri", (ii) the
transition energy is small as compared with the energy of the relevant giant resonance.
For these reasons, an unified description of the weak and radiative c — d transitions seems
to be profitable.
Since the first qualitative estimations of mean intensities of c — d transitions [4],
two alternative mechanisms (valence and many-particle ones) axe widely discussed [5][10]. According to the valence mechanism the c — c' transitions are due to single-particle
components of the CS wave functions, whereas according to the second mechanism they
are due to many-particle components. Most of the authors (but not all [7]) agree in that
the many-particle (or temperature) mechanism is dominant. The valence mechanism can
provide a special interest [1, 9]. Note in this connection that nearly model-independent
method of convertion from the product of the .ii/3 and pj/ 3 neutron strength functions to
the valence contribution to the M"^ value is given in rcfa.[8, 9]. The other considerations
of this contribution [7, JO] BCCIII to be only estimative.
By the definition, the strength function Sy(ut Vc>) for the c — d transitions induced by
an external field V (Uc> = U — u>, U is the mean energy of initial CS) is proportional to the
imaginary part of the relevant mean polarisibility of the nucleus, which is in the final {d)
state. For instance, the radiative strength function *-,(w, Uc>) is proportional to the mean
total cross section of photoabsorption by the nucleus, which is in the d state. Bearing in
mind the averaging over final CS we can consider the strength function Sy(ut U') = My/dc
as that calculated fox the nucleus heated to the temperature corresponding to the mean
energy V = U — u> of final CS.
The idea to evaluate 5v(w, U') by this way seems to be adequate to the considered
problem. But the method of practical realisation of this idea was another matter. The
method for description of the particle-bole excitations corresponding to giant resonances in
heated nuclei has long been used and consists in the temperature modification of nudeon
occupation numbers in the UFA equations (see, e.g., ref.[ll]). But there axe no wellgrounded method for the description of giant-resonance (or single-quasipartide) spreading
due to the coupling of mentioned particle-hole Hlatcs to many-quasi par tide configurations
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in healed nuclei. The low-energy c — c' transitions induced by a single-particle field take
place only due to this coupling. In other words, in heated nuclei the low-energy (up to
u> = 0) "tails" of giant resonances in the energy dependence of strength functions arise
due to the above-mentioned coupling. This statement has been widely used in attempts
to evaluate within the framework of the statistical [5, 8] or "doorway" [6] mechanisms the
c — c' transition intensities. The approach proposed in rcfs.[8] (called by the authors as
seinicmpirical one) is the most "microscopical" (and, therefore, the most advanced) one.
The Mw evaluation based on the consideration of the so-called "principal* components of
the CS wave functions [10] seems to be only estimative.
In present work the extended version of the semiempirical approach is given. The
extcntion is concerned with taking into account the complementary term in the expression
for the strength function Sv(u,U'). This term ensures the u —* —u invariance of this
strength function and vanishes for cold nuclei. The Ml strength function is included in
the consideration of the radiative (c — c')-transitions as well. The approach is applied
to the calculation of Mw invoking an analysis of widths 1'*°'. The calculation results are
compared with known experimental data for nuclei with A > 50.
2.Semiempirical approach to calculation of the low-energy part of the strength function
Sv{u>> U') corresponding to a single-particle external field V is formulated in two steps.
The first one is formulated for cold nuclei (W = 0) in terms of shell and optical models.
The method for calculating Sv{u, 0) is an extention of the method given in ref.[12] to
the case of the exact consideration of the single-particle spectrum with the use of the
coordinate representation for the energy -averaged single-particle Green functions. This
extention has been performed in ref.[13] and can be realised only for the low-energy limit
when w is less than the energy D of the relevant giant resonance. Following ref.[13] we
have:
SK(W,0)

= --Imj

V+{x}u>)A{xtx'tu>)V(x'tu)dxdx'.

(1)

Here x is the set of nucleon coordinates including spin and isospin variables, V{x) is
the static effective field that differs from the external field V(x) due to the polarisation
effect caused by the particle-hole interaction F(z, x'); A(x, z'; u) is the mean particle-hole
propagator, which is the main quantity in the considered problem. The expression for
this quantity can be presented in the form:
ReA(x, x'-t u>) c~ Aw(x,

x'-t w) =

ImA(x, x'\ w) = Im(SA(x, x'\ w) + SA(x, x'\ -w)),
aImJ2

x

^(*)^(*')(mfl (r) ( as .«'; eA+w) - (1 - nx)gw(xt x'\ ex -u>)). (3)

Here ex and <f>x are the single-particle energies and bound-state wave functions, respectively; n\ are occupation numbers-, g w ( s , z'; e) is the Green function of the single-particle
Schrodinger equation with the shell-model potential U(x); ( / ^ ( x , x'; e) is the Green
function of the single-particle Schrodinger equation with the optical-model potential
U(x) - *H^-*>(e)/(r), where the intensity of the imaginary part of the optical potential for particles (p) and holes (/») is defined as follows (/(r) is the formfactor of this
part):
rfrt = W(\ c - v |)(1 - 0(e - /,)); W™(c) = -W(\ c - M |)0(e - »)•
(4)
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Here /i in the the chemical potential determined by Urn equation £ nA — -W\ where JV is
the number of particles for the given subsystem; 0(y) = I, when y < 0,0(y) = 0, when
y > 0. Because | ImA | < | /ie/1 | (as it follows from cqB.(2),(3) when w , | l V | < D)t the
effective field V(x\w) in cq.(l) satisfies the equation [14]:

V(x,u) = V(x) + J F{x,Xi)Aio)(xl,x3-fut)V{xltu)dx1dx2.

(5)

Two comments to eqs.(3),(4) should be given: (i) ImSA(u —• 0) —• 0, when
H) -» 0 (for example W^»(e) = a(e - pi)3 [J4]); (ii) lm5A{-ui) = 0,when w > 0.
The applications of eqs.(l)-(5) arc few in number. As it seems the most interesting
one is the description of the valence contribution to the mean partial El radiative widths
of neutron resonances [15]. Thin contribution is essential for the nuclei, which are close
to the shape-resonance, and is described by the relevant term in expansion (3).
The basic point of the semiempirical approach (and the second step in its formulation)
consists in the assumption that one can come to the case of heated nuclei by the use an
appropriate modification of the occupation numbers and intensity W(\ e — /i |) in eqs.(l)(4):
0(e - / * ) — » *t(e - M) S (1 + exp[{e -

M)/*])" 1 ,

£ <M£> - /•) = *•

nx —• 0t{ex - /*),

(6)

A

W(\ e - a |) — . W(\ s -

M

|, t) = o((e - /,) 3 + (irt)a).

These equations arc similar to those that are used for the description of the singlequasiparticle damping in infinite Fermi-systems at the finite temperature [16]. The temperature t in eqs.(6) is naturally defined by the mean excitation energy of the final compound Btates: t = JU'(a^ where a is the parameter in the well-known semiempirical
formulae for the level density (see e.g. ref.[17]). One can suppose that possible errors in
the calculation of the (c — ^-transition strength functions Sy(w, V) by the given way
can be compensated, to a certain extent, by an appropriate choice of single adjustable
parameter a in the expression for W{\ e — pi |, t). For instance, if one finds this parameter
by the comparison of the calculated and experimental F!^' values for the given nucleus,
then one can calculate the I**, and Af£ values for the same nucleus without the use of
any free parameters. Such a procedure is realised below. Here we notice, that due to the
temperature smearing of the Fermi surface the quantity ImSA(-ui) in eq.(3) is comparable with ImSA(u>) up to u c* t. Taking into account this quantity, which is ommitted in
refs.[8], ensures the u> —* —u> in variance of strength functions SyThe following peculiarities of the semieinpirical approach presented above should be
also noticed. In the static limit (u —> 0) the strength function Sy(0,U) is finite, as it
follows from eqs.(l)-(6), and can be estimated as a(irtD~iMy')7y where My is the socalled single-particle matrix element. The last quantity in not well-defined one when the
low-energy transitions (u> <£ D) are considered. Nevertheless, it is considered in most
attempts to estimate the My value [5, 7, 10]. The use of the coordinate representation for
the particle-bole propagator (3) allows one to avoid the consideration of My because the
whole single-particle spectrum is exactly taken into account. Similar statements about
the uBe of My* are valid for the consideration of the valence mechanism contribution to
the My value (compare refB.[7, 10] and refs.[8, 9])
3.Let us turn to the calculation of the observable <]<iantitic8. The mean total radiative width of neutron resonances can be calculated by means of the expression (see,e.g.
rcf.[19]):
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3p-'(f/n) J"" »!»,«,(«, I/* - u/)/>o(tf« - uj)dut

(7)

where SJSI.MI arc the radiative strength functions mentioned above, Un = Bn — 2A, Bn
is the neutron binding energy, A is the adjustable parameter in the level-density formula
from [J7] (for even-even nuclei A is approximately equal to the pairing energy per nucleon),
Po{U) ~ (aU2)~ycxp(2VaU) is the density oflcvels with the aero angular momentum. The
external fields corresponding to I'JJ and M 1 transition)) can be chosen in the form:
V*t(x) = r<3>z , VMi(r.) = { M l + r<3>) -f- (//„ - l/2)(l - r<3>)}<7<3>/2,

(8)

where r(3) and er^ arc the isospin and spin Pauli matrixes respectively; z is the nuclcon
coordinate ; /i,( = — J.OJ,/^ = 2.79. Then the radiative strength functions SB\,U\
determined by the strength functions SH\,M\ corresponding to fields (8) as follows:
(9)
where kju = 137 • (tic)2, ku\ = 137 • (mc3)3t m »B the niiclcon mass. '
The weak nuclear mean field is usually chosen in the form [18]:

where pis the nuclcon momentum, g is the nuclear density, normalized to the total number
of nuclcons A. Calculations were performed using two Rets of the parameters of the weak
nucleon-uudeus interaction [18]: x n = -0-7>Xf' = 3 - 3 ( s e l (0) ***& Xn = Xr - 3.3 (Bet
(II)). Then the Af£ is determined by the strength function corresponding to field (10):
Ml = Sw(u = 0,U = Un)dc

(11)

Except the parameter a in cqs.(4), two types of input data are used for evaluating
My within the framework of the semicnipirical approach. The first one is the nuclear
mean field and the particle-hole interaction. In the following we use the Landau-Migdal
particle-hole interaction

,x a ) = \c{J + f'(nr7) + {g + 9\T,T2))(3,O7)}5(TX

- f3),

(12)

where the dunensionlera phcnomenological parameters f',g,gr arc involved into the calculation of the strength functions Sy according to the external fields (8),(9) (the strength
parameter C = 300 MeV • /m 3 ). The mentioned parameters arc chosen as follows:
/ ' = 1.77 • (1 + 2.55 • A-7l*)t g = g' = 1.4 . As for the nuclear mean field we use the
shell-model potential of the Saxon-Woods type from ref.[20]. The set of parameters in
the scmicinpirical formula for the level density is the second type of input data for the
calculations. These parameters are taken from rcf.[17].
For practical calculations of strength functions Sy it is necessary to separate the spinangular and isospin variables in basic eqs.(l)-(3),(5) in which the external fields (8),(10)
are used. This procedure is straightforward and leads to the rather cumbersome final
formulae. For brevity sake, we give here the relevant formulae only for the case of weak
c — c' transitions in the form which is rather different from that given in the second
reference [8]. In the case of 101 transitions the relevant formulae are just the same except
for taking into account term SA(x,x'f—u) in c<|.(3). According to cqs.(l)-(3),(5),(lO) we
gel the following expressions for I',1,, = S,u{u = 0, V = lfn)-
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..a

JO"

13

ft (13)
Here €x and XA ( r ) a r c i rcHpeclively, the energy and the radial wave functions for
the suiglc-neutron(proton) bound states A = extjxtlx = CA,(A); defined by the (real)
shell-model potenlial,(/(>)(r, r'; e) in the (3rcen function of the Schrodinger radial equation
with the optical-model potential whose imaginary part is defined for particles and holes
according to cqs.(4),(6); i(AX*') = (2JA + 0*j*i;l l ' l c operator ^[xy^y) is defined as follows:

where C(vx*) = (k(k + 1) — fv(Jv 4- l))/2. Because the direct solution of the integral
equation (5) for the external field (JO) is rather difficult, we describe the core-polarisation
effect approximately by the use of the squared "effective" charges ew in eq.(l3). TheBe
quantities arc naturally defined for the simplest external field V^j(x) = cf/r, which has
the same spin-angular symmetry as field (JO), as follows: ew = lga/(Y^n)ot where Tgn and
(r^)o arc the static limit of the strength functions (1) calculated for field Vm with and
without taking into account the core-polarization effects, respectively. The expressions
for thcne strength functions follow from eqs.(3),(5),(12):

" a=v,m

"

XX'

Here

V?Jr) = xn + ~ Y gaa / A«fl(r, r )V?Jr')dr\

(15)

AA'

where gffi)(r> r'\ ex) u> the Green function of the Schrodingcr radial equation with the shellmodel potential; in accordance with cq.(12) gnn = g1* - («/+y')/2;</n|* = g** (g-g')/2.
The (V\n)o quantity is defined by eq.(14) with V^(r) = \a- '^c e» value is independent
of parameter a and is defined by strength parameters gt g' and mean field parameters
(taken from ref.[20]). The calculated e* values have been found to be about 0.3.
AH mentioned above, the single adjustable parameter a determining the strength of
the optical-potential imaginary part according to eq.(6) can be found for each nucleus by
the comparison of the calculated and experimental value* of P™. The calculations have
been performed according to cqs.(7)-(9). The forinfaclor f(r) of W(r,e) has been taken
in the volume form (/(r) = g(r) 4*11*/3A). Tin: parameter needed for the calculation
of both the level density and temperature in eq.(7) are taken from rcf.[17]. The results of
a matching for several nuclei are given in the Table together with the calculated relative
contributions of Ml transitions to the 1^*' values (/ = Vlfl(Mi)/V%*. In some cases this
contribution has been found to be relatively large due to the existancc of the low-energy
single-particle Ml transition, which lias been taken into account in the Sui calculation by
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the method given in ref.[l2]. The accuracy of the P^0' calculation is not high mainly due
to the unccrtainticfl in the lnvcl-denuity formula (BCR c.g.rcf.[l7]) and is estimated within
the factor of 1.5-2 . Nevertheless, this accuracy sceum to be onoungli for the evaluation
of matrix elements M1V which are proportional to a*I2.
'
compound
nuclexis

*w

AM/"1

neV

TO

ne.V me.V

meV

meV
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0.16

0.07

17.0

6.9

23

39

46_ ia

300

0.18

0.14

5.4

13.7

3.3

4.4

3.0 ±0.5
2.6 ±0.1

140

0.07

0.18

5.9

1.6

0.58

1.14

130

0.10

0.14

7.8

2.1

0.61

1.23

96 ±20

0.05

0.27

4.2

1.0

0.58

1.1

1 6+°'s

*Cd

160 ±20

0.11

0.13

7.9

1.9

0.81

1.5

ne / n

2.6 ±0.4
0.4 ±0.1
0.84 ±0.23

77

0.05

0.27

3.6

0.72

0.30

0.67

80 ± 2 0

0.03

0.35

2.6

0.6

0.61

1.3

55 ± 6

0.04

0.35

1.7

3.4

2.8

3.4

24 ± 2

0.08

0.05

7.2

3.fi

0.87

1.4

23.2 ± 0.3

0.08

0.06

7.7

3.7

0.95

1.6

10

*Ag

iW

Ag

n

n

*Sn

li0

La

-«,

0.7 ±0.1
3.7
1.7±0.1
1.3 ±0.1

The a parameters found by the presented way have been further used for calculating F£
according to eqs.(13)-(15). The radial Green functions are calculated via the regular and
nonregular solutions of the relevant Schrddinger equation. The results of the F*, and Mw
calculations are also given in the Table. Notice, that the calculations have been performed
for the 233Th and 739U compound nuclei as for spherical ones. The mean energy distance
d between Sj/a compound resonances at the neutron binding energy for the considered
nuclei is taken from ref.[3]. Bearing in mind that in most cases the calculated root-meansquared matrix elements Afw are compared with the "individual" experimental matrix
elements, the agreement with the known M£* values seems to be satisfactory (see the
Table).
4. In the present work an extended version of the semiempirical approach is given
to evaluate the root-mean-squared matrix elements Mw for the weak mixing of «j/3 and
Pi/? neutron resonances. The unified description of the mean intensity of radiative c — <?
transitions and the compound-state P-odd mixing allows one to describe this mixing
without the use of free paramctcra. The satisfactory dcw:ription of all known experimental
data on Mw for medium and heavy mass nuclei has been obtained within the framework
of the given approach.
Authors are grateful to RA.KrupchitHky and L.B.Pikeiner for the discussions of experimental data.
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Abstract
The extraction of the weak interaction matrix element M (rms value) from
the parity violating (PV) asymmetries in neutron resonance cross sections is described. The likelihood method is adopted for the data analysis based on the
probability density functions of PV asymmetry in different situations with respect
to available spectroscopic information such, as spins, neutron widths, and p-wave
neutron partial decay amplitudes. Methods of averaging over unknown spectroscopic parameters are described. Probability density functions serve to construct
the likelihood function of M, and therefore to obtain an estimate of M and its
error.

The observation by the Dubna group [1] of large parity violating (PV) longitudinal
asymmetries in some p-wave resonances excited by polarized neutrons demonstrated
that weak interaction effects are enhanced by many orders of magnitude in complex
nuclei. Following these measurements, the TRIPLE collaboration used the pulsed epithermal neutron beam from the spallation source at the Los Alamos Neutron Scattering Center to measure many PV asymmetries in a single nuclide [2]-[6]. This group
developed a method to extract M, the root-mean-squared matrix element of the PV interaction between compound nuclear states, from the measured asymmetries for targets
with spin / = 0. In practice, the precision with which this rms matrix element can be
determined is governed by the status of the relevant nuclear spectroscopic information.
With all spectroscopic information available, the fractional error in M is determined by
the number of resonances with PV asymmetries and small statistical errors. However,
in most cases there is incomplete information available for some or all of the relevant
parameters, and the error in M is larger than the sampling error. In this talk we discuss the methods of analysis appropriate under various circumstances. We treat the
important case of / ^ 0 targets where an additional parameter, the spin mixing ratio
for the partial neutron amplitudes, must be taken into account. We consider in some
detail the corresponding generalized likelihood function; it was used in the analysis of
the latest TRIPLE data of Ref. [5, 6j.

57

Consider a set of experimental PV-asymmetries P; for p-wave resonances labeled by
indices i
at - a:
where of and o{ are the resonance parts of the total cross sections for positive and
negative helicity neutrons. An expression for P (see for example Ref. [7, 8]) has been
given as a perturbation series resulting from mixing of a given p-wave resonance with
several s-wave resonances labelled by j with spins J having the same value as the spin
for the given p-wave resonance:

where E{ and E, are the corresponding resonance energies, </, and g, are neutron width
amplitudes defined as square roots of the neutron widths, V^ is the matrix element of
the PV interaction between levels t and j , and the symbol A{j is introduced to simplify
the expression. The factor Ri, sometimes called the projectile-spin mixing ratio, is the
amplitude fraction of the channel with total neutron angular momentum j = / + s equal
to 1/2 in the entrance channel.
We first consider the case of known resonance spins for targets with spin I. For a
target nucleus with J* = 0 + , the s-wave resonances have J* = l / 2 + and the p-wave
resonances have /* = 1/2" or 3/2". The 3/2" p-wave levels cannot mix with the l/2 +
s-wave levels through a PV interaction and therefore show no parity violation. To
deduce M from data with known spins J = 1/2 one uses Eq. (2) with .R, = 1. The
equation involves several known resonance parameters, namely, Ei, Ejy gf = F n , and
g^ = F n j. With these data at hand, one constructs (as it is done in Refs.[2, 8]) a reduced
observable p<:

ft = £

(3)

where the quantity Ai is denned by

The quantity p,, as a sum of Gaussian random variables Vij with fixed coefficients, has a
Gaussian distribution with variance M 2 . This is equivalent to saying that the probability
density function (PDF) of an experimental asymmetry Pi is given by (unless confusion
results we suppress the index i) a Gaussian distribution with variance M2A2:
Pp(p|M) = G(P,M 2 A 2 ),

(5)

where G(x, £2) is a mean-zero Gaussian distribution of the variable x with variance £2If there is an experimental error <7, in the measurement of Pi, the convolution theorem

58

for Gaussian probability density functions can be used. The PDF for the asymmetry is
still Gaussian, but with variance M2A2 + a2:
Pp(p\M, a) = G(P, M2A2 + a2).

(6)

For the next case in our analysis - targets with spin / ^ 0 - the s-wave resonances
can have spin (/ ± 1/2)*, while the p-wave resonances can. have spin (/ ± 1/2)"' and
(/±3/2)~*. We still assume complete knowledge of spins and other parameters including
the amplitudes gx/i and g3/2. Only the g^p amplitude contributes to the parity violation.
One can introduce the double reduced observable p\:

and arrive at the conclusion that the distribution of the variable p{ is Gaussian with
variance M a , or that the experimental asymmetry P follows a Gaussian distribution
with variance M2A2R2:
P p (p / |M) = G(P,M 3 A 3 fl 3 ).
(8)
If the asymmetry P is measured with an experimental error a, then
Pp(pl\M, a) = G(P, M2A3R3 + a2).

(9)

The next situation to consider is that with all level spins known and projectile-spin
amplitudes unknown. The quantity R in Eq. (2) must be treated as a random variable,
and the quantity P is the product of a random variable R and the Gaussian variable
E> vH9j/iEi ~ Ej)9i- In order to obtain the PDF of P, one needs the PDF of R, which is
a function of the projectile-spin amplitudes. According to the extreme statistical model
of the compound nucleus, the projectile-spin amplitudes </i/3 and </3/2 are statistically
independent Gaussian random variables. The extreme statistical model does not always
hold - see the review of [9] on amplitude correlations. We first assume that the gys
are independent and obtain the PDF under this assumption. Then we consider the
influence of the projectile-spin amplitude correlations. Call X2 the variance of gXfi and
Y2 the variance of 5(3/2- The quantities X2 and Y2 are related to the pi/2 and p$/2
strength functions (5^_ly,2 and 5]_3^3) for levels of spin J by Sj=1j3 = X2/D(J) and
Sj-3/2 = Y2/D(J), where D( J) is the average level spacing for spin J. The PDF's for
the projectile-spin amplitudes are
P,(9iMX) = G(g1/2, X2) and P^g^Y)

= G(g3/2, Y*).

(10)

It is convenient to convert the expression for R to polar coordinates: <7i/3 = r sin 6 and
= r cos 9. Then
R =
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Integrating with respect to r yields

where a2 = Y2 fX2 is the ratio of the p3/2 and pj/j strength functions. The experimental
data on the strength functions 5] can be found in Ref.[10, 11].
The PDF of the product of the two independent random variables in Eq. (2) is
(14)
The shape of Pp(p\M,a,c) for large value of p remains approximately Gaussian. The
effect of the appearance of the p^/i amplitude in the neutron width is to produce a
peak near p = 0 at the expense of the probability at large values of p. Although
the shape of Pp(p\M, a, a) for large values of p is sharper than Gaussian whenever the
contribution of the p^/i amplitude is important, it is still similar (for large values of p) to
the distribution for 7 = 0. To analyse the influence of correlations between amplitudes
in different channels one needs to consider a bivariate Gaussian distribution for the $r's
with some linear correlation coefficient p. The result is

Pp(p|M, a, p, a) = i - I''

l{l~PT

*±

2d G ( F ' M * A * 8in2 9 +

2

2ir Jo a sm 9 — 2ap sin 6 cos 0 + cos2 0

(15)
which reduces to Eq. (14) for p = 0. The effect of the correlation is to distort the shape
of the PDF. Although the higher moments change, what is important for the analysis is
the effect of the correlation on the maximum likelihood estimate for M, not the effect
on the shape of the PDF. Our calculations indicate that M is insensitive even to large
correlations, i.e., to the shape of the distribution for small values of p. In any event
large correlations are expected only for special cases such as fragmented common doorways or when direct reactions are important. The additional uncertainty, due to lack of
information about channel correlations seems small compared to the uncertainty arising
from lack of information about the ratio of the projectile-spin amplitudes. Therefore
we assume in the following that the projectile-spin amplitudes are uncorrelated.
The next step is to consider the case where the spins of the p-wave levels are unknown
(in our specific applications there is always information on the spins of the majority of
s-wave resonances). The PV experimental results provide information concerning the
spin of the resonance. This is simplest for 1 = 0. Clearly a resonance with a large PV
effect must with very high probability have J = 1/2. A resonance with zero (within
a small error) PV effect is more likely to have spin J = 3/2. The argument is similar
for J ^ 0, except there are now two allowed spins and two spins (probably) disallowed.
For example, clearly a resonance with a strong parity violation must have J = I ± 1/2,
and not J = I ± 3/2. As we spell out below, these issues are dealt with by the choice
of likelihood function. The TRIPLE collaboration performs the data analysis in terms
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of the likelihood function L(M) originated as the post probability function P(M \ p) in
the frame of the Bayes theorem for conditional probabilities (see, e.g. Ref. [12]):

with P(p) = J P(p\M)P(M)dM. A constant-valued a priori function P(M) for a parameter M is used following the the prescription of the Bayes postulate (or the Laplace's
principle of indifference) for situations where nothing is known a priori about the parameter M. Then, the overall normalization constant P(M)/P(p) in Eq. (16) is calculated
by integrating P(M \ p) over M (usually from M = 0 to M= 10 meV). An expression
for the likelihood function for spin 7 = 0 targets in the case of unknown spins for the pwave levels is developed by Bowman et al. [2]. In such a case, the likelihood function for
a single level also depends on the spin of the p-wave level through the spin dependence
of the PDF of the asymmetry, which is now the sum of two terms. If the experimental
asymmetry is P, then the likelihood function is
L(M,J)=

[p{l/2)6(J,l/2)G(P,M2A2
+ <T2)
+ p(3/2W7,3/2)G(P,a 2 ) )PM(M\

(17)

where p(l/2) and p(3/2) are the probabilities (usually known) that the spins are J = 1/2
and J = 3/2, respectively and where the function 6(JyJ') is unity if J = J' and zero
otherwise. Since the PV interaction can only mix states of the same J, the p-wave
resonances with J = 1/2 can display a PV asymmetry with the PDF given by Eq.
(6). However, a measurement of the PV asymmetry for J = 3/2 p-wave resonances
cannot yield any information on the matrix element M, and therefore the PDF for the
asymmetry does not involve the rms matrix element M. In writing Eq. (17) it is also
assumed that the resonance under consideration is selected from the mixed (over spin
J) ensemble characterized by the prior function PM(M).
For several (N) resonances, the likelihood function is the product of the individual likelihood functions. If only M is to be determined, then one integrates (sums)
L(M, J) over all possible combinations of J. After evaluating the 6 functions for each
combination, there are 2^ terms in the sum. Finally, the result can be expressed as the
product:
L(M) = n [p{l/2)G(PitM2A2

+ of) + p{3/2)G(Pi,<r2) )PM(M).

(18)

Note that for N > 2, the likelihood function for J = 1/2 states is normalizable, but the
likelihood function in Eq. (18) is not. This difference is due to the J = 3/2 terms, which
are independent of M and lead to a divergent normalization integral

f30 L(M)dM > [°° fl piZ/2)G{Piya2)dM = oo.

(19)

The divergence of the normalization integral is removed in practice by using an a priori
distribution function P(M) which is constant up to a large value of M and zero beyond.
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Although purists might object to this procedure, it is of little practical consequence.
The results are insensitive to the choice of the upper limit of M. They are only weakly
dependent on the knowledge of spins for the 7 = 0 case. Corvi et al [14] recently
obtained spin assignments for many of the p-wave resonances in gj9U and showed that
the unknown and known-spin results for M agree very well, while the confidence interval
obtained when the spins are known is slightly smaller. On the other hand, information
about the 5-wave resonances is crucial - one cannot perform the analysis without the
s-wave resonance parameters. Thus the key piece of spectroscopic information for 7 = 0
targets is the parity of the resonances. Of course a major limitation on the precision of
the determination of M is the number of pi/2 resonances. Bowman and Sharapov [13]
show that in the ideal case when all spins are known and with errors a2 <C M 2 , the
relative uncertainty in M is given by AM/M = (2N)~i^2, where N is the number of
resonances.
A contrasting view on the use of the likelihood method to extract M values in a
case of 7 = 0 targets was presented by Bunakov [15]. Bunakov argues that one can
only obtain an upper limit for M from data when the spins are unknown, and takes
exception to the result by Corvi et al. [14]. Such a different conclusion results from
different assumptions for the a priori probability density function PM{M). Bunakov (in
his equation (9) from Ref.[15]) introduces the sampling from two unmixed ensembles of
levels each with its own a priori functions 0i/j(M ) and tf3/j(M). However, such modelling sampling does not correspond to the experimental situation of the mixed ensemble
of the J = 1/2 and J = 3/2 levels described by Eq. (17).
Our final step here is to obtain the likelihood function in the case of spin 7 ^ 0 targets
with unknown spins of p-wave levels, but known spins of all s-wave resonances. If the
spin of the p-wave resonance is assumed to be J, then the factor A{ can be evaluated, but
Ai = Ai(J) depends on the value of the spin assumed, because only s-wave resonances
with the same spin as the p-wave level mix to produce parity violation. The likelihood
function for a given level can be obtained by summing over the corresponding probability
density functions for assumed p-wave level spins in analogy with Eq. (19). However,
the rms PV matrix element may be different for J = I ± 1/2 states. Clearly the
average size of the matrix element depends on the level density, and thus one should
include this effect. The spreading width of the parity violating interaction is defined by
IV = 2irM2/D(J), which approximately removes the density dependence. It is unlikely
that there is any other dependence of the parity violation on J; we assume that IV is
independent of J. The likelihood function can be expressed as a function of the weak
spreading width through the relation M(J) = (TWD(J)/2w)1/2,
PM{M).

L(TW)=
|y=/±3/2

J

(20)
The situation for unknown spins for all resonances is more complicated, and although
we can obtain the corresponding expressions for the I/(A/), the accuracy of the extracted
matrix element is seriously reduced. This emphasizes the importance of spectroscopic
measurements on candidate nuclei for parity violation study.
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Other than in papers published by the TRIPLE collaboration, and those discussed
above, there has been little discussion about the effect of incomplete spectroscopic information. Bunakov, Davis, and Weidenmuller [8] discuss some of these issues both
for parity violation and time reversal invariance violation tests. They derive an expression for the corresponding distribution for Aa = <7+ — <r_ when the amplitudes are
unknown. Their results are similar to those obtained in the present work, but are not
identical, since we consider the distribution for Ac/a, not Aa. They do not consider
unknown spins. Davis [16] considers the parity violation case explicitly and focuses on
the minimum sample size required to obtain statistically significant results. He also
covers the issues of unknown projectile-spin amplitudes and unknown spins. However,
for the practical analysis of experimental parity violation data it is crucial to incorporate partial information. Including this information minimizes the uncertainties in
the determination of M. This incorporation of partial information is the focus of the
present paper, which provides explicit prescriptions for the analysis of parity violation
data with provision for inclusion of such information.
We conclude that given the relevant spectroscopic parameters, one can obtain reliable
and fairly precise values for the rms parity violating matrix element M from longitudinal
asymmetry data. For / = 0 targets the only missing spectroscopic information is the
spin of the p-wave resonances. Although aesthetically it would be preferable to know
the spins of these resonances, in practice this lack of information causes little additional
uncertainty in M. Therefore additional spectroscopic information for / = 0 targets is
interesting, but not crucial. With partial information for / ^ 0 targets, the rms matrix
element M still can be obtained, but with increased uncertainty. Measurements to improve the level of spectroscopic information by determining the s- and p-wave resonance
spins and the projectile-spin amplitudes would significantly reduce the uncertainties in
the determination of the effective neutron-nucleus weak interaction. Such measurements
are strongly encouraged.

References
[1] V.P. Alfimenkov, S.B. Borzakov, Vo Van Thuan, Yu.D. Mareev, L.B. Pikelner, A.S.
Khrykin, and E.I. Sharapov, Nucl. Phys. A398, 93 (1983).
[2] J.D. Bowman et al. (TRIPLE Collaboration), Phys. Rev. Lett. 65, 1192 (1990).
[3] CM. Prankle et al. (TRIPLE Collaboration), Phys. Rev. C46, 778 (1992).
[4] X. Zhu et al. (TRIPLE Collaboration), Phys. Rev. C46, 768 (1992).
[5] Yi-Fen Yen et al. (TRIPLE Collaboration), Proceedings of the 11th International
Conference on High Energy Spin Physics and Polarization Phenomena in Nuclear
Physics, 1994.

63

[6] E.I. Sharapov et al. (TRIPLE Collaboration), These Proceedings, Dubna, 1995.
[7] V.V. Flambaum and O.P. Sushkov, Nucl. Phys. A412, 13 (1984).
[8] V.E. Bunakov, E.D. Davis, and H.A. Weidenmiiller, Phys. Rev. C42, 1718 (1990).
[9] G.E. Mitchell, E.G. Bilpuch, J.F. Shriner, Jr., and A.M. Lane, Phys. Reports 117,
1 (1985).
[10] A.B. Popov and G.S. Samosvat, Sov. J. Nucl. Phys. 45, 944 (1987).
[11] L.V. Mitsyna, A.B. Popov, and G.S. Samosvat, Nuclear Data for Science and
Technology, ed. S. Igarasi (Saikon, Tokyo, 1988), p. 111.
[12] W.T. Eadie, D. Drijard, F.E. James, M. Roos, and B. Sadoulet, Statistical Methods
in Experimental Physics (North Holland, Amsterdam, 1988).
[13] J.D. Bowman and E.I. Sharapov, Time Reversal Invariance and Parity Violation
in Neutron Reactions, ed. C R . Gould, J.D. Bowman, and Yu.P. Popov (World
Scientific, Singapore, 1994) p. 69.
[14] F. Corvi, F. Gunsing, K. Athanassopulos, H. Postma, and A. Mauri, ibid., p. 70.
[15] V.E. Bunakov, ibid., p. 61.
[16] E.D. Davis, Z. Phys. A34O, 159 (1991).

64

XM9700008
FAST NEUTRON INDUCED REACTIONS

THE QUANTUM MOLECULAR DYNAMICS APPROACH TO NUCLEON-NUCLEUS
REACTIONS AT INTERMEDIATE ENERGY REGION
Satoshi Chiba1, Koji Niita u , Toshiki Maruyama1, Tokio Fukahori1, Hiroshi Takada1,
Akira Iwamoto1, and Mark B. Chadwick u
1

2

Japan Atomic Energy Research Institute
Tokai, Naka, Ibaraki 319-11, Japan
Rescrach Organizaion for Information Science & Technology
Tokai, Naka, Ibaraki 319-11, Japan
3
Lawrence Ljvcnnorc National Laboratory,
Livcrmorc, CA 94550, U.S.A.
Abstract

The double-differential (p,xp') and (p,xn) reaction cross sections of *Ni and wZr have been
studied in the energy range from 120 to 200 MeV in terms of the Quantum Molecular
Dynamics(QMD).
The QMD calculation could give a quantitative explanation of
experimentally observed values of (p,p) and (p,n) channels simultaneously without adjusting
any parameter, showing the usefulness of the QMD approach to study the preequilibrium
process. Angular distributions of nucleons emitted after 1 collision (1 step process) and
energy dependence of the multiple preequilibrium particle emission (MPE) process have been
investigated in detail; the former was found to be sensitive to the shape of the momentum
distribution of nucleons in the target nucleus and effects of the refraction of projectile and the
ejectile by the mean-field. For MPE process to exceed 5% of the inclusive preequilibrium
emission cross sections, we found that two particles should be included in reactions above 50
MeV, three above 180 MeV, and four are only needed when the incident energy exceeds
about 400 MeV.
I . Introduction
In recent papers13) we have described how the Quantum Molecular Dynamics (QMD) theory,
invented by Aichelin et al.4*, can be used to accurately predict nucleon-induced reactions over an
energy range of approximately 100 MeV to 3 GeV in combination with a statistical decay model
(SDM). It was demonstrated that the double-differential (p,xn), (p,xp') and (p,xx) cross sections of
C, Al, Fe and Pb can be reproduced remarkably by the QMD+SDM calculation, and reaction
mechanisms of preequilibrium, equilibrium and spallation process are included in QMD in a unified
way, with a fixed parameter set over the whole energy range.
In this work, we continue QMD calculations as formulated in Ref.[3] at energies below 200 MeV
which is the energy region that is usually analyzed using deterministic preequilibrium models (both
quantum and semiclassical)^. We expect mat QMD calculation can give a new insight into the
preequilibrium reaction processes, because it is a fully microscopic approach to nuclear reactions.
Firstly, we compared QMD calculations against experimental data of (p.xp*) and (p,n) reactions on "Zr
and *Ni m the energy region from 120 to 200 MeV. Based on a fantastic agreement with the
experimental data in both cases, the QMD was then used to investigate the reaction mechanism which
determines the angular distribution from the 1-step quasifree scattering process and the multiple particle
emission (MPE) in the preequilibrium reaction, both having been a matter of intensive studies**10'.
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0 . The Quantum Molecular Dynamics
A. Wave function, effective interaction and the equation of motion
In QMD, each nucleon (denoted by a subscript a) is expressed by a Gaussian wave function:
''-"Si
• ip T
CD
where L is a parameter which represents the spatial spread of a nucleon, Rm and Pm corresponding to
the positions of the centroids of a nucleon in the coordinate and momentum spaces. The total wave
function <t> is taken to be a direct product of these single-particle wave functions. The equation of
motion of if. and P m is determined, as derived from the time-dependent variational principle, by the
Newtonian equation:
a<»j#H»>
•
_c*»W>
m
m
*
dPm '
"•
an.
and the stochastic N-N collision term as described below. The Hamiltonian H consists of the
relativistic kinetic-t-mass energy and the effective N-N interaction U which was assumed to consist of
the two-body and density-dependent parts of the Skyrme interaction14 + Coulomb + symmetry energy
term. This choice led to the following form of <4>|//|4»:

4
Po

(3)

where
: proton
0 : neutron

(4)

and "erf denotes the error function. Here, we have adopted a classical approximation by neglecting
a constant kinetic energy term coming from the width of the wave function in the momentum space.
The symmetry energy parameter C, was taken to be 25 MeV. The Skyrme parameters A, B and x
were taken to be -124 MeV, 705 MeV and 4/3, respectively. These values give a binding
energy/nucleon of 16 MeV at a saturation density po=O.168 fin'3, and the compressibility of 237.7 MeV
(soft equation of state, EOS) for infinite nuclear mater. The width parameter L was fixed to be a value
of 2 fin2 which was selected to give stable ground states in a wide mass range. Fixing those values,
there is no additional parameter in the QMD calculation. The relative distance of two particles
appearing in Eqs. (3) and (4), i.e. |Jt a -/? r |, was actually replaced by the following quantity as a
relativistic correction:

(V2
where
(6)

B. The collision term and the Pauli blocking
The stochastic nucleon-nucleon collision is taken into consideration as similar to the cascade
model: When the impact parameter of two nucleons is smaller than a radius determined from the
energy-dependent N-N cross sections, a N-N collision can take place. We have been considering 1)
elastic scattering between baryons (nucleon, A and N*(1440)), production of A and N* from N-N
collision (inelastic scattering) and their inverse reactions, decay of A and N* by emission of *-meson
and their inverse processes. The angular distribution was selected by the Monte-Carlo method.
The Pauli blocking of the final phase-space is checked after each collision. The probability that a
collision between particles a and Y is blocked is calculated as Eq. (7) in the same way as the collision
term in the Vlasov-Uehling-Uhlenbeck theory10;
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where

J ^ - 5*32]

(»)

denotes single-particle phase-space factor of particle i at the position of particle a obtained by the
Wigner transformation of the wave function. In this expression, the relativistic correction is considered
by adopting the ft as defined in Eqs. (5) and (6), and

{P'J - <P, - f ^ - (E, - Eif

(9)

where E, stands for the total energy of particle i. Hie primes in Eqa. (8) and (9) mean that these
quantities are calculated by using quantities of the colliding particles after the final momenta were
selected. The sums in Eq.(7) are taken only when the particles i and j are identical (n-n or p-p) with
particles a and f, respectively. The factor % in Eq. (7) is attributed to spin-multiplicity of nucleons.
C. The ground state
The ground state of the target nucleus was generated by packing Rm and Fm randomly based on the
Woods-Saxon type distribution in the coordinate space and corresponding local Thomas-Fermi
approximation in the momentum space, with a restriction that the binding energy must be close enough
to mat of the liquid-drop model prediction. Binding energies per nucleon of*NI and n Zr were both
calculated to be 8.55 MeV in QMD, while experimental values are 8.73 and 8.71 MeV, respectively.
D. Decomposition into step-wise contribution in multistep reactions
For later discussion of the multistep reaction, we give a definition of "step" number in the QMD
calculation. First we assign a "collision number" of 0 to each nucleon in the target nucleus. After a
nucleon collides with incident nucleon, we set collision number 1 to those nucleons and inhibit the
collision between nucleons of collision number zero pah*. Also, we prohibit a successive collisions by
the same partner. In general, if two nucleons i and j having collision numbers c, and c. make a
collision, the collision numbers of both particles are modified as c, + c. + 1. We then identify that a
nucleon is emitted from the i-step process if a nucleon outside the nucleus has a collision number of
i. This definition is identical with that of the FKK theory as long as the collision number is smaller
than 4.
H. Results and Discussion
A. Comparison with experimental data of p + *Zr reactions
The presently calculated double-differential *Zr(p,xp') and (p,xn) cross sections for projectile
energy of 160 MeV are shown in Fig, 1 together with experimental data" 43 '. The data have been
shifted by the amount denoted in the parentheses. It must be noted mat no parameter was adjusted to
obtain these results. Agreement of the present calculation with the measured values for both reaction
channels is rather satisfactory, showing a basic ability and usefulness of our QMD approach to
investigate the preequilibrium reactions in this energy regime. This is a clear advantage of our
approach compared with, e.g., the FKK theory in which strength of the effective N-N cross section
(Vo parameter) in MSD process must be adjusted depending on the projectile, ejectfle, projectile energy
and the target mass. In this way, it was verified that QMD gives a parameter-free description of the
pre-equilibrium reactions at intermediate energy region in a unified manner.
B. Comparison with p + *NI reactions, and step-wise contributions
In order to show the contributions from different multi-step processes, we have plotted the total,
lstep, 2step and 3step contributions to *Ni(p,xp') cross section at 120 and 200 MeV in Fig. 2 and
compared with the experimental data14). The arrow a in Fig. 3 denotes the angle expected from the
quasifree scattering, while arrow 0 corresponds to the angle of quasifree scattering when the
"acceleration" by the mean-field is considered, i.e.,

where Ey, E, and V stand for the ejectile energy, projectile energy and the mean-field potential,
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respectively. For V, a constant value of -50 MeV was adopted for simplicity. Again, the QMD
calculation can explain the energy and angular dependence of the p-induced p-emission cross sections
quite well. At the same time, it is clear that the 1 step contribution is dominant at regions with high
ejectile energy and low emission angle, where no peak is observed at angles a and p*.
C. Quasifree scattering angular distributions
In this part we discuss the one-step quasifree scattering predicted by QMD, and compare the results
with those obtained using some semiclassical theories. Our motivation for considering specifically the
one-step scattering is that QMD results do not show the distinct quasifree peak that is often seen in
semiclassical analyses. For example, the Kikuchi-Kawai nucleon-nucleon scattering kernel15* gives a
cross sections that falls to zero at the very forward angles. Nevertheless, experimental angular
distributions generally do not show a significant decrease at the very forward angles. For example,
the phenomenological angular distribution systematics of KalbachM> are based upon a forward-peaking
shape of an exponential in cos6. We shall show that it is refraction effects, along with the shape of
the nucleon momentum distribution in the target nucleus, that are responsible for washing-out the
effects of the quasifree scattering peak.
We consider predictions of two semiclassical models: (1) the Kikuchi-Kawai model, and (2) the
momentum-conserving exciton model of Chadwick and Oblozinsky17) which uses statistical arguments
to obtain a Gaussian momentum distribution of particle-hole states in a preequilibrium cascade. To
illustrate the differences in these theories, we show in the upper part of Fig. 3 the one-step angular
distributions in the 160 MeV wZr(p,xn) reaction fin: a 120 MeV ejectile energy. Absolute magnitudes
of the semiclassical predictions were normalized so as to yield the same angle-integrated value as the
QMD result. At this emission energy the one-step scattering is dominant, and Pauli-blocking effects
are unimportant. Here, elastic nucleon-nucleon scattering would occur at 30 degrees, and the
acceleration in the nuclear potential shifts the peak to more forward angle, as indicated by arrows oc
and p\ respectively. When the Fermi motion of nucleons inside the target nucleus is included, however,
the distribution is smeared-out, and the peak may be shifted toward forward angle as indicated by
Kikuchi-Kawai result, which shows a fall to zero at angles below 10 degrees and above about 65
degrees due to kinematical restrictions. The Chadwick-Oblozinsky result, on the other hand, does not
show forward and backward angle drops because high-momentum components are included in the
nuclear momentum distributions, and Gaussian solution does not take into account the kinematical
restrictions properly. The QMD result is very close to Chadwick-Oblozinsky result from 0 to 65degrees; at backward angles it goes to 0 as Kikuchi-Kawai theory predicts.
One of the remarkable differences in the QMD and Kikuchi-Kawai results lies at the very forward
angle, where QMD result does not fall off as Kikuchi-Kawai theory requires. We expected that the
behavior of the QMD result at this angular region is entirely due to the refraction of projectile and the
ejectile by the nuclear mean-field potential. To verify this expectation, we have compared 2 QMD
calculations, one with the refraction and one without the refraction, in the lower part of Fig. 3. The
calculated result without refraction shows a steep decrease toward the 0-degree, which is in good
accord with the Kikuchi-Kawai result. When we switch-on the refraction effects, however, the forward
scattering is greatly enhanced/and there is actually no decrease toward the smallest angles. Therefore,
the behavior of non-decreasing cross section toward 0 degree in the QMD calculation, which is also
seen in the experimental values, was clearly explained by the refraction caused by the nuclear meanfield. At the same time, refraction slightly enhances the backward scattering cross section around 60
degree, but not to the values predicted by the Chadwick-Oblozinsky theory beyond that angle.
We notice that Kikuchi-Kawai result has a slope of the angular distribution systematically different
from those of Chadwick-Oblozinsky and QMD results in the kinematically-allowed region. As shown
in the lower part of Fig. 3, the refraction effects does not change the slope of the distribution in this
angular region. Therefore, the close similarity between QMD and the semiclassical ChadwickOblozinsky theory in angular distribution shape (we see similar agreement at other energies), and the
difference of those from that of Kikuchi-Kawai theory, are attributable to another reason. In order to
see what is responsible for this similarity and difference, we have plotted the momentum distributions
of nucleons in Zr adopted by various theories in Fig. 4. It is shown that Chadwick-Oblozinsky and
QMD theories use momentum distributions of a Gaussian-like shape, which is in sharp contrast to the
one assumed in Kikuchi-Kawai theory, i.e., a uniform Fermi-gas (UFG) distribution. In ChadwickOblozinsky theory this form was obtained using statistical arguments with the Central Limit Theorem,
while in QMD it results from a time- and ensemble-average of f , ' s satisfying the self-consistent many
body equations of motion. Experimentally, the presence of high momentum components in the nuclear
Fermi motion has been demonstrated, and the measured momentum distribution has been parameterized
as a sum of 2 Gaussiansis> which is shown as the short-dashed line in Fig. 4. The momentum

68

distributions adopted in Chadwick-Oblozinsky theory and the QMD are similar to each other, and more
or less good approximations of the experimental momentum distribution shape. This is the origin of
the good agreement between these 2 theories in the one-step angular distribution shape. Therefore, it
is understood that the momentum distribution shape determines the general shape of the angular
distribution from the one-step process. This fact, along with the refraction by the mean-field as
described in the previous paragraph, accounts for the reason why the experimentally observed cross
sections have a smooth and decreasing angular distribution in increasing the angle without the distinct
quasifree peak at the energy region where the one-step process is dominant.
D. Multiple preequilibrium emission
A theory foi-multiple preequilibrium emission (MPE), where more than one fast preequilibrium
particle is emitted in a nuclear reaction, was recently presented in Ref.[6] for use in quantum
mechanical Feshbach-Kerman-Koonin (FKK) model analyses. It was argues that above about a 50
MeV incident energy, such process should be included when inclusive proton and neuron emission
spectra are analyzed, and equations were presented for their determination. Significance of such MPE
processes in preequilibrium analyses was first stressed by Blann et al., who included them in their
semiclassical hybrid model7*. Similarly, Vonach et al. recently showed that the **Pb(n,2n) can only
be accurately predicted for neutron incident energies up to 200 MeV if MPE processes are included4.
In these cases, MPE provides a mechanism by which two fast particles are emitted, leaving the residual
nucleus with a low excitation energy. In these analyses, however, the number of particles emitted from
the preequilibrium process is restricted to 2, while in QMD there is no such restriction because degreeof-freedom of each nucleon is traced explicitly during the time evolution of the preequilibrium reaction.
In the following we study MPE with QMD, compare the results with those from FKK analyses to
provide a check of the modeling used in Ref.[6], and determine the threshold incident energies at which
different numbers of preequilibrium particle emissions become important.
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Fig. 1 The "Zrfr^p') and (p,xn) cross sections at E, = 160 MeV. The data have been multiplied by
the amount denoted in the parentheses for ease of presentation.
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In Fig. 5 we show the angle-integrated resultsforprimary and MPEforthe 160 MeV n Zr(pxp')
inclusive reaction. Tbe upper figure shows the FKK results showing contributions upto2 particles,
the lower the QMD results up to 5 particles, both compared with Richter ,et a l ' s recent
measurement19. The partitioning of the QMD result* into contributions from .different sequential
emissions has been obtained according to, tbetimeforthe nucleon ejectile to pass a radial distance of
2finbeyond the composite nucleus surface. This allows the partitioning of the inclusive emission
spectrum into a time-ordered sequence of primary and multiple emissions. The partitioning in the FKK
result was performed similarly, based on an emission energy orderingforeach reaction step1*1. Note
that this definition gives exactly the same total MSD spectrum as in the previous work, but gives
harder primary and softer multiple spectra compared with the previous definition4. When comparing
the QMD and FKK results, it is evident that the primary and the 2nd multiple emission are very similar
for the two theories. Given their very different formulations of the scattering process, it is satisfying
that these two theories agree so well for the spectral shapes of theses contributions.
In order to determine the threshold incident energies at which various numbers of MPE particles
are important, we show in Fig. 6 the QMD results for the percentages of the total inclusive proton
emission contributed by the various particles. The upper figure shows the fractions when all emission
energies are considered, while the lower figure includes only those emissions above 25 MeV which
we considered as a "measure" of importance of the MPE processes since contributions below 25 MeV
are obscured by an overwhelming contribution from the equilibrium process. If we adopt a criteria that
the percentage of particles in the preequilibrium regime should exceed 5% for them to be explicitly
includes, the lower part of Fig. 6 suggests mat it is necessary to include 2 preequilibrium particles
above 50 MeV and 3 particles above 180 MeV. A further calculation shows that 4 particles are only

needed when the incident energy exceeds about 400 MeV.
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IV. Summary
In this paper, we have analyzed the (p,xp') cross section of "Ni at 120 and 200 MeV, and (p.xp1)
and (p,xn) cross section of "Zr at 160 MeV in detail. It was found that the present calculation could
give a quantitative explanation of experimentally observed values of both (p,xp) and (p,xn) channels
simultaneously without adjusting any parameter, showing again the usefulness of the QMD approach
to study the preequilibrium process in this energy region. Then, the reaction mechanism which
determines the angular distribution from the one-step quasifree scattering was investigated. It was
shown that the quantum refraction by the nuclear mean-field and the momentum distribution of target
nucleons tend to wash-out the quasifree scattering peak, and give essentially the cosine-shape angular
distribution as observed experimentally and as obtained by Chadwick and Oblozinsky from statistical
arguments of the momentum-dependent particle-hole state density.
For MPE process, it was found that the QMD calculations support the results of Ref.[6] for FKK
analyses, when the ordering of primary and multiple emission events are defined in the same way: At
energies above SO MeV, 2 preequilibrium particles are required, while above 180 MeV 3 particles are
necessary. Our numerical results for the multiplicities of fast-particle emission are useful when
developing deterministic preequilibrium models.
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NEUTRON SCATTERING CROSS SECTIONS FOR MIDDLE-MASS NUCLIDES
IN A LARGE ENERGY RANGE
Korzh I.O., Mlshchenko V.O., Pravdivy M.M., Sklyar M.T.
Institute for Nuclear Research of the Ukrainian NAS
VA-252650, Ukraine, Kiev-28, DSP, prosp.Nauki 47
Results of the experimental and theoretical studies of 0.87.0 HeV neutron elastic and inelastic scattering cross sections
for the nuclides in the Ass24-140 mass range are presented.
Measurements of the angular and energy dependences of cross
sections of the fast neutron elastic and inelastic scattering from
37 middle-mass nuclides and theoretical analysis of them using an
optical-statistical approach was carried. The main intention of
the research was obtaining the cross sections of the 0.8-7.0 MeV
neutron scattering from nuclides of the reactor materials, mainly
of the structural materials and fission products, and, on the other hand, on the basis of such extensive experimental material,
studying the mechanisms of fast neutron interactions with the
even-even middle-mass nuclides. Results of the carried complex
studies were presented in conferences, published in scientific
editions (e.g.,[ 1-20 J); the data for Ni-64, Se-78 and Mo~94
•presented below (in Figs. 1-4) illustrate them.
The experimental studies were carried using the fast neutron
time-of-flight spectrometer at the pulsed electrostatical accelerator EG-5 of INR UNAS [6,21] with the main parameters: minimum
pulse duration 1.0 ns, mean ion current up to 6 mkA, pulse repetition frequency 4 MHz.The neutrons were generated in the T(p r n) 2
and D(d,n) reactions in Ti-T and Ti~D targets mainly 1-2 ing/cm
thick which provided the full neutron energy spreads 50-340 keV.
The cylindrical scatterers in small mass (less 4 g) aluminium holders which were placed at the distance 10 cm from the neutron source at 0
were of 2.0-6.0 cm heights, of 1.8-3.3 cm outer
diameters,of 0.0-0.9 cm inner diameters and of 27-277 g masses.The
scatterers (except the natural Mg, Si, S, Ti and Fe) were practically monoisotopic (the enrichments 2 90 X ) .
The scattered neutron spectra^ were measured in a cylindrical
geometry at 9-18 angles in 20-150 range at 1.7-2.8 m flight paths
by a time-of-flight spectrometer with scintillation detector (5x5
cm stilbehe crystall and photomultiplier FEU-30 and induction cylinder as signal registrators). The detector was placed in a movable cylinder-conical shield-collimator filled with bohrized paraffin. The latter provided initial neutron flux attenuations up to
10 . An additional shield was provided with a precollimator and a
shadow bar. The detector was shilded against the background 7-rays
with lead layer 4-6 cm thick and with a (n-y)~separation cirquit.
The measurements were carried on the nuclides: Mg-24 [19];Si~
28 [61; S-32 [321; Ti-48 [1,121; Cr-50,52,54 [5,10,111; Fe-54,56
11,131; Ni-58,60,62,64 [2,3,71; Zn-64, 66, 68 [ 4 1; Se-76, 78,80,82
[9]; Mo-92,94 [8,181; Mo-96,98 [18,201; Gd-110,116 [15); Sn-116,
118,120,122,124 (151; Te-122, 124, 126,128, 130 (14,171; Co-140 [161.
With keeping in mind practical considerations, measuring the dominating cross sections of elastic scattering and inelastic scattering at excitation of the fist 2 levels was aimed mainly.

73

However, as far as possible, Inelastic scattering cross section at
excitation of higher 1-6 levels or level groups were also
measured.
The absolute elastic scattering cross sections were determined by normalyzing to the 0 neutron fluxes,the inelastic ones were determined by normalyzing to the (n,p)~scattering cross secti-
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Fig.1. Angular dependences of the cross sections of neutron
elastic scattering from Ni-64 [3,7J and Mo-94 18]. The points present the experimental data, the curves present the results of the
calculations using the optical-statistical approach.
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ons (on polyethylene samples).The measured cross sections were corrected for aniaotropy of the neutron source yields, for attenuation of the neutron fluxes in the samples, for multiple neutron
scatterings in the samples and for the experimental angular resolutions. The angular dependences of the cross sections were determined with errors 3-10 % for the elastic scatterings,+ 5-12 % for
the inelastic scatterings at excitation of the first 2 levels and
5-30 % for the inelastic scattering at excitation of the higher
levels. The errors are full and take into account the errors of
measuring, normalyzing and correcting.
The integral cross sections of the processes under study at
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respective neutron energies and, as a result, the energy dependences of the cross sections of the corresponding partial processes,
were determined by integrating the angular dependences.
As an example, angular dependences of neutron elastic scattering cross sections for Ni-64 and Mo-94 are presented (by points)
in Fig.1 and the corresponding inelastic scattering cross sections
at excitation of the first 2 levels of these nuclides are presented in Fig.2. The energy dependences of the cross sections of the
processes under study together with the other authors' data on
these processes, as well as on total cross sections for Ni~64 and
Se-78 are presented (by points) in Figs. 3 and 4 respectively. Comparison of the data obtained by us with the disposable data of other authors testifies that our data are obtained mainly for the
first time and the others essentially make more precise and supplement the already existent ones.
As a result of the carried work, the extensive and systematic
data on cross sections of neutron elastic and inelastic scattering
were obtained in an unified approach. The data were used in creating new files of evaluated neutron data, in particular, as basi-
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cal.Moreover, the data, together with the disposable data of other
authors,were used for elaborating a version of optical-statistical
approach which turned out effective for analysis of neutron-nucleus interactions and for study of their mechanisms. The data may be
used also in other scientific and applied fields.
The theoretical analysis of the experimental data was carried
out in the energy ranges from 1 MeV up to 8-9 MeV and based on the
optical-statistical approach in which were used spherical optical
model (OM) with an unified potential parameter set [29), coupled
channel method (CC) for calculation of the direct components of
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inelastic scattering cross sections [30,31], statistical model of
Hauser-Feshbach-Moldauer (HFM) [32] (of Hauser-Feshbach (HF) [33]
for comparison) or practically equivalent to it Hofmann-RichertTepel-Weidenmuller (HRTW) model [34].The calculation method is detailed in [8]. Level characteristics for the nuclides under study
from [35] with making them more precise from Nuclear Data Sheets
and level density parameters from [36,37], as well as the quadrupole deformation coefficients from [38], were used in these calculations. Some other model and parameter set versions were also
used in the analyses. For example, the cross sections for the selenium isotopes were analysed using also the potential parameters
from 139] which turned out more effective.
Results of the calculations using this approach are presented
in Figs.1-4 by curves.
As may be seen from the presented Figures, the applied model
complex allows sufficiently adequately (practically within the limits of the experimental errors) to interpret both the angular and
energy dependences of the cross sections of the processes under
study. The adequate theoretical interpretation of the experimental
neutron scattering cross sections using the above referred approach allow to make reliable evaluations of relative contributions
of the scattering mechanisms and of changing them with changing the
incident neutron energies. So, contributions of the direct components to the summary elastic scattering cross sections are changed
in the energy range from 2 to 9 MeV from a 50 X to a 100 % and
contributions of the direct components to the summary inelastic
scattering cross sections at excitation of the first 2 levels of
the nuclides under study are changed from a* 15 % at the energies
a 1 MeV above the excitation thresholds to a 95 % in end of the
energy range under study. The levels of the twophonon triplets of
the nuclides under study are excitated predominantly through compound nucleus mechanism and only in end of the energy range under
study contributions of them amount a 20 X; contributions of the
direct components to the summary excitation cross sections for
these levels increase with increasing the nuclide mass and for
the tellurium isotopes become dominating at the energies already
above 5 MeV.
Results of the theoretical analysis of the experimental data
may be used in evaluating the cross sections for the neutron energies and nuclide masses for which the experimental data are absent
or contradictory.
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NUCLEAR LEVEL DENSITY PARAMETERS AND NEUTRON CASCADE
EMISSION CROSS-SECTIONS FROM THE ANALYSIS OF THE
NEUTRON SPECTRA . IN <p,xn> AND (ct.xn) REACTIONS.
B.V. Zhuravlev, A.G. Dqvbenko
Institute of Physics and Power Engineering,
249020, Obninsk, Russia.
ABSTRACT
The measurements

and analysis of the double-differential

neutron
emission
cross-sections
in
the
reaction
of
In-115(p,xn> at proton energies of 11.2, 22.2 MeV and (a,xn>
reaction on nuclei of 113 Cd, 1 1 5 In, 1 S 2 Sn
at a-particle
energies of 26.8,
45.2
MeV
have
been
carried
out.
Interpretation of the equilibrium neutron emission in the
framework of statistical model used mathematical formalizm of
Hauser-Feshbach for multistage processes allowed to determine
the nuclear level density parameters in the wide range of
excitation energies and neutron emission cross-sections in all
stages of the cascade process. It is shown, that the nuclear
level density parameter "a" for investigated nuclei with
closed or nearly closed nucleon shells at first decreases with
increase of the excitation energy, that agrees with prediction
of the generalized model of superfluid nucleus, and later
increases, pointing out breaking of the shell structure. It is
also shown, that in the last steps of the evaporation cascade
the radiative decay channel is predominant.
INTRODUCTION
During the last years attention to the nuclear reactions
with high-excited nuclei has been grown, that, in its turn, has
been required the new studies of the nuclear level density in
the wide range of excitation energies and momenta. The existing
systematizations of the nuclear level density [1,2,3] are
founded on the experimental data at excitation energies below
neutron binding energy and the extrapolation to higher energies
should be careful. Spectra of the particles emitted in nuclear
reactions are one of the sources of experimental information on
the nuclear level density in a wide range of excitation
energies. At high initial energies compound nuclei will decay
by successive emission of several particles and the observed
spectra will be the superposition of particles emitted in all
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stages of the cascade process. Such spectra also can be
calculated in the framework of
statistical
model
used
mathematical formalizm of Hausei—Feshbach and level density
information can be
extracted
from
comparison of model
calculation with measured particle emission spectrum. The
reactions with emission of neutrons are preferable for such
studies, as charge particles emission through compound nucleus
for A>70 essentially is suppressed from coulomb barrier.
In the present work the measurements and analysis of the
differential neutron emission cross-sections in the reactions
115
In(p,xn), 1 1 3 Cd(a,xn), 1 1 5 In(a,xn>,1£'2 Sn(a,xn> have been
carried out. The nuclear level density parameters in the wide
range of excitation energies and emission cross-sections in all
t

stages of the cascade process have been determined.

EXPERIMENT
Neutron spectra from the
In(p,xn> reaction at proton
energies of 11.2 and 22.2 MeV, (a,xn> - reaction on nuclei of
113
Cd, 1 1 5 In, 1 * 2 Sn at a-particle energies of 26.8 and 45.2
MeV
were
measured
by
the
tirne-of-f light
method
on
150cm-cyclotron of IPPE at the angles of 30,60,90,120,150°.
The spectrometer resolution was lns/m at a path length 2.5m.
As the,targets are used the selfsupporting metal foils of
(2-4>mg/cm thickness. The average current on • the target was
50nA. Neutrons were detected by scintillation detector on the
base of stilben crystal(d70mmth50mm>
and
photomultiplier
FEU-30 with identification of neutrons and gamma-rays on the
principle of separate integrating of charge components. The
neutron detector efficiency has been determined by three means:
a) Measuring of the standard "" Cf fission neutron spectrum,
b> Measuring of the monoenergetic neutron group yields in
T(p,n>, D(d,n), T(d,n> reactions,
c) Monte-Carlo calculation of the neutron interaction with
stilben crystal.
The neutron spectrum measurement
procedure
has
been
consisted in measuring with a target and without it for the
same flux
of
accelerated
particles.
The
experimental
technique, procedure of measurements and data processing are
described in detail in referencesC4,5].
The angle-integrated neutron emission spectra were derived
from the double-differential ones measured at angles. The
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angular distributions of neutron emission
cross-sections,
energy-integrated with step of 1 MeV, had a smooth dependence
and were described well by Legender polynorninal approximation
up to the second order. Combined analysis of the angle-integrated neutron emission spectra and the neutron angular
distributions, measured with relatively low energy resolution,
showed, that the contribution of the non-equilibrium neutron
emission are determined enough full by asymmetric component of
such angular distribution polinominal approximation [6,73. On
the base of this fact and model idea about non-equilibrium
neutron emission were derived the spectra, corresponding to
neutron emission from
equilibrium
configurations in the
115
113
115
1S£
In(p,xn>,
Cd,
In,
Sn(a,xn> reactions.

MODEL CALCULATIONS
As mentioned above, such spectra can be calculated in the
framework of statistical model used mathematical formalizm of
Hauser-Feshbach. We have used for calculations the GROGI-2
code C83. It is supposed that particle evaporation takes place
step by step with the emission of neutrons, protons, photons
and a-particles. The angular momentum conservation is taken
into account at each step of the evaporation cascade. The
initial energy and spin distribution of compound nucleus
states is calculated on the optical model. For each decay mode
and for all possible energies and
spins
the
omission
probability and the energy spectrum of emitted particles arc
determined. After these values have been calculated for all
possible decay modes, they also are calculated for remaining
points of»the initial distribution. The normalized quantities
are summed. The new distribution for the daughter nucleus
obtained in that way will be parent distribution for the next
step of the decay, and calculational procedure is reiterated.
The backshifted Fermi-gas model C21 for the energy-dependence
nuclear level density is available in the GROGI-2 code.
—
/4

exP<Va<U-A> -

U1 l)

+ ),

(1)

48/TVV <u-A + t> 5/4
where: o - the spin cut-off parameter, o 2 =6<m2Ha<u-A)>
<m2>- the average squared projection of the spins. From
quasiclassical evaluation <m >»0.24 A
,
t - the thermodinamic temperature defined by U-A»at -t,
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a - the nuclear level density parameter,
A - the back-shift parameter, taking account of the
difference between level density of even and odd
nuclei.
The procedure of calculations on the GROGI-2 code is
described in detail in ref.[83.
At selected parameters of the optical
potential
the
differential equilibrium neutron emission cross-sections in
investigated reactions are determined by the level density
parameters "a"and "A" on each step of evaporation cascade,
which can be defined from the best fit calculated and measured
neutron emission spectra. The calculations have been carried
out using the global optical potentials obtained in the works
[9,10,113. The gamma-ray
transmission
coefficients
were
determined through strength functions, which
for
dipole
transitions were calculated by
applying
the
Brink-Axel
hypothesis, and for quadrupole - the Weiskopf one. Normalizing
of the strength functions was realized by fitting radiative
width to its experimental or evaluated value at neutron
binding energy [123. Theinitial parameters of nuclear level
density were taken from the systematization C23 based on the
experimental data at low excitation energy and at neutron
binding energy and in the process of calculations they varied
UP to the optimum fit of calculated neutron spectra with
measured one.
RESULTS AND DISCUSSION
The results of measurements and calculations are presented
in fig. 1,2. The inclusive neutron spectra at proton and ct-particle incident energies «* 26.8 MeV are conditioned basically by
emission of the first and second neutrons and the first step of
evaporation cascade is predominant in hard part of spectra. The
calculations showed also, that the contributions of proton and
O-particle channels in investigated reactions was negligibly
small. Analysis of such uncomplex spectra allowed to determine
the nuclear level density parameters for excitation energies U P
to ~2Bn, using information at low energies from work C2].
The nuclear level density parameters determined from neutron
spectra analysis in (p,xn) and (a,xn) reactions on nuclei of
113
Cd, 1 1 5 In, t 2 2 Sn at proton and a-particle energies « 26.8 MeV
arc presented in Table 1.
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UMeV
113

Fig.l: Neutron spectra for Cd(a,xn> at Ect=26.8 MeV. The circles indicate the experimental data: open- from measurements at
all angles, black- at back angles (2tl2Q«l+ffI15Q.l A%) m T h B
lines represent calculated values: 1-inclusive spectrum, 2-the
first neutron spectrum, 3-the second one, 4-the third one.
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The level density parameters and mean excitation energies.
Table 1

115Sn

11/lSn
Reaction

u,

MeV"11 MeV MeV

a. _
MeV 1 MeV

116Sn

u,
MeV

A,
MeV * MeV

u,
MeV

115

In( P ,xn>
Ep=11.2 MeV
115
In(p,xn>
ED=22.2
113

MeV

9.1

2.5

15.0

0.49

15.7 1.46 12.6

12.0

0.49 19.2

15.7 1.22

Cd(a,xn>
Ea-26.3 MeV

15.5 0.49 11.5

11.5

1.45 20.1

12.1 1.46 19.3

14.0 0.49 27.3

16.0

1.45 37.6

15.7 1.46

14.2 0.49

15.2

1.45

113

Cd(a,xn>
Ea=45.2 MeV

[2]

116

Sb •

117Sb

118

Sb

115

In(a,xn)
Ea-26.8 MeV
115
In(a,xn)
Ea-45.2 MeV
12]

15.3 0.01 10.1

11.5

-0.9 16.2

11.7 -0.3 15.2

13.5

0.01 25.5

14.0 -0.9 33.5

15.3 -0.3

15.3

0.01

15.2 -0.9

123Tg

124 Te

125TQ

122

Sn(a,xn>
Ec<=26.3 MeV
122
Sn(a,xn>
Ea»45.2 MeV 12.5 0.06 17.1
C2]

15.8 0.06

14.8

1.12 11.2

12.5

-0.5 17.0

14.3

1.12 27.0

14.6

-0.5 34.1

14.8

1.12

15.3

-0.5

As shown, the values of parameter "a" corresponded to mean
excitation energies of (16-20> MeV on ~20y. below of values recomended in systematization C2D and received by us at low
excitation energies. This agrees qualitativly with prediction
of the generalized model of superfluid nucleus [13] pointed out
decrease of the level density with increase of excitation
energy in comparison
with
Fermi-gas
model,
if
their
normalizing is carried out at neutron binding energy.
At a-particlo energy of 45.2 MeV neutron spectra become
more complex for interpretation. However, using tho data
received from the analysis of neutron spectra at Ep,a «*26.8 MeV
it is possible to determine level density parameters at higher
excitation energy. As shown, the parameter "a" increases at

S5

subsequent growth
of
excitation
energy.
This
effect,
apparently, is conditioned by breaking of the shell structure
in investigated nuclei with increase of excitation energy. In
fig.2 by the dashed line the inclusive neutron spectrum from
n3
C d ( a , xn) reaction at Ea-45*.2 MeV calculated with
the
values of level density parameter "a" close to received by us
at U=< 16-20>Mev" < a=12.0 for n 6 Sn,* 12.5 f o r 1 1 5 Sn, 12.1 for
114
Sn> is presented. It is shown, that the shape of this
spectrum differes essentially from the measured one.
The integral neutron emission cross-sections on different
steps of the cascade process aYe presented in Table 2. On the
last step in each investigated reaction the gamma-ray emission
increases sharply, though the neutron emission is possible
energetically. This is due to the fact, that the most part of
excited compound states differes greatly from residual states
on spin and the excitation is taken off by cascade of
gamma-rays.
The neutron and gamma emission cross-section on different
steps of the cascade process.
Table 2
Cross-section, mb
Reaction
115

In(p,xn)
Ep=11.2 MeV
115
In<P,xn)
Ep»22.2 MeV
113
Cd(a,xn>
Ea-26.8 M Q V
115
In(a,xn>
Ea=26.8 MeV
122
Sn(a,xn)
Ea-26.8 MeV
113
Cd(a,xn)
Ea-45.2 MeV

°3n

° 2 n 7 °4n °3 n

°tot

°1n

725

722

24

271

1107

1079

164

1040

179 859

1260

1242

107

1203

178

1260

1201

83

1156

1171

1169

133

1132

92

1503

1452

409

1350

1340

950 380

1417

1337

846 470

1467

1462

1222

neutron

omission

435

1023
1155
1040

115

In(a,xn)
Ea*45.2 MeV 1653 1486 357
122
Sn(a,xn>
Ea»45.2 MeV 1500 1490 486

240

SUMMARY
The

analysis

of

the

equilibrium

investigated reactions in the

framework of
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statistical

in
model

used mathematical formalizm of Hausei—Feshbach for multistage
processes allowed to determine the nuclear level density
parameters
in
the
backshifted
Fermi-gas
model
for
114
115
116
116
117
1ie
123
124
1£5
Sn,
Sn,
Sn,
Sb,
Sb,
Sb,
Te,
Te,
Te
in a wide range of excitation energies. It is shown, that
the nuclear level density parameter "a" with increase of
excitation
energy at
first decreases, that agrees with
prediction of the generalized model of superfluid nucleus,
and later increases, pointing out breaking of the shall
structure. In this connection it is necessary to analyse these
experimental data in the framework of the generalized model
of superfluid nucleus with phenomenological calculation of the
shell effects demanded of the essential remaking of 6R06I code.
The results of calculations point out also important part
of the radiative decay channel on the last steps of the
evaporation cascade, that does not take into account in the
calculations
without
detail
accounting
of
the
spin
distribution on each step of the cascade, used widely at the
experimental data analysis earlier and in some works in the
present time.
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THE ISOTOPIC EFFECT IN THE (n,a) REACTION
INDUCED BY FAST NEUTRONS
G.Khuukhcnkhuu, Yu.M.Giedenov, M.V.Sedysheva, G.Unenbat
Frank Laboratory of Neutron Physics, JINR, 141980 Dubna, Moscow Region, Russia
INTRODUCTION
•
Investigation of charged particle emission reactions induced by fast neutrons is
of interest for both nuclear energy applications and the understanding of basic nuclear
physics problems. In particular the study of (n,a) cross sections is important for
estimating radiation damage due to helium production in the structural materials of
fission and fusion reactors, as well as for research of nuclear reaction mechanisms and a
-cluster structure. In addition, it is often necessary in practice to evaluate neutron cross
sections of the nuclides, for which no experimental data are available. Because of this, it
would be very useful to derive some empirical law governing the variation of charged
particle emission reaction cross sections induced by fast neutrons. Several formulae
have been suggested to describe the isotopic dependence of the (n,p) cross section
around the neutron energy of 14 MeV [1-4]. Recently, we observed a similar
dependence for the (n,p) cross sections averaged over the thermal neutron induced
fission spectrum of ^v [5], and in the energy range of 6-16 MeV [6]. As for the (n,a)
cross section for fast neutrons there is an empirical law by Levkovsky [1] around the
neutron energy of 14 MeV, only.
In this paper we report on the attempt to make a systematic analysis of the
known (n,a) cross sections in a wide energy range, namely, at energies of 8, 10, 14.5
and 16 MeV [7].
FORMULAE
The (n,a) cross section at a neutron energy around 14 MeV is satisfactorily
described by the formula referred in literature as the isotopic effect [1]:
(1)
where ro=1.41O"13 cm; A, N and Z are the mass number, number of neutrons and
charge of the target nucleus, respectively; C and K are the fitting parameters. Formula
(1) can be partly interpreted, as in the case of the (n,p) cross section [3,8], within the
framework of the statistical model for nuclear reactions [9]. The pre-exponential term,
in fact, is the cross section for formation of a compound nucleus by neutrons, whereas
the exponential term represents the escape of an ct-particle from the compound nucleus.
Since we are considering the wide energy range of 8-16 MeV, it is necessary to
take energy dependence into account in the compound nucleus formation cross section.
Then the compound nucleus formation cross section can be written as [9]
(2)
Here X=4.55-10'13 cm / ^E n (MeV) is the wavelength of the incident neutrons divided
by 2K; t is the orbital angular momentum of the neutrons; R= r0Al/3 is the radius of the
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target nucleus; T,is the transmission coefficient; and E,, is the energy of the neutrons. If
we use the black nucleus approximation T, = 1, expression (2) is then reduced to the
following form
o c = n ( R + X)2.
(3)
Thus taking into account formula (1) and using expression (3) we finally get the
formula for the fast neutron induced (n,a) cross section
(4)
DATA ANALYSIS
Using known experimental data and formula (4) we can obtain the fitting
parameters K and C for different energies of neutrons. Figs. 1-4 show the known
experimental values of reduced (n,a) cross sections taken from [10-17], depending on
the relative neutron excess (N-Z)/A of the target nucleus and the line fitted by
formula (4) at the energies of 8, 10, 14.5 and 16 MeV, respectively. Plus and minus
symbols denote the positive and negative Q-values of the reactions, respectively.
Corresponding values of the fitting parameters C and K are given in these figures.
Figs. 1-4 demonstrate that formulae of type (4) satisfactorily describe the dependence
of known experimental (n,a) cross sections on the relative neutron excess parameter
(N-Z)/A for the wide energy range of 8 to 16 MeV. But for some cases considerable
deviation from the fitted line was observed. Such deviations are perhaps caused by
different reasons. For example, in the case of 19F at En=8 MeV such behaviour is
apparently explained by the strong resonance of its (n,a) cross section around 6 MeV.
Unfortunately, it is not possible at present to make any systematic analysis below
8 MeV because the experimental data of (n,ct) cross sections in this energy range is
scant. Besides it should be noted that in most cases of (n,oc) reactions, the target nuclei
have a certain threshold energy even when its Q-value is positive and perhaps the
correlation between the (n,a) cross section and parameter (N-Z)/A is not valid at
energies close to that threshold.
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Fig. 1. The dependence of reduced (n,a) cross sections on the relative
neutron excess (N-Z)/A in the target nucleus at E,,=8 MeV.
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CONCLUSION
1. Figs. 1-4 demonstrate that formula (4) satisfactorily describes the dependence
of known experimental (n,<x) cross sections on the relative neutron excess (N-Z)/A in
the target nucleus for the wide energy range of 8 to 16 MeV.
2. The dependence of the (n,ct) cross sections on the parameter (N-Z)/A in the
wide energy interval of incident neutrons and for the wide range of mass number
A=19-140 of the target nucleus indicates that this behavior is apparently independent of
nuclear reaction mechanisms.
3. For such a systematic analysis, it would be very useful to make an exact
experimental study of (n,a) cross sections especially below E^IO MeV where
experimental data is very scarce.
4. Further, it is necessary to study such behaviour of the (n,a) and (n,p) cross
sections from the united view-point of nuclear reaction and nuclear structure theories.
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Shi Zhaomin, Chen Jinxiang, Fan Jihong, Zhang Guohui
Institute of Heavy Ion Physics, Peking University, Beijing, P.KChina
Chen Zemin, Chen Yingtang, Qi Huiquan, Li Mingtao
Department of Physics, Tsinghua University, Beijing, P.KChina
1. INTRODUCTION
Investigation of (n,a) reactions induced by fast neutrons on medium mass nuclei
is of considerable interest for both nuclear energy applications and testing nuclear
models. Nuclear data compilations [1,2] show that at energies between 3 and 10 MeV,
where the thresholds of many of the (n,a) reactions lie, the experimental cross section
data base is rather scanty and there are significant discrepancies between the available
results of various authors. In addition, in most cases, previous measurements of the
(n,a) reactions in this energy range were made using activation techniques. This
method, though easier in practice, is feasible only in certain cases where the residual
nuclei reached by alpha-particle emission are unstable. Also, such measurements do not
allow energy spectra and angular distributions to be obtained for emitted alpha-particles
in the (n,a) reactions.
Therefore, for the last a few years we have measured the energy spectra,
angular distributions and cross sections for (n,a) reactions using direct spectrometric
methods on the medium mass nuclei in the region of several MeV [3,4]. In this paper
we report the results of such measurements for "Ca, s*Ni and "Zn target nuclei.
2. EXPERIMENT
Nearly monoenergetic neutrons of several MeV were produced via the
D(d,n)3He reaction using the Van de Graaff accelerator at the Institute of Heavy Ion
Physics, Peking University, Beijing, P.R.China. Alpha-particles from (n,ct) reactions
were detected using a parallel-plate, gridded twin ionization chamber with a common
cathode which was made in the Frank Laboratory of Neutron Physics, JINR, Dubna,
Russia. The first section of the twin ionization chamber contained the target-isotope
which was evaporated in vacuum on a aluminium or tungsten thin foil that was used as
the cathode. The second section was empty and was used for background
measurements. The anode plates were 0.2 mm thick aluminium foils. The grids
consisted of parallel gold-coated tungsten wires 0.1 mm in diameter spaced 2 mm apart.

This work was made possible in part by Grant No RFI000 from the International Science Foundation
and Grant No RFI 300 from the ISF and Russian Government
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Argon mixed with 3-5% CO2 or krypton mixed with 1.7-3% CO2 was utilized to fill the
chamber.
T w o dimensional energy spectra of signals from the anode and cathode were
obtained with the help of a measuring system designed at the Institute of Heavy Ion
Physics [5] and based on the IBM PC AT-386 computer. The anode signal of the
ionization chamber gave the energy spectrum of alpha-particles emitted in the ( n , a )
reactions at that time the cathode signal gave information on their angular distribution
[6], Determination of the absolute neutron flux was perfected with the help of a
previously calibrated BFj long counter and ^ ' U (99.997%) fission chamber. The basic
characteristics of the targets are given in Table 1.
Table 1. The basic characteristics of the targets
Nuclei
TO

Target

Ca
Ni

CaF2
metal

Zn

metal

58

M

Abundance
of
isotope (%)
Natural
99.9
99.4

Thickness
(mg/cm2)

Target area
(cm 2 )

0.86±0.03
1.047±0.020
O.25O+O.O13

19.63
12.56
78.5

3. RESULTS AND DISCUSSION
3.1. Energy spectra
Background subtracted energy spectra of alpha-particles emitted from the
&f1 to reaction at E,,=4 MeV in the forward and backward directions are shown
in Figs. 1 and 2, respectively. Here we can see only the alpha-transition to the 37Ar
ground state (ao) and the energy shift caused by reaction kinematics. In Fig. 3, the
background subtracted alpha-spectrum for the 40Ca(n,a)37Ar reaction at E,,=5 MeV in
the direction of cos9=0.8-0.9 is displayed. In this case alpha-transitions to the excited
states of 37Ar perhaps appear, but the statistical accuracy and energy resolution for
these transitions are not enough to calculate their intensities.
Energy spectra of foreground and background measurements for the
5
*Ni(n,a)JSFe reaction measured at E,,=5.1 MeV in the forward and backward
directions using the Kr+1.7% CO2 gas mixture are shown in Figs. 4 and 5, respectively.
In this case the energy resolution is not high enough to resolve alpha-transitions to the
different final states of the daughter nucleus and we have only total alpha-counts for the
s
*Ni(n,ct)53Fe reaction.
The foreground spectrum for the " Z n ^ a ^ ' N i reaction measured at E,,=5 MeV
in the forward direction using the Ar+3% CO2 gas mixture is shown in Fig. 6. It is seen
that, in addition to events of the MZn(n,a)6lNi reaction, there are background alphapeaks from the 3<Ar(n,a)33S reaction which considerably hamper experimental data
handling. Part of this spectrum, where the events for the 64Zn(n,a)61Ni reaction are
given in more detail (Fig. 7), shows that alpha-transitions to excited states of 6lNi
appreciably contribute to the (n,ot) cross section.
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Fig. 1. Background subtracted energy spectrum of alpha-particles from
\37
the 40/Ca(n,a) Ar reaction at E,,=4 MeV in the forward direction.
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Fig. 2. The same as in Fig. 1 in the backward direction.
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Fig. 3. The same as in Fig. 1 at En=5 MeV in the angular range of cos8=0.8-0.9,
where 8 is the angle between the direction of the incident beam and
the direction of the emitted particle.
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Fig. 6. Foreground spectrum for the MZn(n,a)6INi reaction at
E,,=5 MeV in the forward direction.
10

CHANNEL

Fig. 7. Fragment of the spectrum given in Fig. 6.
3.2. Angular distribution
As it was mentioned above, only a-transhions to the 37Ar ground state (cto) will
be considered in the 40Ca(n,a)37Ar reaction. Our results of the measurements for the
angular distribution of a-particles emitted in the 4OCa(n,ao)37Ar reaction, together with
data taken from refs. [7,8] at 4 and S MeV, are shown in the center-of-mass system in
Figs. 8 and 9, respectively. The angular distributions that we measured at 4 and S MeV
are nearly symmetrical with respect to 6=90°, though some small slant in the forward
direction at E,,=5 MeV can be seen. But, such results disagree with the only other
available data reported by Calvi et al, at 4 MeV [7] and Abasch et al., at 5 13 MeV [8].
Fig. 10 represents our results of angular distribution for the 58Ni(n,a)55Fe
reaction at E,,=5.1 MeV and the statistical model calculation. Symmetrical distribution
with respect to 0=90° which corroborates the compound mechanism of nuclear
reactions, is in agreement with the experimental results by Wattecamps [9].
Symmetrical angular distribution with respect to 6=90° was also observed for
the Zn(n,a)61Ni reaction (Fig. 11) which is in disagreement with the forward slant
distribution obtained by Calvi et at. [7].
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Fig. 8. Angular distribution for the 40Ca(n,a0)37Ar reaction at En=4 MeV
Experimental points: O - ref. [7], • - our data. The solid curve is the
least-squares fit of our data by the expression P(cos0)=a+bcos20,
where a and b are the constants.
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Fig. 9. The same as in Fig. 8 at E,,=5 MeV. Experimental points. O - ref [8],
• - our data.
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Fig. 10. Angular distribution for the 38Ni(n,a)55Fe reaction at En=5 1 MeV
Solid line is the statistical model calculation.
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cm.

Fig. 11. Angular distribution for the MZn(n,a)61Ni reaction at E»=5 MeV for
an excitation energy E*<2 MeV of the residual nucleus. Solid curve
is only an eye-guide.
3.3. Cross section

The angle integrated cross section of the ^Cafaao^Ar reaction at E,,=5 MeV
was found to be o(n,ao)=234±23 mb. This value, in comparison with the experimental
data reported in refs. [7,10-15] and the statistical model calculation results [12,16], is
illustrated in Fig. 12.

Fig. 12. Excitation function of the *°Ca(n,(Xo)37Ar reaction. Experimental
points: O - ref. [10], • - ref. [11], V - ref [12], A - ref. [7],
• - ref. [13], x - ref. [14], A - ref. [15], and • - our data. The solid
line is the statistical model calculation for the (n,oto) cross
section [12]. The dashed line is the statistical model calculation for
the (n,<x) cross section [16].
Fig. 12 shows that our value is slightly above the other data but it should be noted that
the spread of the experimental data of the various authors is great.
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Our result o(n,a)=47.4±5.0 mb for the 58Ni(n,a)53Fe reaction at En=5.1 MeV,
together with experimental data of Qaim et al. [17] and Graham et al. [18], are
compared with the theoretical model calculations [19] in Fig. 13.
160
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Vr
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40
20

r Jf
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2
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8

10 12

14 16 16 20
E n (MeV)

points: O - ref. [17], x - for (n,xa) reaction ref. [18], A - ref. [20],
A - recommended value in ref. [2], • - our result. Fill curve is the
. evaluated file ENDF/B-VI; dashed curve is the JEF-2/EFF-2,
dot-dashed curve is the JENDL-3 [19].
The cross section of the MZn(n,a)6lNi reaction at E,,=5 MeV was found to be
34±3 mb. This result is in disagreement with the value o(n,a)«42 mb obtained by Calvi
et al. [7].

4. CONCLUSION
1. Our experimental results have shown that the gridded twin ionization
chamber can be successfully used for charged particle spectrometry from neutron
induced reactions in the energy range of several MeV.
2. The fact, that the angular distributions of cc-particles emitted in (n,a)
reactions for ^Ca, V i and MZn in the studied energy interval are nearly symmetrical
with respect to 9=90°, shows that the compound nucleus mechanism predominates
over other mechanisms.
3. The cross sections of the "°Ca(n,ao)37Ar, 58Ni(n,a)55Fe and "Znfaaf1™
reactions around 5 MeV were found to be 234±23 mb, 47.4±5.0 mb and 34±3 mb,
respectively.
4. To clarify the role of different reaction mechanisms it is necessary to perfect
more detailed and exact measurements of the energy spectra, angular distribution and
cross section for (n,a) reaction in the energy range of ~3 to 10 MeV.
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GAMMA DECAY OF THE EXCITED STATES

STATISTICAL ANALYSIS OF GAMMA - MULTIPLICITY EXPERIMENTAL DATA
G.P.Georgiev,
Joint Institute for Nuclear Research,
Dubna, 141980, Russia,
T.P.Madjarski, N.B.Janeva,
Institute for Nuclear Research and Nuclear Energy,
72 Tzarigradsko shauBsee Blvd., 1784 Sofia, Bulgaria
The method of gamma-multiplicity spec:l.rometry applied in the
energy region of neutron resonances refers to the investigations
of gamma-multiplicity spectra for single resonances. Methodically
this is realized in combination with a time-of-flight method and
is done by using a 4 ii-mul tidetector system [1J. The multiplicity
of gamma-quanta emitted in an event of the resonance neutron
radiative capture is an integral characteristic of this process.
So, the investigation of this value is not a simple problem duo
to the lack of the clear theoretical description of the compound
nucleus decay through gamma-cascades. Moreover, in the case of
the 4re-multidetector system the response function of the facility
is also important for the precise treatment of the experimental
data. The necessity of a statistical modelling approach here is
obvious.
Experimental data
The experiments were performed on the 500 • flight path of
the pulsed neutron booster IBR-30 in Frank neutron physics
laboratory (JINR, Dubna) by using of the 4n-multidetector system,
named Romashka [ 1 ] . It consists of 16 independent sections, which
are crystals of Nal(Tl), viewed by a photomultiplier. The neutron
time-of-flight and the number of coincident gammn-quantn arc
registered for each captured neutron and these capture event
parameters are stored as 16 time-of-flight spectra, corresponding
to
coincidences
of
different
multiplicities.
The
gammamultiplicity distribution for each single resonance is obtained
[2] and can be shown easily in three dimensional presentation.
The scattering of gamma-quanta in the detector material
leads to a difference between the physical multiplicity of the
process analyzed and the measured apparatus multiplicity. The
response function of the multidetector system is very complicate,
so, it has been studied carefully by a statistical modelling
method [ 3 ] . This has been done by modelling the gnrama-cusendes
produced at compound nucleus decay and calculating the detector
response to a cascade of a different number of gamma-quanta. The
code ROMSD [4] was prepared for calculating the gammn-quantn
transport
through
the multidetector
system with
its real
geometrical dimensions and material characteristics.
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The spin dependence of gamma-multiplicity
The radiative capture of s-neutrons forms a highly exited
state with the energy close to the binding energy of a neutron
for this compound state. For this energy region the spin Jc
and parity icc of the compound states obey to the following
selection rules:
Jc - Jt±l/2 , nc ' nt ,

(1)

where Jt and x t are the spin and parity of the nucleus target.
The decay of the exited state proceeds by emitting a neutron elastic scattering or by g a u a emission. After the gamma emission
the ground state can be populate, i.e. the excitation energy is
discharged by emitting only one quantum or can be populate a
lower exited state, which is decaying again to the ground or
lower lying exited states and so on up to the ground state of the
compound nucleus. If the decay is going through n intermediate
levels the number of emitted gamma quanta will be n+1.
We can group the decay modes only by the number of the
intermediate levels and introduce the density of the distribution
of v - number of gamma-quanta emitted in the decay of a resonance
i with energy E- and spin J£^ - g{EitJci,v) as follows:

Let us introduce
resonance i:
V. * \^ VffyEji Jei'
«>1

v

'

the

average

gamma-multiplicity

of

the

'

and the central moments of g(BitJci,v) :

Considering the measurements, g(EitJci,v) corresponds to the
ratio of the number of events of the resonance level decay with
emission of v gamma-quanta - Fvi to the total number of decays of
this resonance Fti:

5

., ,

(5)

-l is the maximal number of intermediate levels of the decay
mode.
However in the experiment we observe the density of the
distribution of the events, when k-sections of the detector
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functioned simultaneously Nki , k • 1,2, . . ., Jc^* Following
we present the relation between N^ and Fyi in the form:

Here

J^ Gtyjavji is

an

appropriate

presentation

of

[3]

averaged

detector response function as a product of two Multipliers - Gt¥i(
which depend
on the detector properties and ayi - these are
related to the characteristics of the investigated process, the
radiative capture in the case, and can be interpreted as a
response function for a given decay node. All possible cascades
can be divided into s groups. The normalization
*
vi * 1 is valid for avi. The initial moments of this new
distribution are given by:

<*«><- - S

, a-1,2,3,...

(7)

Let us introduce following [3] the density of the
probability GOvi that not a single section is in operation if a
cascade of v-number gamma-quanta comes into the detector. Then
from (6,7) and the normalizing equality

we obtain:

(9)

The values avji are characterizing the both - detector and a
process under investigation, so we can suppose without assuming
a grosB error that avJi do not depend on v and i, i.e.
After introducing the notations:
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we have:

aj^g{Ei.Jci,v)Fj(n,v)
do)
1-

Now we expand hj(v) and Fj(n,\) into a Taylor series around
v^ and obtain:

(H)

As has been noted at the beginning an odd nucleus target
forms in radiative capture of resonance neutrons two level spin
systems. The compound nucleus decay proceeds mainly trough dipole
gamma-transitions, so we can suppose that the higher spin is
favorable to a decay with higher number of transitions. The
population of a the first and the second intermediate levels can
be considered as random and this leads to the differences in
g(EifJci,v) for various i. Therefore we suppose that 'v1 is an
arbitrary value for each spin system and the density of its
distribution has the following form:

Px(v)

for Jc = J £ +l/2

P2(v")

fox Je = «7 t -l/2

A; 1 - j pi(x)dx ,i=ir2 .
Let us introduce the conditions:
(13)
which permit to observe the "separation by spin" of resonances.
It can be accepted by general considerations that Uj^ changes
weakly from resonance to resonance, therefore and from (11) we
have:
i * Hj^i) , H * 1,2,3,...
because

the functions

Fj(n,\) and hj(v)
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(14)
depend

only on the

detector construction and are invariant relatively to the
investigated process. It follows from (14) that <kn>± is a
function of an random variable, so for its distribution density
we have:

DBj(<kD>) - AjJ6(<kD>-HaU))Pj(x)dx

, j = 1,2 .

(15)

From (15) it follows:

xnB/<icJ1>) are the roots of the equation Hn(x) = <JcD> . Let us
suppose that i t has only one root xJ<icJJ>) and for i t i s f u l f i l l e d
min vjBlJn * x{<kn>) £ max v^,^. Let us have:
- zJa) = v^ ,

j * 1,2 .

After an expansion of xa(z)
to:

•

(IT)

in Taylor s e r i e s around Zja we come

and if for j=l,2 and n=l,2,3,... we have:
|8 " X ( ^ ) |<i^Oj

at m -2,3,4,...

it is possible to introduce the approximation

According to (13) the conditions for "separation by spin" are
given by the following relations:
2
Qu

Let us assume
magnitude:

that

the moments
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<Jca>i

are aligned by

<kn>2
where i
is the number of experimentally observed resonances.
The same alignment will not be valid for <kn*1>i, i = l,2,...i .
So, if the condition for "separation by spin" (20) is fulfilled
it is possible to determine the spin of more resonances by
investigating more moments.
Results
The described procedure was applied to the experimental data
for ' Sn [51 and ITSHf [6]. The results about the identification
of " Sn resonances by spin Jare presented on the Table 1.
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The both tables summarize the information from the
distributions of the initial moments of the experimentally
observed gamma-multiplicity spectra. These distributions are
histograms with two maximums related to the two levels systems
separated by spin. The columns S( contain the resonances, for
which the value of the n-th initial moments are in the maximum,
corresponding to v., and the columns lg contain the resonances
with the value of the n-th initial moments in the maximum,
corresponding to Vj. The sign G on the Table 1 means, that not
only one but three channel of the maximum are taken in
consideration.
Conclusion
1. The target nucleus
Sn forms by capture of resonance
neutrons two spin systems of levels with spin and parity 1 and
0 correspondingly. The average level spacings for these systems
are 5(l*) = 136.60 eV and d(0* ) = 176.57 eV, respectively for all
levels d=76.50 eV. The compound nucleus
Sn is spherical and
vibrational and rotational degrees of freedom does not play a
significant role for determination of level density. So, here the
low density, which is characteristic for spherical nuclei is
kept, in spite of high excitation energy - close to 9 MeV.
2. The target nucleus TIf forms 4 and 5* spin systems in
radiative capture. The compound state TIf is deformed nucleus,
so vibrational and rotational enhancement causes an increasing of
the level density in spite of lower excitation energy -_7.35 MeV,
and we have d(5*)=9.94 eV, d(4f)=10.46 eV and d=4.54 eV
correspondingly.
3. The spin cut off parameters was calculated from the
equation:
.
d(Jt-l/2)f(Jt-l/2) =d(Jt+l/2)f(Jt+l/2) .
where f{J) is determined following [7] and it is o=4.6 for ^BSn
and o=5.2 for 1M Hf.
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1

Introduction

Since its discovery in 1958 [I], the method of two step cascades (TSC method) was found
to he very fruitful in various areas. The original intention was only to eliminate the
background of 7-ray spectra [1]. In Duhua, where the TSC method was revived in the
70\s, modified, and adapted for Ge detectors [2], it was shown that TSC measurements of 7
rays following the thermal neutron capture can yield quite new spectroscopic information
[•\\. The program of our group is focused oh the use of the the TSC method for studying
the photon strength functions of heavy and medium mass nuclei.
The convenience of the TSC method for collecting information on photon strength
functions was discussed on this seminar in the last year [4]. As was proved in TSC
measurements for H1 Nd [5, f>], H5 Nd (6, 7] and l62 Dy [8] target nuclei, the TSC method
is able to detect differences of the present models of photon strength functions which
are beyond the power of other methods to distinguish. In this respect, particularly the
following features of the TSC method should be highlighted: (a) its sensitivity to the
behaviour of photon strengths in an unusual energy region of /',\ « 2 5 MeV, (b) its
capability to yield information on strengths of the 7 transitions leading to excited stales,
(c) a possibility to extract a ratio between I'M and Ml strengths from TSC intensities
corresponding to TSC terminal states of both parities.
In this contribution, we report results of TSC measurements performed on the " s l n
target nucleus and their comparison with model calculations based on various models of
K\ and Ml strength functions. The main motivation for the experiment was to lind out
whether the previous conclusions concerning the failure of the Drink- Axel model [!)) of
the El strength function and the preference of the model of Kadmenskij r/ al. (11] in
spherical and transitional nuclei will be verified in the case of lir*ln. Note that in contrast
to the even even Nd isotopes studied so far (5, G, 7] the present data concern an odd odd
nucleus.

2

Experiment

The reported data originate from measurements performed on a facility installed at the
IAVIl-15 reactor at Itez. The experimental setup and the data acquisition method were
briefly reported in Refs. [8, 12] and will be described in details in Hef. [13]. All components
of the facility, i.e. the neutron guide, detectors, shielding and electronics, together with
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Figure 1: A spectrum of 7-ray energy sums.
an elaborated data acquisition procedure ensure TSC spectra of a good quality, virtually
free of a background caused by the Compton effect and random coincidences.
The measurement, performed with a natural In metal target, had a duration of 243
hours. A spectrum of 7-ray energy sums obtained is shown in Fig. 1. Peaks corresponding
l,o the selected TSC terminal states in m I n , for which TSC spectra were accumulated,
are labelled by the level energy, spin and parity.
The TSC spectra obtained were normalized with respect to intensities of 2 primary
transitions (5892 and 6048 keV) from the thermal-neutron capturing state [14]. Corrections have been made for variations of efficiencies of both detectors [8], effects of vetoing
[4, 5] and for angular 7-7 correlations [4]. While the veto corrections ranged up to 30 %,
the angular-correlation corrections were estimated to be less than 5 %.

3

Modelling

A comparison of the experimental data with model predictions was performed with the aid
of a 7 cascade simulation code DICEBOX [15]. The algorithm embodied in this program
is based on the standard Monte-Carlo technique. In contrast to other nuclear-reaction
codes of this sort, the said program makes it possible to determine also fluctuations
of the calculated quantities resulting from uncertainties associated with the statistical
model (fluctuations of partial radiation widths, i.e. the Porter-Thomas fluctuations, and
local level density fluctuations). Details concerning the algorithm used are described in
Ref. [15]. We use a modified version of DICEBOX, developed especially for the TSC
calculations. This program enables us to determine not only net contributions of twostep cascades in the TSC spectra, but also parasitic (summing) effects of three and more
complex cascades, see Ref. [8] for details.
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Figure 2: A comparison of experimental integrated TSC intensities (columns) with model
predictions (points connected by line segments). The TSC terminal states are labelled by
energy (in keV), spin and parity. Values of x* per degree of freedom (x 2 /7) and correlation
coefficients (g) are presented.
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Table 1: Theoretical average total radiation widths of s-wave neutron resonances in the
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In target for various combinations of models of the level density (p) and photon strength
functions (SEI and S\t\). Errors represent r.m.s. uncertainties due to the Porter-Thomas
fluctuations. Figures belonging to the model combinations selected are printed in bold.
The experimental width is <r%) = 77 ± 4 meV [20].
ID

P

CTF
CTF
3 CTF
4 CTF
5
CTF
6
CTF
7 BSFG
8 BSFG
9 BSFG
10 BSFG
11 BSFG
12 BSFG
1
2

SE\

BA
BA
KU
KU
KMF
KMF
BA
BA
KU
KU
KMF
KMF

<!%) (meV)
SP
117 ± 3
GDMR
95 ± 3
SP
38 ± 1
GDMR
16 ± 1
SP
62 ± 1
GDMR
41 ± 1
SP
212 ± 4
GDMR
173 ± 4
SP
69 ± 1
GDMR
29 ± 1
SP
110 ± 1
GDMR
71 ± 1

In the modelling, we used the following alternative models of the El strength functions: (a) the Brink-Axel model [9] (BA), (b) the model with energy- and temperaturedependent GDR damping width [17] (KU), (c) the model of Kadmenskij et a/. [11] (KMF).
Parameters of the electric GDR were set according to Ref. [16]. The "quasiparticle" parameter F = v ( f (l+2/[/3)/(l+2/i) in the KMF model was taken F = 0.7 [11].
For the Ml strength function, we employed (a) the single-particle model [17] (SP) or
(b) the model of the magnetic (spin-flip) GDR [17] (GDMR). The GDMR energy and
width were taken from systematics [17], while the GDMR maximum cross section as well
as the SP Ml strength were adjusted to get an optimum agreement with the data on
primary transitions from neutron resonances [18].
The single-particle model with the strength adjusted from the neutron-resonance
data [18] was used for the E2 strength function. Transitions of larger multipolarities were
disregarded in the calculation.
The level density was calculated according to (a) the back-shifted Fermi gas model [19]
(BSFG) or (b) the constant-temperature formula [19] (CTF) with parameters reported
in Ref. [19].
The above-mentioned models can be combined in 12 model combinations. We used
the average total radiation width of s-wave neutron resonances [20] as a criterion to
distinguish those model combinations which are a priori excluded. The total radiation
widths calculated within all the 12 model combinations are given in Tab. 1. Using the
experimental width [20], we selected 6 model combinations (see Tab 1) which have been
employed in the TSC simulations. For each of these model combinations, the simulation
was performed with 150 nuclear realizations [8, 15] (20000 capture events generated for
one realization).
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El - model of Kadmenskij et al.
Ml - single-particle model
Level density - constant temperature formula
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Figure 3: A detailed comparison of experimental integrated TSC intensities (open
columns) with theoretical predictions (filled columns) resulting from the model combination T> (see Tab. I). The experimental errors (without the normalization error) and statistical r.m.s uncertainties are shown as error bars. In the calculated bars, the pure TSC
effect (double hatched) is distinguished from parasitic 3 and 4-step cascades (hatched).
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Figure 4: The TSC spectrum for the 127-keV terminal state (see Fig. 1). The experimental spectrum (dots connected by lines) is compared with a theoretical prediction of
the model combination 5 (see Tab. 1). The modelled spectrum is represented by a band
of the statistical r.in.s. uncertainty (two histograms). Doth spectra are averaged over
100 keV bins.
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4

Results

Integrated TSC intensities [4, 5, 12] were obtained from the central interval (2.4 MeV
wide) of individual TSC spectra. These experimental integrated TSC intensities were
compared with their calculated expectation values, based on the 6 selected model combinations (Tab. 1). This is shown in Fig. 2, where line segments connect the expectation
(average) values corresponding to particular model combinations and columns visualize
experimental values. Due to uncertainties of the normalization, all the experimental TSC
intensities together can move up or down within 20 % of the values shown. Besides this,
the experimental-intensities are also subject to statistical errors and theoretical intensities
to the statistical-model uncertainties, which both increase the ambiguity of the analysis.
All these uncertainties were taken into account in evaluating a value of \2 which characterizes an agreement (or disagreement) of the experimental and calculated integrated
TSC intensities for each of the adopted model combinations. The values of \2 as well as
correlation coefficients g between experimental and calculated integrated TSC intensities
are given in Fig. 2.
As can be seen in Fig. 2, the model combinations containing the Brink-Axel model of
the El strength function fail to reproduce integrated TSC intensities of positive-parity
states. On the other hand, those model combination, which contain the model of Kadmenskij et al., provide a relatively good agreement. In view of the \ 2 values reported
in Fig. 2, this conclusion is statistically meaningful. The best agreement with the experimental data was obtained if the model of Kadmenskij et al. was combined with the
single-particle model of the Ml strength function (models 5 and 11). For the model
combination 5, a comparison of theoretical and experimental integrated TSC intensities
including sizes of both experimental statistical errors and theoretical statistical-model
uncertainties is shown in Fig. 3.
Not only the integrated TSC intensities but also shapes of the TSC spectra were
well reproduced within the said optimum model combinations. As an example, in Fig. 4
we present the TSC spectrum for the 127-keV terminal state. Both experimental and
calculated shapes are shown as well as the statistical-model uncertainty of the calculated
spectrum.

5

Conclusions

As follows from results discussed in Sect. 4, the model of Kadmenskij et al. of the
El strength function provides a much better representation of our TSC data than the
alternative Brink-Axel model. This is in a good accord with our previous results on Nd
[5, 6, 7] as well as with older data on other spherical and transitional nuclei [17]. No
statement of a comparable strength can be formulated for the Ml strength function or for
the level density. Nevertheless, the single-particle model for Ml strength function seems
to be slightly preferred to the model of magnetic GDR in the nucleus studied.
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ABSTRACT
For the investigations of a spin dependences of neutron and photon
strength functions results of measurements of averaged through many
resonances E1 primary transitions in 1MGd at capture of filtered reactor
neutrons with the mean energies 1.9, 3.5,45 and 58 kev are used. The spin
independence of neutron strength function have been determined with
accuracy 10%. The difference of the averaged partial radiative widths of E1
transitions to final states with different spins in 156Gd have been found with
accuracy (15+25)%.

1. Introduction
The dependence of neutron Snj and photon SyJ strength functions from a spin
of resonance J were usually investigated in the direct measurements of neutron
resonance parameters in various reactions with neutrons in the low energy range of
resolved resonances. Unfortunately the number of resonances with known spins in
nuclei doesn't exceed some tens ones. For investigations of photon strength
functions the additional possibility to reduce a statistic reliability of the obtained
results is a use some primary y-transitions from the each resonance, but a number of
the rather strong resonances, for which the primary y-transitions may be measured,
is limited too. As a result the supposed spin independence of neutron and photon
strength functions is confirmed by direct experiments with an accuracy not better than
15+20% due to the known Porter-Thomas fluctuations of neutron widths and radiative
widths of primary transitions for each resonance.
The confirmation of the spin independence of SyJ photon strength function is
the experimentally known equality of total radiative widths for s-resonances with
different spins. If a total radiation width one expresses as a sum of partial widths of
many primary y-transitions to all final states, densities of which expressed by known
dependences on an excitation energy, the spin independence of total radiative widths
may be obtained at the condition of the spin independence of a photon strength
function [1].
The next possibility of the investigation of the S^ and SyJ spin dependences is
the use of the data on the reduced intensities 1 ^ of primary y-transitions in a neutron
capture y-ray spectrum averaged through many resonances (ARC spectrum). The
values of 1^ are the coefficients in the energy dependence f( E y ) of the intensities of
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ARC transitions I y f = I° f f(E y ).
ARC spectra are usually obtained in the
measurements with a use of filtered neutron beams (FNB) formed at a nuclear
reactor by means of thick neutron filters from materials in the total neutron cross
sections of which there are deep interference minima. The comparison of the
reduced intensities of E1 primary ARC transitions from the s-resonances with various
spin J to the various final states f allows to determine the correlations between the
S^ and the S^ values for different J. The statistic uncertainties of these correlations
are small enough since the number of averaging resonances may be more than one
thousand, and an additional averaging I° f for the transitions to the final states with
the same spin Jf correspondingly diminish the uncertainty of the mean averaged
value of <I°f>.
The first investigation of the spin dependence of S^from ARC
spectra of 156Gd was carried out in [2] at the energies of FNB E=1.9, 3.5, 45, 58 and
132 keV, and the value of the coefficient a=SnJ (J=2)/(J=V) equal of 0.85±0.30 has
been obtained. The values of SyJ in the calculations were supposed independent on
J. As mentioned above it follows from the equality of ryJ values for different J.
But the obtained in [2] uncertainty for the a value is much more than it follows
from the statistical valuation of the used method, what shows that some systematic
uncertainties in the calculations were not taken into consideration.
In this work from the ARC data obtained in [2] were selected the data at E=1.9,
3.5, 45 and 58 keV as the most statistically reliable and belonging to the neutron
energy range, where the channel of a neutron inelastic scattering, which leads to the
additional uncertainties in the calculations, is absent. Moreover together with a
variation of the coefficient a the sensitivity of the < I y f > values to the variation of the
correlation between SyJ (or averaged radiation widths <r y j r >) for E1 transitions from
resonances with a definite spin J to the final states with different spins Jf were
investigated.
2. Measurement technique and experimental results
The description of the experimental technique of the FNB and the multichannel
pair spectrometer, used for ARC measurements at the WR-M reactor of the Kiev
Institute for Nuclear Research, is adduced in [3,4]. The FNB with mean energies
E=1.9, 3.5, 45 and 58 keV were obtained by means of the neutron filters
correspondingly of Sc-^Ni-^Fe-S, ^Fe-^Ni-S, "Cr-^Fe-Mg-S, 58Ni-V-S. The full
widths at a half maximum of the main neutron line of the FNB were about 1.5- 2.0
keV. Since in 158Gd the spacing between s-resonances is D=1.8 eV [5] the measured
y-ray spectra are the result of averaging through one thousand resonances at the
each E. ARC spectra were measured by six pair spectrometers. Each of them
consists of a Ge(Li)-detector 030x40 mm and two Nal-detectors 020x16 cm. The
weight of the 155Gd2O3 sample (enrichment 91.9%) was 52.7 g. The measurement
time of each ARC spectrum was 120+250 hours. The statistic uncertainties of I y f for
E1 transitions in the ARC spactra were about some percentages or less.
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The first data on 156Gd ARC spectra measured by the three pair spectrometers
at E=1.9 and 58 keV were adduced in [6]. More detail data obtained by means of the
six pair spectrometers and at the same E are given in [4]. The data on <I° r > at E =
3.5 and 45 keV are adduced in this work and in [2]. Due to a high intensity of neutron
beams, a wide range of neutron energy averaging and a high efficiency of the 6channel pair spectrometer the essential progress in the determination of locations of
1S6
Gd levels and its characteristics up to ~3 MeV proved to be possible. On other
hand the high-accuracy data on averaged through several thousands resonances
primary transitions to final states with different spins allow to investigate the spin
dependences of the neutron and the photon strength functions in 156 Gd.
3. Averaged partial capture cross sections of ARC transitions to final states
with various spins.
The averaged partial capture cross section for the primary transitions may be
expressed in the framework of a theoretical basis [7]

where

I and

J are

spins of

a

nucleus-target

and

a

compound

nucleus

l/2

correspondingly, the neutron strength functions SnU = < r n U > d , / D j v , E
(< r n u > is
the average neutron width of the resonances with spin J, formed at the capture of the
corresponding I neutron wave, di - is the factor of overstandardization [8], which is not
equal to 1 if l>0 and the boundary conditions of R-matrix theory B|=O, Dj is the
average spacing between resonances with identical spin J ), < Tj > is the total
resonance width, Vi is the standardizing optical penetrability of neutron waves, F u
being the fluctuation factor given in [7] and depending on a correlation of < r n U > and
a total radiative width ryJ of corresponding I resonances, < r y J f ( X L , E y f ) > is the
average radiation width of the primary transition of the multipolarity XL which is
determined by the corresponding values of spins of the inital state J and the final
state Jf.
Instead of the < r T j f ( X L , E y f ) > the photon strength function

SyJ (XL,E y f ) =< TyJf (XL, E yf ) > /DjEj f L + l

(2)

may be used in (1).
In (n,y) reaction only E1, M1 and E2 primary transition are observed, and in the
used neutron energy range only I = 0,1 may be taken into consideration.
The intensities of the ARC transitions 1 ^ at the definite neutron energy E are
propotional to t h e < a y f >, and the part of I y f corresponding to E1 transitions from sresonances ( the parts of M1 and E2 transitions from p-resonances are small
enough) may be determined by the expression

V<r
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J

>.

(3)

For the comparison of I yf (E1) at various E yf it is convenient to determine the
terms S yJ (El,E yf )E5 f in (2) through the reduced photon strength function S°j(E1) and
the function f(E1, E y f ), which describes the energy dependence of 1^(E1).
S;,(E1)= S Yj (El,E Yf )E y V/f(El,E Yf ).

(4)

Then the reduced intensities Ijf(El) = ^ ( E ^ / f ^ E ^ E ^ )

may be determined

as

2
or

?>

,

(5)

ITV(El)~X(2J + 1 )S I uF J <r T 3 Jf (El)>/<r J> ,

(6)

j

where the reduced partial width < r° Jf (El) > = < r y ,(El) >
At low neutron energies where
r y J » <r n J > and high neutron energies
where r y J « <r n J > one may neglect by the corresponding term in the total width
<Fj> and then the expession (5) may be written for these two cases in the form

I?f(El) ~ J X J F J S J J C E I V I V , ,

(7)

j

at

r y J » < r,,j >, and taking into consideration that (2J+1 )Dj «const;

I£(B1) ~ J]( 2 J + 1)FjS?j(El),

(8)

j

at r y J «<r n J >.
From the expressions (7), (8) it follows that at low E the values of 1 ^ (E1) are
determined by the both strength functions S^ and SyJ (E1). At the same time at high
E I^-(EI) is determined mainly by the S°, (E1) values.
From the diagram of primary E1 transitions in 158Gd (fig.1) one can see that the
final states 1*,2* are populated from the both initial states 1',2~, but the states 0 + and
3 + are populated only from one of the corresponding states 1' and 2*. Hence the
determined in the view (5) the correlations of
the reduced intensities I^(E1,0 + ) and
ijr(E1.3*) for the E1 transitions to the final
states 0* and 3* give the possibility to
investigate the spin dependences of S^ and

8 re onancc

- *

».

J

l
2
3
S°} (E1). For an improvement of the statistical final statcs- J f °
reliability of the results the values of reduced
..
Fig.1. A diagram of the E1 primary
intensities <I yf (E1,Jf)> averaged through
transitions from s-re|onances to final
states of 156(3d
several transitions to the final states with the
same J f should be used. Moreover it is evidently together with the correlations of the
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,()>/< l£(E1,3+)> the ones of the <l°{ (E1,0+or 3 > / < I ° f (E1,1+or 2 > may be
used for the calculations also.
4. Investigations of spin dependences of S^, and SyJ in 1S6Gd
For the spin dependence investigations of S^ and Sy} in 156Gd mainly the
separate well resolved y-lines in the measured ARC spectra have been selected.
Seven transitions to the 0* states with the energies Ef = 0, 1049, 1168, 1715, 1851,
1988, 2082 keV, two transitions to the 1 + states, E, = 2269 and 2360 keV, ten
transitions to the 2 + states, Ef = 89, 1129, 1154, 1258, 1771, 1827, 2003, 2047, 2054,
2147 keV and five transitions to the states 3+, Ef = 1248, 2070, 2106, 2139, 2349 keV
have been used for the determination of the corresponding <I^(E1,J f )> at the E
=1.9, 3.5 and 58 keV. From the ARC spectrum at the E=45 keV, which have been
measured with worse statistic, only transitions to the 0 + and 2* states were used for
the calculations.
The transitions to the states 1851, 0+; 2047, 2* and 2106, 3+ are the doublets
with additional contributions of the transitions to the close placed levels 1851, 3";
2045, 4" and 2103, 3*. These contributions were subtracted from the summary 1 ^ of
the doublets with a use of neutron and partial radiation width parameters of 156Gd [3].
The energy dependences of E1 and M1 transitions, the correlations between
the radiative widths of E1, M1 and E2 transitions, neutron strength function for a pneutron wave determined for 156Gd in [3] were used for obtaining of I° f (E1) values
and determination of the corresponding corrections for the contributions in I y f of a pneutron wave capture. The values of these parameters are Si=(1.34±0.12)x10"\
Tyf ( E i y r ^ (M1)=9.8±0.8, Tyf(E1)iryf{E2)=Z5±7.
The energy dependence of lyf (E1)
is described by the function of an E1 giant dipole resonance with the parameters
determined in [9]. The energy dependence of M1 transitions is described by the
function 1 ^ (M1)~E" f where n=4.4±0.9. The contributions of M1 and E2 transitions
from p-resonances in the summary 1 ^ of the transitions to 0**3* states are less
0.2% at the E=1.9 and 3.5 keV and (5*8)% at the E=45 and 58 keV.
Determined by the similar way the summary contributions in I y f of the
transitions from s- and p-resonances to the levels with negative parity in the doublets
with E1 transitions to the levels 1851, 0+ ; 2047, 2 + and 2106, 3* are correspondingly
(17*51)%; (2*14)% and (14*44)% at various E.
For the determination of

spin dependences of S^

and Sjj(E1) the

experimental ratios of <IrV (E1,Jf)> for E1 transitions to the levels with Jf =0*. 1*. 3* to
the ones for Jf =2* at each E and the expression (6), which binds the calculated
values of <I° f (E1,Jf)> with parameters S^ and <r° J f (E1)>, were used. In fig. 2 a plot
of the obtained experimental values of I°(J f ) e x p =<I y f (El,J f )>/<I y V(El,2 + )>
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in

dependence on E are shown. The solid lines correspond to the calculated values of
I°(j f ) c a , in the assumption of the spin independence of S^, and SyJ(E), that means
ct = S»n2
n 2 /S
' ^ n l = l and s
From a comparison of the experimental data and the calculated ones the next
conclusions may be maden:
1. All values of I°(0 + ) exp with
relatively small fluctuations are
M
above the corresponding I°(0*)cai
values.
- 1 "
2. The values of Ij(3*) exp *»i
have some greater fluctuations and
^
their mean value is below the
A
3. All values of I°(1 + ) exp are ' w, ° ' 5
above the corresponding I°(1*)cai ,

°*?

+

which have to be equal I"(2 ) if SnJ
and SyJ (E1) are independent on J.
It
is
naturaly
for
an
explanation
of
the
observed
descrepancies to suppose an

NEUTRON ENERGY. keV
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Fig. 2. A plot of the IJ (J f ) exp of E1 ARC
transitions in 156Gd for Jf =0*,r and 3* and
the calculated dependences I y (Jf)cai with

parameters a=1 and p=0.
inequality of SnJ and SyJ(E1) at
diferent J.
But as it mentioned above the latter supposition leads to the inequality of a
total radiative widths ry for diferent J. It should be note that usually under the term
photon strength function SyJ (another names radiative or y-ray strength function for
primary transitions) one means the expression (2) with equal values of < r y f (XL, E yf )>
for all possible XL transitions to the final states with different spins Jf {10]. But in
principle there is no any reason to consider that it is correct enough. Therefore the

different values of <r y J f (E1,E T f )> or what is the same the different Sjj(E1) for
various spins Jf of final states may be used for an explanation of the obtained results
on the 1° (Jf) in 156Gd. For the conservation of the equality of rY for different J it is
necessary that the inequality of <r y ° Jf (E1,E yf )> for diferent J f should not result to a
change of mean values of SyJ(E1) for all possible E1 transitions. For example the
supposition that <r y °,(El,J f )> for the transitions to the states J f =0*. 1*. 2* and
<r° 2 (El,J f )> for the transitions to the states Jt=1*. 2*, 3* are proportional
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correspondingly to the values 1+p, 1, 1-p with equal values of p for J=1" and 2" (in
principle the latter is not necessary).
In fig.3 at the same plot as in fig.2 by the dashed lines the additional functions
of I°'(0 + , 1* and 3+)cai with parameters a=1.05+0.10 and p=0.082+0.021 obtained by
a least square method (LSM) are shown. In the uncertainties of I°(J f ) used in the
LSM at the same time experimental statistic uncertainties of I y f the fluctuation
uncertainties were taken into consideration. The values of fluctuations were
determined of the relative standard deviations 5 = V 2 / N (N-the number of averaging
resonances). A justice of this values for 5 has been confirmed by the investigations of
the I y f (E1.2*) fluctuations in ARC spectra of 156Gd at the E=1.9 and 3.5 keV [3].
The
introduction
of
the
condition p*0 leads to the spliting of
the calculated values of <I° f (E1.1*)
and <I° f (E1,2 + )> what is confirmed by
the experimental data on 1° (1+)exP. On
the other hand the obtained ly(l*)exp
data confirm the explanation of the
observed 1° (Jf)exp by the inequality of
< ryJf (E1, E yf )> for diffrernt 4 but not
the inequality of S yJ (E1) for different
J.
The obtained result on a=1.05
10
100
NEUTRON
ENERGY.
keV
confirmed with a 10% accuracy the
Fig. 3. A plot of the 1° (Jf) exp of E1 ARC transitions
spin independence of S ^ , and
in 1S6Gd for J, =0*. 1* and 3* and
therefore this parameter may be
taken as the constant one a = 1 . In this
the calculated dependences 1° (Jf)cai with
case the other parameter p has been
parameters a=1 and p=0 (solid lines) and a=1
obtained equal 0.074+0 011. The
and p=0.074 (dashed lines).
values of the relative mean square
deviations x in the both cases are close to 1 (correspondingly 1.03 and 0.98) what
shows the 1° (Jf)^xp data are in good agreement with the chosen function < I ° (Jf)>cai-

5. Conclusion
The obtained results on the investigations of the spin dependences of neutron
and photon strength functions in 156Gd demonstrate the great possibilities of the ARC
method with a use of the set of the filtered neutron beams developed at the reactor
W R - M in Kiev for the investigations too small effects, measurement of which by
other methods and equipments are impossible. In the work the spin independence of
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the neutron strength function for 156Gd have been determined with accuracy 10%. At
first the inequality of the partial radiative widths of E1 transitions to final states with
different spins has been found.
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1

Introduction

The very long, in terms of nuclear scale, life time (r = ti/T « 10~15s) of neutron
resonance, Bn, unambigously testifies to its very complex structure. At present,
this circumstance is reflected in the statement that neutron resonance is Bohr's
"compound-state".
Low-lying levels of any nucleus present a diametrically opposite situation: as a
rule, they have one component dominating their wave function structure.
In our opinion, the experimental search for the process of nuclear transition
from one kind of excitation to another allows one to obtain the maximum possible
information on the nuclear properties at relatively low excitations. These data
are important for both understanding nuclear matter properties and for developing
nuclear theory.
The direct search for the neutron resonance 7-decay process in rather heavy
nuclei (for example, A > 100) by distinguishing all its individual states is impossible
and, apparently, inexpedient. It seems to be more useful to directly determine the
averege probability of excitation of a group of intermediate nuclear levels in a given
energy interval and the average probability of their decay through a certain channel.
At present, only the method of amplitude summation of coinciding pulses from at
least two Ge-detectors provides such a possibility. This method [1,2] allows one
to select two-step cascades between the neutron resonance (compound-state) and a
given final level, Ej, from the mass of the 77-coincidences following slow neutron
capture.
Such nuclear peculiarities as the expected exponential change in the level density
when changing the excitation energy, and the dependence of the transition widths
upon their energies, allow decomposing [3] the experimental two-step cascade intensity distribution, with an acceptable precision, into two parts corresponding to
solely primary or solely secondary transitions. This permits us to observe [4] the
change in the excitation probability of intermediate levels at different energies versus
nuclear mass.
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This probability is determined only by the density of states excited after the
resonance 7-decay and by the radiative widths of the primary transitions.
A comparison between the experimental dependence of the cascade intensity on
the primary transition energy (or on the excitation energy, Eez = Bn — E\) and
the model calculations allows one to evaluate both the fitness of the models ami
the direction in which they should be modified tQ improve the agreement with the
experimental data. Earlier analogous procedures were performed for the resonance
total radiative widths and 7-ray spectra. It was ascertained that simple models
of the level density and radiative widths could not provide agreement within a
precision better than 50-100% and did not reveal the reasons for this discrepancy.

2

Hypotheses

The main statement characterizing the reaction of slow neutron radiative capture
is the postulate on its "nonselectivity". It means, that the excitation probability of
any level with a given Jw value is, on the average, the same and does not depend
on its wave function structure. Any divergence from this rule is interpreted as a
"nonstatistical" effect and is considered as some correction to the models. Prom
the most general ideas on nuclear properties the following was assumed:
a) an exponential dependence of the level density upon the excitation energy;
b) a strong but smooth dependence of the partial widths, I \ , on the energies
of transitions between the initial A and final i states.
Accounting for these assumptions, it seemed possible to measure experimentally
all principal parameters of the 7-decay process in some energy regions and then
interpolate (or extrapolate) them to an unexplored excitation region.
The principal point is the way of accounting for the divergences of the measured
values (transitions widths and level spaeings) from their avenges. The generally
accepted idea is that of the random character of these divergences. The rules of
their distributions are considered known.
The data available on the influence of the structure of both the initial and the
final states on the transition widths in nuclei from the regions of the 2.S-, 3.s- and
3p-resonances of the neutron strength function insignificantly affected this situation,
although it resulted in the appearance [5] of more realistic models of the radiative
widths.
The lack of detailed experimental data on the excitation and decay probabilities
of nuclear states in the energy interval up to the neutron binding energy, Eez ss Bn,
prevented one from creating a more realistic picture of the neutron resonance ->decay up to now. In principle, the same is true for all states of heavy nuclei excited
in other nuclear reactions up to the energy of at least Eex < 10 McV.
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3

Experiment

3.1

Neutron resonance structure and the primary transition
partial width in heavy nuclei

Widely known opinion about the Porter-Thomas [6] fluctuations of the primary
transition widths and about the possibility of describing their averages by extrapolation [7] of the inverse reaction (7, n) cross section in the region E^ < Bn excludes
the relation between the experimentally available one-quasiparticle components of
the resonance wave functions (i.e., reduced neutron widths, F°) and the averaged
value, < F° >. In reality, F° determines the experimental intensity, /.„, of two-step
cascades between the neutron resonance A and intermediate i and final / levels of
the nuclei from the 4s-resonance region of the neutron strength function.
This dependence appears as the following: if the thermal neutron capture cross
section is mainly determined by the resonance with F° >< F° > then calculated,
for example, by the level density [Sj and partial widths [7,9] models cascade intensity, 1^1, is about two times smaller than the experimental value, but they are
comparable when F° < (0.1 - 0.2) < F° >.

0.7

8

10

r°n/<rn°)

12

Fig.l. The ratio, R, of experimental and model calculated sum intensities of two-step cascades
for even-odd compound-nuclei as a function of the ratio F ° / < F° > of resonances determining
the thermal neutron capture cross section.

This dependence can be observed more clearly when measuring 1^ for different
resonances of the same nucleus and analysing the function Iyy = /(F°). This
experiment can be carried out at any source of resonance neutrons, but it requires
HPGt detectors of high efficiency like those used in multidetector systems (for
example, for studying superdeformed nuclei). A more indirect proof for the relation

126

between 1^, and F° is given in Fig.l. Here, the relation I^v/I^j is shown as a
function of F°/ < F* > for different nuclei (even-even targets only). Experimental
data (points) are compared with the curve obtained under the assumption that
half of the primary transition intensity correlates with F£ and that the correlation
coefficient is close to unity. Only in this way can one explain the twofold increase
in the / ^ value when changing the F°/ < F° > relation from 10% up to 100% and
more.

3.2

Structure of cascade final levels and intensity of cascades

Observation of enhanced two-step cascades between a compound-state with relatively large F° value and a final level of simple structure means that:
a) the secondary transition width, F,/, decreases quicker when complicating the
structure of its final level (i.e., when increasing the excitation energy of the level / )
than follows from existing theoretical ideas; or
b) the number of states excited at neutron radiative capture increases much
more slowly when increasing the excitation energy than the model, for example, [8]
predicts.
This conclusion is made on the basis of obvious fact: the total intensity of all
two-step cascades (including the intensity of transitions to the ground state) equals
100%, and increasing the intensity of cascades populating any group of final levels
relative to the model predictions means decreasing the intensity of cascades to other
states. The first case should testify to the influence of the structure of the final level
/ , the latter - of the intermediate level i.

3.3

Structure of states at Eex >l-2 MeV and its influence on
the 7-decay process

Figure 2 shows the number of cascade intermediate levels observed in energy intervals of 100 keV as a function of the excitation energy of the i9SAu compoundnucleus. Experimental data (points) are compared with the model [8,10] calculated
values. As seen from the figure, the disagreement between the experimental data
and the model [8] predictions appears at the excitation energy Eex > 1-4 MeV. Usually such a situation is interpreted as an "omission" of levels excited by cascades
whose intensities are less than the sensitivity limit of the spectrometer, L,. What
is imlied by this is that the average partial widths of the transitions of a given multipolarity are equal, but that the appearance of low intensity cascades is due only
to random fluctuations of the widths relative to the average. This is not the only
possible explanation, however. The experimental, 7 ^ , and calculated within the
models [8-10], / " ' , sum cascade intensities for the 19aAu nucleus are given in Table 1.
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Table 1. Experimental, J£ p , and calculated, / " ' , (models (8,10]) sum intensities
of the cascades to several low-lying levels of the l98Au nucleus (% per decay).
Cascade
energy
kev

6513
6458
6422
6320
6252
6107

Ej

Texp
77

J# [8] /£' [10]

kev
0

2.8
1.3

7.0(3)
55
3.2(2)
90
1.2(1)
2.4(1)
193
259+261 6.7(3)
3.1(3)
406

0.5
1.0
2.5
1.2

4.1

2.0
0.8
1.6
4.1
2.2

As seen from the table:
a) a decrease in the model predicted level density improves the agreement between the experiment and calculations;
b) complete agreement is not achieved in either case.
196

tt

'Au

100 r

/~\2

m

c
<D

1 :

i
1

-1

1

E,, MeV

Fi .2. Number of observed levels in Fig.3. Distribution of total two-step cascade intensities
Au for an excitation interval of 100 (in % per decay) in l9SAu as a function of primary
keV (points). Curves 1 and 2 represent transition energy. The histogram represents the experthe DSFG (ref.[8]) and the Ignatyuk imental intensities summed in energy bins of 500 keV;
thermodynamical model (ref.[10]) pre- the statistical errors are shown. Curves 1 and 2 correspond to predictions according to models mentioned in
dictions for negative parity.
refs.[8,10] respectively. Curve 3 represents the calculation within the "combined" model.
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Moreover, the practically constant value of the observed number of states in the
energy interval of at least 1 MeV allows one to suppose that the density of states
excited by cascades can be considerably less than that predicted, for example, by
model [8]. In the other words, the («,7) reaction can be a selective process. Accounting for this selectivity would considerably improve the agreement between the
calculated values and the experiment. Figure 3 shows the intensities of two-step
cascades to several low-lying (Ej < 672 keV) levels of the l9sAu nucleus as a function of their primary transition energy Ey. Experimental intensities (histograms)
are compared with the calculated intensities (smooth lines). Curve 3 was calculated
using the combined level density: the experimental density was used below the excitation energy of 3 MeV; the level density above this energy was found within model
[8] by multiplying by the function exp[k(U - Bn)], where k is the normalizing factor
and U is the excitation energy. As seen, the "combined" model gives considerably
better agreement with the experiment.
It is necessary to reveal the mechanism causing such selectivity. Figure 4 shows a
fragment of the intensity distribution of two-step cascades populating the final level
Ej=\92 keV after the lMAu compound-state decay. It can be seen that the most
intense cascades are not randomly located in this spectrum but form two systems
of almost equidistant "bands" with a period T % 250 keV. Analogous pictures were
observed (11] (although sometimes not as clearly) in the majority of nuclei from the
region 114 < A < 198 studied by this method.
B

250

Au E,-f-E2=6320 keV
Kift-4- Dependence of the intensity of cascades populating final level 192 keV in
|y8
.4« on excitation energy.

200 :

Analysing the the intermediate level
sparing of the most intense cascades,
we can obtain the dependence shown
in Fig.5 - the value of the most probable equidistance period, T, versus
the number of boson pairs in the incomplete neutron and proton shells.
When constructing this dependence,
the magic number N = 100 (12] for
the deformed potential was taken into
1950
account.
The dependence shown allows one
to suppose, with a high probability, that the systems of intermediate levels of the
most intense cascades in heavy nuclei are ordered and the quanta of the vibrational
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excitations interact with quasiparticles very weakly. That can be true for only a
small number of states of the heavy nucleus at its excitation energy of Eex <4-5
MeV, i.e., the cascade decay process of the compound-states "selects" the levels of
very specific structures. A constancy of the density of these states follows directly
from the assumption that the nucleus must have much the same quantities of levels
with both great numbers of phonons and without them (like in the situation with
the density of rotational states).
1200

Fig.5,. The value of the most probable equidisUmcc period, T , as a function of the number of
boso'i pairs, Nt,, of incomplete neutron and proton shells, Q - even-even nuclei, cascades of
El — A/1-transitions; A - even-even nuclei, cascades of El -f El- or Ml -f M1- transit ions;
0 - even-odd nuclei with F ° / < Y°n > > 1; X- preliminary data for odd-odd nuclei; ® - cj
values for the I l o > C(/ nuclei. Line - extrapolation of possible dependence.

4

Cold nucleus? Phase transition?

The assumption of existing vibrational excitations characterized by quanta with
energies of some hundreds of keV signifies that the energy carried by the captured
neutron is not completely distributed among individual particles but partially passes
into the collective nuclear motion (i.e., nuclear heating is decreased). Hence, when
incre ising the level excitation energy, the nuclear temperature, t, can be less than
what follows from the thermodynamic estimate t = JU/a. This assumption permits one to interpret unambiguously tin: peculiarities shown in Fig.2. Analogous
peculiarities were observed in all nuclei in which two-step cascades were studied.
It is natural to try to reveal the effect of a "cold" nucleus not only in the decreasing density of intermediate cascade levels excited in the (n, 27) reaction, but also
in the divergence of the partial widths from the model predictions. Figure 6 shows
the dependence of the experimental estimate of the primary transition radiative
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strength function in 137Ba upon their energy. Experimental results are compared
with the predictions of both model [10], accounting for the influence of nuclear
temperature on .El-transition widths, and its formal variation: the coefficient M
decreasing the nuclear temperature according to the relation t = M x JU/a is
introduced into model [10]. As seen from Fig.6, the agreement between the experiment and model prediction is improved at M < 1. Of course, the possible decrease
in nuclear temperature can have another shape in the dependence on excitation
energy.
1S7

Fig.6. Experimental RSF (o) estimates for
the primary transition energies E\
>
l37
0.52 MeV in Ba.
The errors include
uncertainty of neutron capture cross section, statistical errors of intensity observation and Porter-Thomas fluctuations of
partial widths. Curves represent the recently developed GEDR model (ref.[9]) using different chosen values for the parameter M. The curves correspond to M 2 =
0 . 1 , 0 . 2 5 , 0 . 5 , 1 . 0 , respectively.

Vibrational excitations (figs.4,5) are
13
characteristic of the Fermi-liquid.
0.5
But when heated, the Fermi-liquid
MeV
must turn into Fermi-gas. According
to the superconducting matter theory, the temperature of this transition is determined by the relation / „ = 0.567A0. If the correlation function, Ao, is defined as
A o = I2y/A, then for the 137Ba nucleus !/„ « 3 MeV at o ff w 9 M e V 1 [10] or
Ucr » 5 MeV at a^ w 14 MeV"1 [8] and Ex =2-4 MeV correspondingly. If such a
phase transition exists and affects the compound-state 7-decay process, then it can
be observed experimentally.
Although considerable statistical error and some systematic uncertainties of experimental data observation [13] do not let us confidently speak about revealing the
phas<: transition, the presence of the "break" (Fig.6) at the predicted [8,10] energy
does not exclude the possibility of its experimental discovery.

5

Conclusion

1. Two-step cascades in many nuclei from u4Cd to
energy interval up to the neutron binding energy.
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198

Au were studied in the

2. It was shown that intensity of cascades connecting three levels depends upon
the wave function structures of these levels even if corresponding wave function
components have a normalization of 10~6-10~8.
3. The neutron radiative capture reaction was found to be a selective process at
least in some certain cases.
4. In particular, experimental data were obtained which can be interpreted under the assumption of the existance of some dozens of vibrational states in the
nucleus each differing in their structures by one phonon; number of such phonons
can amount to two or even more. The influence of these states can dominate the
cascade 7-decay process.
5. The presence of regularity in the spectrum of nuclear excitations and the experimental estimate of the primary transition strength function allow one to make
the assumption that a specific state of nuclear matter - a "cold" Fermi-liquid and,
probably, its transition into Fermi-gas can be studied in heavy nuclei at the excitation energy of Eg* <3-4 MeV.
6. The method developed and the preliminary results demonstrate the principal
possibility for discovering this transition.
7. The data obtained can, in principle, be extrapolated to any reaction in which
nuclear levels are excited up to an energy comparable with Bn or even higher.
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T h e s u b s t r u c t u r e s in t h e phot oneut ion cross sections of tin- spherical
nuclei are studied experimentally. T h e e x p e r i m e n t a l d a t a are c o m p a r e d
with t h e calculations within t h e q u a s i p a r t i d e phonon nuclear, m o d e l .

1

Introduction

The modern e x p e r i m e n t a l development of the coincidence t e c h n i q u e allows one to s t u d y
the. decay properties of t h e high lying nuclear s t a t e s . Such a s t u d y can give direct insight
into t h e wave (unction of t h e high lying s t a t e s .

These studies are carried out in t h e ex

p e r i m e n t s where the ") rays or light particles deexciting s t a t e s are d e t e c t e d in coincidence
with inela-stically s c a t t e r e d particles.
A lot of information has been o b t a i n e d on t h e properties of m u l t i p o l e giant reso
nances from studies of different nuclear reactions [1]. T h e p h o t o n e u t r o n reaction is one
of t h e m o s t effective tools t o s t u d y t h e giant dipole resonance (Cil)U) properties.

He

cently t h e p h o t o u e u t r o n cross sections in s o m e spherical nuclei were m e a s u r e d using t h e
b r e m s s t r a h l u n g radiation technique [2]. As a result, the s u b s t r u c t u r e s in t h e (-).//) cross
sections of s o m e nuclei are observed.
The aim of this p a p e r is to investigate t h e subsl r u e t u r e s in t he photon absorpt ion cross
sections of t h e spherical nuclei and to com pare experimental d a t a with t h e calculations
within t h e q u a s i p a r t i c l e phonon nuclear model ( Q l ' M ) \'IA].
As an a n o t h e r e x a m p l e of t h e decay of t h e high lying s t a t e s t h e n e u t r o n decay of
high-lying single-particle giant, resonance s t a t e s will be considered.

2

Experimental method

Tin" e x p e r i m e n t a l m e t h o d t o o b t a i n t h e following r e s u l t s , t h e m e a s u r e m e n t t e c h n i q u e , a
w a y t o e x t r a c t of t h e ( 7 , a ) cross s e c t i o n s a n d relevant references o n e c a n liud in (2).
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The bremsstrahlung method was used in the experimental study of the structure of
the (7, n)-reaction cross sections. Within this method one measures the yields of photoneutrons from a sample irradiated with electron bremsstrahlung 7 rays. The electron
accelerator used for the measurements was a betatron with maximum energy 25 MeV.
The multichannel method with the experiment controlled by an on-line computer was
used. The maximum energies Eymax of the bremsstrahlung beam in each channel, the
order of scanning in the energy, and the statistical accuracy of the measurements were
determined by the resolution in the cross sections that was desired.
With the bremsstrahlung technique the (7,n)-cross section is obtained as a solution
of the set of integral equations of the inverse scattering problem:
"iml

where $(El,max) is a bremsstrahlung spectrum, Y{Elmax) is a reduced photoneutron yield,
a{E'i) is an experimental (7,n)-cross section practically equal to the sum o-(7,n) +
(7(7,2n) due to a small contribution of other partial reactions.
Since the input data of Eq. (1) are obtained with some uncertainties (being estimations
on a limited sampling) we can get only an approximate solution of this set of equations. It
may vary strongly with small variations of input data; thus, this problem belongs to the
ill-posed unfolding problems. In the present paper, the statistical regularization method
[5] to obtain cross sections was used.
The employed method of calculation must fully exploit the experimental data and give
reliable information on the cross section structure. Obviously, the quality of the result can
be affected both by the errors of the measurement and by instrumental errors and errors
in the method of analyzing the data. It is therefore necessary to estimate the physical
significance of the structures in the cross section by making test measurements on nuclei
having a complicated shape of the cross section (as for 1 6 0) and on numerical experiment
[2]. Since no absolute measurements have been done, the cross sections were reduced to
absolute values, using as a monitor the data from ref. [6].
Quantitative estimates for the substructures were obtained by approximating the cross
section by sum of Gaussian lines:

where <7Q, El0, 8{ characterize the amplitude, position and width of the resonances forming
the cross section; 6, is the square root of the variance of the corresponding distribution and
is related to the width at half-height, F, by F, = 2.335^,. Table gives these parameters for
20H
Pb. The same sets of parameters for many other isotopes can be found in our review
[2]The experimental photoneutron cross sections for 208 Pb and 141 Pr are shown in figs.
1,2, respectively.
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Table. Parameters of Gaussian lines whose sum approximates the experimental cross section in 208 Pb.

3

r,

mb

MeV

MeV

MeV

Contribution,
mb MeV

1

57±4

7.512±0.010

0.101±0.007

0.24

14.6

0.46

2

28±4

7.92±0.05

0.20±0.04

0.47

14.2

0.44

3

10±3

8.30±0.11

0.07±0.03

0.16

1.8

0.06

4

37±4

8.57±0.08

0.27±0.04

0.64

25.4

0.79

5

97±4

9.288±0.019

0.219±0.012

0.52

53.6

1.67

6

136±7

10.037±0.019

0.221±0.013

0.52

75.3

2.35

7

130±6

10.72±0.04

0.300±0.019

0.71

97.7

3.05

8

208±7

11.431 ±0.023 0.277±0.016

0.65

144.2

4.50

9

93±7

12.20±0.03

0.26±0.05

0.61

61.1

1.91

10

606±3

13.593±0.011

1.202±0.028

2.83

1827.0

56.97

11

40±5

15.35±0.05

0.36±0.04

0.85

35.7

1.11

12

104± 5

16.16±0.03

0.60±0.03

1.39

155.2

4.84

13

106± 3

17.73±0.07

0.96±0.03

2.26

255.3

7.96

14

19±2

19.43±0.13

0.48±0.03

1.13

23.2

0.72

15

3± 1

20.7 ±0.6

0.20±0.04

0.47

1.5

16

68±2

21.28 ±0.14

1.38±0.07

3.25

236.0

7.36

17

24±3

23.23±0.13

0.38±0.04

0.90

22.6

0.70

18

70± 4

24.48±0.07

0.93±0.06

2.19

162.4

5.06

N

E,

Contribution,
%

•

0.05

Theoretical description

The theoretical calculations have been performed within the QPM. The wave function of
an excited state with taking into account the coupling between the simple (one-phonon)
and complex (two-phonon) configurations has the following form:
} vp0
Xi X'i'
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(2)

where Q* i is the phonon creation operator and v is the number of excited state, ty0 is
the phonon vacuum. The phonon characteristics are determined from the RPA equations.
The equations defining the energies r\ju of the state (2) and the quantities R and P are
given in ref. [4]. For the intermediate and high excitation energies where the level density
is high, it is reasonable to calculate the corresponding strength function:

Here $jv is the amplitude of the excitation of the state (2) in a nuclear reaction, A is the
averaging energy interval. It is worth mentioning that a strength function is essentially
the same as a response function (see ref. [4]).
The nuclear photoabsorption cross sections are related with strength functions. For
example, the energy averaged cross section of the dipole photon adsorption can be written
as:
a-yi(£,) = 4,025£ 7 b{El,EJ
(4)
where <7yt is in mb, E-, is the photon energy in MeV, b{E\>E-y) is in e 2 /m 2 .
For the quadrupole cross section we have the following expression:
a*(Ey) = 3,12* 1(T6 ES, b(E2, &,)
where the quadrupole strength function b(E2,Ey) is in

(5)

e2fm4.

All calculations have been performed with the code GIRES [7J. We used the Saxon
Woods potential with the set of parameters from our previous papers [8,9]. Our singleparticle spectrum included all quasibound states with the orbital momenta / < 9. A
good description of the transition probabilities without any effective charges confirms the
completeness of our basis. Our calculations, for example, of the integral characteristics of
giant resonances in 208 Pb [10] are in very good agreement with other calculations [11,12]
taking into account the single-particle continuum exactly.

4

Discussion of the results

Let us consider the theoretical description of the GDR integral characteristics in 208 Pb.
For the energy interval 10.0-17.0 MeV we obtained the following values for the energy
centroid Ex = 13.35 MeV, width T = 3.5 MeV and the energy weighted sum rule (EWSR)
is exhausted by 80 % (we have used the value A = 1.0 MeV). The experiment [13] gives
Ex = 13.46 MeV, T =3.9 MeV and the EWSR is exhausted by 89 %. One can see from
the top part of fig. 1 a rather good agreement of the present experimental data with
the theoretical calculations for the photoneutron cross section. Some overestimation of a
cross section near a maximum and underestimation of a high energy part in our calculation
are caused by the truncation of a large number of two phonon states which are weakly
coupled with one phonon states. An integral contribution of these components may be
essentially taken into account by increasing the energy averaging parameter A. As can be
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Fig. 1. Cross section of (f,n) reaction on 20SPb (lop); low-cncrgy tail (left bottom) and
high-energy part (right bottom). The vertical stokes represent the experimental data.
The results of calculations are presented by lines: dashed line shows the contribution of
1~ states to the cross section, solid line is the total cross section. The label Ml' stands
to indicate the contribution of Ml resonance.
seen from fig. 1, there are substructures in the low energy part of the cross section. They
are located near the one-phonon collective states. The coupling of the last with the (wo
phonon states results in a redistribution of the dipole strength. For the low energy part
where a level density is not so high substructures are pronounced. The increasing of (he
excitation energy leads to increasing of the level density, and as a result, substructures
disappear.
As it was mentioned above, the most pronounced substructures take place in the lowenergy GDR tail. To shed more light on the problem of the substructure existence the
low energy part of the cross section with smaller A = 0.2 MeV has been calculated. The
results of calculations are given in lower left part of fig. 1. Our calculations reproduce
the main structures at the excitation energies 7.6, 8.6, 9.1, 9.5, 10.0 and 11.3 MeV. The
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Fig. 2. Cross section of (i,n) reaction on 141 Pr (left) and its high-energy part (right).
See for notations fig. 1. Dots present the experimental data from ref. [17]. The contribution ofTy GDR is shown by dotted line, long-dashed line indicates the contributron of GQR.
substructure at the energy 7.6 MeV is formed by E l - (dashed line) and Ml-transitions.
As can be seen from fig. 1, the isovector Ml-resonance (which properties within the QPM
were studied in ref. [14]) contributes essentially to the cross section in this energy region.
This result is in good agreement with the experimental Ml strength distribution which
has been measured with highly polarized tagged photons [15]. We fail to reproduce the
substructure at the energy 8 MeV, nevertheless, there is a two-bump structure in the
calculated El-absorption cross section at lower energies. The existence of two bumps
in the energy interval 7-8 MeV was predicted in our old calculations [9] too. Some
disagreement between calculations and experimental data may be caused apparently by
inaccuracies of our single particle energies but we didn't try to get an ideal description of
experimental data. It is worth mentioning that the isoscalar E2-transitions don't give any
noticeable contribution to the cross section. This is not the case for the isovector giant
quadrupole resonance. It is seen from the right lower part of fig. 1 the E2-transitions
contribute essentially (a difference between a solid curve and dashed one) in the cross
sections and may be responsible for the substructures at the high excitation energies. Our
calculation for a contribution of the dipole resonance T> (formulae for such calculations
are given in [16]) in the cross section shows that it is negligible for 208 Pb.
As another example of the photoneutron cross section we present our experimental
and theoretical results for H 1 Pr (see fig. 2). One can see from fig. 2 that there is a
general correspondence between our experimental (7, n)-cross section and experimental
data of ref. [17]. In spite of a different behavior of experimental curves at the excitation
energies higher than 16.5 MeV, there is a good agreement for the integral cross sections.
I'or the energy interval 8.9 25.0 MeV we got for the integral cross section the value 1936
rub MeV that would be compared with the value 1912 mb MeV for the interval 8.8-25.2
from ref. [17].
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The contributions of different giant resonances in the cross section are shown in the
right part of fig. 2. According to our calculations the energy centroids for the dipole
resonance T> and the isovector E2-resonance are equal to 21.3 MeV and 23.1 MeV,
respectively. Both resonances are very fragmented and it is difficult to find one to one
a correspondence between experimental and calculated substructures. Nevertheless it is
seen that contributions of these resonances are comparable with the contribution from
GDR and one can conclude that observed substructures are the result of an excitation of
the resonances mentioned above.
The investigation of the decay of high-lying single-particle giant .resonance states enables one to study the damping process through the determination of the relative contributions of the direct and statistical components. Recently, the neutron decay of high-lying
states in 209 Pb excited by means of the (ar,3He) reaction has been studied at 122 MeV
incident energy using a multidetector array [18].
A method for calculating non-statistical particle decay of excited states in odd nuclei
is presented in [19]. Using the quasiparticle-phonon model, the partial cross sections and
branching ratios for the neutron decay of the high angular momentum states in 209 Pb and
91
Zr excited by means of the (a, 3 He) reaction have been evaluated [19].

5

Conclusions

On the basis of the present investigations, we conclude that there is reliable identification of the substructures in the photoabsorption cross sections for nearly magic nuclei in
the low-energy region. These substructures find a natural explanation from the microscopic point of view as being the result of nonuniform distribution of the electromagnetic
strength. This nonuniform distribution is a consequence of individual features of the
single-particle and collective degrees of freedom. The substructures in the high-energy
region are the result of contributions from different multipole giant resonances. Experimental and theoretical studies of the neutron decay of the high-lying nuclear states enable
one to shed more light on their structure.
We acknowledge financial support from the Russian Foundation for Fundamental Researches and from the International Science Foundation under the grant N- N6N000.
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PROPERTIES OF THE EXCITED NUCLEI AND NEUTRON INDUCED REACTIONS

POPULATION OF HIGH-SPIN LEVELS AND 1SOMER RATIOS
IN (a, nY)-REACT10NS
T.V.Chuvilskaya, O.V.Fotina*. Yu.L.Parfenova**
Institute of Nuclear Physics, Moscow State University,
Moscow 119899, Leninskie Gory, Russia
E-mail: * — fotina@p5-lnr.npi.msu.su, ** — parfenov@pS-Inr.npi.msu.su

The present investigations continue the previous study of isomeric
ratios in a -particles induced reactions [1]- [2]. The reactions
(or, 717) at the energies from 10 to 30 MeV with nuclei H 3 / n , 130Te,
134
Ba are considered. The experimental procedure was described
earlier in [1] - [4]. As it was done in previous works, the analysis
of experimental data is carried out in the frame of the statistical
model in terms of Hauser-Feshbach formalism with consideration
of the probability of preequilibrium single particle emission. The
preequilibrium processes are considered by an exciton model (code
STAPRE-F).
As the nature of the isomers is connected with population of
states with significantly different spins, all characteristics of nuclear reaction, which determine angular momentum distributions,
play an important role (see, for example, [5]). Among these characteristics are level density and angular momenta distribution of
compound nuclei. Earlier we had investigated the sensitivity of
the theoretical estimations of isomeric ratios to variations of global
optical potential parameters and level density parameters [2]. In
particular, it was pointed out the essential sensitivity of the theoretical estimations of isomeric ratios {am/<jg) to variations of the
level density parameter Jeff/JrigidIn this work the influence of the angular momentum distribution of compound nucleus (AMD) on isomeric. ratios is discussed.
In particular, the change of average angular momenta of compound
nucleus as a result of the angular momenta carried away by pree141
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quilibrium particles is considered with fixed standard level density
parameters.
The process of nuclear reactions is conventionally divided into
the following steps: preequilibrium emission and compound nuclear
formation, consecutive evaporation of particles in competition with
7 -quanta emission.
The total reaction cross section ar(E, J) is determined in terms
of the optical model. The preequilibrium fraction pPE in the total
reaction cross section is estimated by exciton model. Then the
compound nucleus cross section ac(E, J) is given by

°c = (1 - / V -

(1)

To obtain AMD two variants are used in the calculations:
(a). It is assumed that preequilibrium emission does not change
AMD, i.e. AMD of the compound nucleus remains the same
as that for total reaction cross section
<rc(E, J) = (1 - pPB)<Tr(E, J);

(2)

(b). Preequilibrium particles carry away the highest angular momentum. For low spin states the compound cross section is
equal to reaction cross section ac(E, J) = crr(j£, J). And the
high spin states in AMD are cut off as a result of preequilibrium emission, which corresponds to the model of "black
sphere". This leads to the change of both average angular
momentum and maximal angular momentum of distribution.
However, the total compound cross section is the same as in
case (a) and determined by (1).
It is important to emphasize, that methods (a) and (b) give the
limit values of angular momenta, carried away by preequilibrium
particles (minimal and maximal, respectively).
For example, the total reaction cross section and cross section
of compound nucleus in both cases (a) and (6) for the reaction
13O
Te(a,n7) 133m '*Xe at the incident energy Ea = 25MeVr are
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Fig.l. The angular momentum dependence
of the reaction cross section (solid line), AMD
of compound nucleus in cases (a) (longdashed line) and (b) (short- dashed line),
(7<a) = <rW = 0.4316.

Fig.2. The a -particle energy dependence of
average angular momenta of compound nucleus 133 Xe, calculated with 0MP1 in the
cases (a) (solid line) and (6) (short- dashed
line) and OMPO in case (a) (long- dashed
line)

presented in Fig.l. This figure demonstrates the changes of compound nucleus AMD in dependence on various methods of consideration of angular momentum carried away in preequilibrium
processes. It shows that in case (6) the population of high spin
states is less than that in case (a), but a^ = a^\ It should
be mentioned that the result is similar for the other reactions, although the change of the distribution in the case (b) obviously
depends on preequilibrium fraction.
The average angular momenta of excited compound nuclear
states in the reaction 13OTe(<*, nj)mm'9Xe
are plotted against the
incident energy on Fig.2. It becomes obvious that the value of average angular momentum is in strong dependence on the choice of
method (a) or (6), and the effect increases with a -particle energy.
This is the natural consequence of preequilibrium fraction increase.
We use two sets of the optical model parameters (OMPO and
0MP1, the same as in [2]). Average angular momenta calculated
with these sets are shown in Fig.2 too. It is easy to see that OMPO
gives significantly higher average angular momenta of compound
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nucleus. It leads to more intensive population of high spin states,
i.e, to the growth of isomeric ratios value. In our calculations we
use optical model parameters from systematics for OMPl, because
it gives the best fit to the experimental data on isomeric ratios in
these three reactions.
The comparison of experimental data on isomeric ratios for three
reactions (130Te ( a , n 7 ) 133m *Xe [3], mBa (a,nj) l37m*Ce [4],
[6], and 113 In(a,nj) mm^Sb [2]) with calculations is presented
in Figs. 3(a,b,c). First of all we note that these figures shows the
high sensitivity to the choice of method (a) or (b). As the methods
(a) and (b) give the limit values of angular momenta, carried away
by preequilibrium particles, in these figures one can see the region
of variability of isomeric ratios.
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Fig.3. Isomeric ratios in the reactions:
130
Te (a, n 7 ) 133"»^A"c (3a), 134Ba (a, ny)
137
^ C e (3b), U 3 /n (a, n 7 ) n6m^Sb (3c),
estimated in cases:
1 — OMPl, for (a), k = 400A/cV"3,
2 — OMPO, for (a), k = 400AfcK"3,
3 — OMPl, for (b), k = 400MeV"3,
4 — OMPl, for (6), jfc = 750A#eV-3 for
3(a,b), and with * = 200A/eVr~3 for 3(c).
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It should be mentioned that the highest sensitivity to the choice
of method (a) or (6) is obtained for luXe.
This is connected
with a significant preequilibrium fraction in the reaction. The pictures display the increase of this effect with incident energy. This
increase also due to the growth of preequilibrium fraction with
energy. Thus, preequilibrium fraction varies from 10 to 77% for
133
Xe, from 3 to 50% for 137 Ce. and from 1 to 10% for 11656 in
the energy range from 15 to 31 MeY.
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At the same time, in the case of simulation of AMD by method
(6) the results of calculations of isoineric ratios appear to be very
sensitive to variations of the exciton model parameter k. The other
characteristics of the reactions, such as the spectra of secondary
neutrons, are insensitive to the method of AMD simulation (see
145

Fig.4), but sensitive to variations of the parameter k. Analogous
result is obtained for other particles.
Thus, on the basis of experimental data on neutron spectra one
can evaluate the exciton model parameter k, and simulate AMD
to reproduce the experimental data on isomeric ratios.
To summarize, the possibility of estimation of the angular momentum, carried away in preequilibrium processes, from analysis
of isomeric ratio is shown. The set of experimental data on neutron spectra and isomeric ratios allows an unambiguous determination of both the angular momenta and parameter k in the exciton
model.
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Abstract: The BCS-theory is applied to determine general properties of nuclei.
According to this the coupling constant X between nucleons and phonons is in a very good
agreement with that between electrons and phonons in a superconductor. In a systematics
for the nuclear temperature the overall mass dependence corresponds to that of an
harmonic oscillator. The critical temperature of the superconductive phase is close to the
neutron separation energy and provides the unique opportunity to study the
superconductive phase transition in more detail using the level density of neutron
resonances. Accordingly the pairing gap near T c changes as sharply as for a
superconductor in spite of the limited number of nucleons in a nucleus. Beyond the
critical temperature the nucleon phase corresponds to the Fermi non-interaction nucleon
gas if the 'correlated groundstate' is used to calculate the excitation energy. However the
phase transition based on the 'fictive normal groundstate1 as applied in the literature fails.
The introduction of the condensation energy C » and a phase transition of the second kind
is superfluous. Furthermore the study of the excited nuclear states provides the
opportunity to detect other parts of the nucleon-phonon interaction which are prevented in
the ground state of the nucleus due to the Pauli principle. These are many-nucleon cooperative (cluster) attractive and many-nucleon repulsive correlations. The first one is
present for closed shell nuclei which have energy gaps considerably larger than that for
paired nucleons. The second correlation is indicated by a negative ground state shift and
is observed for strongly deformed nuclei at A»150 (N-90) and at A - 2 3 0 (Z-90).
Therefore the deformation of a nucleus is strongly correlated with its groundstate shift
and depends on the type, of nucleon-phonon interaction inside the nucleus. However the
many-electron correlations due to the electron-phonon interaction have not yet been
assigned in solid state physics.
1. Introduction
Soon after superconductivity was explained in 1937 by Bardeen, Cooper and Schrieffer [I]
the evidence for a pairing gap in spectra of even-even nuclei was given [2]. However as described in
the literature [3,4] the transition from the superconductive to the normal nucleon phase is not
straightforward. At excitation energies beyond the critical temperature T« the nucleons are still in a
condensed nucleon phase defined by the condensation energy £ » . For the transition to the Fermi free
gas, a phase transition of a second land has to be introduced. This holds for the BCS-theory based on
the average field approximation where the excitation energy is calculated from the 'fictive normal
ground state' [4].
The effect of the pairing correlation on nuclear states has been tested by predicting the level
density of neutron resonances. Extensive studies for a large number of nuclides spread over the whole
' Former Central Bureau for Nuclear Measurements
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atomic mass region have been performed almost simultaneous by two scientific groups [S-7] and
resulted systematically in much too small a level density compared to the observed one. But these
negative results have not been interpreted as a failure of the pairing correlation method but finally both
groups explained this deviation as a contamination of the intrinsic nuclear states due to additional
shape collective states [8].
However as shown in a recent publication, based on the observed level densities for isotopic
nuclides, the transition from the superconductive to the Fermi free gas phase is a normal one [9]. (fere
the excitation energy is calculated from the 'correlated groundstate'. In addition the presence of
acoustic waves in nuclides, indicated by regular spacing of neutron resonances [10], support the
application of the BCS-equations developed originally in solid state physics which are based on the
nucleon-phonon interaction.
In this contribution the BCS-theory is tested using the level densities of nuclides spread over
the whole atomic mass number region where the excitation energy is calculated from the 'correlated
groundstate' of the nucleus. This can be done by introducing the 'baseline* in the level density
parameter systematics, which defines the level density parameter at neutron separation energy in the
superconductive phase as the nuclides are in the groundstate[l 1]. The deviation of the observed level
density parameter from the baseline is then a measure of the groundstate shift at neutron separation
energy. Consequently a larger level density parameter compared to the baseline can be interpreted as a
reduction of the pairing energy and a lower one indicates a nucleon phase where more than two
nucleons of the same type are clustered.
In order to study the transition from the superconductive to the normal nucleons phase in
more detail and to interpret other nucleon phases in the excited nucleus, the level density as a function
of the excitation energy is used. The neutron resonance data provide this function only in a small
window near the neutron separation energy. The level density for a larger energy region can be
obtained from the level density of several isotopic nuclides which have, due to the asymmetry energy,
different neutron separation energies. This function of the level density is compared with three Bethe
level density expressions using the level density parameter 'a', valid for the corresponding atomic mass
number region, and three different groundstate shifts including one which changes with energy
according to the phase transition.
This contribution is organised as follows. In sect 2 the BCS-equations are applied to nuclei
and general properties of nuclear matter are discussed. The coupling strength between nucleons and
phonons is calculated and the effective mass of the nucleon in a nucleus is determined. The latter value
together with the lifetime of phonons discussed in paper [10] completes the properties of the phonons
in the nucleus. Furthermore it is shown that the critical temperature for the superconductive phase is
close to the neutron separation energy and a systematics of die nuclear temperature is presented,
corrected for the groundstate shift at neutron separation energy. Sect 3 is concerned with the transition
from the superconductive to the Fermi non-interaction nucleon phase. It includes tests for the critical
temperature and for the change of A(T) near Te which both, according to the BCS-theory, are a
functions of the groundstate shift A(0) only. This section contains also examples for other nucleon
phases where more than two nucleons of the same type are strongly correlated providing additional
attractive or repulsive forces in-between nucleons. The last part contains the conclusion.
2. General Properties of Nuclei
The nucleons in the groundstate of the nucleus are paired and this superconductive phase is
characterised by a groundstate shift A(T=0)» A(0) given by the even-odd mass differences. This shift
isrepresentedas a gap in the excitation spectrum and the question is at which energy (or temperature)
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occurs the transition from the superconductive to the normal nucleon phase with no interactions
between nucleons?
In answering this question the introduction of the baseline in the level density systematks is
significant; it defines the level density parameter at neutron separation energy in the superconductive
phase as the nuclides are in the groundstate [11]. Therefore deviations of the observed level density
parameter from the baseline determine the groundstate shift at neutron separation energy. A larger
level density parameter indicates a reduction of the pairing energy and a lower one indicates a larger
groundstate shift compared to the that of pairing correlation and represents a nucleon phase where
more than two nucleons of the same type are participating in the correlation. Examples for a reduction
of the pairing energy by 50% is given for nuclei near A=76, which have a^p values above the baseline
[11]. From the latter result one can conclude that the critical temperature is close to the neutron
separation energy. Generally the groundstate shift 6 can be calculated by means of the baseline and
they are a presumption to perform a systematics for the nuclear temperature T = ((U-Sya^) at
neutron separation energy. The results are collected in flg.l which shows the nuclear temperature as an
overall smooth function of the atomic mass number
without shell structures. The general trend of the
*.u O EVEN EVEN
A OOO OOO
nuclear temperature as a function of the nuclear mass
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temperature values which are arranged, as a function
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ATOMIC MASS NUMBER A
This behaviour of the nuclear temperature is applied
Fid
in ref. [9] to predict the level density parameter for
nuclei far off the stability valley where no resonance
data are available. A part of the nuclear properties discussed above can be established also with the
BCS-theory applied to nuclei.
The application of the classical BCS-equation to nuclear matter is tolerated by the detection of
regular spaced neutron resonances [10]. According to this theory the critical temperature T c is related
to the harmonic oscillator energy hco=41 A"3 [McV] and the coupling constant between nucleons and
phonons X [12,13]:
kT c «1.14h(oexp(l/X)
This fundamental formula holds for the limit of weak coupling 2A(0V kTc » 3.52 and this condition is
fulfilled for the nuclear temperature at neutron separation energy with 3.26 + 0.23 averaged over all
nuclides studied in ref. [10]. Moreover assuming the groundstate shift A(0) » 12A"2 one gets for the
critical temperature: kTc =6.82AI/2 which agrees within 7% with the nuclear temperature at neutron
separation energy given above. Using this critical temperature in the fundamental formula one obtains
for the couplings strength between nucleons and phonons: X = -1/ (ln(0.147 A"0**)) which has values
in the range from 0.3S to 0.40 (from A=250 to A»30 respectively) and is in very good agreement with
the superconductor coupling strength for electrons and phonons that has values in the range from 0.1
to 0.5. Therefore the pairing forces in a nucleus and in a solid state are of the same type but both
condensed matter forces are different by a factor 1010, estimated from the ratio of their pairing gaps.
Due to the nucleon-phonon interaction the mass of a nucleon 'm' has to berenormalisedand results in
an effective mass of m*/m = X+1 = 1.4 (for A»30). This value together with the lifetime of phonons
discussed In ref. [10] completes the properties of this quasi-particles in the nucleus.
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3. Superconductive Phase Transition and other Nucleon Phases
Based on the level density of neutron resonances it has been shown in the previous section,
that the critical temperature estimated from the BCS-theory is close to the nuclear temperature at
neutron separation energy. In this section this unique property of nuclei will be used to study the
transition from the superconductive to the Fermi free nucleon gas. In addition these level densities of
resonances can be used also to detect other nucleon phases due to the nucleon-phonon interaction
which become possible in the excited state of the nucleus. Before presenting examples for these
different nucleon phases, the superconductive phase transitions is discussed theoretically based on
equations provided by the BCS-theory.
3.1 The Superconductive Phase Transition Included as a Backshift in the Bethe Formula
According to the BCS-theory the critical temperature of the superconductive phase is kT c =
O.57A(O) and the change of the pairing energy A(T) near the critical temperature is given by
A(TVA(0))= 1.73x(l-T/T c )"

(the maximum of A(T) is limited to A(0)) and therefore both values

depend only on the groundstate shift A(0) [12,13]. Replacing T » ((U-Atf)))^) 1 " in the latter relation
of A(T) it becomes a function of U, the excitation energy, which is counted from the 'correlated
groundstate'. In doing this the level density expression includes the phase transition simply as a
backshift: p(U') = p(U-A(U)). In contrast U defined in the literature is calculated from the 'fictive
normal groundstate' and complicates the expressions for the backshift and consequently for the phase
transition: p(U') = p(U+A(0)-A(U)). Here for simplicity Eog*A(0) is assumed but the value E . "
2/3A(0) taken from the literature [4] is also included in the discussion.
Fig. 2 represents with the solid line the phase transition for the 'correlated' and the pointdotted line that for the 'fictive normal groundstate' with E,»=A(0). The interpretation of these
transitions becomes more transparent by including in this figure the level density functions for the
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superconductive (long dotted line) and for the Fermi free nucleon phase (short dotted line) using the
backshift A • A(0) and A=0 respectively. In doing this the level density expression of the Bethe
formula is used with the following parameters: A=76, a s 12[l/MeV] and A(0) =!MeV. As can be seen
in fig. 2 the phase transition based on the 'correlated groundstate' starts at low energy with the
backshift A(0) and passes over at T c to the Bethe formula with no backshift. Towards the critical
temperature the energy stored for the paired nucleons is transformed into the intrinsic excitation of the
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nucleus and a considerable increase of the level density relative to the groundstate is observed. This
curve follows with increasing energy the expected superconductive phase transition defined by the
critical temperature. The behaviour of the phase transition based on the 'fictive normal groundstate' is
completely opposite. At low energy this transition starts with the level density function with no
backshift and at the critical energy it passes over to that of A(0). Here the level density with increasing
energy is reduced and ends in the superconductive phase. Therefore a phase transition of the second
kind has to be introduced to get back to the non-interacting nucleon phase, which is not included in this
figure. Fig. 3 includes the normal phase transition as already shown in fig.2 and the point-dotted line
describes the alternative phase transition with the smaller
condensation energy Eoo=2/3A(0). The
latter has the same trend as the corresponding curve in fig. 2 but it stays in-between the limits given by
the Fermi non-interacting nucleon and by the superconductive phase. However it includes a
considerably reduced critical temperature and stays beyond this temperature in the so-called
'condensed* nucleon phase. Also in this case the phase transition to the non-interaction nucleon phase
together with a critical temperature is missing [4].
However the reduction of the level density discussed above explains the lack of neutron
resonances obtained with the pairing correlation procedure used in the literature and which has been
mentioned in the introduction. According to this procedure single quasi particle states are introduced
and they deviate from the single particle states only near the Fermi surface energy. Therefore the
calculation of the level density for simple 2plh states can be still a good approximation [11], but for
more complex compound states the quasi particle states near the Fermi surface energy are occupied
and reduces the level density. However as will be shown with examples presented in the following part
of this section the nucleon-phonon interaction affects all single particle states and the correlated
nucleon spectra can be represented by a harmonic oscillator with a displaced groundstate. But there is
no theory available in the literature, which is able to predict the groundstate shift properly. Therefore
the experimental tests of the superconductive phase transition and the detection of the different
condensed nucleon phases are of greatest relevance in physics for the transition of particle condensed
phases in general.
3.2 Tests for the Superconductive Phase Transition and Tests for other Many-Nucleon Phases
In the following the phase transition and different condensed nucleon phases are tested with
the level density [11] of neutron resonances for a group of several isotopic nuclides, which will be
compared with the level density formula using the following parameters. The atomic mass number A
averaged over all nuclides used in the corresponding figure determines the level density parameter 'a'
using the baseline. The groundstate shift A(0) is also averaged as done for A and the values are taken
from even-odd mass differences (Audi). But they are in reasonable agreement with data taken from the
literature [14]. The corresponding figures contain three curves for Bethe expressions with three
different backshifts: A « 0, A = A(0) and A » A(U) which includes the phase transition.
3 Zi) TC8tS of the Superconductive Ptl&s* Transition
Figs. 4 and 5 include the level density of even-odd isotopic nuclei for Ge, Se and Sm, Gd, Dy, Er
respectively. As can be seen in fig. 4 the experimental level densities are in good agreement with the
change of the groundstate as a function of the excitation energy up to a reduction by 30% at 8MeV
[11]. Fig. 5 seems to include level densities very close to the critical temperature, reproducing a sharp
change of the groundstate as is expected for a phase transition. Since the level density at low excitation
energy agrees with the superconductive phase and at high energy with the level density of a Fermi non-
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interacting nucleon gas, the experimental level densities reproduce the superconductive phase
transition.
Fig. 6 contains even-odd isotopk nuclei for Pd and Cd where the superconductive phase is
affected by the neutron-proton interaction. This interaction counteracts the pairing correlation and the
reduction of the groundstate is observed for nuclei with increasing neutron number. The level density
of the neutron richest nuclei (lowest neutron separation energy) corresponds to a level density of a nonitencting nucleon phase.

The largest structure in the level density systematics are the dips for nuclei with a closed
neutron shell which represent a groundstate shift
larger than the groundstate shift due to pairing in the
groundstate of this nucleus. The proof that the low
A . 111 «iie.5|1/M«VI
level density in the double closed shell dip at A»208
&>1.3S(M«VI
is explained with a large groundstate shift is given
in fig. 7, where the energy of the Pb 0* intruder
states (bound intrinsic nuclear states) and the
— A.A(U)
groundstate
shift 5 (obtained in respect to the
— AtA(O)
baseline) at neutron separation energy are presented
6*0
O Pd
for nuclkks near the magic neutron number N»126.
Cd
The good agreement for both data sets as a function
of the neutron number makes it obvious that all
0
7
8
9
10
states, the bound and unbound states, are shifted in
UI EXCITATION ENERGY) IfttoV)
energy
by the same amount. Therefore the small
FIG. 6
observed level density parameter a . , • 8.3[l/MeV]
can be explained with the baseline value a • 22.46[l/MeV] at A-208 and the groundstaie shift
S-5.765 [MeV]! The change of the groundstate shift for Ba isotopk nuclides near N«82 is shown in
fig. 8. All nuclides. except IJ0Ba at 7.5MeV, have a groundstate shift larger than that for the pairing
correlation. That holds also, but less pronounced, for the Sn isotopes with Z-50. For comparison the
Er isotopes are included which are affected by the magic number N«82 for the neutron rich nuclides.
The largest groundstate shifts are presented in fig. 9, which contains the even-odd Pb isotopes near the
double closed shell (N-128 and Z-82). These / shifts are explained by additional attractive cooperative correlations between all nucleons of the same type.
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The corresponding repulsive co-operative nucleon correlation phase is observed for nuclides
6
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with N=90 and Z=90 and their level densities are
presented in fig, 10 and fig. 11 respectively. The
observed level density for N»90 (fig 10) nuclides
are clearly distinguished from the level density
for the non-interacting nucleon phase. But in
contrast to the level density of the condensed
nucleon phase these level densities are higher
compared to that of the normal nucleon phase
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due to the negative groundstate shift and indicate strongly deformed nuclides. The level densities of the
even-odd Nd isotopic nuclides seem to represent all possible attractive and repulsive nucleon phases.
T"* , ^ ^ d e n s i t y o f '41l44Nd correspond to the many-nucleon attractive. l4*Nd to the superconductive
and
"Nd to the many nucleon repulsive nucleon phase. The repulsion effect is less pronounced for
nuclides with Z=90 shown in fig. 11, but there are clearly indications for a reduction of the
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superconductive phase. Only the nuclides with the smallest neutron number for Pu and U isotopes and
all Cf isotopes are affected according 10 the normal superconductive phase transition.
5. Conclusions
The presence of acoustic waves in nuclides indicated by the regular spacing of neutron
resonances [10] is completed with the succesful application of the BCS-theory to nuclei. From their
equations the coupling strength between nucleons and phonons can be calculated in very good
agreement with that of electrons and phonons in a superconductor. This value together with the lifetime
of a phonon given in ref. [10] complete the properties of the quasi-partdes in nuclei. In addition using
the level densities at neutron separation energy the critical temperature and the transiton from the
superconductive to the normal non-interacting nucleon phase is reproduced with a function depending
only on the groundsute shift in the groundstate of the nucleus. Accordingly the pairing gap near the
critical temperature changes as sharply as for a superconductor in spite of the limited number of
nucleons in a nucleus. However the normal phase transition is obtained only when the excitation is
based on the 'correlated groundstate'. In the literature the 'normal fictive groundstate' is used and
leaves the nucleons beyond the critical temperature still in a condensed phase defined by the
condensation energy which is not physically established. Furthermore in excited nuclei many-nucleon
correlation phases due to nudeon-phonon interaction become possible and they result in additional
attractive or repulsive forces indicated by large positive or negative groundstate shifts respectively.
The additional forces between nucleons are strongly correlated with the deformation of a nucleus.
However the corresponding many-electron correlation due to electron-phonon interaction has not yet
been detected in solid state physics.
In conclusion the comparison of quantum properties in this contribution for solid matter and a
nucleus with lattice arranged atoms and a cluster of a limited number of nucleons respectively, may
suggest that the particle-phonon interaction is present in all particle dusters, as for instance for the
metal dusters.
The relevance of this study for the application becomes obvious, since the groundstate shifts
with its critical temperature can be introduced as a backshift in the Bethe formula and provides a level
density as a function of the excitation energy including die nucleon phase transitions. Moreover based
on the systematics of the nuclear temperature a method can be proposed to determine the level density
parameter for nuclei where no resonance data are available [9].
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ABSTRACT
Level densities remain an area where both theoretical and
experimental work is needed. The talk will describe a Monte-Carlo-based
moment calculation procedure which can be used in very large systems.
Two-body forces can be included in the calculation and bases as large as
1013 have been used. A new technique removes the need for orthogonal
polynomial expansions and assures a positive definite expansion. Not only
the level density but also the parity ratio and spin-cutoff factor can be
obtained from such calculations.
A separate study has used single particle states based on HartreeFock calculations to examine level densities off of the stability line. These
results indicate that level densities do not change dramatically as we move
off of the stability line, although some effects which could be of importance
in astrophysics are described.
Some experimental work has also been completed recently. Ericson
fluctuations yielded considerable information about level densities twenty
years ago. The difficulty of obtaining good statistics at a number of
bombarding energies with a very thin target made these experiments quite
challenging.
Modern white neutron sources can be used for such
measurements, and we also have found a quick and efficient method for
doing such measurements on an electrostatic accelerator with charged
particle beams. Some results for nuclei in the sd shell will be described.
Level densities remain a topic of considerable interest in nuclear physics.
Knowledge of the value of the level density as a function of excitation energy is
essential in making cross section calculations in many situations in nuclear
astrophysics and in applied areas such as reactors and medical physics.
Theoretical interest in level densities is based on the fact that a comprehensive
understanding of the nucleus is needed in order to calculate the level density.
Although simple models give predictions which are approximately correct, more
accurate results require proper treatment of shell and collective effects and more
general effects of the two-body force.
Experimental determinations of the level density have been based largely on
the use of two techniques. The fact that very good energy resolution can be
obtained for low energy neutrons and the fact that neutrons are not subject to the
Coulomb force make it possible to identify large numbers of compound nuclear
resonances for low energy neutrons and thus infer a value for the nuclear level
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density at the neutron binding energy. This information is limited to a fairly narrow
region of energy and a limited number of spins. Thus, additional assumptions are
needed to correct for levels of other spins and to determine the energy dependence
from the value of the level density at one energy.
These limitations have provided incentives for using other techniques for
determining level densities. One of the most important techniques has been
analysis of evaporation spectra. These measurements have very different
limitations than the resonance measurements. Results are usually only relative,
but the energy dependence can be determined over a number of MeV. More
recent analysis of these reactions have found techniques to obtain absolute
normalizations of the level density. It is still difficult to analyze these results at
energies above 10 MeV, both because of the complications of the higher stages
of multiple step decay chains and because of the possible presence of noncompound reaction mechanisms.
A recent study11 of the level density of the nucleus *£o has been carried out
to look at the consistency of the results obtained using the analysis of evaporation
spectra with other methods. Measurements of the B7Fe(p,n)67Co spectrum were
made with very good resolution (AE ~ 2 keV) at a number of bombarding energies.
These measurements used a 30 m flight path and very thin targets in an effort to
resolve as many levels in 57Co as possible. Analysis of these measurements
resulted in identification of 14 new levels. Although some of these were above
5 MeV, it is felt that the level scheme is probably complete only below 5 MeV.
Measurements were then made of the evaporation spectrum from
Fe(p,n)67Co.
The level density parameters deduced from fits to these
measurements could be compared with those needed to fit the known levels at
energies below 5 MeV in s7Co. Good agreement was found. An additional
measurement of the 66Fe(d,n)57Co spectrum was made; this yielded less
satisfactory results, with the spectral shape and angular distribution suggesting
that non-compound processes were providing a substantial fraction of the cross
section, making a level density study with this reaction impossible.
67

An additional measurement of the level density of 67Co was carried out at
higher energy. Ericson fluctuation analysis has been used in many cases to obtain
values for the level density at energies above 10 MeV. These measurements must
be made in small energy steps with good resolution and are tedious to make for
charged-particle beams. Use of time of flight techniques for neutrons can
sometimes allow these measurements to be made more easily with neutrons.
To study "Co, the reaction must proceed through this nucleus as a
compound nucleus. The MFe(p,n)MCo reaction was chosen. By using a long flight
path and a reasonably thick ( - 1 0 0 keV) target, the neutron energy resolution
could be used to determine the energy of the proton inducing the reaction. Thus,
a 100 keV region of the excitation function can be obtained in one measurement.
An example is shown in Fig. 1. The bombarding energy was then shifted by 100
keV and the measurement repeated to give the adjacent region of the excitation
function. Fluctuations were analyzed in the excitation function for each of the first
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Fig. 1 Excitation function for the
Fe(p,n0)MCo and 5 a Fe(p, n i )•• Co
reaction at a bombarding energy of
6.8 MeV, where the target thickness
allows an excitation energy range of
more than 100 keV to be studied in
one measurement.
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three levels reached in 56Co and used to deduce the level density in S7 Co at an
energy of about 15 MeV. This result and the level density parameters deduced
from the evaporation spectra are shown in Fig. 2. Good agreement is seen,
indicating reasonable consistency between the two methods.
Other determinations of level density have been carried out by using Ericson
fluctuations of neutron-induced reactions in the s-d shell. In the first study,5' total
neutron cross sections of "Al, 28Si and "Ca were measured at energies between
4 MeV and 12 MeV using a white neutron source. Fluctuation theory required that
the level width be greater than the level spacing and the analysis indicated that
this condition was met at energies above 4 MeV. For the very highest energies,
the level density was large enough that the fluctuations were smaller than the
statistical uncertainty (- 1 % ) . Results for the nucleus M Si are shown in Fig. 3 and
are compared with the values inferred by counting nuclear levels.
A subsequent study71 of the nucleus 29 Si was carried out to see if the
results obtained by analyzing fluctuations in the total cross section were consistent
with similar analysis of cross sections for 28Si(n,p), 28Si(n,a) and 27AI(d,n). Each
of these reactions proceeds through the 29Si compound nucleus and thus should
give results consistent with the analysis of the Si total cross section. The 28Si(n,p)
and 28Si(n,a) cross sections were measured at Los Alamos using the white source
of neutrons at WNR while the 27AI(d,n) reaction measurements were obtained at
Ohio University. Fig. 4 shows the results obtained from these measurements.
The study of the level density of "Co provides support for the validity of the
procedures for obtaining level densities from evaporation spectra and from Ericson
fluctuations since the results from these two techniques showed good
consistency. The fluctuation studies of nuclei in the s-d shell have helped to
improve our knowledge of level densities at energies above 10 MeV in this mass
region.
Other recent work has been in the area of the theory of nuclear level
densities. A study41 of the systematics of level density parameters off of the
stability line has recently been completed. The process of nucleosynthesis in
astrophysics takes place through sequential capture reactions. For light nuclei, this
takes place through proton capture while for nuclei with A greater than 40,
neutron capture reactions lead to heavy nuclei. To obtain the single particle
energies, Hartree-Fock calculations were done. As a check on the results,
calculations were also carried out for nuclei on the stability line.
Calculations of level density for non-interacting Fermions are usually carried
out using the Grand Partition Function and the method of steepest descent. It has
been shown101 that, although this method is reliable for level densities, it fails when
applied to parity ratios. In order to obtain both level densities and parity ratios
correctly, an iterative method was used to calculate the level density. This method
is exact but is only applicable to non-interacting Fermions. The effects of twobody interactions were simulated by smearing the calculated values with a
Gaussian resolution function of 2 MeV width. Finally, the ground state positions
were shifted downward by 2A for even-even nuclei and A for odd-A nuclei.
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Fig. 4 Level density of 29Si.
Data points shown come from
Ericson analysis of 27AI(d,n),
M
Si(n,p) andM Si(n,a)
excitation functions and from
level counting and binding
energy resonance counting.
Also shown are calculations
based on single particle
scheme and compiled values
due to Gilbert and Cameron
and to Rohr.
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Fig. 5 Comparison of the exact
results for the nuclear level density
with those for the Hermite expansion,
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Calculations were carried out for approximately 100 nuclei with 20 <; A <;
100, Z and N values for specific A values to give nuclei on the proton drip line, on
the neutron drip line and on the valley of stability. In each region, an even-even,
an odd-even, an even-odd and an odd-odd nucleus were calculated. The numerical
values of the level density as a function of energy were fit in two ways: the
parameters and 5 were varied to provide a fit with the conventional Fermi gas form
and separately using the formula of Ignatyuk et al.e> in which the parameter a
varies with energy.
Table I lists the best fit values of a as a function of A obtained from these
fits. Notable is the fact that the nuclei on the two-drip lines are fit by fairly similar
parameters as those on the stability line. Also shown are parameters previously
proposed by Ignatyuk et al.e>
Parity ratio systematics were also examined. These also did not show
behavior very different from the nuclei off the stability line from those on the
stability line. In all cases, low-lying levels are all of one parity, with a gradual
approach to equal number of both parities as the energy is increased.
Interestingly, this very constancy tends to have different effects as
nucleosynthesis processes populate nuclei farther from the line of stability. As
successive proton (neutron) captures occur, nuclei will be formed with smaller and
smaller binding energies for protons (neutrons). This will result in compound
nuclear excitation energies which are smaller if the bombarding energy remains
unchanged. Thus, as the drip line is approached, the excitation energy will
eventually drop below the threshold for excitation of the lowest state of one of the
two parities. This will result in either the s-wave or p-wave strength function
going to zero. In some mass regions (s-d shell), both even and odd A nuclei will
have a deficiency of odd parity levels, making the p-wave strength function vanish.
In the f-p shell, even A nuclei will lack odd-parity levels and odd A nuclei will lack
even-parity levels at low energies, making the s-wave strength function zero at
these energies. These results suggest strongly that level density systematics are
not dramatically different for nuclei near the drip lines but that optical model
systematics may be, with very sharp even-l odd-f dependences of the imaginary
potential in these regions.
We are also using other methods to calculate nuclear level densities. For a
number of years, shell-model-based moment methods11' have been used to
calculate level densities with full inclusion of the two-body force. These
techniques have now been used for expansions based on Monte Carlo calculations
of the higher Hamiltonian moments.
Recent papers12'131 have discussed
calculations which include moments as high as < H 5 > .
Although these calculations have done fairly well at reproducing the level
density, there have been indications that the parity ratio is not well described.
Various efforts to change the input parameter have resulted in some improvement,
but the degree of convergence of the calculations has remained a concern.
The availability of higher moments than < H 2 > raises the question of how
the level density function should be expanded. Clearly, a Hermite polynomial
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TABLE I
VALUES FOR a/A

A

Ignatyuk (1979)

20
40
60
80

0.108
0.102
0.099
0.098

Stable

0.0923
0.0864
0.0808
0.075

Present Calculation
Neutron-Rich
Proton-Rich

0.100
0.0948
0.090
0.084

0.088
0.084
0.079
0.075

expansion has the features that it is easy to use and that it is asymptotically
Gaussian. Unfortunately, it shares the drawback of any orthogonal polynomial
series that negative excursions in the fit can occur. These tend to occur in the tail
region, which is the region of most physical interest.
Recently, it has been shown 141 that a totally different approach to the
expansion process can remove this problem. The maximum entropy approach101
involves the use of a function of the form exp(a + bE + cE2 + . . . ) called the
Exponential with Polynomial Argument (EPA) to expand the distribution whose
moments are to be matched. This function is continuous and positive definite; it
suffers from the drawback that, unlike an orthogonal polynomial1 expansion, there
is no closed form solution for the a, b, c, . . . in terms of the moments. It has
been found141 that a least squares search procedure can be found which allows
efficient determination of these parameters so that this expansion can be used in
moment expansion.
A test of the effectiveness of this expansion has been performed in a small
space. For 20 Ne treated as four active particles surrounding a 1SO core, a total of
4 , 0 0 0 states are generated. A complete diagonalization was performed, which
yielded each eigenstate energy, spin and parity. These values were used to
construct the exact (target) level density, parity ratio and spin-cutoff parameter.
The Monte-Carlo-based moment calculation was then performed for an appropriate
number of randomly chosen Slater determinants and the EPA expansion used to
derive level density and parity ratio information. As can be seen from Figs. 5 and
6, the new expansion is quite effective in representing those parameters.
Calculations are currently underway utilizing this expansion in larger bases.
Recent work on level density calculations has led to interesting predictions
for level densities in very proton- and neutron-rich nuclei. Other research has led
to new expansion procedures for moment-based calculations which allow a better
understanding of the effects of two-body forces on level densities.
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The local vaix* of t- and p- neutron strength functions S^, S n l and
potential scattering ndiB R' 6f the U were obtained from analysis of
the existing data on neutron CXOM sections in the eneigy sange E,, < 0 5
MeV. No eneigy dependence of Sao, S nl and R1 was observed out of i s
experimental erron. The same experimental data were used to
fjn> U ffjM^nwiy* panuneten avenged over a wide eneigy
range.

1.
It is generally agreed that the neutron strength functions of heavy
nuclei are energy independent in the range of isolated resonances E,, £ 0.5
MeV [1]. This relies on the optical-statistical model, which parameterizes
quite adequately the resonance-averaged neutron cross sections under the
assumption of the full fragmentation of one-particle strength over compound
resonances [2]. At the same time, some semi-microscopic and microscopic
models predict intermediate structure in distribution of a one-particle neutron
strength even at high energies above the neutron binding energy (see, for
example, [3]). Appearance of such intermediate structure in the S^ energy
dependence would lead to necessity of revision of a number of modeldependent calculations, in particular the evaluations of the neutron cross
sections for the unstable transuranium nuclei and fission products nuclei, etc.
In the present work the analysis of the 33t U average neutron cross
sections was carried out to determine the local values of s- and p- wave
neutron strength function S^, S nl and potential scattering radius R\ These
data were analyzed to investigate a possible energy dependence of the average
parameters. Another purpose was an evaluation of the resonance parameters
averaged over a whole analyzed energy range.
2. Detunafaation ef s-war«
To determine the s-wave resonance parameters, the data on resonance
selfshieldmg of total neutron cross sections in the energy range Bn =(1.8+312)
keV [4] were analysed The experimental data were obtained in [4] by using of
the most intensive and low-background experimental technique of filtered
neutron beams [5]. The measurements were carried out by transmission
method The neutron beams were formed by the interference filters, made on
base of enriched stable isotopes "Cr, S 4 A S 7 Fe, **Ni [5,61. These fitters
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allow io separate the quazimonoenergetic neutrons from the white reactor
spectrum.
The
average neutron energies
and the
widths
of
quazimonoenergetic groups are given in Table 1.
Table 1.
The avenged total CTOMMcnona, t-wave aeutnm
•treogpi iiaictiaH and ooteatud scatteriqgradiui of2*!!
R\fin
AEJoaV <Ot>,bani
0.7
24.31(34) 1.30(43) 9.18(14)
1.8
1.34(22) 9.64(9)
2.2
23.5(12)
1.9
3.5
1.5
20.89(45) 1.44(30) 9.83(9)
2.4
18.35(25) 0.91(14) 9.46(10)
5.2
15..8K35) 1.45(40) 9.21(14)
12.0
0.7
14.01(18) 0.81(13) 9.56(10)
24.5
2.1
~3
13.50(20) 1.04(41) 9.68(13)
45.0
0.9
13.33(12) 1.27(32) 9.53(12)
53.5
13.35(70) 1.21(31) 9.64(9)
55.0
~3
0.99(14)
59.0
13.00(3)
9.52(8)
2.3
9.30(9)
~3
12.45(15)
66.8
9.19(9)
~3
11.61(12)
97.0
11.89(9)
9.40(10)
106.0
~3
11.85(18)
9.39(12)
132.0
~3
136.0
~3
11.54(18)
9.41(16)
25.0
1.46(10) 9.52(2)
144.0
11.46(4)
152.0
1.2
11.48(12) 1.95(61) 9.44(18)
155.0
~3
11.53(17)
9.65(32)
179.0
1.35(69) 9.50(21)
~3
11.03(4)
194.0
11.46(53)
~3
9.36(8)
231.0
10.97(40)
~3
250.0
~3
10.48(32) 1.11(30) 9.67(18)
272.0
~3
10.13(23) 1.39(28) 9.47(15)
9.81(16)
1.43(24) 9.38(9)
3110
1.6

In these experiments the transmission <T> averaged over the neutron
spectium was found as the ratio of the total number of detector counts from
the beam passed through the sample to those number of the direct beam. The
value of <T> can be written as

<r>=

(i)

where t(B) is the neutron energy distribution function in the beam separated
by a fitter, o t (E) is the total neutron cross section, and n is the sample
thickness. The transmission <T>, as well as the observed total neutron cross
section d\:

(2)
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are the values averaged over
the respectively wide energy
range AE, which includes a
lot of compound resonances.
Figure 1 shows a
dependence of the cross
sections a t on the thickness
n (resonance selfthielding
k«V
effect) for some filters. An
£•=144 keV
extrapolation of the curves
to zero thickness gives the
10
total neutron cross sections
<ot> averaged over the AE
interval.
0.0
0.1
0.2
n,1/bom
Since the quantities
Fig.1. Dependence of the ^Uobterved total neutron
<T> and a, are sensitive to
crow lection or, onramplethicknen n
the resonance structure of
ot(E) in interval AE, they
were parametrised through a Monte Carlo simulation of this structure The
method used for this simulation is described in (7,8). By means of this
method the energies of resonances and its neutron widths were simulated in
the energy intervals corresponding to each filter. A Wigner distribution for the
distances between levels, and a Porter-Thomas distribution for the neutron
widths were adopted. The radiative widths of all resonances were assumed to
have no fluctuations and were taken equal to its average value F^
Dependence of fy on the excitation energy of compound nucleus was
considered in according with [9).
Using of the simulated resonance parameters, the total neutron cross
sections ot(E) and its functionate (1), (2) were calculated. The R-matrix
approximation of isolated resonances, taking into account the Doppler effect,
was used to calculate ot(B).
After simulation of ot(B) and calculation of its functionate the average
resonance parameters were corrected by the fitting to the measured values of
<T>. To determine the final optimised values of average parameters, the
whole procedure was repeated step by step
Since the s-wave gives the main contribution to the total cross section
in the analyzed energy range, only the values of S& and Jtf were varied
Other parameters were taken from [10] as:
D o - 20 4 eV [I], Ty » 0 018 eV,
S n l = i.66-10"*, M? = 0 204,
S.J =2.5- 1CT\ A,* = 0 311 [10].
The average total neutron croas sections <o,> and local values of sneutron strength function S& and potential scattering radius R'=1.35A1/3(1Jtf) were determined mdependontly at each energy point, measured in (3,6)
(Table 1). The results of the analysis of its energy dependence are shown in
Fig. 2. Beside of statistical uncertainties, the errors shown at the figure for S,*
and A'o include also the fluctuational parts.
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i I

I I

1.0

<*Ot>

10.0

0,0
100

200

300

E.keV

Fig. 2. The energy dependence of avenged total crom section <cy>,
fraction Srf and potoatiai fettering radim R' fe "
3. Datarainatfon of »-W«T#
To investigate the possible energy dependence of the p-neution
strength ftmction Sat, the analysis of experimental data [10-17] on neutron
inelastic scattering with the excitation of the first level of ^ U (/* = 2 + , E t =
45 keV) was earned out [18]. The approach to parameterize inelastic neutron
scattering cross sections <©„,> was given in detail in [10]. In the analyzed
energy range Eg £ 300 IDBV the p-nentron partial wave gives the mam
contribution to <ota> Became inelastic scattering cross section dependi
weakly on other parameten tat S nl , their values were ftaed according to the
data [9,10].
The Sat local values obtained in the energy range E . = 80+275 keV
from the <aa> analysis and the Sai value determined from the resolved
resonances range E,, i 5 keV [1] axe presented in Pig.3 and Table 2.
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Table 2
The p-wave
nPlanmi 8H

finctiooi
3:

100

150

200

250

keV

3. The eneqgy dependence of p-oeniron atrajajh finction
The darii linn ahow (he lSH-corridor of etron.

4.mV*

EJteV
5
82
100
106
112
120
126
128
135
140
143
145
157
200
275

Srf.lO*
17(3)
1.51(10)
1.57(26)
1.34(23)
2.12(39)
1.7(4)
2.16(23)
2.17(33)
2.34(43)
1.99(22)
1.7(23)
1.65(7)
1.86(25)
1.53(19)
2.01(34)

psfSBsatsri atfcnajac orar a wia* cnaraj ransjs

The data on avenge resonance paiametexs of the nuclei A~230-240
have rather limited character. The local values of the s-wave avenge
resonance paramctexs S^, A'o, D o , Fy0 are dctciiuiucd reliably from the
resolved resonance range[l]. However, these values have large fluctuations!
erroxs due to limited number of measured neutron resonances. As to the
sters of the p-wave resonances, their determination from the resolved
range is not so reliable At the same time, such information for the nuclei A
~ 230-240 is of great interest became of a presence of the 4p- one-particle
maximum of p-neutron strength function S^ in this mass range [1].
The present analysis of experimental data on the ^ U cross sections in
the energy range 0.1+300 keV was based on two sets of data:
• inelastic scattering and radiative capture cross sections [10] and
• resonance selfehieldmg of total neutron cross sections [7J.
In both cases, the cross section data were analysed jointly in the whole
considered energy range to determine the parameter values avenged over as
many resonances as possible.
The avenge resonance parameters obtained by these different ways are
given in Table 3 in comparison with the data of other authois. All data were
renonnanzed to the unified boundary conditions [10] to compare them
directly with the data from the resolved resonances range.
There were two independent sets of the s-wave avenge resonance
parameters obtained by us ([4]and[10]). Because of the resonance seUshielding
data are most sensitive to S^ and R*o, the results [4] for these values seem
more renabk, than [10]. Some difference between the S^ value obtained in
our work [4] and those from the resolved resonance region[l] can be
explained by the feet, that the energy region analyzed in [4] is much more
wider than [1]. If only the selfthieldmg data, obtained at B,, £ 12 keV are
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analyzed (Table 1), it l e a * to the value S * « (1.1840.10) 10"4, which is
practically equal to the result [1].
For Sni there were also two results obtained by different ways (Table
3). To oar mind the S nl value from [10] is most reliable due to a high
sensibility of <oiB> to S al , as against of other method* [7,12]
The finally recommended values of the
U average resonance
parameter* are given in Table 3.

FaiBBWfcii
SA-10*

S*.1O*
SA-10^

R'.fia
Db.eV
i*mev

r,,.n»v

Thca\ MMH0 I V W uauce UBIB metenaf2*U
Reference
[10]
[191
[201
[4]
[211
[11
1.2(1)
0.93(3) 0.75(6)
1.05
13(4) 1.09(5)
1.95(6)
1.8(4)
1.66(12) 1.47(6) 1.68(2) 1.7(3)
2.8(9) 0.76(4)
30(3)
2.5(4)
9.63(4) 9.30(5) 9.6(1)
9.35(6) 9.15(24)
20.9(11)
19.6(15)
23.2(3) 23.1(10) 23.0(20)
18.0(15)
16.6(6) 23.2(20)

Table 3.
Recount
values
0.98 1.09(5)
2.01 1.66(12)
2.5(4)
9.43 9.63(4)

[221

23.2(3)
18.0(15)

5.
As seen from Figs 2,3, in the analyzed energy region the local S^,
and M.'9 values don't demonstrate the energy dependence out of uncertainties.
According to the optical model calculations, the 2MU s-neutron strength
Auction is defined by contributions of two nearest one-particle states 4^a *&d
5si/3 which both distant as about 8MeV from the neutron binding energy Bn
If an intermediate structure in the strength distributions of these states is
absent, the variation of S,* predicted by the cortical model m the energy range
AE = 300 keV does not exceed 0.5%. As to the p-neutron strength function of
the 2 * U , its value is defined mainly by contiinrtion of 4p-stato bed near Hie
Bn The expected variation of the S nl within the energy range B. - 300 keV
does not exceed -10% Because of the resulting uncertainties of the S*, S. t
local values are comparable with the variations, predicted by optical-statistical
model, no conclusions about its pretence or absence are possible. However,
the obtained results testify reliably, that no nonstanstical effects exist, which
would lead to the intermediate structure to be visible out of the variations
predicted by optical-statistical
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ABSTRACT: Gamma rays in the range of 150-1500 keV have been studied for the
s-wave neutron resonances of nl In and 1ISIn, selected by time of flight in the 1-100
eV range using HP Ge detector. The measurements were carried out at the IBR-30
pulsed neutron booster of the Joint Institute for Nuclear Research (JINR) in
Dubna (Russia) on the 60 m flight-path. In the experiment the spins for 6
resonances of "5In have been assigned by measuring the intensity variation of
some strong low-energy transitions (low-level population method of spin
assignment). On the basis of previous experimental reports4' we determined the
spins from the ratios between the intensities of the transitions at 273 and 186 keV
and of the triplet at 171-175 keV. In the case of '"In we chose for consideration the
ratios of the line intensities at 287.4 keV, 307 keV and 341 keV. In this way the
information on the spins of eight resonances of m In was obtained for the first
time.

Introduction
It is a well-known fact, that determination of the spins of the highlyexcited states is an important problem of neutron spectroscopy.
Information about spins is necessary for the analysis of other parameters
of the neutron resonances, such as the neutron and radiative widths, level
density, strength functions and for interpretation, of the different models of
highly-excited nuclei. One has the different methods of spin assignment,
but they are not multipurpose and are applicable to certain nuclei groups
only. Here, 1I3In nucleus is a clear example. In literature, some attempts to
determine the spins of this nucleus by the multiplicity method are known,
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but which did not give any results because of the very small measured
effect [1,2,3]. In this work, the results of applying the low-level population
method of spin assignment for ll3 In and l5In isotopes are given. The
spins of the In isotope were already successfully determined with this
method in paper [4]. Here the spin values for six resonances of 115In,
which are in good agreement with the results of work [4], are presented.
The spins of
In nucleus were determined for two reasons. First, the
authors of this paper have applied this method of spin determination using
a Ge detector for the first time, therefore, the necessity of comparing given
results with the data in literature has arisen. Secondly, because the
determination of the spins of the isotope In was projected, the target
being enriched to 87.2% only, and containing only 12% of the n In
isotope, an exact gamma transitions investigation for both isotopes was
required.

Experiment
The measurements were carried out at the IBR-30 pulsed neutron
booster of the Joint Institute for Nuclear Research (JINR) in Dubna
(Russia) at the 60 m flight-path. Gamma rays were detected by a 75 cm3
sensitive volume coaxial HP Ge detector with a resolution of 2.7 keV at
the 1.33 MeV 60Co line.
The samples of In2O3 enriched with 113In to 87.2% and with 115In to
99.9% were positioned in the center of the detector in thin Al containers.
The ll3 In target thickness was 6.07*10 nucleiftarn and 6.79*10
nuclei/barn for 115In, respectively.
For each sample the time of flight spectra were measured as shown in
figures 1 and 2. They permit one to observe the resolved resonances up to
100 eV. Simultaneously, information about the amplitude gamma ray
spectrum was accumulated over the energy range of 150-1500 keV.

Data analysis and results
As the gamma ray spectra for the 115In isotope were studied thoroughly
by Corvi et al. [4] and Rabenstein et al. [5], the spin assignment was very
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Fig. 1. Time-of-flight spectra of the capture gamma-rays for the isotopes
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Fig. 2. Comparison of the time-of-flight spectra for the ' 13In and
isotopes.

172

l l5

In

simple. The accumulated information about the amplitude gamma-ray
spectra (examples of these spectra are shown in figure 3) were sorted and
cut with a special program. The segments of spectra were separated by the
time channel limits of each resonance and processed. Following the
statements of the authors of work [4] the gamma-ray transition intensities
with energies of 186.2 keV, 273.0 and triplet 171-175 keV were taken
under consideration. The ratios between the intensities of such lines,
namely I(273)/I( 186) and I(171-175)/I(186) fall into two clear groups
depending on the resonance spins as can be seen in table 1. This fact is
illustrated in the figure 4, where the spectra for two resonances with
different spins are shown (for each prominent peak the energy in keV and
the spin and parity value of the low-lying state deexcited by such a
transition is listed). Without difficulty one can see, that the ratios of the
intensities of lines 273 and 186 keV for resonances with different spins
will be either greater or less by one.

Table 1

E(eV)
1.457
3.85
9.07
12.04
22.73
39.6

J
5
4
5
4
5
5

R,=I(273)/I(186.2)

0.82 ±0.01
1.37 + 0.05
0.79 ± 0.03
1.12 ± 0.10

0.88 ± 0.08
0.87 ±0.06

R2-I(171/5)/I(186.2)
0.40 ±0.01
0.75 ± 0.03
0.42 ± 0.02
0.91 ±0.08
0.61 ±0.05
0.55 ±0.04

In the case of the m l n isotope, mainly, the lines from the summary
gamma-ray spectrum, identified as belonging to this isotope only, were
selected for analysis. As one can see in figure 3, the gamma transitions
with energies of 287.4 keV, 307 keV, 312 keV and 341 keV belong to
ll3
In. Unfortunately, as one can see in the demonstrated spectra, because
of the presence of a 12% ll5 In admixture in the In target, the gammalines belonging to this isotope are evidently present in the spectrum of
In. Second, many transitions for both isotopes are quite close in energy
and they can not be distinguished and used for finding spin effect. It is
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necessary to emphasize, that the given problem can only be positively
resolved with a highly-enriched x In target. The absence of spins for this
isotope in literature is easily understood, if one takes into consideration
the fact that the measurements were provided, as a rule, with a 99.9%
enriched In isotope and a natural In target, which contains only 4.3% of
the U3 In isotope and the characteristic lines for this isotope could not be
firmly manifested.
The ratios of the intensity transitions 1(287.4)/I(307) and I(341)/I(307)
used for determination of the spin effect are shown in Table 2 for eight
resonances. As the line of 287 keV [6] is responsible the gamma transition
from the state with an energy of 287 keV and J* = 2+ to the ground state
with the spin Jn = 1+ and the 307 keV line and the transition from state
with the energy 497 keV and J* = 5+ to the level with energy of 190 keV
and J* = 5+, the ratio R^ is a measure of the population of the Jn = 2+ state
relative to the J* = 5+ state. From this it follows, that the group of
resonances with high Rj values should correspond to a spin of 4+, and the
other group to a spin of 5+ of the 114In compound nucleus levels. A similar
argument holds for the R2 values: we have the ratio of the occupation
levels J* = 3 + to J* = 5+ and the group of resonances with the higher R2
values determines the resonances with spin 4, and lower values the
resonances with spin 5 respectively.

Table2
E(eV)
1.80
4.70
14.6
21.55
24.99
32.24
44.71
45.30
70.29
91.59

J
4
5
5
4
5
5
(4)
5

Ri=I(287.4yi(3(r7)
2.52 ±0.13
1.2 ±0.08
1.88 ±0.08
2.31 ±0.16
1.87 ±0.11
1.76 ±0.11
2.69 ±0.42
1.78 ±0.25
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R2=I(341)/I(307)
1.22 ±0.08
0.84 ± 0.05
0.97 ± 0.05
1.26 ±0.08
0.82 ±0.05
1.04 ±0.06
1.58±0.15
0.65 ± 0.04

The errors arising from insufficient statistic are large enough, however,
one can draw a conclusion about the existence of the effect as a whole.
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METHODICAL ASPECTS

THE NEW NEUTRON SOURCE FRM-II
W.Waschkowski, K. Boning
Technical University of Munich Reactorstation, D-85747 Garching, Germany
The Munich Research Reactor F R M in Garching was the first nuclear facility in
Germany. It went critical on October 31st, 1957 as a service institute of the
Technical University of Munich for fundamental research und basic education. This
neutron source become famous by outstanding experimental achievments in diverse
fields of physics, chemistry, biology and other disciplines.
The FRM is beginning to lose its scientific attraction in many fields of research.
Being able to keep up with the international competition, it would require a higher
neutron flux density, a more suitable neutron spectrum and modern scientific
installations.
For these reasons, the Technical University of Munich is planning to build a new
neutron source, the FRM-II, which will satisfy the needs of research in Germany for
the next three decades or longer.

Conceptional Design
The core of the FRM-II reactor (see. Fig. 1) will consist of a single fuel element of
only 24 cm in diameter and an active heigh of about 70 cm. It will contain about 8 kg
of highly enriched uranium in the form of an aluminium-uraniurrBilicide dispersion.
The fuel element is
positioned in the center
of a
heavy
water
moderator tank, to build
up outside
of
the
uranium zone a large
volume of high thermal
neutron flux, which is
accessible for experimental purposes. The
moderator
tank
is
located in the reactor
pool containing light
water. For
radiation
shielding the wall of the
reactor pool is made of
1.5 m thick heavy
concrete. The outer
diameter of the pool is
8 m. There are 10

Fig. 1:

The fuel element of the FRM-II contains 113
involute plates with an uranium silicide
dispersion of 93 % enrichment
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horizontal and 2 inclined beam tubes which supply the experiments in the
experimental and the guide hall with neutrons of various spectra. As secondary
facilities
the
SR 3
FRM-II will have
1 cold source.
SR4
1 hot
source.
1 converter
facility producing a
fission spectrum,
\ SR5
2 silicon doping
units,
several
pneumatic systerns for speci
SR
imen irradiations,
J
SR6
1 positron
source and other
installations and
options
(see
Fig. 2). Fig. 3
shows a lay-out
of the experimental
and
SR10
guide hall.
SR8
SR9
Fig. 2: Horizontal cut through the reactor pool, the
moderator tank, the beam tubes and Irradiation channels.
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Fig. 3: Lay out of the experimental hall and the guide tube hall.
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Modern Technology
One of the most important aims at the FRM-II project was the optimisation of the high
neutron flux at a minimum of reactor power, capital investment and operating
expenses. The attained quality of high thermal neutron flux density (8 • 10 1 4 n/cm2s)

FRM-II..
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Fig. 4: Ratio of maximum thermal neutron flux outside of the core to power for the
FRM-II in comparison with other reactors. The FRM-II will have the world
highest ratio of flux to power. This is a consequence of the FRM-II having
the smallest core.

at a relative low reactor power (20 MW) make sense in both an economical and
ecological way, because the radioactive inventary and the nuclear waste are minimized. Fig. 4 (being taken from US sources) characterizes the high quality of the
FRM-II compact core concept: as can be seen, the FRM-II worldwide has the best
ratio of flux to power and the smallest core.
The vecy compact core and its design resulted in two also very remarkable safety
features. First, the reactor power is so small that the removal of the decay heat
provided no difficulty; that means, the natural convection under water is strong
enough to prevent a melt down of the core (nevertheless, there will be a special
forced convection cooling for about three hours after a shut down). A hypothetical
.steam explosion" can be ruled out by reasons of basic physics. Second, the core
will only work in its planned surrounding; that means, in light water only the fuel
element would not become critical. This behaviour belongs to the passive or
.inherent" safety, based on physical laws, which cannot fail. That means, in case,
e.g., of leakage in the moderator tank the reactor will shut down by itself without any
active operation of protection mechanisms.
This outstanding properties of the FRM-II can only be realized by using highly
enriched uranium (93 % U-235) in combination with high U-density. This material
allows to design a particularly compact core and to operate the reactor - as already
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mentioned - at relatively low power (20 MW), which gives another additional
advantage, namely the y-heat production is small enough that the heat sensitive cold
source can be put very close to the maximum of thermal neutron flux near the core.
This argument is of special importance, since more than 40 % of all experiments of
the FRM-II will be supplied with neutrons from the cold source.

Present Status of the Project
The formal nuclear licensing procedure was started in 1993 with the submission of
the safety report. The document was made public for the legal period of two months.
About 80 persons studied this report. Formal objections came from 14 communities,
from 314 individualists (being able to write down own arguments), and from about
50000 hangers-on (demonstrating their antipathy by their signatures on blanket
lists). By German law, these objections had to be discussed in a public hearing. This
hearing has taken place in May 1994 in a specially prepared sport hall, where all
objectors were invited. On the first morning about 700 people participated, and their
number decreased continuously to about 20 on the last of totally five days. Meanwhile the basic design documents have partly been reviewed by the TUV (Technischer Uberwachungsverein), an official control institute in Germany. Until now, the
design concept seems to be consistent with the nuclear safety requirements; we
hope to get the first partial permission to begin with the construction of the reactor
building at the end of this year.
The political acceptance of the project has also grown because of its strong support
by the state of Bavaria. The total costs of the facility (including a basic scientific
instrumentation) are estimated to 720 MDM (million German marks). About one third
will be payed by the Federal Government from the Research and Technology
budget, the rest will be granted by the Federal Education and Science budget and
the State of Bavaria. The general contract for the construction of the FRM-II has
been signed by the Technical University of Munich and the Siemens company in
summer 1994.

Site of Garching
Open research is more a matter of universities than of research centers, since the
detailed and interdisciplinary discussion of all research projects in combination with
an inexhaustible pool of motivated students establish a particularly .fertile" structure
for that. The site in Garching is distinguished by the integration of numerous
institutes of two big universities and of various research institutions in the direct
vicinity, together with a concentration of high-tech industry in the area around
Munich. In summary, the infrastructure is very promising and all interested groups
will be able to participate in the basic and applied research as well as in other
applications of the new neutron source FRM-II.
Of course the FRM-II is planned to be open for all interested German neutron
researchers as well as for guests from other countries. Over decades cooperation
relations with foreign scientists have developed at our old reactor FRM. which must
be continued and expanded at the new FRM-II.
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SFERC-method for the estimation of stable
intervals of super-fine structure
S.I.Sukhoruchkin
Petersburg Nuclear Physics Institute, Gatchina, Russia
Abstract
Scaling factor between the values of stable intervals in neutron resonances and values of 0 +
excitations proximate to the radiation correction of electrodynamics permits to check presence
of similar excitations in low-lying levels of the broad scope of nuclei.
Method of intercomparison of four mass/energy intervals by single Scaling Factor equal
to Electrodynamics Radiation Correction-SFERC with value (a/2*-)- 1 = (116 x 10"*)- 1
namely (2M,= 0,88 GeV): (e, =1,022 MeV): (c'=l,19 keV): (e"=l,3 eV) was introduced
[1,2] mainly from empirical observation of fine and superfine structures with periods c' and
4£ n =5,5 eV in neutron resonance position (En) and spacing (D) distributions. Parameter
e0 was introduced in two ways; 1) In particle masses it was derived from proximity of
9m e to electromagnetic mass difference of pions A m , = m» — mwo [1,2]. Recent value
within small uncertainty coincides with 9m e (l — a/2x) [3,4]. 2) In nuclear data interval
£O/2=511 keV was found in distributions of energies of states E* and in levels of 3 ° 8 ' Mft /'6.
The values m e = e o /2 and Do = m n - m p were found to be
parts of periodic sequences. In this work we turn attention to
the fact that only some definite numbers of periods (n=6-7-8-9
or n=4-12-13-14-17) are frequently manifest themselves in spacing
distributions. Interval D=340 keV=2/3m e that is seen in
nuclei with three nucleons above closed shell [5] frequently forms
triplets with D=1107 and 1447 keV (n=4-13-17, period 85 keV).
The value with n = l 3 is close half the binding energy of deuteron
£ D /2=1112 keV and we observe stable intervals with n=12-13-14.
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Fig l(a). Stable intervals D=3576 keV=7m e
in A-even nuclei after lsNe with £*(0^)= 7me from [5];
(b,c,d). Distribution of spacing D=£* - E]
in level of "• 58 Fe, evetl 5r and 58Co-summed
distribution for levels with similar J* values, from [4].
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Stable character of intervals in low-lying levels may be connected with values of 0 +
excitations in nearby nuclei (see Fig la where effect is at D=3576 keV =7m e = £*(0 + ) of
18
./Ve [5] and maxima at D=m e and D=2m e = eo in several other near-magic nuclei has the
same spread [4]). The appearance in some near-magic nuclei of E*(Q+) values close to 2e0
(shown by horizontal dotted line in Fig 2) is correlated with appearance in their spectra
of intervals connected with mentioned above parameters m e , ED and Do which values
are in mutual rational relations. Below we show possibility to study these systematical
effects in low-lying levels of near-magic nuclei by analysis of neutron resonance spacing
distributions because here differences in spin values of states are minimal.
Grouping -effect in En distribution was found in 60-Us [2] and is checked here by
total distribution of En values of 10 the most strong levels for each isotope tabulated in
BNL-325 Compilation [6](and used without selection, see Fig 3). Small probability of
grouping of the values En = E* — Sn for many nuclei (about 10~3 in [2]) permitted to
introduce integer numbers (n) of common intervals 5.5 eV, 11 eV=2 x 5.5cV or parameter
A = 44 eV = 8x5,5 eV. Existence such super-fine structure was supported by observation
of similar intervals (say integer to 11 eV) in spacing distributions for certain isotope:
nonstatistical effect at D=88 eV=2A and 143 eV =13/4A in nuclei with Z=33,46-52 [7],
intervals D=152 eV in nuclei with Z=62-66 (Fig 4) and D=187 eV in neodymium (see
Table 1 and Fig 5-6). Statistical probability of occasional appearance of such effects was
found in [8] to be of the order 10~6. Grouping effect in En -distribution means attenuation
between large effects in E* and Sn-values originated from strong and electromagnetic
interactions (seemingly independent interactions of Standard Model [3]).

r
mt

Fig 2. Position of 2f, 0 + and 2+ levels in several near-magic nuclei. Horizontal dotted
lines show values n x l/3e o . Grouping of £*(0 + ) by N=90 (at right) and Z=28,32,50,58-60
as well as proximity of E*(2+) to e0 and D in MNi to l/3c 0 i» shown by boxes.
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Table 1: Comparison of intervals D with integer number of period A=44 eV
178
Nucl. En
Hf (A£=3 eV) Nd Pd Sb Te l27/
D,eV 66 351 394 439 1781
186 87 1188 2375 594
nx44 66 352 396 440 1782
187 88 1188 2376 594
n
3/2 8
10 3x594 17/4 2
27
54 27/2
9

Xe,Ba,Nd
1185 1782
1188 1782
27 3x55)4

Discussed above possibility to relate the values of intervals with others [7] and with
period 2A is illustrated also by intervals D=3060 eV and I)=nx 630 eV in neutron
resonances of 120 5n shown in Fig 7 (their values arc close to 35x2A and nx(29/2)A).
N

\50 f*O

Fig 3. Distribution of positions of selected in BNL-325 relatively strong neutron levels
(10 for each isotope). Averaging interval are 1 cV and 3 eV in lower part, 10 eV in middle
part (step 10 eV) and 300 eV in upper part (step 100 eV). A = 8 x 5,5=44 cV.
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Interesting aspect of these structural effects consists in possibility to relate the values
of energy intervals by integer relations to each other and in some cases simultaneously to
compare them (by the help of single scaling factor) with low-lying excitations (SFERCmethod). For example fine-structure intervals multiple to e'=1.2 keV are seen in groupings
of En- values at It' and 4e'. The great amount of new data (mainly from ORELA) permits
observation of nonstatistical effects in spacing distributions in nuclei situated near the
closing shells with D=3e' by Z=26-30 [8], with D=1190 eV =e' by Z=27-29 [8], with 27A
near e' by Z=41-45 (shown in Fig 7-8) and Z=51-53 (see Table 1). Simultaneously at the
same shells Zo=20,28,38,50 and NO=82 excitations of phonon-type have the values close to
£o and this manifest itself in proximity of the values of E*(0+) (Fig 2) and in grouping of
E" [9] and spacing ([7] and Fig 1). Few-nucleon parameter eo=1022 keV was derived also
from long-range correlations in binding energies EB and several other independent effects
[4,7,9]. Shown in Fig 9 position of interval D=511 keV in 55 Co (connected with A J = O,
see Fig Id) and position of interval D=2e 0 in strontium (see Fig lc) are marked in Fig 9
by vertical lines and give intersection with above discussed values of super-fine structure
intervals (intersection of dotted lines near two points situated at common straight line with
the slope close to SFERC parameter found in [1] from other data). The slope 115,9x 10~s
was derived in [4] also from independent data (shown in Fig 9-10 and in [8]).
Shown in right part of Fig 2 grouping effect (within few keV around 681 keV=(2/3)e o )
of £*(0 + ) values of four nuclei with N=90 and Z=60-66 may be related with the maximum
at D=786 eV in D-distribution in Fig 4 (ratio 786 eV/681 keV= 115,4x10-* is close the
SFERC-factor O/2T = 116,1 X 10"8).
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Fig 4. Spacing distribution in neutron resonances of "K6, Er (top left rieht) and
nuclei
lei with Z=62-66 (bottom). Relations in I) with 7/2A=154 eV are shown.
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Recently Ohkubo has noticed that maximum in i63W resonance spacing distribution
has the same value as interval in relatively strong neutron level positions ( period 173 eV
in Table 2 includes strong level at 69G eV =4 x 173eV). Interval D=173 eV is clearly
seen also in the ORELA-data for neighbor to 183 W nuclei 1 7 8 / / / and 1 8 0 / / / (see Fig 10).
Proximate to each other intervals around D=690 cV are seen in levels of nuclei with
Z=G0-68 (see Fig 4-5) as well as in levels of l99Ifg. Important that in N-evcn tungsten
isotopes multiple to 690 eV intervals are also seen (Table 2). Values D=77 eV ( 18O 7//)
and mentioned above I)=152 cV=En
"" (see Fig 4), D=I73 cV and I)=690 eV
are in relation 1 : 2 : 9/4 : 9.
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Table 2: Noticed by Ohkubo cquidistancy in
Targ.nucl.
E n -D,eV

"*W (D=172,n=24,A=3)
2/4
1
5/4
1/4
173,8 347 696
869
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W levels and D (eV) in some nuclei

even \l/

Nd

Z=62-66

693
1389
2077

688

691

Er
690

199

Ha

690

iteyjj

686
1392
2075

Interval U=700 eV was noticed also in neutron levels of h9Co [6] and in low-lying
levels of this nucleous i^°Co) stable intervals D=594 keV was found (about half phonon
2+ value 1174 keV in 62Ni). The value of ratio 700 keV/594 keV=118xlO- 5 is proximate
to SFERC-factor, The region of nuclei with Z=60-74 (where intervals equal or integer
to D=690 eV are noticed, see Table 2) will be closed by magic nuclei 2O8 P6. Spacing
distribution in negative parity levels of this nucleus has maxima at integer values of

._

T

H

Fig 7. Spacing distribution in resonances of 170Sn (with recoil corr., top and middle
left) and nuclei with Z=41-44. Comparison with sum of I) in Pd,Cd [7] is shown in box.
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Fig 9. Correspondence between intervals in neutron resonances and energies of 0 +
excitations in neighbor nuclei (from [4]). Dotted lines show the values of stable excitations
and D in low-lying levels e 0 , l/2e o (see Fig 1) and 76 keV (along X-axys), values e', l/2e'
and 2 A of stable intervals in neutron resonances (along vertical axys). Intersection of four
E*(Q+) in Cd and Hf and four values D in neutron resonances of even-odd isotopes with
Z=48-54 [7] and Hf (Fig 10) used in [4] to derive scaling factor (boxed).
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594 keV (with n= 1-2-3-4-6). Maxima with n=4 and 6 are shown in Fig 11 and the
second of them (D=3577 keV, AE =5 keV) being close to 7me=3577 keV is in relation
1 : 7 : 8 with interval e o /2 in low-lying 5~ levels and with the first 2 + excitation of
this nucleus (£'=4086 keV). Stable character of such excitation (D=3576 keV in Fig la,
D=7x 340 keV=2383 keV in Fig 11, D=1192 keV=7/6xe 0 or D=596 keV) is expected
to be seen in other nuclei (as n=7-14 periods of discreteness). Noticed in [10] regularities
in E* also may be responsible for fine structure in spacing distribution.
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Table 3: SYMmetry Motivated Method of Estimation of A-baryon mass-SYMMEl)[4]

N',J'
Mi

•MN
A/yv+tixI47

diff.

\,r
Mi
nxm.
cliff.

1/2+^ 3/2"
940 1524
584*
A//v 1529
-!>

1/21534
594*
1529
5

1/21659
719
1676
-17

5/21676
737
1676
0

3/2"
1737

7/2"
2127
1187*
2117
10

11/2"
2577
1637
2559
18

n
1/2+
1116
1116
0

1/21405
1395

3/21520
1534

1/21670
1674

3/21690
1674

1/21800
1814

5/21830
1814

3/2+
1530
1534

10

-14

-4

16

-14

16

-4

4>

N

A

• Y.
Particle
Mi

9/22268
1328
2264
4

A-N

1/2+
1190
1176
16

[10]
1/2+
1320
1323
18

'/'

3/2+
1672
1674
L

<2

[10]
Af,

3/2+
1234
294*
1234
0
»/'
()958
976

-18
(rr)

AY,

1234
437
958 1019 940
70
589
294
1250
956
1029
956
73
441
588
294
IIXAJV/A/2
13
17
14
13
1
6
8
II
4
In conclusion we mention new particle mass data [3] for A-hyperon (»«A)- It was
noticed in [lj that many particle mass values are turned to be close to integer number of
8mB or 16me: pion mass (m,) is close to 17xl6m e + m e and m\ is close to 8 x m , [1,4,7].
New value mA has downward shift 338(6) keV close to 2/3m c = 340 keV (SFKIIC analog
2 A A / A ) from Hx(l7 x lfime + m e ). 'I'lic downward shift in neutron mass (161 keV) was
shown earlier to be close to 161 kcV=(I)0 = m n — m p )/8 (SFERC analog m — c [4]).
These values are also parameters of nuclear nonstatistical effects in fine-structure of /£*,
KB and spacing distributions ( for example interval I)=1500 cV=8xl87 eV related with
SFKRC-factor to Do was discussed in [4,7]).
Mentioned above integer relations in particle masses involving m e , Am,, m,, I)o
and AA/^/2=9x 16me were discussed in [4] with connection of existence of long-range
correlations in EB values of nuclei with parameter e0 = 2m,.. Systcrnatics of nucleon and
A-hyperon excitations based on SU(6) spin-flavour symmetry permitted reproduce the
discreteness in masses (with parameters AAf^ and m,, see Table 3 [4]). Comparison of
riuclnoii mass and m^ with integer number of AAf^/2 is tnade in Table. Estimation of
current tpiark mass m CMr =m,/2 and constituent <juark mass A/7 [II] are involved in the
relations [4]. So suggestion about influence of nucleon structure on fine nuclear effects
expressed by Dcvons may be valid and needs attention.
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LARGE SOLID-ANGLE SPECTROMETERS FOR STUDIES OF DOUBLE-DIFFERENTIAL
CHARGED-PARTICLE AND NEUTRON EMISSION CROSS SECTIONS
M.Baba, S.Matsuyama, T.Sanami, D.Soda, N.Ito1, I.Matsuyama,
T.Ohkubo, S.Iwasaki, N.Hirakawa, T.Kawano*
Department of Nuclear Engineering, Tohoku University,
Sendai 980-77, Japan
*Department of Energy Conversion Engineering, Kyushu University,
Kasuga-kouen 6-1, Kasuga-shi, Fukuoka 816, Japan
Abstract
Large solid spectrometers have been developed for studies of double-differential
cross sections of (n,charged-particle) and (n,xn') reactions using a gas filled griddedionization chamber and an 80-cm long liquid scintillator, respectively. They proved to be
very effective in fast neutron nuclear data measurement.
1 .Introduction
Double-differential cross sections (DDX) for (n.charged-particle) and (n,xn') reactions
are of great importance in various applied and basic fields. Measurements of these DDX
data require spectrometers having large efficiency as well as good energy and angular
resolution. We have developed large solid-angle spectrometers for (n,charged-particle) an,d
(n.xn') reactions to apply to fast neutron nuclear data measurements at Tohoku University
Dynamitron TOF facility.
The charged-particle spectrometer is a twin gas-filled gridded-ionization chamber
(GIC) having a large solid angle close to 4n. It was designed to achieve high stopping
power and background suppression to apply to (n,xa) and (n,p) reactions for fast
neutrons. The neutron spectrometer is a long NE213 liquid scintillation detector (LLSD)
contained in a rectangular glass cell, 80 x 10 x 6.5 cm, having position sensitivity. It
is used as a large single TOF spectrometer or a position sensitive detector covering wide
scattering angle. The design, performance and examples of applications are described.
2. Charged-particle spectrometer11
2.1 Design and Performance
The schematic view of GIC is shown in Fig.l. The sample foil placed on the
cathode plate of GIC is bombarded by collimated neutron beams, and emitted particles
are detected by the twin GIC in an almost 4n geometry0. Provided that particles emitted
from the sample are stopped by a counting gas before reaching the grid, the signals from
the anode and cathode of GIC, Pa and Pc, are given by eqs.(l) and (2), respectively(3X4):
Pa=£(l+o-o(Jc/<0co86)-£,

(1),

PcE(l-(x/d)cosB),

(2)

where, E is the particle energy, d the cathode-grid distance (2.5 cm), 6 the emission
angle, a the grid inefficiency (5.9%), and x is the distance from the cathode to the
center of gravity of the ionization trace, x is given by

x = ['xp(x)dxf frp(x)dx = frx(dE/dx)dxl f\dEfdx)dx = frx(.dEfdx)dx/E.
JO

JO

JO

JO

JO

Therefore, the energy and the emission angle of particles can be determined
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(3)

Gas Line
Shield
Anode

Fig.2 Electronics block diagram for GIC
simultaneously, and particles of interest can
be selected by adjusting ~x so that the range
of most energetic particles is slightly shorter
1 cm
than d.
Gas Line
To apply GIC to fast neutron induced
reactions, high
stopping power and
Fig.l Schematic view of GIC
background reduction are required. These are
met by employing high-Z elements, Ta or
W and Kr, for the electrodes and the
counting gas, respectively. Additional shield
and ring electrodes are employed for
background suppression. GIC can be
pressurized up to 12 atom which is high
enough to stop -20 MeV cc-particles and ~6
MeV protons. A moderating gas, CH4 or
CO2, is mixed into Kr to a few % to
enhance electron mobility needed for charge
collection and stable operation. To keep gas
purity required for stable-operation, GIC is
pumped with a turbo-molecular pump prior
to gas filling, and equipped with a threeposition sample-changer.
As shown in Fig.2, three signals from the
common cathode and two anodes are
128
192
256
accumulated as two sets of two-dimensional
Anode Channel
data using a multi-parameter data acquisition
system. Figure 3 illustrates Pa vs Pc twodimensional
spectrum
for
Ni(n,cc)
Fig.3 Two-dimensional spectrum
measurement at 5.8 MeV. The twofor Pa vs Pc
dimensional data are transformed into DDX
according to eqs.(l) and (2), and then
corrected for geometrical efficiency and energy loss in the sample0. The energy scales
are calibrated using a 24lAm a-source on the cathode plate. Angle-integrated spectra and
production cross sections were deduced from DDX. More details of GIC and the
experimental method have been described previously1"4'.
Sampli

2.2 Application of GIC to (n,xa) DDX Measurement
GIC has been applied to a-production DDXs of Fe, Ni, Cu and '"'Cr between 4.3
and 14.1 MeV14). For Ni, high-resolution measurement was also undertaken to study
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detailed a-spectrum. The study is carried out as a part of IAEA Coordinated Research
Program (CRP) on (n,xcc) data.
Source neutrons were produced by the D(d,n) (En=4.3-9.6 MeV), l4N(d,n)41(En=7.6
MeV), l$N(d,n)4)(En=11.5 MeV), and the T(d,n)(En=14.1 MeV) reactions. The energy
spread of source neutrons was 0.1 to 0.4 MeV.
The samples were high-pure metallic foils, around 3nm-thick. For the high-resolution
measurement of Ni, a thin Ni film (=300 ug/cm2) on Ta was employed. A foil of Au
or W was used for background measurement. Neutron flux on the sample was measured
using a proton-recoil counter telescope41. Neutron intensity was monitored by two NE213
at 0 and 90°, and beam current.
The DDX data were corrected further for the effect of source backgrounds and
(n,p) reaction". The contribution of (n.d), (n,t) and (n/He) reactions could be ignored".
Experimental error was evaluated considering counting statistics (3-30 %), absolute
normalization (3-6%), extrapolation of a-yields (3-6%), and background correction
11 ~"?%V-4'

Figure 4 illustrates the angle-integrated a-spectrum for wCr at 11.5 MeV in
comparison with ENDF/B-VI and the calculation by EXIFON7). Both ENDF/B-VI and
EX1FON largely differ from the experimental data probably because of inadequate
parameters in level density and/or optical model potential.
Figure 5 illustrates a-spectrum of Ni obtained by the high-resolution measurement.
The a-spectrum shows clear separation between the states of residual nucleus, vsFe. The
contribution of "Ni was subtracted using the cross section data for 58Ni and "°Ni by
Wattecamps7'.
Figure 6 show the angular distributions in center-of-mass system, together with
Hauser-Feshbach model calculations using the optical potential parameters by A.B.Smith
for neutron, by Perey for proton and by Lemos for cc-particle, and the level density
parameters by Gilbert-Cameron. The experimental angular distributions are almost 90 symmetric with very slight forward-rise and indicate small contribution of non-equilibrium
processes. The calculation closely reproduce the experiment for both channels, while
experimental data for a, show fluctuation. Good agreement is also shown for the
excitation function in Fig.7. The excitation function by the high-resolution measurement
EDX En=11.5MeV
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Fig.4 Angle-integrated a-spectrum of '"Cr
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Fig.5 Fine resolution a-spectrum of Ni

Goverdovski
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Fig.7 Excitation function of
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Fig.6 Angular distributions of

5lf

Ni(n,a) reaction

Ni(n,a,)

(present) agree with our previous data (Baba) by a thicker sample, but higher than the
data of Goverdovski et al.5'. Besides, the present data go up almost monotonously with
neutron energy without a structure reported in Ref.6.
2.3 Application to MN(n,p)MC Cross Section Measurement
GIC was applied to (n,p) reactions of M N, Ni and Cu. Here described is the
u
N(n,p) u C reaction whose cross section plays a crucial role in the astrophysics.
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Fig.9 Anode spectrum for l4N(n,p) reaction
Fig.8 2n GIC for l4N(n,p) reaction
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The first direct measurement done by Brehm et al. for quasi-Maxwellian neutrons
with kT=25 keV7) reported a value which was about one half of that expected from the
inverse reaction, 14C(p,n)l4N. We carried out experiment for the same neutron spectrum
adopting a new method using GIC.
The "Maxwellian" neutrons by the 7Li(p,n) reaction are emitted in a cone of =60°6).
Therefore, GIC was converted into 2n geometry to admit all the source neutrons into the
sample (Fig.8). The 14N sample was a melamine film (*150 ug/cm2) made by vacuum
evaporation on an Al foil. The neutron flux on the sample was measured by counting
tritons from the 6Li(n,t)a reaction. The melamine sample and a 'LiF sample were
mounted on the sample changer of GIC. By this arrangement, the yield of the l4N(n,p)14C
and 6Li(n,t) reaction could be measured in an identical condition. It reduced uncertainty
in absolute normalization. We took care for energy calibration of proton beam to make
sure the source spectrum shape, and monitored neutron flux using a 6Li glass detector
at 0°-line.
The proton spectrum is shown in Fig.9. The data could be obtained by a few hours
running time with ~4JJA beam current. The signal-to-noise ratio is very good in spite of
the low proton energy (~650 keV). The proton yield was deduced by extrapolating an
integral yield vs channel number to zero energy. The triton yield was obtained by the
procedure in Ref.l. The number of sample atoms was determined by weighing.
The 14N(n,p) cross section for the "Maxwellian" spectrum M(E), «jp> was deduced
by

M(E)dElJM(E)dE, (5)
where Yp and Yt are the proton and triton yield, respectively, N is the number of atoms,
and <a,> is the average 6Li(n,t) cross section. The average 14N(n,p) cross section <oj>
is 1.7 mb(±0.08) for <En>=32.3 keV. This is much larger than the Brehm et al.' value
(O.81±O.O5)8), but very close to that expected from the inverse reaction and recent data
at LANL9) (2.15±0.06 mb) and Dubnal0) (2.02±0.03 mb) for -25 keV neutrons.
Furthermore, the present result is consistent with thermal cross section (1780 mb) if the
1/v rule is assumed.
3. Neutron Spectrometer
3.1 Detector Design and Performance11"12^
We have conducted measurements of neutron emission DDXs for 1-7 MeV, 14 and
18 MeV incident neutrons13*131. In these energy ranges, an NE213 scintillator, 14 cm-diam
x 10-cm-thick or 5"-diam x 2"-thick provided sufficient counting rates even at -6.5 m
flight path owing to high source intensity. To extend experiments to 11 MeV using the
15
N(d,n) source and to higher resolution at 18 MeV with the T(d,n) source, a larger
detector was required to compensate lower source intensity. This was the motivation of
LLSD development. LLSD is also expected to provide new possibility of experiment.
A schematic view of LLSD is shown in Fig. 10. LLSD consists of NE213 contained
in a rectangular Pyrex glass cell, 80 x 10 x 6.5 cm and two 5"-diam fast
photomultipliers (PM; R-1250) on the long ends. Position information is obtained by the
time-difference between two PMs, and a time-compensated TOF signal is obtained by a
mean timer (LeCloy 624). Generally, such a long detector suffers from pulse-height
variation vs event position because of light attenuation. On the other hand, the detector
should have good performance in timing and position resolution, n-y discrimination and
uniformity of detection efficiency. To find an optimal condition, therefore, we studied
LLSD performance by Monte-carlo simulation for a variety of parameters on dimension,
shape and reflector materials.
The rectangular shape was chosen because it is superior in light attenuation and
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timing resolution to cylindrical one. No reflector coating was applied on the cell surface
to reject reflected light. LLSD is contained in a black-coated aluminum box with thin
entrance and exit windows.
We found the pulse-height variation vs position became milder when PMs are
separated from the cell by a few mm, but n-y separation became worse because of
decrease of incident photons. Therefore, we decided to adopt close contact between cell
and PMs and eliminate the pulse-height variation by position-dependent biasing
considering the light attenuation. Hence, as shown in Fig.ll, data are collected event by
event for main TOF, position TOF and pulse height signals, after gated by n-y
discriminator signals. By applying position-dependent biasing analysis based on an
experimental light attenuation curve (Fig. 12), we could obtain uniform detection
efficiency.
The n-y pulse-shape discrimination was done by a zero-crossing method. The shape
analysis to the sum of two preamplifier outputs proved to give better separation than
each PM signal, if gains are adjusted (Fig. 13). By this arrangement, position-dependence
of n-y spectra could be eliminated and bias level could be lower (down to ~1 MeV
proton).
The timing resolution measured from time spectrum between two PMs was ~ 650
ps, and correspondingly, as shown in Fig. 14, the intrinsic position resolution was ~6 cm.
The overall counting efficiency of LLSD is about three times as large as the 14
cm<|>xlO cm thick NE213 detector with better energy resolution.
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3.2 Application of LLSD
The LLSD has been applied to DDX measurements as a single large detector by
placing vertically along the azimuthal angle, or a wide-angle scattering detector by
placing on the scattering plane. The latter application is still in progress. In the
application, LLSD is housed inside a massive neutron shield141. In spite of large volume
of LLSD, signal-to-noise ratio is good enough even at a ~6 m flight path owing to
three-parameter data analysis and good collimation.
Figure 15 illustrates DDX results of Si for 11.5 and 18 MeV neutrons obtained by
LLSD. Although the source intensities are relatively low, we obtained sufficient counting
statistics within a few hour owing to large
solid angle of LLSD. The energy resolution
P-TOF vs PH
is good enough to separate each neutron
Source En=14.1 MeV
group. Therefore LLSD provides a powerful
1024
means to measure DDXs around 11 MeV
and
above 15 MeV where only very few
JjjSi.
data
exist. The low energy part of 11.5
768
MeV data is obscured by background source
neutrons41:). Experimental method applying a
double-TOF
technique
is
under
512
development.
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4. Summary
Large solid angle spectrometers have been developed to study DDXs of (n.chargedparticle) and (n.xn') reactions. The devices provide a useful means for these studies in
particular for reactions of small cross sections and/or neutron sources with low intensity.
The present work was partly supported by Japan Atomic Energy Research Institute.
The authors wish to thank Drs. A.Goverdovski (Obninsk) and P.Siegler (Geel) for their
invaluable suggestion on gridded chamber data analysis.
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A NEW METHOD FOR GENERATING MAXWELLIAN NEUTRON
SPECTRA FOR STELLAR TEMPERATURES IN A MODERATOR
M.V. Kazarnovsky, O.A. Langer, G.K. Matushko, V.L. Matushko
Institute for Nuclear Research RAS, Troitsk, Russia
YVLP. Popov
Frank Laboratory of Neutron Physics, JINR, Dubna, Russia
Abstract
The role of neutron reactions in element synthesis in the Universe
(particularly for the mass region A>60) is crucial. To verify the modern
scenario of nucleosynthesis it is necessary to know the neutron capture cross
sections for every isotope in the neutron energy region of about several ten
keV, that is, for the Maxwellian neutron spectra for stellar temperatures.
We propose a new method for generating Maxwellian-type neutron
spectra in a moderator for different temperatures from 10 to 50 keV. To
create this spectrum we use as neutron sources the 7Li(p,n) or T(p,n)
reactions and a special form of moderator (sometimes an absorber, too). The
results of optimising the moderator form and its dimensions are discussed in
the report The deviation of calculated neutron spectrum for a definite
point of the moderator from the Maxwellian form maybe within 1% near
maximum and several percent on the slopes.
The new method allows direct measurement of the cross sections for
Maxwellian spectra and use of the activation method for measurements of
capture cross sections of very small samples or for nuclei with small neutron
cross sections. The latter may be important for rare isotopes which take part
in s- and r-processes of stellar nucleosynthesis.
Tn trntjuction
The slow neutron capture process (s-process) is distinguished among the
various processes responsible for the formation of the heavy elements (A^56)
in stars. For the classical s-process the only assumption in the astrophysical
scenario was that it should be associated with helium burning in the redgiant stage of stellar evolution in order to define the s-process temperature.
According to the classical s-process (very roughly) the product of the
abundance of isotopes in the Universe (N1) and the averaged on neutron
Maxwellian spectrum of star cross section (o^y) m u s t be close to constant
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For many years the 22j»je(a,n)25Mg reaction was considered as the main
neutron source in stars. This reaction generated, in massive stars, a
Maxwellian neutron spectrum with a temperature about T m = 30 keV. The
different methods of neutron capture cross section measurements for
Maxwellian spectra were developed to verify the role of the s-process (see,
for example, reviewM). The one of them is the ?Li(p,n) reaction with an
incoming proton energy of about 30 keV up the reaction threshold. The
method of Maxwellian neutron spectrum generation and the activation
technique of neutron cross section measurement are demonstrated in Fig.

lJU
1 3
Q)

80 100 120
En
Fig. 1. (a) Principle of the activation technique 1- proton beam, 2 neutron beam, 3 - target, 4 - sample, 5 - neutron flux monitor, and (b)
simulation of a Maxwellian energy spectrum (kT=25.0 keV) via the ^Li(p,n)
reaction, AEp==30 keV above the reaction threshold. 1 - experimental
spectrum, 2 - Maxwellian spectrum.
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For stellar masses M< 3MO the ^C(a,n)^O reaction as a neutron source
may become
important. For such types of stars, the Maxwellian
temperature is about 10 keV. The hard experimental problem is now to
generate a neutron Maxwellian spectrum with T m =10 keV. Theoretically it
is possible by using the Sc(p,n) and V(p,n) reactions at a proton energy a
little higher than the threshold of the reactions. But, the cross sections of
these reactions are very small and real neutron fluxes (f) would be f<103
neutrons per second, too small for the capture cross section measurement of
many isotopes.
We propose a new method of generating Maxwellian neutron spectra for
stellar temperatures. The main idea of the method consists in using the
neutron slowing-down process in a moderator.
A method of generating quasi-stellar neutron spectra
The first neutron slowing-down spectrometer - a "lead cube" - was
constructed under the guidance of Prof. F.L.Shapiro 40 years agol^]. This
neutron spectrometer possesses a poor energy resolution (-30%), but gives a
10^-10^ times enhancement of neutron flux on a sample compared with the
time-of-flight method for the same neutron source. For a large moderator
(lead or graphite) this method allows the cross sections of different kinds
of neutron reactions to be measured by time-of-slowing-down spectrometry
up to 50 keVi3].
To create the Maxwellian form of a neutron spectrum in a moderator we
propose the use of a special form of moderator or absorber. We minimised
the difference between the calculated form of the neutron spectrum and
Maxwellian one for moderators of Pb or C in the form of a prism with sides
a«b and c (see Fig. 2). As parameters of optimisation we use the thickness
of moderator -a, the distance from proton target (neutron source) to sample
-r and the energy of original neutrons E^, in reality: AEp=Ep-Etnr - the
energy of protons over the threshold of 7Li(p,n) (Ethr =1881 - 4 keV) o r T (P. n )
(Ethr=1019 keV) reactions. Table 1 illustrates the neutron source parameters.
Table 1. The parameters of neutron sources
used for calculating the original neutron spectra
7
Reactions
T(p,n)
Li(p,n)
thr k e V
Proton threshold energ
Ex> >
1019.0
1881.4
Neutron energy for E o =E D t h r ,
E n , keV
63.7
29.4
B*
mb/keV1/2
25
175
D*
keV>/2
0.052
0.53
Material of proton target
ScT2
Li(nat)
Stopping power
MeVcm/g
175
149
) B and D are parameters of approximation of the total proton cross
section dependence on AEp in the target material:

AEpi/2).

o=B
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The calculations were made in analytical form using the age
approximation method. Moreover we checked the results of the calculations
for some of the cases by using the Monte-Carlo method and MORSE code.
The coincidence of the results of both methods was satisfactory.
The results of neutron spectra calculations for different temperatures, T m
and moderators (Pb and C) were compared (see Figs. 3-6) with the
Maxwellian form of spectra
M T =(E/T m 2 )x exp(-E/T m ).
These figures illustrate the possibility of creating, in lead or graphite
moderators, neutron spectra very close to the Maxwellian ones for stellar
temperatures T m ~10-40 keV. The total neutron flux on a 1 cm 2 sample is
f=10 5 -10 6 neutrons per second (calculated for a proton current Ip=30uA).
This neutron flux not as much as in the Karlsruhe experiment! !i but the
reproducibility of the Maxwellian spectra may be better (dotted line in Fig.
1). We have not optimised the moderator parameters to have a maximal
neutron flux on the sample so far. The results of the calculations are
summarised in Table 2.

Fig. 2. The disposition of a neutron source (1) and a sample (2) inside the
moderator (3) for generation of quasi-stellar neutron spectra.
2. Parameters of moderators and neutron
uon
sources ensuring a Maxwellian form of neutron
flux for different "stellar" temperatures.
Parameter sets
1
2
3
4
5
6
7
T
keV
20
20
20
30
30
m.
10
10
Proton target
Li
Li
T
T
T
T
T
Moderators...-.
C
C
C
Pb
Pb
Pb
Pb
r, cm
5.8
8.7
3.1
30
41
23
15
a, cm
14.7 10.5
6.5
79
64
64
84
AED keV
15.4 23.8 30.4 39.6 59.6 67.9 51.0
Neutron flux ..
2.3 0.64 0.0013 2.0 0.71 0.6
13
5
5
5
5
5
5
on sample,*-.-f
xlO xlO xlO xlO xlO xlO xlO 5
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8
40
T
Pb
16
53

83.0
16
xlO 5

0.0

0.0

150

40

80
120
E, KeV

160 200

Fig. 3.
Fig. 4.
Comparison of calculated neutron spectra (solid line) and the Maxwellian
ones. Fig. 3 -for T m =30 keV, Pb-moderator (see Tab. 2, set #7), Fig. 4- for
T m =40 keV, Pb-moderator, (set #8)
Some comments on Table 2. Set numbers 1 and 2 differ not only in the
neutron flux (~ 4 times), but the slow energy tail of the neutron spectrum
for the first set is situated up the Maxwellian spectrum whereas for second
set a tail is situated under one of them. This circumstance is convenient for
checking the possible non-Maxwellian contribution of some powerful lowlying resonances. There is the same possibility for sets #4-5 and #6-7
correspodingly to T m = 20 keV and 30 keV. The calculations indicate that
the Pb-moderator and the T(p,n) reaction as a neutron source are more
efficient for temperatures Tm£20 keV.
According to our calculations the parameters of the experimental set-up
must be reproduced with an accuracy of: Ar±5%, Aa±5%, AEp±10%.
1.0M-

yiv

1.0

• • i

0.2
0.0

100
20
30
40
50
0
20
40
60
E, keV
E. keV
Fig. 5.
Fig. 6.
Comparison of calculated neutron spectra in moderators (solid line) and the
Maxwellian ones. Fig. 5- C-moderator, T m =10 keV (set #2, Tab.2), Fig. 6Pb-moderator, T m =20 keV, (set #4).

203

Conclusion
According to our calculations there is a real possibility of generating
neutron spectra very close to the Maxwellian form for the Maxwellian
temperature interval T m = 1 0 - 4 0 keV (quasi-stellar temperatures) by
means of special forms of moderators (Pb or C).
As neutron sources the ?Li(p,n) and T(p,n) reactions with Ep near the
reaction thresholds may be used on Van de Graaf proton accelerators with
Ep< 2 MeV. The neutron flux on a sample would be several units of 10^
n/cm^ s for an average proton current I«= 30 uA on a target.
The activation method of registering the neutron capture process is more
suitable for both moderators, with normalisation of the data to standard
sample data. The registration of prompt y-rays by Moxon-Rae detectors (for
example) is possible for the graphite moderator. One needs, however to
estimate (by calculation) the influence of the detector materials on the
energy form of the neutron spectrum in the moderator, especially if the
detector is placed near the sample. In the case of the lead moderator we
are planning to calculate the influence of a special hole (gap) in the
moderator for allowing y-rays to pass from sample to detector (thickness of
Pb-wall ~30-40 cm) on the neutron spectrum in the moderator.
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METHOD OF FRISCH GRID INEFFICIENCY MEASUREMENT
Khryachkov V.A. Ketlerov V.V. Semenova N.N.
IPPE, Obninsk, Russia
ABSTRACT
Present work describes noncomplete shielding of the anode by Frisch grid influence
on ionization chamber operation. Simple experimental method of Frisch grid
inefficiency measurement is proposed. It is shown that using of calculated grid
inefficiency value can result in serious errors in particle energy determination.

INTRODUCTION
Frisch gridded ionization chamber is a widely used instrument for charged particles
characteristics studying. It was used for experiments in (n,a) reaction investigations [ref.
1,2,3] and forced nuclear fission reactions investigations [ref. 4,5,6]. Modern spectrometers
based on GIC provide simultaneous acquisition of signals from all chamber electrodes. This
feature makes possible obtaining energy and direction of every particle registered. It allows
to correct experimental energy distributions. The basic corrections are: a) energy loss in a
target, b) noncomplete shielding of an anode by a Frisch grid. In ref. [7] the expression for
anode signal amplitude is given as:
P

A

A

=A*E + o*P

c

c

^—,

/I/

cose

where: E is energy of a particle, A is a calibration coefficient, PA is registered anode signal
amplitude, Pc is registered cathode signal amplitude, 6 is the angle between a track direction
and a normal to the cathode, D is energy loss in a target if 0=0, a is Frisch grid inefficiency.
For monoenergetic a-particles coming out from the target mounted on the cathode
value of cosG is simply connected with Pc. Considering this we may write equation /I/ in
first approximation as:
«
where Pc1 is the cathode signal corresponding to the angle 9=0.
The value of the grid inefficiency was calculated using the expressions [ref. 8]:
o =

;

I =—
1+ p
2nv4
)
d
where: p is the distance between the anode and the grid, r is the radius of the grid wires, d is
the grid spacing.
These equations were derived with conformal representation theory and need to be
experimentally checked. To do such a checking using a solid target is difficult because of
simultaneous influence of the both factors (loss in the target and grid inefficiency) on the
anode signal. Free of this disadvantage approach of grid inefficiency determination is
described further.
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a)

EXPERIMENT

Parameters of the ionization chamber used were:
p=7mm. r=0.05mm, d=lmm, diameter of the electrodes
- 90mm, cathode-grid distance - 27mm. The grid
inefficiency value calculated according to equation /3/
was 0.026. The chamber was filled with the mixture of
90°nAr and 10°oCH4. The pressure was 2.5atm. 226Ra
target from the Set of Standard a-particles Sources was
used as the a-source. Experimental setup is shown in
fig. la.
The anode and cathode signals were registered for
b)
each particle. Peculiarities of signal registration are
described in ref. [7]. The two-dimensional anodecathode spectrum is shown in fig. 2. The anode signals
distribution for a-particles having their directions close
to the normal to the cathode is shown in fig.3. FWHM
was 33 keV. The most right pick in the fig.3 with
FWHM=20keV corresponds to the high precision pulse
generator. All picks have sharp bounds in the cathode
signals distributions (see fig.4a).
After thorough analysis of the two-dimensional
spectrum presence of the gaseous 222Rn coming out
Fig.I. Experimental setup:
226
6
from the solid Ra target was found. The sign of the a) " Ra is on the cathode;
gaseous nature of Rn was the typical cathode signals b)»Ra is out of the working room,
distribution: almost uniform from the maximum equal to the corresponding anode signal
downto the threshold (fig.4b). In order to single out gaseous component special experiment
was performed. New setup is shown in fig. lb. 226Ra target was located out of the working
room under the cathode. The source was covered by the aluminum foil box of special shape,
that prevents a-particles from coming out, but allows Rn to mix with the working gas. The
two-dimensional spectrum is shown in fig.5. Distribution of the cathode signals related with
Rn is shown in fig.4b. The chain of 226Ra decay is wellknown:

E

226

p

JI4 p

a, 4.6,4.17, 1600V
a, 7 60,167M.

2U n

210 p .

a. S.4% 3.IIU v*»«p
v*»«
p. 21.3V

210 r, •

0

P, S.9U

It is very interesting that right line in the fig.5
(2l8Po) is not gaseous one. It means that 2l8Po
appearing as a result of 222Rn decay is almost
completely adsorbed on the cathode for 3
minutes (half-life of 2l8Po).
Gaseous line of 222Rn allows to estimate
grid inefficiency.

> 2 1 > B|

a. M3,3.1i»
IU p

a. $M, lMJti

> 2M

Pl99ro

p.

120 •

100

•
o

DATA PROCESSING, RESULTS AND
DISCUSSION
Data (fig.5) processing was as follows:
anode signal distribution for each fixed
cathode signal amplitude was fitted by Gauss
curve. First momentum locations versus
cathode signal amplitude are shown in fig.6.

206

60
B0
% , Channal

120

Fig.2. The two-dimensional anode- cathode
spectrum for setup fig.la.
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Fig.3. a-spectnim of the 226Ra mounted on the cathode.

Data for cc-particles from 222Rn in the solid target mounted on the cathode (fig. la) and
data for gaseous 222Rn (fig. Ib) were processed with the method. The results are shown in the
fig.6. The points for solid target case were approximated by the equation 111. The values of
A*Ea, D, a were variables. Solid line in fig.6 represents results of the fitting. Good
agreement of fitting with the experimental data was achieved. However, to get reliable value
of grid inefficiency varying three parameters
simultaneously and within restricted range of
the Pc is impossible. Dotted lines in fig.6
represent calculated shape of the anode signal
amplitude for different thickness of the solid
target. The trend to a strait line with decrease
of the target thickness is seen. But, the shape is
still considerably nonlinear even for very thin
(energy loss ~3 keV) target.
Quite different situation arise for gaseous
line because of absence of energy loss in the
target (D=0) and appearing of the recoil
nucleus. Now, equation 111 for this case is:
250
N
PA = A*(E o + E R - A D ) + o P c 141
where: ER is the recoil nucleus energy and AD 200
is the pulse height defect for the recoil nucleus.
So the only factor to influence the anode signal 150
is grid inefficiency. And dependence PA(PC)
100
become linear.
Systematic shift down of the PA signals so
* Expartnantal
Monto-Carto
for the solid target relatively to the gaseous
ones (~50 keV) may be explained by two
40
80
60
20
causes: a) energy loss in the target (~25 keV),
Pt.Chanml
b) ionization of the working gas by the recoil
Fig.4. Cathode signals distributions:
nuclei of 218Po having their energy near 100
a) a-source is on the cathode;
keV. This energy is divided between ionization
b) a-source is mixed with the working gas.
(~27 keV) and scattering on the working gas

•
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Fig.S. Two-dimensional anode-cathode
spectrum for the gaseous 222Rn (left line) and
2l
«Po (right line).

Fig.6. Dependance

PA(PC).

nuclei - the pulse height defect (~70 keV).
Data for gaseous 222Rn were fitted by the linear dependence. Coefficient with the P( is
grid inefficiency estimation, free parameter is the real pick location. For described chamber
the o value was found of O.O3O±O.OOO3, that is for 15% greater than calculated one.
Observed discrepancy may be explained by the fact, that the equations IM were obtained for
the ideal chamber. It is expected that discrepancy between experimental and calculated grid
inefficiency to be different for different ionization chamber geometries. Error in energy
determination because of the incorrect grid inefficiency value using cannot be remove by
varying of the loss in the target value.
CONCLUSION
Calculated value of grid inefficiency may be used only as estimation, of real one. In
order to get correct value it is necessary to determine it experimentally. The most precise
method of the grid inefficiency measurement is analysis of the data obtained using gaseous
a-source. There are no energy loss in the target and scattering in the backing in this method.
Data can be obtained in the wide range of the cathode signals. Data analysis is obvious and
simple.
1.
2.
3.
4.
5.
6.
7.
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XM9700028
ON THE ORIGIN OF LOW ENERGY 'TAIL' FOR
MONOENERGETIC NEUTRON SOURCES
N.V. Kornilov, A.B. Kagalenko
Institute of Physics and Power Engineering
249020, Kaluga region, Obninsk, Russia
ABSTRACT. The model was developed to describe the neutron energy distribution for
monoenergetic neutron sources. The factors which makes the major contribution into RF
formation was discussed. An additional neutron source was introduced to describe the low
energy peak asymmetry. However we can not explain the origin and the properties of this
'tail' neutron source.
INTRODUCTION
This report is one of the series of works on inelastic neutron cross sections
measurements for separated nuclei levels. When the peaks are properly separated, the cross
section determination does not course any problem and consist in estimating the square under
each peak and calculating the multiple scattering (MS) contribution. In the case of closely
located or overlapping peaks the detail information on the response function of the
spectrometer (RF) becomes to primarily importance. To describe the RF properly all the
factors (including MS in the sample) contributing to time and energy neutrons spread should
be taken into account. It is the neutron source which makes the major contribution into RF
formation. This report is devoted to investigation of this particular component of RF.
Lets consider this problem with
respect to inelastic scattering of neutrons by
at
U (Q=45keV) for incident energies 30010000600 keV. The time of flight technique was
toto
used for neutron spectra measuring. Proton
1
_ _ _ •*»
V
h
pulse width was ~ Ins. The main detector
If)
/ ?A
1000placed into massive collimator. The
r
1 was
flight path of this detector was 200cm. The
|- time resolution of the detectors was -3ns.
The Li(p,n) reaction was used as a neutron
100 "
source. The metallic Li-target was prepared
inside of accelerator beam pipe 'in situ'.
The target was evaporated on steal polished
10110
I JO
150
170
190
210
backing 0.05cm thick. The thickness of the
TOF, channel
targets varied from 0.13 mg/cm2 to
Fig. 1 TOF monitor spectra. Experiment (stars) 0.2mg/cm2. The water layer 0.1cm thick
and MC calculation. 1-target environment, 2- cooled the target. The carbon elastic
main neutrons, 3-'tail* neutrons.
scattering was used to normalize the
experimental data. The factor complicating
the measurement process is the Li-target Instability. Since the target properties varied during
the experiment the neutron source parameters should be specified for each experimental run.
The monitor placed at 46.2-deg with respect to proton beam was applied to estimate neutron
source parameters. The monitor flight path was 310cm. To avoid the time unfolding
-2.300 MeV
E.(0*) =57^ keV. E.(46*)=*70 keV
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procedure a rather simple neutron source model has been developed. This model parameters
were chosen from comparing of experimental and calculated monitor TOF-spectra.
The calculations have been performed by Monte-Carlo method.
NEUTRON SOURCE MODEL

Vein detector 0°

While developing the neutron source
model we fell in with recommendations
given in ref.[lj.
This model covered the following
factors:
1 - the Li nuclei distribution in the target.
The error function was used to describe Linuclei distribution. The average target
thickness and variance were determined
from experimental and calculated data
comparison;
500
2 - the energy distribution of the incident
Fig.2 TOF spectra for different PH groups, protons. Gauss distribution was assumed;
PH3 > PH2 > PH 1.
3 - the real geometry of experiment;
4 - energy losses of protons, energy and
angular straggling;
5 - time resolution determined from gamma/ \
Men letector 0°
peak shape;
6 - the Li(p,n) reaction kinematics [2];
coon -3
-xperiment
7
- the neutron scattering on the target
torget environment
('calculation)
environment;
Besides the detector efficiency was also
taken into account. It was measured against
M2
Cf neutron source.
•0G0
Fig.l shows monitor TOF-spectra
calculated in the framework of this model
and the corresponding experimental data.
The above mentioned factors 1-5 enable us
to give a detail description of the main
10
90 00
170.00
210.00
110.00
neutron peak in the area where the intensity
rhnnnpl
falls ~ 10 times (curve 2). The neutron
Fig.3 TOF spectra for main detector summed scattered by target environment result in
for all PH groups. Solid line present MC smooth distribution and form a complete
calculation.
low energy part of neutron spectrum (curve
1). However we failed to reproduce
intermediate area (the neutron peak asymmetry). The authors of the similar investigations also
observed the large neutron peak asymmetry. The authors of the work [3] associated it with
time neutron distribution due to the neutron scattering on the collimator. However we can not
make a similar conclusion.
Fig.2 shows TOF-spectra of the main detector measured for various pulse heights (PH).
The detector was located at 0-deg with respect the neutron beam. Fig.3 describes the
experimental spectrum summarized over all PH groups and calculated spectrum of the
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neutrons scattered by target environment. The data analysis allow us to make the following
conclusions:
- the target scattered neutrons make the major contribution in low energy region;

0.00

2.00

2.05

2.10

2.15

2.20

2.2S

2 30

- the main peak asymmetry is not associated
with the time resolution (proton beam shape
or detector resolution in the low PH
region);
- The Monte-Carlo results show that total
yield of the neutrons scattered by the
collimator is small ( ~ 0 . 3 % ) , and their
spectrum is rather smooth, and does not
contribute into the peak asymmetry. Besides
the main detector and monitor were located
at various flight path and had different
colHmator.
The observed asymmetry sources may
be the following:
- additional energy distribution of the

2.35

Ep, MeV

Fig.4 The 'tail' neutron contribution based on
the monitor data versus the proton energy.

™}*etf P r o t o n s d u e to P r o t o n « « « « « on
sh
exam le
\;..
P » ,
- additional Li-target inhomogeneity. These
two factor giving the same results are

practically inseparable.
In mis respect the energy distribution of protons exposing the target was described by
the following expression:
-a) -ft (E-Eo) +a-p-exp(-0•
f(E)
,E<Eo
where 0 = 5 0 MeV'1 for incident energy range 300-600keV. The curve 3 in fig.l represents
the second term of this equation. Only when these additional neutrons were taken into account
we managed describe the experimental spectrum (fig.l) The a values versus incident proton
energy are given in fig.4. Though the data spread is rather large it can be seen that the 'tail'
neutron contribution grows with incident proton (or neutron) energy. The neutron source
model with all above mentioned factors (1-6) and proton distribution (eq.l) was used in
Monte-Carlo codes, which simulate the experiment.
The multiple neutron scattering in the sample was also taken into account. The
calculation results and the experimental data for carbon sample are given in fig.5. It is quite
clear that an additional neutron source with the parameters taken from the monitor spectra
is required to describe the experimental data. The similar conclusion was made with respect
to other neutron energies. However as to the angles close to zero degree these neutrons
contribution turned out to be higher than the contribution obtained from the monitor data.
The a(~0-deg)/ot(46-deg) ratio versus incident proton energy is depicted in fig.6.
CONCLUSIONS
1. The neutron source model described in this report allows us to predict neutron energy
distribution from metal Li-target. The main model parameters were estimated on the basis of
the experimental data.
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1000
i

C(n,n)

2. The neutron scattering on target
environment contribute much into the low
energy region of the neutron spectrum.
However this factor can not explain the
neutron peak asymmetry.

En=570 keV

experimental dota
mono«n«rg«tic protons
'toil' protons
target environment
calculated total

100
(0

c

3. Additional neutron source was introduced
to describe the peak asymmetry. The share
of the 'tail' neutrons was estimated from
monitor data for 46.2-deg. and as far as the
small angles are concerned it was adjusted
from carbon scattering data. The 'tail'
0.1 neutron contribution dependence on incident
90 110
energy and angle turned out to be rather
channel
unexpected. It is difficult to explain the
Fig.5 Experimental (points) and calculated
origin and the properties of this 'tail'
(lines) TOF spectra of carbon scattered
neutron source by 'slit' proton scattering or
neutrons.
some Li-nuclei distribution peculiarities. This
2.40
phenomenon requires additional investigations.
3

o
u

10

REFERENCES
1. N.V.Kornilov, Proc. of an Advis. Group
Meeting on Neutron Source Properties,
Leningrad, 1986, IAEA report.IAEA
TECDOC-410, 1987, p 230.
2. H.Lisken, A.Paulsen, Atomic Data and
Ep. MeV
Nuclear Data Tables, 15, 57-84, 1975,
Fig.6 a(0-deg)/a(46-deg) ratio versus the 3. G.H.R. Kegel, et. all, Nuclear data for
proton energy.
Science and Technology, Mito, 1988.

212

XM9700029
METHOD FOR DETERMINATION OF CENTER-OF-MASS VELOCITY
WITH LABORATORY NEUTRON SPECTRA ANALYSIS
N.V.Komilov, A.B.Kagalenko
Institute of Physics and Power Engineering,
249020 Obninsk, Russia
Abstract. The CMS velocity estimation method based on the analysis of neutron energyangular distributions in LS was suggested. No "a priori" information on spectrum shape is
used in this method. In this report we describe the method and demonstrate its reliability with
a "numerical experiment".
INTRODUCTION
The prompt fission neutron spectra (PFNS) in laboratory system (LS) are usually
estimated with assumption that the neutrons are emitted by fully accelerated fragments. The
center-of-mass (CMS) velocities is calculated on the basis of fragments masses and their total
kinetic energy (TKE) and these data are used to transform neutron spectra in CMS. So, CMS
angular distribution and spectrum parameters are determined by the validity of this
assumption.
Besides, the estimation of pre-acceleration neutron emission may entail serious
consequences for energy partition at scission point. The neutron emission during fragment
acceleration means that the fragments have high excitation energy to provide short emission
time ~ lO^s which is comparable with the acceleration time. This finding may change our
understanding of energy distribution between fragment deformation and excitation. Therefore
the investigation of this phenomenon is very important for basic science.
Ref.[l] gives some evidence that fragment kinetic energy at the moment of neutron
emission is less than TKE. The conclusion was made on the basis of the analysis of angular
integrated spectra in LS. Thus in ref. 1 we used indirect method which may distort the effect
and result in a wrong conclusion. In paper [2] we found out that there was no experimental
evidence against neutron emission during the fragment acceleration. Therefore the main task
is to find the method which would allow us to determine the CMS velocity directly. In the
course of this activity we offered the CMS velocity estimation method based on the analysis
of neutron energy-angular distributions in LS. No "a priori" information on spectrum shape
is used in this method. In this report we describe the method and demonstrate its reliability
with a "numerical experiment".
METHOD DESCRIPTION
In a typical experiment [3] the neutron spectra in LS for separate mass, emission angle
and total kinetic energy of fragments may be measured. Lets denote the spectra for particular
mass split and TKE as N(Ei,/x1i)=N^, where E, - neutron energy in LS, i=l..n,, p\- cosine
of emission angle in LS, j = l..m. We assumed that the spectra were corrected for the
complimentary fragment contribution.
The spectra Ny are connected with *(c) CMS spectrum and <p(p) angular distribution
relative to fragment direction by the well known equations:
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e=Ei^Ev-2\x1j)/EiEv

where Ey - CMS energy per one nucleon, /zc - cosine of emission angle in CMS, P2(M) - the
2-nd order Legendre polynomial.
Lets perform the following transformation:

If b,Ev parameters are known the eq.2 gives the CMS spectrum at once:
Fij=<b((t(E1,V.1:),Ev))

(3)

In the case with the unknown parameters, the equation 2 allow us to realize the fitting
procedure through comparing the Fy values for different angles with the F B values for selected
angle. It's better to use the 0-deg spectrum for F B calculation since these data are the most
accurate. In this way to adjust the b , ^ parameters the following function should be
minimized:

where a^ - error for each spectra point. The Fa values for the flowing parameters b.Ey are
being calculated according to the eq.2 and then interpolated to ei} point. To avoid the
extrapolation uncertainty it seems reasonable to limit the energy region for different angles
taking into account the condition: ei0>eij.
NUMERICAL EXPERIMENT
This method was verified in the following way. The set of LS spectra was calculated
according to eq.l for 0°, 10° ... 60°. Maxwellian distribution with T = l MeV was used for
*(e) calculation. The other parameters were Ev=0.8 MeV, b=0.1.
The 0-deg spectrum was the basic one. The spectra were randomized according to normal
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distribution. We assumed that for the maximum value N,^ in spectrum at O-deg the error
5=1%. The errors for other points were calculated with the equation:

(5)

0.12

The LS spectra for 10° ... 60° are
presented in Fig.l. The fitting procedure
0.10
o~" a
was realized with nonlinear subroutine
a
a
FUMILI [4]. This code was
o.oe
modified to fit simultaneously up to 10
A 0 00
*
functions based on the same parameter set.
O
0 08
The resulting spectra in CMS are
2°*****%
shown in Fig.2,3. In the first case (Fig.2)
0)
0.04
we assumed that there are no angular
dependence in CMS. The anisotropy
0.02
parameter was fixed b=0. In this case one
can see rather poor agreement between
0.00
CMS spectra, x 2 =5.7 and fitted value
0.0
1.0
2.0
3.0
4.0
5.0
6.0
E,=0.915±0.002.
E. MeV
In the second case (Fig. 3) both
Fig.l LS spectra at different angles which
parameters were free. The fitted values
were used for fitting procedure
were: E,=0.809±0.0Q5, b =0.092±0.004,
V-0.76.
i IO-dog
20-deg
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xxxxx 6 0 - d t g
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0
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0.03

CONCLUSIONS
0.04

The present investigation results in the
following conclusions:
1. The method of LS spectra evaluation
permits to estimate the CMS velocity using
the experimental energy-angular data only.
This method does not use any "a-priori"
information for spectrum shape or fragment
velocity.
Besides, this method may be
0.01
applied to transform the LS spectra into CM
system.
000
2. The method is sensitive to angular
2.0
0.0
0.3
1.0
1.5
2.3
dependence of neutron yield in CM system.
E, MeV
It not only demonstrates that the angular
Fig.2 CMS spectra when E, parameter only
dependence does exist but determines the
was fitted. b=0.
parameters of this distribution as well.
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Fig.3 CMS spectra when both parameters were fitted.
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FUNDAMENTAL PROPERTIES OF THE NEUTRON

THE PROBLEM OF THE NEUTRON CHARGE RADIUS AND PROPOSALS
FOR NEW EXPERIMENTS TO EXTIMATE THE n, ^-AMPLITUDE
V.G.Nikolenko, A.B.Popov, G.S.Samosvat, T.Yu.Tretyakova
Joint Institute for Nuclear Research, 141980, Dubna, Russia
The total neutron scattering length b for bound atoms is described in terms of
nuclear interaction with the nucleus and electromagnetic interaction with the nucleus
and the electron shell, for example, in [1]. In the case of nuclei with 7 = 0 and without
taking Schwinger scattering into account the total neutron scattering length is
b = bN - bneZ[l - f(q)] ,

(1)

where

bnt = bF + bI

(2)

is the neutron-electron scattering length determined from experiments.
Here:
6/v is the nuclear scattering length ( with negligible contribution of the neutron
polarizability);
bp is the Foldy scattering length

6/ is the so-called intrinsic neutron-electron scattering length

bl=

sir < r l>

;

< r?n > is the intrinsic mean square charge radius;
f(q) is the atomic form factor.
The known value of bne allows (3) and (4) to be used to estimate the intrinsic mean
square charge radius (rms) of the neutron:
< r?n > = ^ 6 / = 86.4(6ne -

ft,)

fm\

(5)

The experimental estimates of 6,^ presented in literature may be grouped near two
values:
6ne = (-1.59 ± 0.04). 10~3 fm
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([2],(3]) ,

(6)

6ne = (-1.31 ± 0.03) 10-3 fm

([4], [5]).

(7)

These quantities give contradictory values for < r?n >:
< r?n >= -0.0105 ± 0.0034 fm1

for (6) ,

(8)

< r?n >= +0.0136 ± 0.0026 fm2

for (7) .

(9)

The first value corresponds to previous considerations of the neutron as an object
with a central positive charge and an enveloping negatively charged mesonic cloud
[6]. In modern quark models of hadrons there are also suggestions of such a charge
distribution [7],[8].
A recent experimental result [9] was obtained from the total cross section measurement for a liquid mixture of even isotopes of lead and it gives 6ne = —1.38±0.04 mfm,
which corresponds to < r2n >= 0.008 ± 0.003 fm2.
This last value agrees within experimental error limits with the quantity (9) from
the experimental results of Krohn-Ringo [4] and the Garching group [5]. But at the
present time there are three results for bne near —1.31 and two near —1.59, which differ
by 5-6 standard errors. Besides, in theoretical works there is no certain evidence of a
positive intrinsic charge radius < r?n > of the neutron, and the modern quark model
calculations do not reproduce either the experimental charge form factor data or the
total charge rms radius of neutron[7]. To control these contradictions of experimental
data one needs to repeat the measurements using the same methods. This has been
done for the total cross section measurement of lead. The next problem is to check
the results for the scattering of thermal neutrons by noble gases.
The most precise estimates of 6ne have been obtained from the following experiments:
1) from the angle distribution of elastically scattered neutrons by noble gases [4];
2) from the energy dependence of the total neutron cross section of liquid Bi [2]
and Pb [9];
3) from the intensities of diffraction peaks for a single crystal of l86W [3]
4) from a combination of the total cross sections and coherent amplitude data for
Pb and Bi [5].
Each of these methods has its own drawbacks, which can lead to systematic errors
in bne estimates.
Using the first method, the kinematic nuclear asymmetry and its dependence on
thermal motion of gas atoms has to be taken into account. The corrections for this
effect, even for Xe and Kr, appear to be several times higher than the expected n, c
interaction effect.
In the second case the corrections for diffraction effects (collective scattering on
neighboring atoms) and for the thermal motion of atoms have to be taken into account.
The value of these corrections is close to the n, c scattering contribution.
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In the third method, to describe the experimental values of bcoh by the the same
bne scattering length for two single crystals which differ in isotopic composition, the
authors had to introduce some scattering of not quite known nature which contributes
to the Bragg peaks [3].
In the fourth case, the result is determined by the value of the coherent amplitude
used in bne analysis. Thus the value of b^ is very critical and is subject to "drift" in
the time [10].
The troubles mentioned about of extracting 6ne from the experimental data compel
us to search for new methods for setting up experiments and performing analysis.
In the present report, the possibilities of experiments on neutron scattering by noble
gases using neutron spectrometry with modern pulsed sources are considered. We also
revise the corrections for the thermal motion of atoms and for collective scattering on
neighboring atoms.
Following [11], we recall the main equations for differential and total neutron cross
sections for treatment of the thermal motion of gas atoms. Let us consider the probability P that a neutron with an initial velocity VQ will have a final velocity V after
scattering on an atom with mass number A and initial velocity W (all velocities being in the laboratory system). This probability can be obtained by starting with a
center-of-mass system in which the distribution is isotopic with VQ = V and in which

r6(vv0)dvda
—
*

(10)

^

where Vo' and V are the initial and final neutron velocities in the center-of-mass
system, and a0 is the total scattering cross section. So the differential cross section in
the laboratory system will be:

<r(Vo -• V)dVdd = ?-L^I—U(V' - V0')dVfdti' . .
4TT

(11)

VQ

Using the Jacobian

dV'dtt V2
dVdil ~ V* '
for an energy independent <xo we obtain the expression for the differential cross section

fi) « %y^i*{V

~W =

where U = V - Vo.
Now, we need to integrate over the velocity distribution of the target gas atom,
which is assumed to be Maxwellian. The resulting differential cross section for the
neutron at angle 9 with respect to the incident neutron direction is
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<r(V0
where

Here Bo = \/^n"» T is the temperature of the target gas and m is the neutron mass.
In order to obtain the ratio of neutron scattering at different angles, one needs to
integrate expression (13) over V at fixed angles
^F{V^V,0l,A)dV
Ft{VQ,0uA)
{
JS°F(Vo,V,03,A)dV
F.(VO,02,AY
°J
Now we can write the differential cross section for the scattering of neutrons by
the atoms of a monoatomic gas, taking into account the n, e interaction in the form:
^z = K + 2bNZbnef(Er, <?cm)]F(70, V, 0) ,

(16)

where f(ET,0cm) is the atomic form factor corresponding to the relative energy of
motion (between the atom and the neutron) Er and to such scattering angle 0cm in the
center-of-mass system, which leads to the scattering angle 0 in the laboratory one. Our
calculations of average form factors using the Monte-Carlo method and considering the
thermal motion, show that the average form factor values agree with a good precision
with the form factor values in the laboratory system taken directly for EQ (VO) and
0. For this reason the neutron intensity ratio with n, e scattering and thermal motion
contributions may be written as
blF.jVoA, A) + 2bNbneZf(Vo,0l)
b%F.(Vo,02,A) + 2bNbneZf(Vo,02) '

( m
[U)

For the total cross section without n, e scattering, using (13) one can obtain
. = <TQ—[{X0 + -±-)erf(VAx0)
X

+ - ^ = e " ^ ] = oQFt{VQ,A) ,

(18)

\irA

ZAX

where zo = ^- and VT — y^T' Introducing n, e scattering by analogy with eq.(17),
we can write
a. = 47T&2vFt(Vr0, A) + 8nbNbntZft(E).

(19)

In calculations of R and at we used, for the form factors, the analytical expressions
from [1]:
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(20)

I) ,

ft(E) =—

(21)

where u = 5797 A/ql eV ', and go is a parameter, fitted for each kind of gas [1].
For Ne we use qo — 4.74, for A'r qo = 6.60 and for Xe q0 = 6.80.
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Fig.l. Intensity ratio R(E) for angles of 45° and 135°. The squares is the result of
Monte Carlo calculation.
Fig.l shows the energy dependence of the intensity ratio of the neutrons, scattered
by Xe at 45° and 135°. Calculations were carried out using (17). The abrupt decay
of R in the region below 5 meV is determined by the kinematic factors Fs(\'o,0) for
pure nuclear scattering. In the energy region above 10 eV, the curve R approaches
the value for scattering by atoms at rest.

W{0) =

t\n2S

(22)

The depth of minimum R(E) at E ~ 0.05 eV is the contribution of n, c scattering
with a relative value of ~ 5.10"3.
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If it is assumed that R(E) can be measured with errors of 2.10 4 (in Fig.l random
points are within such accuracy limits), so the converse analysis of pseudo experimental
data using the FUMILI-code (the curve in Fig.l) shows that bne may be extracted
only with the same accuracy as b^, because the linear correlation between fene and 6/v
appears in the R(E) analysis. For measurements it is better to use the heavy isotopes of
Xe, because they do not have neutron resonances in the eV region. Then, for example,
consideration of the —84 and 14.4 eV resonances from the 0.1% 131Jfe-dopant retains
the true shape of the R curve.
Nuclear scattering length can be obtained from the total cross section measurements higher than 10 eV, where the capture corrections will be small. For the existing
beams at the IBR-2 reactor and the IBR-30 booster, the 6/v estimates can be obtained
with an accuracy better than 5% in several days. Then from measurement of the angle
anisotrophy for 45° and 135° in the energy interval from 0.002 to 1 eV with an accuracy of 2.10"4 (which is quite possible with the IBR-2 and IBR-30 beams and using
circular helium-3 counters at a pressure of 10 atm) b^ can be obtained at better than
5%. In this case the error of bne will be determined not by the counter statistic, but
by the uncertainty Afe/v. For R(E) analysis it is convenient to use the region below
0.1 eV, because then there is no necessity to make corrections for changes in detector
efficiency for neutrons scattered at 45° and 135°.
We obtained for Xe at E = 0.05 eV that
R = 1.021 without n, e scattering and thermal motion consideration,
R = 1.020 considering thermal motion, only,
R = 1.013 with both n, e scattering and thermal motion.
So, at the maximum of the n,e scattering effect the anisotropy R—\ due to going
from a center-of-mass system to the laboratory one is equal to 0.021. The correction
for the thermal motion reduces this value by 0.001 and the searched for effect by 0.007
more.
Measurement of the total cross section for the **Kr isotope has been more promising. This isotope has a small thermal capture cross section 3 ± 2 mb [12] so the total
cross section has been determined, in general, by scattering. Energy dependences of
at calculated for some hypothetical cases are shown in Fig.2. Points show crt(E), calculated by equation (19) for the fixed parameters b^ = 7.73 fm and o ^ = 2 mb (<r7 =
croy/vE), by the factor of 4 more than for the pure MKr isotope, bne = —1.32 mfm,
and statistically scattered with an error of 2.5 mb. The solid curve displays <rt(E) at
bne — 0, that is, the case without n, e scattering. The dashed curve corresponds to
<?t(E) for the case without the thermal motion of gas atoms (calculated by eq.(19) at
T —» 0). One can see, that in the region 0.1 eV, the real contribution of n,e scattering is 35 mb, of which 15 mb are compensated for by the thermal motion effect of the
atoms. For lower energies the contribution of n, c scattering arises, but it is overlapped
considerably by the thermal motion effect. So, at E = 0.001 eV, <7ne ~ 55 mb, whereas
the thermal motion contribution is more than 100 mb. In Fig.2 the squares show the
case corresponding to a gas temperature of 184°if (provided that the gas is cooled
by liquid xenon). These data essentially improve the problem of estimating the n, e
amplitude.
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Fig.2. The shape of total cross sections at low energies in relation to the consideration of thermal motion and n, e scattering contributions.
In Fig.3 the analysis of pseudo experimental data using the FUMILI-code (with
standard errors of 2.5 mb) is presented. If data covered the region 0.003 — 10 eV and
even 0.003 — 1 eV, b^ can be obtained with an accuracy of ~ 5%. In this case the
capture cross section can be extracted with an accuracy of 10%. If the data below
0.01 eV are absent, then the errors of bne and a^ increase by ~ 2 times. In this case it
is desirable to know the value of a^ from addition measurements of at in the millivolt
region, which can improve the accuracy of the bne estimation.
The Russian Gov. Fund for Stable Isotopes has 10 g samples of mKr with 99.97%
enrichment. A 5 ~ 1.7 crri2 sample can be prepared and its transmission may be
T ~ 0.74. To attain an accuracy of up to 2.5 mb for such T, the statistic has to be
~ 3.108 per point. With the mirror neutron guide tube of the IBR-2 reactor in the
interval of 3 — 25 meV, such a statistic may be achieved in twenty four hours; in 4 days
at the IBR-30 booster for a flight path of 10 m and in the region of 0.005 - 10 eV.
The problem of diffraction correction on collective scattering of the neutron wave by
nearby atoms was considered by Akhieser and Pomeranchuk as far back as 1949 [13]. It
was shown that diffraction effects lead to additional asymmetry in neutron scattering.
This effect produces some correction in the total cross section. Our estimations show,
that for a gas sample with a pressure of 1 atm this correction for the energy region
above 1 meV will be ~ 1 mb or lower, and will not exceed the statistical errors.
The research described in this publication was made possible in part by Grant
RFS000 from the International Science Foundation and by Grant 94-02-03118-a RFFI.
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1. Optical potential and dispersion relation for slow neutrons.

It is well known that the dispersion law for slow neutrons can be described to a
high degree of accuracy, by a simple relation [1]

k2 = kl-4nnb

(1)

where k is the wave number in matter, ko is the wave number of an incident neutron,
n is the number of nuclei per unit volume, and b is the coherent scattering length.
Such a dispersion law is equivalent to the assumption that the effect of matter on
neutrons can be described by potential [2]

_. Iith .
U=
nb
m

.

._.
(2)

The derivation of the dispersion relation (1) can be found in practically all
handbooks on neutron physics (see,, for example, [2]). We consider it once again
because it will be useful in our subsequent analysis. For a sake of simplicity, we
confine ourselves to so-called static approximation, in which matter contains fixed
scattering centers (nuclei) distributed with a certain density n. In addition, we
disregard at this stage the radiative capture of neutrons. We proceed from the simple
and very convincing derivation proposed by Fermi [3], introducing small
modifications that will facilitate our further analysis.
Fermi's approach is based on the concept of a thin layer of matter of thickness
0<x<£ onto which falls a plane wave e**1. The thin sample extends infinitely along
the y-and z-axis. In view of its small thickness £ « k^,|k|~ , it weakly reflects the
incident neutrons.
We assume that the problem of passage of a neutron wave through matter has a
time-independent solution and that the wave in matter is of the exponent type. Using
the basis functions e±kx for constructing the wave function Ytat in matter and
matching it in conventional manner with the wave function in vacuum, we obtain the
following relation in the linear approximation:

^

0<x<$.

(3)

The first two terms can be identified with the initial incident wave \|/0 = €
varies only slightly in thin layer. It is important to find the microscopic origin of
the last term, which involves k2 in matter.
Assuming that only a single scattering if effective on each individual nucleus, we
sum spherical waves of the form

e

-b—

r

(4)

at the point of observation. The corresponding correction 4*i to the wave function can
be found by integrating with respect to the cylindrical coordinates p and x, where p
oriented across the beam
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o

K
b = ±|b|.

K

xJ = 47i|b|

2k 0

(5)

A comparison with the last term of formula (3) which was obtained from
macroscopic considerations, leads to the generally accepted dispersion relation (1)
which can be rewrote in more concise form

k2 = k j T X J .

(6)

Because the square of the we number changes at the boundary of matter by the
constant quantity Xo >tn ^ s dispersion relation corresponds to the concept of a constant
potential of matter.
The same result may be obtained in a different way. The Schrodinger equation for
the particle moving in the field of an arbitrary potential U(r) can be written in an
integral form, known as the Lippmann-Schwinger equation
(7)
Assuming that the interaction of a neutron with an individual nucleus is
characterized by a pointlike Fermi pseudopotential [4]
u=—

bo^r-i}),

(8)

m
we substitute it into the equation (7). The single integration over volume is removed by
delta-function, and remaining summation over./ (nuclei) can be replaced by integration
(ka<<l). As a result, we obtain the integral equation

r - r'

(9)

It has the same form as equation (7), and comparison of these equations give the
value (2) for the effective mean potential in matter.
The quantity b in expressions (1), (2) is usually regarded as complex-valued:

b = b'-ib".

(10)

This allows us to take into account not only refraction of the neutron wave in
matter, but also its absorption. For slow neutrons for which the 1/v law is valid, we
have

where a , is the absorption cross section.
Proceeding from the concept of complex potential (2), we can successfully describe
the neutron-optical phenomena observed in modern experiments.
2. Applicability region of the "potential" dispersion law and superslow neutrons.
It has been proven recently [5,6] that the theory of dispersion based on the
pointlike Fermi interaction (8) is inapplicable for very small wave numbers k«. The
condition that ensures the applicability of the theory can be formulated as follows:
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k,a»x>,

|U|«-^,
(12)
k,a
1
where E = (A / 2m)kj is the kinetic energy of neutron.
One of the arguments is associated with above approach using thin Fermi slab. The
smallness of the correction to the wave function in expression (5) (|M/,|«1) is not
ensured automatically. Its growth at small ko can be compensated by a reduction of
the slab thickness £ only to a certain limit, because even a vary thin layer of matter
must be macroscopic with respect of atomic spacing; that is £ » a « n~1/3.
For energies k j « X o a * a n d lower, we apparently dealing with a different
(nonpotential) situation. This can be examined from different point of view. The
integral in formula (5) converges for pwkjj 1 , and the region of integration
effectively expands with decreasing ko. It can easily be seen that the increase in the
wave function at an arbitrary point of interest becomes unreasonably large even within
circle p » p9 » (Xo*)' • This means that rescattering at distances on the order of

are inevitable.
However, rescattering in the matter of thin layer lades to an uncertainty in
momentum on the order of Ak * p^ 1 . This applies completely to the wave number
ko appearing in the standard expression (4). Thus, for k 0 « P o \ we would have
inequality Ak, » k 0 which cannot be regarded as satisfactory.
It may appear that this difficulty is avoid in the approach with the pscudopotential
(8). It is well known, however, (see, for example [7]), that the introduction of a delta
function potential into the theory is not always justified. The potential is chosen in
such a way as to give a correct amplitude of scattering on individual nucleus in the
first Born approximation. However, the divergent double integral

|r - r'|
appears even in next (quadratic) approximation of perturbation theory. This means,
that rescattering on the same center (self-rescattering) rules out the application of the
poinlike interaction introduced here from methodological considerations. It only
remains to answer the question of whether self-rescattering plays a significant role or
whether its effect is negligibly small. This depends on specific physical conditions. At
low neutron energies, when k 0 « x j a (superslow neutrons) the role of selfrescattering is apparently significant.
One more circumstance may also be related to the role of rescattering in ordinary
three-dimensional matter. In the long-wave limit k » « l , we can hardly expect a
significant difference between amorphous and crystalline versions of the arrangement
of centers. Thus, three-dimensional matter can be rightfully be regarded as consisting
of a sufficiently large number of scattering planes [8]. For a negative scattering length
b<0, there a bound neutron state with negative energy
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- 6 = |6|=2n— aJb|2
(15)
m
in the potential of a monoatomic plane with a surface density of nuclei o. In this
case, the reflection coefficient is given by Wigncr's resonance formula [7]
R I ^^ v, = 2 7 c a | b | .
06)
'
v + k;
For b>0, we have a Wigner's resonance that is due to a virtual level. Taking into
account the above definition of v, we find, that the resonance expression (16) remains
valid. In both cases, reflection becomes almost complete for k o « v . Coming back to
real three-dimensional space, we recall that n « a" , while in the case of a plane,
a « a"1. Since v * a~2|b|, this is "equivalent" to v * x»* i n t h c three-dimensional
case. Naturally, in a real situation it would be reasonable, in principle, to take into
account all the planes and all the centers occurring in them. But, anyhow, it is
difficult to imagine the role of neutron self-rescatterings continuing to be negligible at
k, «X«*> (superslow neutrons), when an isolated resonating plane reflects practically
everything.
I

1

3. Nonpotential corrections to the dispersion law for UCN and VCN
Thus, at least two important questions arise in this connection: (1) can the
dispersion relation for superslow neutrons be analyzed theoretically? and (2) how is
the violation of the potential dispersion relation for k, -> 0 manifested in other energy
ranges for which the model of potential is valid in the zeroth approximation?
Our staring point is that the Fermi approach with a thin slab is also valid in the
case of superslow neutrons and that individual scatterers can play the role of sources
of diverging waves that are added to the neutron wave function in this case as well.
Such a physical pattern corresponds better to an influence of the type

e*"
-b—

(17)

r
with some wave number k, » xj* » k, renormalized by self scattering. Here, we
assumed that, in the case when multiple scattering and self-rescattering dominate, and
renormalization that they caused makes the microscopic and macroscopic behavior of
a neutron in matter self- consistent. In this case, the wave (17) diverging from a
center involves the same wave number that characterizes matter as a whole, namely
k,=k.
(18)
With these assumptions, we can answer both the questions formulated above. In
the case of superslow neutrons, the wave number in matter consisting of fixed,
nonabsorbing nuclei with b>0 is complex-valued.

The resulting violation of the unitary condition can be interpret as the possible
infiltration of neutrons into matter, so that the complete solution of the problem for
semi-infinite non cuptured matter is nonstationary. This affects a fairly wide range of
the wave number. We were able to estimate the corresponding corrections to the
potential dispersion law. This enable us to formulate a unified dispersion law for very
cold and ultracold neutrons (VCN and UCN) [6].
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k

2
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o

- v

2

Xo ~

k = kr + ik,,
Formulas (20) differ from those derived earlier (see, for example, [9]) owing to the
presence of the correction Jv and Ju. It should be note, that

Ju*Jy*xJa 2 -

(21)

As a rule, we can use here the repiesentation
=

"rj

"rj

"" *rj

»

{*•*•)

where the zeroth approximation is given by the elementary formula of the theory of
potential.
In the case of U C N , when the energy of neutrons is smaller than the magnitude of
the optical potential, we would have a pure imaginary value of the wave number in
the absence of absorption in the potential theory. This case correspond to total
reflection. It follows from formulas (20), however, that, at considerable distance from
the barrier, when the inequality

(

V

)

(23)

•

(24)

holds, we have

x;*
K " fc,0)« , f°*

a

Consequently, nonpotential effects slightly modify the imaginary part of the wave
number and lead to the emergence of a small real part of k; this corresponds to the
penetrating of a part of the neutrons to the matter and, hence to a nonzero
coefficient \i of infiltration into the semi-infinite medium. For the latter, we have

V
,

.,

•

(25)

In the case of VCN, when the refraction (and inevitable reflection) of neutrons
takes place, the real part of the Wave number is also modified slightly. At the same
time, the wave number develops a small imaginary part k| which is absent in the
potential theory. The explicit expressions corresponding to this case are as follows:

(26)

.,<•>...

Asymptotically, these corrections are both on the order of Xo a * / ^l • The estimate
k B » X« is valid for k ( r ° * xl**. not very high above the barrier.
The possibility of UCN infiltration into matter must lead to the emergence of an
additional source of their exit from the vessels. It is hard to say with confidence that
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this phenomenon is directly related to the anomalous leakage observed on UCN
storage [10J. Experiments devoted to the search for nonpotential corrections to the
real part of the wave number for VCN could clarity this situation.
The situation is complicated if we take into account the inevitable absorption of
neutrons by matter. Nonpotential effects ere fully manifested, provided that

In the case of UCN, the relation

Tio * xW * HT 1
holds for VCN not very far from the barrier; hence, effects associated with the
infiltration of neutrons must be manifested for substances with very weak absorption.
These include beryllium (at low temperatures), for which r\ = 3.4xlO"7, and solid
oxygen (r\ = 0.9x10"8). Unfortunately, for most substances, we have an intermediate
situation n.*Tio. a s in the case of copper (TJ=1.4X10"*). Nevertheless, even in this case
we can expect that a week deviation from the potential dispersion law will be observed
in a sensitive experiment.

4.Possible experimental verification of the dispersion law for very slow
neutrons
To the best of our knowledge, direct experiments on the measurement of the
dispersion law k J (k^) for VCN do not exist. In all probability, the best way is to
perform an experiment in which the effect being measured appears only in the case
when the dispersion relation differs from the potential law. Such experiments are
based on the follow simple arguments.
It is well known, (see, for example, [9] that, in the case of potential form of the
dispersion relation, the normal component kj. of the wave number in matter depends
only on the normal component km of the wave number in the vacuum. For any other
type of dispersion law, this statement is incorrect. Indeed, let the wave be refracted at
the boundary of the medium and let the dispersion relation be

k2 = k 0 2 - X J + E(k02)

(28)

where S(kg) is a nonpotcntial correction of some origin.
If the medium is homogenous along its surface, the component k^ of the wave
number lying in the interface plane cannot change as a result of refraction.
Subtracting the quantity k^ from the both sides of the equality (28), we obtain

ki = kJi-xJ + e(kJ)

< 29 >

Consequently, the presence of nonpotential term in the dispersion relation (29)
leads in all cases to a dependence of the normal component kx on the wave number in
matter on the magnitude of the wave number kg in the vacuum. This also valid when
the value of koi remains unchanged.
Consequently, we must find an experimental approach in which the quantity being
measured is sensitive to variation of ki in matter while IKQI are varying. Resonance
experiments based on the properties of the neutron interference filter [11] seems to be
the most appropriate for this purpose. The construction of the filter is explained in
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on a substrate that is characterized by an optical potential Us. The potential structure
has the shape of a two humped barrier. Obviously, the well formed between the
humps may contain quasi-bound states whose position E, is approximately described
by the relation
11/2

[

= ^P

(30)

where d is the well width and p is integer.
The structure exhibits a manifestly resonance type of neutron transmission. The
resonance width is determined by the
lifetime of the quasi-, bound state and
depends on the thickness of the outer
layers. The experiments reported in
[12-14] confirm these considerations,
and the observed resonance width
constitutes a few neV.
In the case when the concept of the
optical potential is no longer correct,
we must use in place of (30) the more
Rg.l Potential structure of I t * Mareranc* fittw
general expression
kadspjt,
(31)
where ki is the wave number of a neutron in the middle layer. For an arbitrary angle
of incidence, the normal component kn must obviously appear in (31) instead of kj.
Omitting the layer number, we return to the old notation k± and again consider
equation (28) and the remark concerning it The experimental setup becomes quite
obvious [15]. Let us suppose that our resonance structure is deposed on a disk that is
fairly transparent to neutrons. The disk axis is parallel to the momentum of neutrons
as it was in an experiment with neutron interferometry [16]. In the absence of
nonpotential effects, the value of ki does
not depend on the velocity of rotation of
the disk.
In the case of a nonpotential dispersion
relation, the value of ki in matter depend

% j •/
^L
IN] /

8
.

Fig.2 Layout of the proposed experiment:
(1) detector,
(2) interference filter-analyzer,
(3) neutron guide,
(4) motor or turbine,
(5) disk with the interference filter

on the speed of rotation of the disk. This
must lead to a shift the position of the
transmission resonance. The energy of
neutrons that have been transmitted
through a moving filter can be successfully
measured using a second interference filter.
Energy scanning can easily be realized by
making neutrons move in the gravitational
field of the Earth and by varying the
position of the second analyzing filter
during this motion. The change in energy
in this case is «lnev/cm. The layout of this
experiment is presented in Flg.2.
As it was estimated in the ref.[15] the
possible sensitivity of such experiment may
of the order of A k x / k x * 10"*.
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Consistent Parameter Sets for Describing
Neutron-Nuclear Interactions
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1. Introduction
Neutron cross sections and scattering lengths are fundamental properties. They are
important input data for many problems in both basic and applied research.
Therefore, experimentalists as well as theorists need safe values with confidence
levels not only for elements, but also for isolated isotopes. A typical application in
neutron scattering experiments is the method of isotope substitution. This method is
used to study structural properties of ionic liquids in more detail [1]. The fundamental
spin dependent scattering lengths are also of increasing interest for many
investigations, e.g., for magnetic effects. Moreover, spin state scattering lengths are
useful quantities as complement to the resonance parameters for a complete
description of the neutron-nucleus interaction in a wide range of energy.
Usually, more or less accurate total cross sections at various energies are known
from literature or can be directly measured. The spin state scattering lengths and the
potential radius can be deduced from such data sets, taking into account the
coherent scattering length (at zero-energy). In this procedure the biggest correction and with that the biggest uncertainty - is caused by resonance effects. Unfortunately
not all resonances,are resolved so that some theoretical assumptions must be made.
- In this paper, we discuss these problems and give two examples for consistent
solutions [2,3].

V2. Basic Relations - ,
Directly measurable quantities are energy dependent total cross sections ot(E)
(in barns, 1 b 10~24 cm2) and bound coherent scattering lengths b(0)
(in fm, 1 fm = 10- 13 cm) at "zero-energy". The coherent scattering length is
composed of the spin state scattering lengths b+ and b. weighted by the statistical
spin factors g + and g_, respectively.
b

=

g+b+

+

g_b_

(1)

The spin state scattering lengths can be calculated from experiments according to:
&,
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(2)

j

where ao is the bound scattering cross section at "zero-energy", deduced from
measured total cross sections using relatively small corrections [4].
On the other hand, the energy dependent scattering length b(E) is composed of a
potential part b ^ E ) (defined by the free potential radius R') and a resonance part
b r «(E).

b(E)

= b ^ © + bret(E) = —-— R'e(E) + g + b r M + (E) + g_bre,_(E)

(3)

In eq. (3) A is the nuclear mas3 number. The energy dependence of the potential
part is described by the effective range correction e(E) = sin(2kR')/2kR' with the
wave number k[1/fm] = 2,1968 • 10~4 -fa

<MeV].

The resonance scattering lengths can be calculated from the resonance parameters
by help of the Breit Wigner formalism. With the resonance energy E o and the
reduced scattering width {g±r^) this leads to the following approximation for
coherent processes far off resonances:

bres±(E) . 2277[—j Z j ^ i ^ j -

(4)

Unfortunately, not enough resonances are resolved and compiled (see for instance
in [5]). As in [4], the contribution of unresolved (missing) levels can be approximated
by a statistical treatment using the s-wave strength function S o . In this case, in eq.
(4) the reduced scattering width rn° must be replaced by SO<DO) and equidistant
resonces in a mean level distance of <DO> have to be assumed. The summation
goes from above the last resolved resonance energy EOmux + <DO> to the energy
region of 2 to 3 MeV.
Usually, at "negative energies" some bound levels exist. Only in few cases, where
the first bound level lies close to zero-energy (for example for Thorium [6]), two
levels for one and the same spin state can be resolved. In most cases it is possible
to combine all bound levels of one spin state to a fictive single one in a way that the
observed energy dependence of the total cross section is described in good
approximation.
In many cases the resonance parameters are resolved up to energies of some
hundreds keV. Hence, the contribution of higher resonances has practically no
energy dependence in the low energy region (i. e. the resonance correction
diminishes the cross section uniformly. If the bound level lies also not too close to
zero, its correction is only weakly energy dependent, and the cross section is
increased approximately uniformly.
Because of this compensation effect it is not always necessary to use strength
function calculations for describing low energy neutron nucleus interactions.
Omitting the high energy resonance correction has as a consequence only the
modification of the bound level scattering width. Since the bound level is a fictive
state, the philosophy remains the same.
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3. Two Examples
A calculation program has been developed which works similar to a least squares fit
and adapt bound levels in a way that the following measured values are well
described:
•
•
•
•

the total cross section in the energy range from 1 to 2000 eV,
the absorption cross section at thermal energy,
the coherent scattering length b,
the spin dependent scattering lengths b+-b. (if available for instance from
pseudomagnetic precession method [8]), and
• the incoherent cross section (if available from other experiments).
Taking into account the resulting values of the bound levels, it is easy to deduce the
potential radius R' and compare it with optical model calculations.
As an example, calculated and measured properties of Thallium are compiled in
Tab. 1 [3]. This consistent data set has been achieved by the following bound levels
in combination with the resolved resonances compiled in [5], and without additional
strength function calculations. In [5], there is no indication for any bound level; our fit
resulted in:
Eo[eV]
J
ry [meV] 2grn°[meV]
203JI

-4000

205 T |

-750
-2000

1
0
0

7650
267

I

128

500

The differences of spin state scattering lengths (see Tab. 1) are in excellent
agreement with the measured quantities; also the deduced potential scattering radii
are consistent with the prediction by optical model calculations for deformed nuclei.
Hence, the described fit method is fully confirmed.

Tab. 1:

Comparison of measured and calculated properties of Thallium
(cross sections in barn, scattering lengths in fm)
203 T |

206 T |

Quantity

Calculation

Experiment

Gy 0.0253 eV

11.395

<*M.26eV

10.832

11.4(5|
—

10.331

—

10.339

<*t 5.2 eV

9.960

Ocoh

9.096

b

8.508

res +
b

-0.274

res-

-2.734

res + ~ res -

+2.460

R1

9.10(17)r3]
8.51 (8)[3]

9.35

Calculation Experiment
0.105

10.332
9.068

9.4[5,curve]

0.104[5]

Calculation

Experiment

3.438

3.43(6) [5]

—

10.479

10.496(15)[3]

—

10.227

10.238(22)[3]

9.89(29)[3]
8.87(13)[3]
1 L

" ---

—
8.90

—
8.77(2) [3]
8.773(15)[7]

—

—

+0.132

—

—

—

-0.547

0.56(4)[8]

—

—

9.35[5,curve]

9.315

-0.415
2 .45(3)[8]

natj|

9.30
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Bound level fits for Scandium and Manganese provide also consistent results [2].
Calculated and measured total cross sections are compared in Tab. 2 in the energy
range from 1 to 2000 eV. The agreement even in the vicinity of resonances is
remarkable:
• Sc shows at 1970 eV a very strong interference between the potential and the
resonance scattering (E<, = 3.3 keV) so that the total cross section decreases
nearly to zero and depends very sensitively on the potential part from bound
levels.
• For Mn, the measurement at 1970 eV lies on the slope of a strong resonance (Eo
= 2.37 keV) with a rapid increase.
In both cases the bound levels lie rather close to zero energy. Between our fit and
the values recommended in [5] are big differences; even the attachments to the spin
states are different. Perhaps only the absorption was adapted in [5].

Tab. 2:

Comparision of measured and Calculated Cross sections
(o-values in barn)
own fit
J

Sc

-700
-500

4
3

Mn

-175
-50

2
3

§ £ . CTtotmeas.
Ototcalc.
MjQl fftotmeas.
Ototcalc.

ry [meV]
420(20)
670(35)
100(5)
132(7)

Eo[eV]

J

2660(130)
3750(180)

-702
-485

3
4

1035

5522
1710

220(10)
37(2)

-5100
-2400

CO CM

Eo[eV]

recommended fit in [5]

r y [meV] 2grn°[meV]

750
750

4360
4000

1.26
26.29(11)

Neutron energy [eV]
5.19
18.6
128
23.82(11)
22.5(4)
14.03(11)

26.21

23.86

21.8

14.04

1970
0.27(2)
0.272

3.939(20)

3.001(30)

2.985(31)

6,80(15)

120(5)

3.922

3.058

2.970

6.87

117
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4. Conclusion
By fitting bound levels it is possible to obtain low energy data sets which are
practically consistent even if the resonance parameters are not completely known.
As it was demonstrated above, the data sets reproduced not only the scattering
length and the energy dependence of total cross sections accurately, but also spin
state scattering lengths can be given. It is notable that the obtained potential radii
are very close to the prediction of optical model calculations. As the number of
proven examples is still small, we intend to evaluate systematically our earlier
measured data, to complete them if necessary and to investigate the mass
dependence of R'(A) for checking or modifiying the optical model.
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1. At present, several attempts [1-5] are known to measure precisely minor changes
in the neutron transmission cross section <Ttot(E) for 3O8/>6 in the E energy range from eV
to keV. The aim of these experiments was to derive an effect of the electric polarizability
of the neutron, any from the measured <Ttot(E) values. This effect gives a very small,
of the order of O.l3any/E millibarn, contribution to <rtot (here and below, an is in
10" 3 /m 3 , E in eV). Although the authors of [2] claimed measuring an with rather
high accuracy: o n = (1.20 ± 0.15 ± 0.20) • 10~ 3 /m 3 , we do not think this result to be
reliable enough. Because of the smallness of the an contribution and of many other
contributions to <rtot which have to be taken into account, and because of a number of
possible sources of a tot distortions (such as background, small angle scattering, dead
time, sample impurities), the measured value of an can be considered the true one, if
different experiments by different methods provided the same value.
2. We present here the first preliminary results of measurements carried out in
Dubna at the 70 m experimental site of the IBR-30 booster. The a08 P6 transmission
sample (enrichment 98.3%, purity 99.98%) was a metallic cylinder 15 mm in diameter
and 20.8 mm thick (0.068717 ± 0.000033 6"1). The neutron beam diameter near the
sample was 11mm.
Three modifications of the combined filter and time-of-flight method was used to
perform neutron energy selection. The first was a classical one. Filters made of elements
with black resonances were permanently in the beam to give a background level. The
20 cm long, 10 aim 3He— counter served as a neutron detector and was installed on the
70.8m flight path at about l m from the sample. Fig.l shows the time distribution of
detector counts and its nine domains, for which aiot was evaluated.
In the second modification, the energy region from about 3 to 8 keV can be well
selected between the 2.85 keV black resonance of ^Na and the strong scattering edge
of wNi> whose <jtoU according to [6], increases from ~ 0.01 to ~ 200 6arn between 4
and 12.5 keV. The 10 cm of metallic ^Ni and 4 cm of powdery Na^CO^ transmit the
neutron spectrum partly pictured in Fig.2. This neutron spectrum was registered just
as in the first modification. A small gap on the top of the main broad peak is due to
5.9 keV p-wave resonance of 27Al, which is present in the beam in vacuum walls. We
divided the peak into three parts as it is shown in the figure.
The third modification of the measurements was carried out with quasi-mono- energetic neutrons produced by inserting the filters of 24 cm Ft and 10 or 20 cm Al in
the beam. This gives the spectrum presented in Fig.3. With 24 keV neutrons we use
the 50 cm long, 10 atm 3He— counter on the 74.4 m flight path at about 4.6 m from the
sample.
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Fig.l. Neutron time-of-flight spectrum. Exposure 9.3 hours without the sample. Channel
width changes from 1 for 4 mcs at number 2250.
D000

8000-

6000-

4000-

2000-

80
90
DO
channel number
Fig.2. Neutron time-of-flight spectrum. Exposure 4.2 hours without the sample. Channel
width is 1 mcs.
As a rule, transmission measurements are accomplished in 21 - 2 3 hour runs. Spectra
like those shown in Figs.l- 3 are accumulated by short alternating exposures with
and without the sample. The exposure duration without the sample ranges within
3.5 — 14 min and with the sample, the duration is always about 1.5 times larger.
Dead time corrections, background subtraction and normalization to monitor readings were fulfilled for all spectra before calculating <rtot- From
1.

JMQ(1-»OT)

n

70Af(l - IT)
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DO
channel number

200

300

Fig.S. Neutron time-of-flight spectrum. Exposure 9.3 hours without the sample. Channel
width is 1 mcs.
where n is the sample thickness, r is the dead time, I,i and M are the number of accumulated counts (minus background, of course), the instantaneous counting rate and
monitor readings with the sample in the beam, respectively (the same letters with 0
subscript denote the same values measured without the sample), it follows that an error
of a tot for t'0T < < 1 does not depend on r and, for our sample, this error is
Aa tot ~ 0.080toAr

barn,

where A T is the r error in mcs, iQ in 104 s'1. To have r independent of t0 we fix a rather
large value of T = 4.57±0.05 mcs, which turns out to be constant up to i0 ~ 1.5 l O 4 ^ 1 .
Background for any channel is obtained by fitting the polynomial c\ + c?N (N is the
channel number) to two nearest background parts of the spectrum on both sides of the
given channel. These parts are marked by black points in Figs. 1- 3. We have two
special counters for monitoring the neutron intensity.
The PC- 286 computer program accomplishes changes in the sample position, accumulats spectra and controls the stability of the spectrum/monitor 1 and monitor
1/monitor 2 relations.
3. The Table 1 gives the results obtained for 13 energies. The oioX is the total
transmission cross section corrected for air instead of vacuum at the sample seat in the
beam (+(13 -r 9) mi for 1 eV 4- 24 keV) and for known impurities ( - ( 1 4- 3) mi). The
crtot errors given in the Table 1 are only statistical ones. We estimated the accuracy
of the absolute <rtot value to be within a common factor of 0.9994- 1.0006 or ±7mb
due to errors of n and r. The a, is the main part of the integrated scattering cross
section obtained from atat by subtracting the absorption, Schwinger and solid state
contributions. All these contributions are taken like in [1,7,8]. The p-wave contribution
is negligible and reaches only 0.4 ra6 at 24 ktV (2.0 mb is the potential part and -1.6 mb
is the resonance plus interference part).
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Table 1
Cross section ,b

Neutron
energy,eV
1.76
2.11
2.66
3.44
6.4
9.3
13.8
26.7
56.2
4000.
5140.
6530.
24000.

Otot

11.471
11.474
11.480
11.492
11.493
11.504

± 0.005
± 0.003
± 0.003
± 0.003
± 0.004
± 0.003
11.515 ± 0.003
11.513 ± 0.004
11.516 ± 0.004
11.474 ± 0.031
11.456 ± 0.024
11.400 ± 0.025
11.031 ± 0.018

11.472
11.474
11.479
11.490
11.489
11.499
11.509
11.506
11.507
11.458
11.439
11.383
11.012

208
a pot
12.450 ± 0.005
12.452 ± 0.003
12.458 ± 0.003
12.469 ± 0.003
12.468 ± 0.004
12.479 ± 0.003
12.489 ± 0.003
12.486 ±0.004
12.488 ± 0.004
12.436 ± 0.031
12.416 ± 0.024
12.358 ± 0.025
11.972 ± 0.018

R
0.99983 ± 0.00040
0.99976 ± 0.00024
0.99992 ± 0.00024
1.00064 ± 0.00024
0.99983 ± 0.00032
1.00039 ± 0.00024
1.00095 ± 0.00024
1.00040 ± 0.00032
1.00034 ± 0.00032
1.0022 ± 0.0025
1.0026 ± 0.0019
1.0004. ± 0.0020
0.9999 ± 0.0015

The <7p£f is the potential cross section obtained from at by subtracting the total scattering of admixing isotopes and s-wave resonance effect of 2oaPb using the method from
[9] and information from [10].
The last column in Table 1 gives the ratio R of our a^f (without the n, c— scattering contribution at bne = —1.32 • 10" 3 /m) to a similar value from [2] calculated as a
polynomial in [2]. The R values are normalized to unity at eV energies.
Using the expression c^ = j?sin76o with

apQ),Q = 1 - j^kRN

So = -

+ |;

where R1 — RQ — hE,F is the integrated electron form-factor, ap = —3.916 • 10"Jon fm,
RN = 7.13/m, the least square fitting of the J2J,, h, fcne> a n parameters to o™ experimental values was performed. The results including the \2 values for 13 points arc
given in Table 2.
Table 2

N°
1
2
3
4

5
6

7

W
9.917 ±0.050
9.904 ± 0.051
9.881 ± 0.043
10.07 ±0.15
10.014 ± 0.001
10.015 ± 0.002
9.936 ± 0.001

hJmeV-1
1.21 ±0*'
0±0
1.21 ±0
19 ±14
14 ±4
1.21 ±0
1.21 ±0

10 3 -6 n e ,/m

-1.32 ± 0
-1.32 ± 0
-1.76 ±0.18
-1.63 ±0.20
-1.67 ±0.16
-1.58 ±0.22
-1.69 ±0.17

103 a n , / m 3
-1.4 ±0.9
-1.7±0.9
-2.4 ± 0.9
2.5 ± 3.4

\J

l±0
l±0
-l±0

23.8
24.6
14.5
12.2
12.3
27.8
16.6

*' The h — 1.21 • 10" fm/eV value corresponds to dummy resonarises of
reference^ 1]

ifM

Pb from the

Although the accuracy of our measurements is not sufficiently high, it is possible to
make some conclusions.
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1) In our fitting, there is a strong correlation (see also [12]) between an and h
parameter which takes into account distant resonances (both positive and negative) by
the relation

l±Is:»|!

/m/cv.
2) From R value in Table 1 it follows that our data and the data in [2] are in a
reasonable agreement. Table 2 however shows that both these data evidence in favor of
negative o n , unless the h value is larger than ~ 10 • 10~7 fm/eV (see lines 3 and 4).
3) In order to have an = 1 our data need that h ~ 14 • 10"7 fm/cV. To have
such large value of h, the resonance with T^ cs 2300 eV (Wigner limit) must be at
Eo ~ ±1.9 MeV (the strongest resonance of 2O8P6 at Eo = 507 keV has r<°> = 74 eV
and corresponds to h = 6.6 • 10~7 fm/eV).
4) As for the n, e— scattering length, bne ~ —1.6-10~3 fm agrees with our o™* points
at eV energies a little better than bne ~ —1.3 • 10~3/m.
The research described in this publication was made possible in part by Grant
N RFSOOO from the International Science Foundation and Deutsche Forschungsgemeinschaft financial support of the personal exchange.
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ON T H E N E U T R O N MEAN SQUARE INTRINSIC CHARGE RADIUS
Yu. A. Alexandrov
Frank Laboratory of Neutron Physics, JINR, 141980 Dubna, Moscow Region, Russia
Abstract
The value of the neutron mean square intrinsic charge radius (MSICR)
< rfn >N is discussed. The experimental data table of the n-e scattering length
values ane is presented. The experiments can be devided into two groups:
< rm >N> 0 and < r' n >jv< 0. A possible reason for the discrepancy between
the results of the Garching and Dubna determination of a ne by the transmission
method is discussed. It is shown that introduction into atot the energy-independent
interresonance interference terms does not affect the result obtained in Dubna. The
results of < rfn >N> 0 are in contradiction with the modern theory and the results
°f < rm >N< 0 are in confirmation of the modern theory.

1.Introduction
In recent years the issue concerning the actual value of the neutron MSICR
(< rfn >N) related to the internal structure of the neutron have been widely discussed
[1-10]. Ultimately, what is < r2n >N equal to?
It is well known that in the limiting case of low energies the neutron mean square
charge radius is expressed by equation:

< r | >N= 6(<tf\/W = 0 + 3/2/4nfcV(AfV)

(1)

where q2 is a squared four-momentum transfer. The first term in (1) arises from the
nuclear internal structure and it is directly connected with the behaviour of the Dirac
form factor F\{q2). M < r}n >s is the neutron MSICR connected with the neutron
internal structure, then:
< r?n >N= 6(dFl/dq2)q,=0
(2)
As for the second term in (1), it is of a magnetic nature associated with the "trembling" ("zitterbewegung") of the neutron which satisfies the Dirac equation and has an
anomalous magnetic moment fxn.
More than 40 years ago Feshbach demonstrated [11] that the scattering of electrons
at energies of the order of magnitude of several tens of MeV (qR « 1) makes possible
only the measurement of a sole parameter providing information on the size of the
nucleus, namely of the MSICR determined by the expression:
(3)
where p(r) is the neutron charge distribution. At about the same time Foldy (see review
of ref [12]) found the relation between < r?n >N and One, the measurable scattering
length of a slow neutron on an electron (the so-called n — e interaction):

< r?n >N= 6(<tfi/«lg'V-o = 3nV(Mc2)(one - aF)

(4)

where aF = /i n c 3 /(2Mc 2 ) = -1.468 x 10"3 fm is the Foldy scattering length.
Besides the Foldy effect, however, there may exist a more interesting kind of interaction between the neutron and the electron (Fermi,1947 [13]). This interaction (the first
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term in (1)) is a consequence of the meson theory of nuclear forces. The neutron is surrounded by a "meson cloud". If a neutron and an electron come sufficiently close to each
other, electrostatic interaction forces are to arise between them. Such an interaction
will influence the quantities ane and consequently, < r2n >#.
The MSICR is a fundamental characteristic of the neutron, and its measurements
permit verification of modern theoretical ideas concerning nucleons (for instance, of the
quark-bag model, Skyrme model, Numbu-Jona-Lasinio model and others).
2.Theoretical analysis ofn — e interaction manifestations
The amplitude of the Dirac particle scattering by weak, slow-changing pure electrical
potential <j>(r) was obtained by Foldy [12] from the generalized Dirac equation:

where the electromagnetic field is described by a four-dimensional vector potential
2
J4M(X), 7PiV is the Dirac matrix, O = A — 1/cPdP/dt is the D'Alembert operator, and the
coefficients em and fim characterize the inner electromagnetic structure of the nucleon.
In particular eo is the total charge of the Dirac particle and /J 0 is the anomalous magnetic moment for the Dirac particle. The coefficient e\ is connected with the MSICR of
the neutron:
ex = (e/6) < rj, >N
(6)
For the neutron at k —» 0 one obtains the n — e scattering length from eq (5):
ane = 2Me/h2(ei + eh2/(4M2c2)fin)

(7)

The term with /xn represents the Foldy contribution.
To conclude, we may say that two effects contribute to the experimentally investigated n — e interaction: one of them which is due to the Foldy scattering can be
calculated, while the other being of great importance and caused by the neutron inner
structure has to be estimated experimentally.
3.Experimental methods to study the n — e interaction
The differential cross section for the coherent scattering of slow neutrons is described
by the relation:

<r(e)=\a+Zf(sin8/\)ane\2

(8)

where a is the coherent nuclear scattering leitgth (~ 10 fm) and /(sin0/A) is the atomic
form factor.
Estimations show that the ratio Zanef(sin6/X)/a may amount to approximately 1%
for heavy nuclei and therefore can be measured. For the neutron total cross section,
using the generally accepted S-matrix of scattering:
Snn = (1 - i £ ( r n / ( A £ + iT/2))exp{2iSpot)

(9)

which does not take into account the small interresonance interference, and using the
optical theorem one can obtain for the case of the nuclear s-scattering:
<W(4ir) = Imf(O)/k = l/k2sin60sin(60 + 2r/0) - l/(2k)sin(260 1

1/4 2 xco5(2*0 + 2»7o) + 1 / 4 ^ xco3(2*0 + 2^)
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(10)

where 6Q is the phase shift of nuclear s-scattering, TJ0 = —kaneF is the phase shift of
n - e scattering, F = 1/2 f£ f(sin9/\)sin0d8 is the angular integrated atomic form
factor,

There are two old methods of measuring the n—e interaction. One of them, originally
used by Fermi and Marshall in 1947 [14] depends upon the fact that in the scattering
of slow neutrons an asymmetric angular distribution due to f(sin$/X) is observed.
Precise measurements following the Foldy and Marshall method were performed at
the Argonne National Laboratory by Krohn and Ringo in 1965-72 [15]. The noble gases:
xenon, krypton, and argon were used.
As a result it was obtained that:
ane = (-1.33 ± 0.03) x 10" 3 /m

(12)

In [9] the possibility of errors was noticed, now present in [15].
The second method of studying the n — e interaction was used by Havens et al.
[16]. It consists in observing the dependence of the total scattering cross section on the
neutron wavelength near 0.1 nm.
The most exact value for ane obtained by this method is [17]:
ane = (-1.56 ± 0.05) x 10"3 fm

(13)

The error is statistical. The correction for the Schwinger scattering as well as that
for the contribution for the resonance scattering was not included.
4.The current situation in the study of neutron MSICR. Two groups of
experimental data
In order to study the n — e scattering and the polarizability of the neutron, in 1976-86
Koester et al.[5] (Garching, Germany) carried out very precise measurements of the
neutron coherent scattering length using a gravitational neutron refractometer by the
method of reflection of neutrons from bismuth and natural lead liquid mirrors.
The obtained results were compared by Koester et al with the data from measurements of cross-sections for bismuth and natural lead at neutron energies above several electronvolts [5]. The total cross-sections were measured by transmission through
melted lead and bismuth at neutron energies corresponding to the resonances of rhodium
(1.26 eV), silver (5.19 eV), tungsten (18.8 eV) and cobalt (132fl')Thosc measurements
were repeated later at two following energies: 1.97 kr.V and 143 kcV.
In order to reduce the uncertainty caused by the lack of information on bound levels
and on data for the high energy region the authors of Rcf.[5] calculated the resonance
scattering term bR ~ £ , gjTnjAEj/(k(AEj + Tj/4)) using the information on known
levels and changing Tnj by So < Do > and Ej by x < Do >, where So is the strength
function, < Do > is the mean level distance, x is the integer number. This part of
the processing procedure does not seem to be sufficiently correct. We will discuss this
question a little bit later. As a result the following value for the n-e scattering length
was obtained in Ref.[5] for natural lead and bismuth:
ane = (-1.32±0.04)10- 3 /™
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(14)

In this situation it would be very useful (as it was noted in [7]) to measure the neutron
transmission for the double-magic 20BPb isotope which has very rare resonances.
Let us consider the work of the Dubna group [7]. Precise measurements of the total
neutron cross section of bismuth in the electronvolt (1 — 90eV) energy region were carried
out at the IBR-30 pulsed reactor in JINR. They were performed by the time-of-flight
method using both a liquid sample and a solid sample 18 mm thick.
The data were processed using the following expression:
V = vtot(E')/(4n) - a\oh{E) = a2(Z2 - 2ZF1) - 2aacoh{E)(Z - F) + QT -

- a(Z - F1)} + 1/4(E)2 " l / 2 £ £ ' + l / 4 £ ' W £ ' ) / 4 7 r
1

1

1

(15)

2

where acofc(£) = -bcoh(E)j^,a
= - a n e , E i and £ 2 are expressed using (11); the
electric polarizability of the neutron is taken equal to zero.
In the energy range E « E, and I\ << AJ5, for the terms containing resonances
one can use the following expansion into E'/E series:

4

1

Z

1

1

*

2

*

i

*

t

The estimates show that the contribution of pj into y is 10-15 %, but the lack of
information on resonance levels with negative energies does not allow one to find its
exact value. Therefore, this contribution was changed to fit experimental data best and
appeared to be equal to —0.0023 x 10~24 cm^/sr. Experimental data were processed by
the least square method. The results are summarized below [7]:
Garching data: ane = (-1.57 ± 0.10) x 10"3 / m ;
Dubna data: ane = (-1.55 ± 0.11) x 10"3 fm.

(18)

It seems attractive to find a method with a more significant effect under measurement. The most promising direction was proposed and developed in Dubna [18-21].
The tungsten isotope, l86W, is well suited since its neutron scattering length in the
thermal energy range is small and negative because of the interference between resonance
and potential scattering [20,21]. In the diffraction experiments two single-crystal balls
made of two different isotopic mixtures were employed. One mixture contained 90.7%
of ia6W(bcoh = -0.466 ± 0.006 fm), the other (&«* = +0.267 fm) was prepared from
the first one by adding 14% of natural tungsten. The experiments were mainly staged
at the IBR-30 pulsed reactor and at stationary reactors.
Since tungsten is of paramagnetic nature, the magnetic scattering must not contribute to the Bragg reflection and from the integral intensity I^i) °f the diffraction
peak one can obtaine
[I(hkl)siii2eexp[2B(sme/\f}/(A{hkl)C)}1/2

= a + Zf(kkl)ane = b^

(19)

Further all the experiments performed at various installations have shown that it appears impossible to describe the results obtained for these two mixtures by a linear
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function of Zf^ki) at one and the same value for ane. As no simple cause for the
deviation of experimental results from eq(19) was found, Alexandrov and Ignatovich
[22] advanced the hypothesis that additional scattering contributes to the diffraction
peaks. The additional scattering is caused by the scattering of neutrons on the domains of ordered magnetic moments which exist in the investigated tungsten sample.
The activation analysis has shown that the tungsten samples under investigation contain a microadmixture of cobalt (several fraction of a per cent). Tungsten atoms form
magnetic clusters around cobalt atoms. It should be noted, however, that magnetic
admixtures are not a necessary condition for the formation of this heterophase state.
The heterophase fluctuations which take place over a vide range of temperatures [23]
are also important here.
If the magnetic cluster formation phenomenon is taken into account, the eq(19) will
take the form:
= [(a

(20)

where p 2 = 2/3/^aj^, and /M and a^ are the magnetic form factor and the magnetic
scattering amplitude, respectively. The p 3 value together with the value for ane were
found from the available diffraction data. For the latter:
aBe = (-1.60 ± 0.05) x 10"3 fm

(21)

The results of all measurements are presented in the Table.
Table

Authors,
year
W. Havens,
et al.,
1947-51
E.Melkonian
et al., 1959
V.Krohn,
G.Ringo,
1966-73
L.Koester
et al.,
1970-88

Method
Total neutron cross
section on lead
and bismuth
Total neutron cross
section on bismuth
Neutron scattering
on noble gases

Total neutron cross
section and atomic
scattering length
on bismuth and lead
Yu.Alexandrov Neutron diffraction
et al.,
on a tung8ten-186
1974-85
single crystal
Yu.Alexandrov Total neutron cross
et al., 1985
section on bismuth
S.Kopecki
Total neutron cross
et al., 1994
section on rediogenic
lead (72.6%**Pb)

Magnitude of
effect, ne/tot
Aaja 2 1.5%

-a*, x (10 3 )/m

Ref.

1.91 ± 0.36

[16]

Aa/a a 1.5%

1.56 ±0.05*

[17]

A(r/ff a 0.5%

1.30 ± 0.03

[15]

A(j/<r a 1.2%

1.32 ± 0.04

[5]

Aa/ff a 20%

1.60 ± 0.05

[18,19]

Aa/a a 1.2%

1.55 ±0.11

[7]

Aa/a a 1.2%

1.35 ±0.04

[1]

Without corrections for Schwinger scattering and resonance scattering.
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Prom the Table it follows that the most accurate experiments fall into two groups:
the measurements of Refs.[l,5,15] lead, in accordance with eq.(4) to < rfn > > 0, which
contradicts the modern theory (see below), and the measurements of Refs.[7,16-19] lead
to < r?n > < 0 which confirms it.
Though eq.(15) does not contain any evident terms which do account for the interresonance interference, this one has contributed to the p2 term. The value of p " p
was determined in [7] by fitting experimental data and due to this fitting procedure it
contains the inter-resonance interference term.
One can evaluate analytically the contribution of the inter-resonance interference
effect. There are well-known 5 matrices that do account for this phenomenon [24-26]:
Using these matrices one can express [6,27] the inter-resonance term to <7tot:
>

l

p

Ha similar term for the other spin) (22)

At energies far from the resonance energy, owing to the fact that F = Tn -f I \
the term containing r n ;r n , in eq.(22) does not vary with energy (e.g., for bismuth at
energies below 50 eV), the second term containing r n jF 7 j is much less than the first one
(for bismuth it is 40 times less at an energy of lOeF). Since in Dubna work [7] the pi term
does not depend on energy either, one cannot affect the result of the ane determination
in [7] by introducing a constant term, <Tjn</(47r) . Calculations of <x,nt/(47r) based on
(22) were performed for bismuth with the known resonances 0 < EOj < 265 keV. They
have shown that the additional interference term at an energy of about 10 eV makes
Cm(/(47r) = 0.0086 x 10~M cm2far (the total cross section of bismuth at this energy is
nearly 90 times larger).
5.Discrepancy between the Garching and Dubna results
So, there is a controversy in the physical community about the value of intrinsic
< r?n >s f° r the neutron.
The results of the Garching experiments [5] and Dubna experiment [7] are at the
center of the controversy. Different ways of data treatment caused a discrepancy of not
more than 1.5 uncertainty in values for ane in these experiments. Therefore, strictly
speaking one should look for contradictions between the works [5] and [18,19] but not
between [5] and [7]. Nevertheless, strange as it may seem the discussion mainly goes
around the latter two works.
There is some difference between work [5] and [7] in their approach to calculation
of the contribution of negative energy resonances (BQj < 0) and unknown resonances to
the total cross section. In [5] this contribution of bound and unknown levels has been
calculated using the average parameters of s-wave scattering: the So = 0.65 ± 0.15, and
the < Do > = 4.5 ± 0.6 keV. In this situation I think an error may easily creep in, since
a resonance at E0\ < 0, e.g., may be at a distance | EQ\ |<< £>0 > from the point E = 0
and it will hardly be possible to estimate its influence on the term 6R with any accuracy,
because the uncertainty in the determination of So is large.
In [7] we have used a more realistic method consisting in varying the p? parameter.
This is the main reason for the discrepancy between the results of Garching and Dubna
obtained for bismuth. The treatment of the experimental data of [5], taking into account
the parameter p^ = -0.0023 x 10~Mcm2/sr found in [7] by the least square method, will
lead to a 1.2 times increase in the absolute value of ane, i.e., to ane = —1.58 x 10~3 fm.
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Thus, to my thinking, the values of ane obtained in [5,15] are not grounded enough,
and, consequently, the actual < r?n >< 0
6.Influence of resonance scattering
There is a possibility to calculate pj + crin,/(47r) directly. It may be shown from exps.(17)
and (22) that:
P2 + <
+ <7+/(4Jb2)£ rni/AEi Y, T-yj/AEj + (a similar term for the other spin).

(23)

The second and the third terms in eq.(23) may be negative. Their signs depend on
the influence on them of the neighboring levels with £, < 0. Thus, there exists no direct
argument in favor of excluding the possibility of the negative sign for p? + <Tin,/(47r).
For an even-even nucleus (g+ — 1, </_ = 0):

Pa + <W(4ir) = l/(4fc2) £ rn,/ A£, £ I V AE}
•

(24)

I*

Calculations carried out for E = 1 eV, two known resonances of 708Pb (507 keV and
1735 fceV ) and one negative dummy-resonance (—1910 fceV) introduced in Ref.[28] give
the following result: pi + <Xjnt/(47r) ~ 6.7 x 10"7 x 10"24 cm2/sr. One can also calculate
the p\aC0h term (see (15) and (16)): p\acoh ~ -1.3 x 10"7 x 10"24 cm2/sr, i.e. is also
very small. Therefore, the eq.(15) may be rewritten for the case of 2O8P6 as:
V = <7tot(E')/(4n) - alh(E) ~ -2aacoh{E)(Z - F')

(25)

i.e. we can make an important conclusion: in case of 208Pb the value of ane will not be
influenced by any resonance scattering.
7.Comparison of measured intrinsic charge radius with its theoretical value
Knowledge of the signs and values of the anomalous magnetic moments of the neutron
and proton permits establishing a qualitative picture of the p(r) distribution in the
nucleon. Note that the sign of < r2n >w in the case of an object, which, as a whole,
is neutral, may be either positive or negative. This depends mainly on what charge is
to be found at the periphery. Thus, for instance, the charge distribution in a neutron
should provide for the sign of < r2n >N being negative. This distribution was already
known before 1955-57 [29]. In the 50s it was also known that in the old Yukava meson
theory the process n —* p+ir~ gave rise to a negative tail for the intrinsic neutron charge
distribution. In all old static models, however, the core of nucleon was not understood
and its properties were not calculable.
This problem was solved by modern ideas about the nucleon, e.g. by modern quark
.models. During the last few years attempts were made to solve the quantum chronodynamics (QCD) equations. In the absence of exact solutions it is natural to rely on
phenomenological models, which incorporate features expected from QCD. The main
features of the MIT (Massachusets Institute of Technology) bag model have proven to be
essential for the construction of the modern quark model of the nucleon, that is Cloudy
Bag Model (CBM) (see, e.g. [30]). In this model the nucleon consists of a spherical
static cavity filled with three massless free quarks. The quarks interact with a pion field
on the surface of the bag. In the absence of pions CBM is identical to the MIT model.
The latter violates the chiral symmetry, and since chiral symmetry is a property of QCD
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itself, this gives us quite justifiable concern. By introducing a pion field coupled to the
quarks on the bag surface, one can restore the chiral symmetry. The CBM model has
produced a number of remarkable results for the properties of single hadrons, e.g. the
magnetic moments and masses of the proton, neutron, and other members of nucleon
octet, the form factors, the polarizabilities, the charge radius and so on.
The value < rf2n >"p> 0 contradicts the present-day understanding of the neutron
not only in CBM but in other theories about the nucleon (see, e.g.[31-33]), which is
essentially based on the old Yukawa meson theory as well. By applying these concepts
physicists can precisely calculate within the framework of the static models under the
assumption of a motionless (not recoiling) heavy nucleon (M —> oo) the value < r?n >yv=
J p(r)r2tPf and to obtain < r2n > < 0 (see, e.g.[34-37]). This value cannot include the
Foldy term which is equal to zero at M —* oo , and it seems to be correct to compare the
calculated result with < r2n >^ p obtained after the subtraction of the Foldy scattering
length from the measured ane value.
Owing to the n —• p + n~ process, there appears a negative tail in p{r) like in the old
static models; by new quark models (e.g. CBM) there also exists a negative 7r~-meson
tail, which is just what causes the negative sign of < r2n >N- It is practically impossible
to obtain < r2n >/v > 0 following modern concepts. If the results of Refs.[l,5,15] are
correct, then a serious revision of our understanding of the structure of nucleon is
necessary.
Being a specialist in experimental physics, I do understand that issues of the value
of ane and, consequently, of the sign of < r2n >N must be studied experimentally. But,
honestly, I really do not understand why, from a theoretical point of view, the sign of
< r2n >/v has to be positive.
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Abstract
Using experimental neutron scattering data on enriched 206>207'208pb) natural Pb and
natural Bi targets, the General Least Squares Fit (GLSQF) analysis of the neutron total
transmission cross section expression parameters R', b ^ and ctn values has been performed.
The calculations were carried out in two versions; 1) when the potential scattering radius R'
values are fitted parameters; 2) when R' values are evaluated from the optical model.
The nearly zero value of neutron electric polarizability a n value has been obtained in both
cases.
209

1. Introduction
The evaluation of three fundamental neutron parameters: its electric polarizability
a n , its electric mean square charge radius (MSCR) <r^>n, the neutron-electron bound
scattering length b ^ , as well as the establishing of relationships between <re2>n and bne are
still the problems, which provoke many discussions (see e.g. [1-4]). In our recent study [5],
based on the precise measurements of coherent scattering cross sections, using enriched
206,207,208pb>^ natural Pb and natural 209Bi targets, the following neutron parameter values
have been deduced: <xn= (O.O±O.5)1O3 [fin3] and b ^ -(1.32±0.03)-l(T [fin]. Employing
somewhat different neutron parameter evaluation method [61, by means of General Least
Square Fit (GLSQF), we have obtained from enriched 206-2*7-»»pb and natural Pb target
total cross sections data the value a n = -(0.06±0.43>10'3 [fin3], with the same above
mentioned value for b^. The experimental value a n = (1.2010.15±0.20> 10'3 [fin3] [7],
which is assumed presently to be the most precise one, has been derived from the energy
dependence of the total scattering cross section of the separated isotope 208Pb. A discussion
of this experiment in [8] and of the problem of small angle scattering in a long path
arangement [9] have led to the assumption that the data reduction in [7] allows only the
determination of an upper limit for a n of about 210° [fin3]. It is clear, that, taking into
account these results, the investigations of neutron fundamental parameters must be
continued.
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The aim of this contribution is the detailed study of the evaluation of neutron parameters by
means of GLSQF type methods, started in [6], as well as by some alternative method, based
on the use of bcoh, contrary to the approaches used in [5].

2. The first version of GLSQF method for the evaluation of the neutron fundamental
parameters
The main equation of GLSQF method for the evaluation of the neutron parameters
from the neutron-nucleus total transmission cross section data can be presented in the form
xp(m,/))]

= 0,

(1)

where m - target indices, assuming now values m =1,2,...,5 for enriched206•207"208Pb, natural
Pb and natural 209Bi targets, respectively; i - neutron beam energy indices, assuming values
i = 1,2,...,6 for neutron energies E, = 1.26, 5.19, 18.60, 128, 1970 eV and 143 keV,
correspondingly.
The theoretical decomposition of the cross section alcaJc(m,i) is based on the
expression

^(tt*0<.0,

,n*

(2)

where quantities pmj (see Table 1 in [6]) denote the relative content of isotope j
(j = 1,2,...,5 for 2k206-207-20lPband 209Bi, correspondingly) in the target m.
Then, the pure isotope theoretical total transmission cross section a tcaicG«i) ' s decomposed
as follows
CT

,«rfrO'0 = o,(y,0+o / ,0-,0+a tt (y,0+tT M ,(./,/)+a /l (7,/)+o, m .UJ).

(3)

containing s-wave, p-wave, absorption, solid state, spin-orbital (Schwinger) and incoherent
scattering cross section terms, correspondingly (see [5,6]).
The neutron parameters <xn and b^ are extracted from the decomposition of
s-scattering cross section term a s(j,i). Other contributions, entering in (3), have been
calculated as described in ref.[5,6].
The s-scattering cross section is presented in the form
<*,(/,') = 4n[<a'(y,0> 2 + <a"(y,i)> 2 ].

(4)

where the free scattering lengths a' and a" are expressed via scattering amplitude f(j,i).
< a'{j,i) > = - J k { / 0 , 0 > = ~[*in{2%)

- c w ^ ) ^ -«n(2^)£j,

(5)

j , (6)

>= -
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with k denoting the neutron wave number at energy Ej [eV]:
k s k(j,Ei) = 2,1968-10-4 JWt A(j)/(A(j)+mn).
(7)
The total potential scattering phase shift 80' expression can be deduced by means of
trigonometrical approximation, omitting the resonance contributions ( Zj = 1^ = 0 ) and
taking into account the neutron electric polarizability and (n,e) scattering processes in Born
approximation. Then

K

p

i

) l

(8)

where the expression

has been used for the establishing of the relationship between free (a) and bound (b)
scattering lengths of (n,e) and neutron electric polarizability scatterings. Finally, the
neutron polarizability a n can be evaluated by means of (9) and expression (1) of ref. [7]

2.8845
In practical calculations, in order to use for ocn fit only the energy dependence of s-wave
cross section os(j,i) and to account better for the neutrons interaction with the nuclear
charge Z(j)e, the following substitution has been made in (8):

*•(/) = R'w0)+«,(/) -z(»au,

(li)

giving
U

k

j,El)-\]}.

(12)

For Pb the contribution of the far-lying unresolved resonances also has been taking into
account, giving additional modification of R'(208 Pb ), ( see [6]).
According to the first version of GLSQF method (for details see [6]), the
experimental neutron-nucleus total transmission cross sections data are described using
variable parameters R'slr(j) (or R'(j)), b,*, a n and resonance data (entering in terms Z ,,
£ 2 and taken from tables of ref.flO]). Then, otn, b^ and also R's^C) values follow from the
corresponding cross section fit procedure. The more sophisticated version for R's^O)
evaluation of the GLSQF method one can obtain, when one adopts some theoretical
considerations, based on optical model.
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3. The optical model calculation of the potential scattering radius R'str
Let us consider now the theoretical calculation of R'str(j) (denoted below as R'^ for
the single isotope case). In the simplest case of square-well optical potential

S),

r<R

V =0
,
r>R
(13)
(see [11]), where the potential depth Vo and the contribution of the potentials imaginary
part 4 (0 < £ < 1) are optical model parameters.
The optical potential width is assumed to be equal to the nuclear radius
R = r0A"3 [fin] ; ro= 1.45 [fin].

(14)

Then, the potential scattering radius R'^ in the case of s-wave scattering is given by
formula
a,),

(15)

where the precise expression for quantity c*i is
t
1

3

Y R
2

2

B +2Acas2(Xx)

\X\

'

with
—

,

B = \ariiX1 .

In formulae (16),( 17) X, and X2 denote the real and the imaginary parts of
X = Xt+iX2,
where

(18)

x2=x2+x2(i+iB>),

(19)

and
x=kR,

2

Xo=(^)-VOR

.

(20)

Then, from expressions (18),(19) and (20), by means of Euler formula, one obtains
Xx = VC cos(|),
where
X2 £

X2 = VCsin(|),

(-rr),

(21)

(22)
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(23)
The set of formulae (15),(16),(17),(20),(21),(22) and (23) contains all expressions needed
for the s- wave potential scattering R'str calculations employing optical model in square
well potential case. One can see that in theframeworkof the optical model, characterized
by square well potential, the potential scattering radius R'str now depends from the optical
model parameters Vo, £, as well as from the nuclear mass number Aj (see (14),(15)) and
neutron energy Ej (see (20)):

Including this R',,, calculation procedure in the above described (sect. 2.) variant of
GLSQF method, we obtain the second version of GLSQF method for the evaluation of
neutron fundamental parameters a n and bM from the total transmission neutron-nucleus
scattering cross sections data.
4. The numerical results of the neutron fundamental parameter calculations
The isotopic compositions pmj and the measured total transmission cross section
values for Pb and Bi targets (see [5,6]) one can find in Tables 1 and 2.
Table 1. Isotopic contents pmj of Pb (m=l-s4) and Bi (m=5) targets
Isotope

j

Pb-204
Pb-206
Pb-207
Pb-208
Bi-209

1
2
3
4
5

Pb-206
m=l
0.0020
0.9220
0.0490
0.0270
-

Pb-207
m=2
0.0020
0.0300
0.8330
0.1350
-

Pb-208 Natural Pb Natural Bi
m=4
m=5
m=3
0.0002
0.0143
0.2415
0.0064
0.2208
0.0206
0.5235
0.9728 .
1.0000

Table 2. Neutron total transmission cross sections data <ytexp(m,i) [barns]
i

1
2
3
4
5
6

Neutron
energy Eim
[eV]
1.26
5.19
18.6
128
1970
143 [keV]

Pb-206
m=l

Pb-207
m=2

Pb-208
m=3

Natural Pb
m=4

Bi-209
m=5

10.7988(51)
10.8270(70)
- .
10.8030(60)
-

11.151 (12)
11.132 (13)
11.052 (12)

11.4388(31)
11.4718(35)
11.500 (13)
11.499 (13)
11.4635(26)
9.3900(40)

11.2330(50)
11.2520(50)
11.258 (10)
11.2580(50)
11.1970(30)
9.440 (40)

9.256(5)
9.282(5)
9.283(10)
9.162(6)
8.290(5)
9.140(40)

-

The resonance data of all isotopes (204>206> 207> 208 Pb and 209 Bi) involved in our
calculations have been taken from the tables of Mughabghab [10].
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The calculations, carried out according to the first version of our GLSQF method,
are similar to those, presented in [6], only the 209Bi data have been added to the input data
set. Using various combinations of four Pb targets and 209Bi target cross section data the
different calculation variants were performed. If we take the input data set, containing all
experimentally reliable cross section data, then the obtained <xn results are close to zero.
Two of this calculation variants are presented in Table 3.

Table 3. Some results of R'(j), b ^ and a n calculations using the first version of GLSQF
method (21 equation)*

N R'(ZUDPb)u
1
2

[fin]
.9.460(2)

(varied)
9.460(2)
(varied)

R'C'Pb)
[fin]
9.300(3)
(varied)
9.300(3)
(varied)

RT A Pb)
[fin]
9.960(1)
(varied)
9.960(1)
(varied)

RT*Bi)
[fin]
9.481(1)
(varied)
9.483(1)
(varied)

bne 10°
[fin]
-1.32
(fixed)
-1.59
(fixed)

[fin3]
0.004(441)
(varied)
-0.001(475)
(varied)

X*
MO"0
5-10"

'21 equations = 6 • natural Pb(i=l-s-6) + 6 * 208Pb (i=ln-6) + 3 * 207Pb (i=l,2,5) +
+ 3 * 206 Pb (i=l,2,5) + 3 * 209Bi (i=l,2,3) cross section data .
** R'( 2M Pb) = 9.5 [fin] (fixed in both calculations).
The results of the calculations for the second version of GLSQF method, when the
optical model is used for the determination of R'(j), are given in Table 4.
Table 4. Results of R'(j), b ^ and rin calculations, using optical model for R'(j) evaluation
(second version of GLSQF method)*, (21 equation, the same set as for Table 3).
R'( zw Pb)
[fin]

9.394

R'(z"°Pb)
[fin]

9.483

R'( zu 'Pb)
[fin]

9.529

R'(

Pb)

[fin]
9.576

R'^Bi)
[fin]

bne 10°
[fin]
-1.32
(fixed)

a n 10J

x1

[fin3]
0.139(330)
(varied)

6-10-

0.151(330)

710^

9.624
-1.59
(fixed)

(varied)

Optical model parameters used: V 0 =51.77MeVand4 =0.03.
One can see from Table 3 and 4, that the neutron electric polarizability a n value is close to
zero. Therefore these more sophistical calculations confirm our results, presented in [5].
which were obtained by simpler evaluation procedures.
5. Evaluation of the neutron fundamental parameters using new phase shift expression
Besides two GLSQF method approaches described above, there are alternative ways
to deduce those parameters. Now, we shall present one such method, where a new
presentation for the total potential scattering phase shift is used.

257

According to this method, the theoretical expression of s-wave neutron-nucleus
scattering cross section for the given isotope j : as(j,i) s a ^ E ) , is presented, using the
equation for the imaginary part Im f(0) of the scattering amplitude and taking into account
the resonance corrections Zj (i =1,2,3,4, see [12]):

£

- | £ , +£(£3 +2 £ ) ,

(25)

where
Im/(0) = — (2sin 2 8 0 + Z 2 cos25 0 -£ 1 sin28 0 ).

(26)

Therefore a comparison of theoretical cr^E) and experimental a,ex(E) values (where the
latter ones are corrected for absorption, solid state, Schwinger and incoherent scattering
effects (see Eq.(13)) allows one to calculate the total scattering phase shift 5O' =8 0 +TI 0 +£ 0 at
low neutron energies (where 80, r|0, ^ are phase shifts of strong, neutron-electron and
neutron electric polarizability scatterings, correspondingly).
This procedure has been employed for the calculation of 8 0 ' , using the neutron
scattering cross section measurement results [5] for 209Bi at E = 1.26 eV. Then, using the
equation for the real part Re f(6) of the scattering amplitude, expressed via coherent
scattering length bcoh
< 27 >
and taking into account, that Re f(9) consists of the potential part ((sin280')/2k) and the
resonance part (two terms with I , and 1^), we obtain

A
cu

Z , (

* A +1

+

2k

0

)2 ^ (
+

0

) sin(25 0 )

2k

2k

Inserting in (28) the 8 0 ' value, calculated by means of equations (25) and (26), we obtain
the theoretical value of the coherent scattering length bcohth= 8.618 fm, which agrees
reasonably with its experimental value b coh exp = (8.532±0.002) fm (ref. [13]).
Finally, the value of the neutron electric polarizability a n can be deduced, using the
approximate low energy formula for neutron-nucleus potential scattering radius R'sU (when
18O | « 1 and all formfactors fel(E)« h ^ ^ E ) « g(E)« 1)

(29)

where ap denotes the neutron electric polarizability scattering amplitude (see expressions
(9) and (10)).
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Then, using the b^ value calculated above, together with 209Bi potential scattering
radius value R ' ^ 9.36 ± 0.05 fin (ref. [10]), we obtain from expressions (29) and (10) the
following value for the neutron electric polarizability:
ctn= (0.76 ± 1.25)-10 ° fm\

(30)

which is in resonable agreement with the results, obtained by both versions of GLSQF
method.
6. Conclusions
The results of presented neutron fundamental parameter calculations, obtained by
GLSQF method, in which all available experimental cross sections data on Pb and Bi
targets have been taken into account, indicate a near zero or small positive value for the
neutron electric polarizability a,,. The use of the optical model for the evaluation of
potential scattering radius R' can help to reduce the large number of fitted parameters in
calculations of such kind. The additional experimental data in the region E, > 2 keV are
required in order to improve the precision of the calculations results. Also the more
accurate accounting for resonance corrections at keV energies is essential in order to obtain
more reliable a n value.
The Latvian group (A.Aleksejev, S.Barkanova and J.Tambergs) appreciate the
financial support from the German Volkswagen Stiftung.
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EXPERIMENTS IN FREE NEUTRON BETA DECAY
AND VALIDITY OF THE V - A THEORY
Yu.Mostovoii
RRC "Kurchatov Institute"
123182, Moscow, Russia
The new measurement antineutrino-spin asymmetry / I J permits to return to check
the consent of the V — A theory with results in the neutron decay experiments. Check
of joint conformity of all experimental data in the free neutron decay with the requirements of the V — A theory is made. It is based on comparison of a combination of the
experimental factors with a combination of the factors, which are calculated in view of
the requirements of the theory. The probability of realization of a combination, which
corresponds to the requirement of the theory permits to receive quantitative estimation
of a degree of the consent of experimental data with the theory. There is good consent of
the correlation experiments with a prediction of the V — A theory. The distinction equal
(0.16± 1.42)% with 90%c.l. On the other hand there is some contradiction between results
of the correlation experiments and the life-time measurements. The last measurement A
can remove this contradiction. The value A = —1.2662 ±0.0013 is weghted average which
is based on all experiments of neutron decay.

1

Correlation experiments

The ratio A = GA/GV of two constants of weak interaction is the sole parameter of the
V — A theory. But independent measurement three angular correlations in the neutron
beta-decay offers three own A values. The consent of these values is criterium of legitimacy
of V — A theory. A comparison of separate A pairs is be doing for theory verification usually.
But the use of significance B is not effective because the weak connection of AB with B
results in bad accuracy at comparison with B.
There is a opportunity to define the common consent of in all experiments in the
frame of V — A theory. It is based on the analysis of normal distributions of experimental
values. There are three equations of A for three factors of angular correlations:
1 - A2

A
A

A2 + A
2

A2 - A
B

2

(1)

where a - factor of correlation between the electron and antineutrino momenta, A - factor
of correlation between the neutron spin and electron momentum and B - factor of correlation between the neutron spin and antineutrino momentum. The co-operation of three
equations of A reduces them to two equalities of a, A, B:
F2 = aB - A2 - A = 0

Fl = 1 - a + A - B = 0

(2)

These equalities were offered as criteria of the V — A theory legitimacy in [2]. However
the quantitative definition of accuracy was not received.
It can be executed if to find the combination Cj of the correlation factors ax, AT, BJ~
which obeys equations (2) on the one hand and which is the most probable in distributions
of as ± cra, Ag ± a A , BE ± <TB on other. A closeness of 6V combination to Cg one is the
criterium of legitimacy of the V — A theory.

WIN
XM9700036

:
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Let us to transform two equations in three unknowns (2) at three equations in two
unknowns:
A2 + A - AB + B2 - B = 0
B2 - B + aB + a2 - a - 0
A2 + A - a A + a2 - a = 0

(for any value of a)
(for any value of ,4)
(for any value of B)

(3)
(4)
(o)

If lo settle the value of alone factor these equations permit to calculate the threefold
combination a,A,B which should obey of equalities (2). For example if the .4 value is
installed then the n and B factors should equal:
a =

I 4- A
f
—J— x (1 - J l

4~4

-)

(for any value of B)

(6)

B = —^— x (1 + J\ - -j-j-^)

(for any value of a)

(7)

i i

I

A

T2

In order to connect these threefold combinations with experimental one it is necessary to find theirs function of distribution. Function F3 of density of threefold combination is equal to product of three normal distributions of o. .4 and B:
_ ( E )
xe - ^ -

. (
x e —^j—E

)

xr

A

The closest to CE combination Ctu can be found by a minimum of sum:

J

when A runs from AE — §CTA to AE + 6&A but a and B are calculated by equations (b'.T).
The starts by other factors lead to the same CT combination. Recommended by theory
combination CT is not absolute. The Or is connected with initial combination CE due
to Eqs.(6,7) and due to condition of the F4 minimum. Therefore modifications of factors
are significant for estimation of variation of CE from CT even if t he value of dilFeretire is
within of the cra, aA, <TBF3 is is unidimension function because of CT is simple combination of fartors, which
are coordinate by Eqs.(6,7):
F;)=

'

l£WJ£l!

where ac'•= 2*<Ta<TAffB is normal dispersion of C distribution.
From Eqs. (8) and (10) follows that deviation CE — ( 7'. normalized on dispersion
of CT distribution, is on equally:

- CB) _

(«T - <IEY , (AT - AEY

(Br

-

BK)*

Kq.(l 1) has very simple geometrical interpretation if values of all a are the same. In threeaxis a,A,B coordinates it is a difference of two vectors: {«/.;, .4JJ, BE} and {a^, Ar, Br},
which is normalazed by the radius of the sphere of probability, which limits variation of
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{aE, AE, BE) vector at as ± <ra, AE ± OA, BE ± VB borders. In common case it is the
weight-average value, which considers accuracy of separate experiment.
Renormalization by the value of CEI^C which is calculated by Eq.(ll) presents
result in percentage of
(CT

~

(BT - BEYI°l

CE)

(12)

CB

The table offers the results which were used at analysis of the correlation experiments. These are the recent experiments, where correlation factors have the best accuracy,
and which have theoretical corrections connected to finite size and finite mass of neutron.
The weight-average AAV for three A was calculated.
a = -0.1017 ±0.0051
/ W = -0.1138±0.0009
B = +0.9894 ±0.0083

1978 [3]

= -0.1147
= -0.1116
= -0.1160

1994 [1]

±0.0019
±0.0014
±0.0015

1986 [4]
1990 [5]
1995 [6]

For a, AAV, B values of F l and F2 combination are equal:
F l = -0.00158 ± 0.0098

and

F2 = -0.00029 ± 0.0052

(13)

The recent result of the A factor measurement [6] intensifies contradiction between separate experimental results. It makes the procedure for average not so reliable (x 2 = 2.4). If
however to use average AAV for calculation of recommended by theory combination then
it conducts to modifications of factor which is equal:
-aT = -0.102107,

AT = -0.113872

and

BT = 0.988234.

(14)

Modifications of the factors within one standard error of experimental data nullify F l
and F2 and lead to the sole A = —1.26047. At table the values of d£, AE, BE, a?, AT, BT
and calculated by them Xa,^A,^B are shown.
X
a
A
B
Xa
XA
XB

CB
-0.10170
-0.11390
+0.98940
-1.25913
-1.26050
-1.24467

<rx
±0.0051
±0.0009
±0.0083
±0.0168
±0.0024
±0.0957

0x1

CT

(XT — XE)

-0.10211
-0.11387
+0.98823
-1.26047
-1.26047
-1.26047

+0.00041
-0.00003
+0.00117
-0.00134
+0.00003
+0.01580

XE

±5.0%
±0.8%
±0.8%
±1.33%
±0.19%
±0.68%

(XT —

XE)/XE

-0.40%
+0.01%
+0.12%
+0.11%
-0.002%
+ 1.26%

The a and B get big modifications. But the A gets small one because of the small
error a A- The value of modifications would be redistributed if the errors aa and as are
improved.
The difference between experimental data and theory recomendation for avrage A
equal (0.16 ± 1.42)% with 90%c./.
Table offers the comparison of analyses with AAV and three separate significances
of AE factors [4,5,6]. They lead to different modifications of or, AT and BT- But the
consents between the values of correlation factors and theory recommendation are very
similar apart from poor x2- (Significances of three exponents product "e x e x c" from
(8) demonstrate a degree of a total deviation for each AE)-
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ATJAE

aj/aE

BT/BE

-0.1139
-0.1139
-0.1116
-0.1117
-0.1147
-0.1146
-0.1160
-0.1159

-0.1017
-0.1021
-0.1017
-0.1003
-0.1017
-0.1027
-0.1017
-0.1037

+0.9894
+0.9882
+0.9894
+0.9887
+0.9894
+0.9881
+0.9894
+0.9878

{CE - CT) ± AC%
"e x e x e" = 0.99
0.16±1.42(90%c./.)
"e x e x e" = 0.96
0.20±1.73(90%c./.)
"e x e x e" = 0.97
0.19±1.85(90%c.f.)
"e x e x eB = 0.91
0.31 ± 1.74(90%c./.)

This is so due to that A has considerably large efficiency at analysis than other factors
have. The efficiency of comparison depends not only on accuracy of the factors measurements but depends on sensitivity of the comparison procedure to the factors changing
too. For comparison of CE with CT, which are calculated due to (6,7) formulae, these
sensitivities correspond as 0.8:1:0.2 for a, A, B accordingly. For maximum efficiency of
comparison with the most exact A it is required to increase accuracy of measurement a
in 4 times and B in 3 times.

2

The lifetime experiments

Three experimental results QE,AE,BE
lead to the three different values AOJA^AB (see
table). Their average XAV = —1.26046 is very close to Ay = —1.26047 from the most
probable combination of CT- The small difference is result of deformations of the normal
distributions of 0\a,<r\A,<r\B due to complicated formulae of calculation which have the
variable quantity at the denominators. It was difficult to estimate value of difference
a'priori. But when this is known that gives possibility to include to analysis the life-time
experiments if to base calculating of modificated factors on the average A.
For correlation factors the calculation of the most probable combination by formulae
(2-9) substitutes for calculation of the quasi-most probable combination by formulae (1).
And TT is calculated from AT and data of 0 + —» 0 + transitions by equation:
2X/TQQ

(15)

1+3A?

The quantities a, A, B are uniform ones but r has dimension of a time. Therefore it is
necessary to normalise the experimental data for unification:
TB'

as

OLE* AE

AE

BE

BE

(16)

In this case difference CE — CT is the weight-awerage of relative changing of experimental
data, which is nessesary to make in order to obey theory requirement.
The table offers the experimental results which were used. A diversity of experimental values of r permits to deduce weighted average (x 2 = 1.36).
918 ±14
878 ±31
887.6 ±3.0
882.6 ±2.7

1972
1988
1989
1993

[7]
[10]
[13]
[16]

891 ±9 1988 [8]
876 ±21 1989 [11]
893.5 ±5.3 1990 [14]
TAV =887.0 ±1.6

The common average A equal -1.2662 ± 0.0013.
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900 ±11 1986 [9]
877 ±10 1989 [12]
888.4 ±3.3 1992 [15]
AT = -1.2689(16).

The table shows the experimental significances which were used for analysis and
shows their diplaced significances which were calculated due to common average A.

X

CE

<rx

t
a

887.0
-0.1017
-0.1139
+0.9894

±1.6
±0.0051
±0.0009
±0.0083

A
B

VX/XB

CT

±0.18%

890.1
-0.1038
-0.1160
+0.9878

±5.0%
±0.8%
±0.8%

(XT-XE)

+3.1
-0.0021
-0.0021
-0.0016

(XT - XE)/XO
+0.36%
-2.1%
+2.0%
+0.2%

In case of the analysis, which is based on average A, sensitivity of the partial factors
Xi are determined by the size of d\/(dXi/Xi).
For r , a, A and B they correspond as
0.8:3:4.2:0.12 accordingly, r has precision better than A. Due to high precision of two
factors the analysis has accuracy 3 times above than in case of the analysis of correlations
only. The analysis of deviation of experimental combination from the theory recomendation shows bad consent between world-average lifetime data and average correlation data.
Difference equal (0.53 ± 0.17)% with 68%c./.( or to ±0.49% with 90%c./.).
But for the recent measurement of the A factor [6] the consent with theory is on the
level of one standard error. The table demonstrates comparison with theory for average
r and different A factors. In all cases the changed significance of A appears close to [6j.
"eeee" (CE - CT) ± AC%
AT/AE
BT/BE
TT/TE
CIT/BE
887.0 -0.1139 -0.1017 +0.9894
0.53±0.17(68%c./.)
0.007
-0.1160
890.1
-0.1038 +0.9878
±0.47(90%c.f.)
887.0 -0.1116 -0.1017 +0.9894
0.64±0.17(68%c./.)
889.8 -0.1162 -0.1039 +0.9878 0.001
±0.47(90%cX)
887.0 -0.1147 -0.1017 +0.9894
0.23±0.17(68%c./.)
0.41
887.8 -0.1168 -0.1045 +0.9876
±0.47(90%c./.)
887.0 -0.1160 -0.1017 +0.9894
0.15±0.17(68%c./.)
0.67
887.6 -0.1169 -0.1045 +0.9876
±0.47(90%c./.)
The recent measurement of the A factor [6] can remove the contradiction between data
from life-time data and correlation data. It is.interesting to compare the consent of separate life-time data with correlation one. In the table only data for "eeee" maximum are
submitted for each r. The results are normalised to accuracy of analysis of world-average
data.

ref.

A C x <TC
68%c./.

"eeee"
[7,5]
0.60

14.3 ±14.0

18,4]

5.3 ±12.3

0.91
[9,5]
0.91
[10,6]
0.83
[11,6]
0.72

4.7 ±11.0

20.0 ± 33.2
18.4 ± 22.5

TE±<Tr

CIE

TT
aT
918.0 ±14.0 -0.1017
905.0
-0.1000
891.0 ± 9.0 -0.1017
893.7
-0.1029
900.0 ±11.0 -0.1017
903.2
-0.1005
878.0 ±31.0 -0.1017
890.5
-0.1038
876.0 ±21.0 -0.1017
890.1
-0.1038
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AE
AT

BE
BT

-0.1116
-0.1113
-0.1147
-0.1149
-0.1116
-0.1118
-0.1160
-0.1159
-0.1160
-0.1160

+0.9894
+0.9894
+0.9894
+0.9880
+0.9894
+0.9886
+0.9894
+0.9878
+0.9894
+0.9878

A T ±AA
A T ±AA
-1.2428 ±0.0116
-1.2536 ±0.0034
-1.2655 ±0.0078
-1.2632 ±0.0041
-1.2578 ±0.0093
-1.2551 ±0.0034
-1.2768 ±0.0272
-1.2659 ±0.0038
-1.2785 ±0.0185
-1.2662 ±0.0038

ref.
"eeee"
[12,6]
0.41
[13,6]
0.77
[14,4]
0.96
[15,6]
0.83
[16,6]
0.27

AC x ac
68%c./.
14.2 ±10.7
2.3 ± 3.2
2.1 ± 7 . 2
2.2 ± 3.5
4.7 ± 2 . 9

OLE

AE

BE

TT

OT

AT

BT

877.0 ± 10.0
888.5
877.6 ± 3.0
888.6
893.5 ± 5.3
894.1
888.4 ± 3.3
889.3
882.6 ± 2.7
885.0

-0.1017
-0.1043
-0.1017
-0.1042
-0.1017
-0.1028
-0.1017
-0.1041
-0.1017
-0.1052

-0.1160
-0.1166
-0.1160
-0.1165
-0.1147
-0.1148
-0.1160
-0.1163
-0.1160
-0.1177

+0.9894
+0.9878
+0.9894
+0.9877
+0.9894
+0.9881
+0.9894
+0.9877
+0.9894
+0.9875

TE ±<TT

A r ± AA
AT±AA
-1.2776 ±0.0088
-1.2676 ±0.0036
-1.2684 ±0.0027
-1.2675 ±0.0022
-1.2633 ±0.0046
-1.2629 ±0.0033
-1.2677 ±0.0030
-1.2670 ±0.0024
-1.2727 ±0.0025
-1.2707 ±0.0021

All three significances of A factor [4,5,6] are well agreed in frameworks of the V — A
theory with significance of r, if r accuracy is not better of one percent. But the most exact results of life-time measurement with accuracy about 0.3 percent require significances
of A factor near of the [6] for the sufficient agreement with V — A theory. The most
divergence with theory up to four standard errors is present between [ -5 ] [ 16 ]. Their
coordination requires expansions of the theory such, as the sanction of right currents for
example.

3

Resume

Check of joint conformity of all experimental data in free neutron beta decay with the
requirements of the V — A theory is made. It is based on comparison of combination of
the experimental factors with combination of the factors, which are calculated in view
of the requirements of the theory. Such approach has allowed to receive quantitative
estimation of legitimacy of the theory on the basis of determination of probability the
factors changing within the limits of normal distributions of experimental data.
The significance A = —1.2662 ±0.0013 is received, which corresponds to the most
probable combination of the factors. There is the satisfactory consent, with the theory at
accuracy not better percent but at accuracy better percent the contradictions for average
are observed: deviation from the theory recomendation makes (0.53 ± 0.17)%(68%r./) or
±0.47%(90%c./). The recent measurement A [6] can remove it: (0.15±0.17)%(68%r./) or
±0.47%(90%c./). The efficiency of comparison is not optimum. It is necessary to increase
accurasy of a and B factors.
The work was supported by ISF Grant MGX000.
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Abstract
We report a new measurement of the neutron antineutrino spin asymmetry coefScient.fi in the beta decay of polarised neutrons. The work
was carried out on the polarised neutron vertical channel of the WWRM reactor at the Petersburg Nuclear Physics Institute, Gatchina, Russia. Combining results of measurements of the observed asymmetry
P • B = 0.6617 ± 0.0044 with measurements of the neutron beam polarization P - (66.88 ±0.22)%, we obtain the value B - 0.9894 ±0.0083.
This value implies that the mass of a hypothetical right-handed charged
gauge boson in the left-right symmetric model of the weak interaction is
greater than 281 GeV/c 3 (90% CL). This is in agreement with restrictions from muon decay and direct searches for an additional vector boson

W.
Precise measurements of neutron beta decay parameters can be used to test
the Standard Model of weak interactions. Recently the accuracy of measurements of the neutron lifetime (r) and electron spin asymmetry (A) have been
improved considerably there by improving the accuracy with which the vector and axial vector coupling constants of weak interactions (gv and ga) can
be derived. However, the vector coupling constant gv obtained from neutron
data is in poor agreement with gv obtained from superallowed nuclear 0 + -+ 0+
transitions 1>2'3. Analysis of this, discrepancy together with data from 19Nc in
the framework of the left-right model of weak interactions is consistent with a
finite mass for WR of 230 GeV/c 3 3|3 . This is in contradiction with restrictions
from muon decay and direct searches for additional vector boson W'4*5. A measurement of the antineutrino spin asymmetry in neutron beta decay with an
accuracy of less than 1% would be sufficient to strongly confirm or refute this
restriction 3 .
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The events detected in this experiment can be assigned to a matrix of coincidence with coordinates Et and t9 for the two opposite directions of beam
polarization (+ and —). The event rate for each cell of this matrix is given by:
N

?k = f(Ei) f 1 + a * —• <cos eeP>ik ±P - A • - • <cos
db P;• B> <cos 0ffQ>ik]

(1)

taking into account the correlation coefficients of beta decay. This yields the
experimental asymmetry:

-

N

tk ~ NFk =

P

'A • ? ' < c o s e ~ > ' » +P ' B- <cos e eP > tfc

ik

~

and finally:
,p

[Xjkjl +<*•*• <cos e«p>ab)] - A - P - *• <cos e,t>ik
V ;
'
<cos0 ffP > ifc
In these equations a, A, and B are coefficients of electron antineutrino asymmetry, electron spin asymmetry, and antineutrino spin asymmetry, P is the
degree of neutron polarization, v is the electron velocity, and /(£,-) combines
the phase-space factor and Fermi function. The subscripts t and k denote a
definite interval of electron energy E-x and time of flight of the proton <*• To
determine B it is necessary to know the beam polarization and calculated values
for J <co8 0 e P > , jf <cos0 < r e > and <cos0 f f p>. The values of the correlation
coefficients a and A are known from previous experiments 7| '. The terms with
coefficients a and A are small (0.1), so the experimental uncertainties on a and
A do not contribute significantly to the total error of P - B.
To calculate the mean cosine values, a Monte Carlo model of the beta decay process inside the apparatus is used. The model includes all the necessary
geometrical parameters of the chamber, the responses of the electron and proton detectors, the distribution of neutron intensity inside the beam (this was
measured in a separate experiment), the shape of the electron spectrum in the
Form of the Fermi function, and the characteristics of the amplitude to digital
(ADC) and time to digital (TDC) converters. A relaxation calculation is used
to obtain the electric field inside the apparatus.
A diagram of the apparatus is shown in Fig.2.
The decay region (4) is defined by means of a special diaphragm in front of
Lhc electron detector. Coincident signals from the electron (1) and proton (2)
detectors, which are located on opposite sides of the decay region, are registered
For each direction of neutron polarization.
m

V
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n
Fig.2. Experimental apparatus. 1- electron detector; 2- proton detector;
3- vacuum chamber; 4- decay region; 5- cylindrical electrode; 6- TOF electrode;
7- spherical electrode; 8- spherical grid; 9- LiF diaphragm
The electron detector is a photomultiplier with a plastic scintillator (diam 75
ram and thickness 3 mm). The energy resolution and fraction of backscattering
of electrons for this detector were determined in a separate experiment by means
of a magnetic beta spectrometer 8 .
. •
Decay protons passing through the time of flight cylinder (6) at first mainlain fhcir velocities. Then they are accelerated and focused onto the proton
dni.oci.or by an electric field with potential 25.6 kV applied between the spherical electrode (7) and spherical grid (8). The proton detector is an assembly
of two microchannel plates. The diameter of the detector is 65 mm. In this
configuration, it is possible to determine the time of arrival of each proton to
an accuracy of 10 nsec.
The entire chamber is surrounded by three pairs of current carrying frames to
null the earth's magnetic field and to provide a 0.05 mT guiding magnetic field
in the chamber. The residual earth's field is less than 1 jiT. The polarization
reversal is accomplished with a radio frequency flipper. To avoid any possible;
influence of the flipper on the photomultiplier, the guiding magnetic field and
the magnetic field of the flipper are reversed from time to time.
Pulses from the electron detector are used to start a TDC and to provide
the electron energy. Pulses from the proton detector stop the TDC thereby
providing a time of flight measurement. The method of delayed coincidence is
used to determine the background. The background is measured simultaneously
with Uie coincidence signal using the same electronic processing. During 9,'l
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hours of acquisition time, a total of 393057 decay events were registered. The
signal to noise ratio in the area under the time of flight spectrum was 1.5 to 1.
The electron energy detector is calibrated at the beginning and end of every
run. This is done to correct for possible gain shifts of the photomultiplier.
Calibrations are carried out with the help of two calibrated electron sources
113
Sn (357 keV) and 137Cs (617 keV).
Comparisons of experimental results and calculations for both time and
energy spectra are shown in Fig.3.
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Fig.3. Comparison of experimental and simulated spectra;
(a) time of flight spectra; (b) energy spectra.
Circles are experimental points, solid curve is computer simulation
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The proton time of flight spectrum is integrated over energy and polarization
states while the energy spectrum is integrated over time and polarization states.
There is good agreement between experimental and calculated time of flight
spectra ( x 2 / ( # - 1) = 1.15). However, the agreement between the energy
spectra in the region of low energy is poor, possibly due to nonlinearities in the
electronics in this region. Analysis of the experimental data shows that this
discrepancy does not influence the final result.
We follow several steps to extract P • B from the data. First we match, in
software, the offsets and gains, both for time and energy, between the Monte
Carlo and experimentally observed matrices Nfc + N^. Next we rebin both the
theoretical and experimental spectra by energy interval (i) and fixed fraction
of the timing curve (k). In this scheme k = 1 might correspond to the fastest
5% of events recorded, k = 2 the next fastest 7%, etc. This is done because
< cos QaP >ijt is essentially independent of t. Averaging over energy (i), we
obtain P • B as a function of cos 0,p (see Fig.4).

-1 0 -O.B

-0.6

-0.4

-0.2

Fig.4. Dependence of B on cos 0 ffP
The average value P • B = 0.6617 ± 0.0044 and x2/(7V - 1 ) = 0.78.
Statistically combining these results, we obtain P B = 0.6617 ± 0.0044 for
2
X /(N - 1) - 0.78.
Possible systematic errors in this experiment are analyzed by varying model
parameters in the Monte Carlo by an amount equal to the experimental uncertainty on those parameters. The varied parameters include the resolution
of electron detector, the size of the energy channel, the placement of zero in
the energy scale, the intensity of the backscattering tail, geometrical sizes, and
uncertainties in the correlation coefficients a and A (see Table).
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Table. Final 1-sigma absolute uncertainties on B. The total systematic
error is the quadrature sum of the individual errors. The total absolute erTor is
the quadrature sum of the systematic, polarization, and statistical errors.
Source of Uncertainty
113
Sn position (channels)
Energy resolution of electron detector (keV)
Size of energy channel (keV)
Electron backscattering fraction
Radius of proton detector diaphragm (mm)
Radius of electron detector (mm)
Radius of electron detector diaphragm (mm)
Blectron neutrino asymmetry coefficient (a)
Total systematic error
Polarization error
Statistical error
Total absolute error

Nominal value
18.25±0.3
34.5±1.7
10.75±0.13
0.06±0.02
130.0±0.25
37.5±0.25
45.0±0.25
0.1017±0.0051

AB
0.0026
0.0020
0.0007
0.0012
0.0004
0.0001
0.0006
0.0010
0.003S
0.0033
0.0066
0.0083

From the analysis we conclude that the total systematic error on our result
is 0.0038. The largest source of uncertainty (±0.0021) is due to the low energy
resolution of electron detector (25% for 115 keV).
The polarization of the neutron beam was measured using a new high precision technique. This method and its result are described in detail in 9 . In
these measurements both the beam velocity spectrum and angular distribution
are taken into account. The measured wavelength-dependent polarization is averaged with the time of flight spectrum through the apparatus. An additional
correction is made to take into account the spectral dependence of the neutron
spin flipper efficiency. The polarization measurements were carried out simultaneously with the measurement of B. From these measurements a value of
polarization was obtained: P = 0.6688 ± 0.0022. Using the value of P • B and
/ \ we find: B = 0.9894 ± 0.0083. The accuracy of this result is 4.5 times better
than the previous measurement *.
The antineutrino spin asymmetry B is not sensitive to influences from the
strong interactions, from renormalization of the axial vector constant, and from
influences of radiative corrections. B varies from 0.988 by less than 0.001 when
it is evaluated according to V — A theory using the discrepant values of A
from different experiments. As a consequence of this, it is possible to place a
restriction on the mass of WR using B alone. In the left-right symmetric model
with zero mixing angle one has B - (1 - 262)BV-A where 6 is the squared ratio
of left- to right-handed boson onasses. For this deviation, our measured value
with its accuracy of 0.84% constrains MwR to be greater than or equal to 281
GeV/c 2 (90% CL). General restrictions in the squared mass ratio ($) mixing
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angle (C) plane arising from this experimental result are shown in Fig.5. The
figure includes experimental results for the neutron lifetime, neutron electron
spin asymmetry, lifetime for 0 + —• 0 + transitions, and lifetime and asymmetry
ll)
5
in Ne, which together suggest a mass of about 230 GeV/c for Wn. The results
of this direct neutron beta decay experiment fail to confirm the existence of a
finite 6 at zero mixing angle.
M8, Gcv/c 3

6 = (M,/ M a ) 2

-0.04 -0.02

0

0.02

0.04

Fig.5. Restrictions on the left-right symmetric model from different experimental data. (1) The horizontally shaded region comes from measurements
of Ar and A^ in the neutron and 18 Ne systems; (2) the region surrounded by a
dotted line is the same except that data from Ref.8 is not used; (3) the vertically
shaded region comes from the present measurement
The accuracy of this result can be improved with more statistics since the
systematic errors in this experiment are smaller than the statistical errors. One
might hope to improve the statistical accuracy of this experiment to 0.2%,
which is comparable with the accuracy of the polarization determination. As
discussed in Ref.8, the accuracy of polarization can be improved to 0.1% if
super mirrors are used to prepare the beam polarization. The systematic error
can be decreased using of new silicon detector to improve the energy resolution.
With these improvements, it should be possible to improve this mass limit to
500 GeV/c 2 .

274

This work was supported by ISF Grant No. 59000 and Grant No. 93-024382 of the Russian Fund of Fundamental Research.

References
(I) D. Dubbers, W. Mampe, and J. Dohner, Europhys. Lett. 11, 195 (1990).
[2] A. S. Carnoy, J. Deutsch, T. A. Girard, and R. Prieels, Phys. Rev. Lett. 65,
3249 (1990).
[3] A. P. Serebrov and N. V. Romanenko, JETP Lett. 55, 503 (1992).
pi] A. Jodidio et al., Phys. Rev. D 34,1967 (1986).
[5] UA2 Collaboration, Nucl. Phys. B 400, 3 (1993).
[fi| B. G. Erozolimsky, Y. A. Mostovoi, and A. I. Frank, Preprint IAE-3180,
1979, I. V. Kurchatov Institute of Atomic Energy, Moscow.
(7) C. Stratowa, R. Dobrozemsky, and P. Weinzierl, Phys. Rev. D 18, 3970
(1978).
[8] B. G. Erozolimskii, I. A. Kuznetsov, I. A. Kuida, Y. A. Mostovoi, and I. V.
Stepahenko, Sov. J. Nucl. Phys. 52, 999 (1990).
[9j A. P. Serebrov, A. V. Aldushchenkov, M. S. Lasakov, I. A. Kuznetsov, and
I. V. Stepanenko, New method for precise determination of neutron beam
polarization, (to be published).

275

XM9700038
P-ODD, LEFT-RIGHT AND FORWARD-BACKWARD
ASYMMETRIES OF FRAGMENT ANGULAR
DISTRIBUTIONS IN W U FISSION INDUCED
BY THE LOW ENERGY NEUTRONS AND
FORWARD-BACKWARD ASYMMETRY IN » 9 Pu FISSION
V.P.Alfimenkov3, I.S.Guseva1, A.M.GagarsIri1, S.P.Golosovskaya1, I.A.Krasnoschokova1,
A.M.Moroiov1, G.A.Petrov1, V.I.Petrova1, A.K.Petukhov1, L.BPikelner3, Yu.S.Pleva1,
V.E.Sokolov1, S.M.Sdoviev2, G.V.Val'slri1
1

Petersburg Nuclear Physics Institute of RAS. Gatchina,
Leningrad District, 188350 Russia
3

V.G.Khlopin Radium Institute. Skt-Petersburg.

3

I.M.Frank Laboratory of Neutron Physics. J1NR, Uubna, Moscow
District, U1980 Russia

Abstract
Combined analysis of the results of P-odd, left-right and forward-backward asymmetries investigations in the fragment angular distributions of 3M U fission induced by the
low energy resonance neutrons was performed for the first time. All experimental data
have been found to be in mutual accordance and were described adequately inside the
neutron energy region investigated 0.04 eV < En < 2 eV. In the case of a39 Pu fission the
first results of the investigations of forward-backward asymmetry are presented inside
neutron energy range 0.02 eV < En < 175 eV,
1. Introduction
The interference effects in angular distributions of fission fragments, including the odd
spherical harmonics, have been paid attention of theorists and experimentators just after
discovery of the space parity nonconservation (PNC) effect in 2M«336U and M9 Pu fission
induced by polarised thermal neutrons. In the work of Moscow groupM the asymmetry of
the light fission fragment emission relative to the direction of thermal neutron polarisation
<?* was observed as follows:
W{6) = 1 + c*n/(<?n • Pf),
*•/ * 10- 4
(1)
with ff being linear momentum of the light fission fragments and orH/ - PNC-asymmetry
coefficient.
Unexpectedly huge value of this coefficient in spite of it's averaging over huge number
of the fragment characteristics in the experiments (up to 1010) and very sophisticated
mechanism of fission reaction made indispensable to work out the theory of PNC-effects
in fissiont2>3l, though it's nature was evident being a result of the weak N-N interaction
existence in the complex nuclei and reactions. This theory is based on the following main
suppositions:
- mixing by the nuclear weak interaction of very complicated and close disposed
compound states with the same spins but opposite parities,
- appcarcncc of correlation between the partly polarised compound-nucleus spin
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S and future fragments momentum p/ near the top of the external barrier as a result of
level splitting in the rotational bands of the pear-shaped fissioning nuclei,
- this correlation may be changed a little in the way from the barrier top to the
scission point becase of nuclear dynamics of discent process.
- PNC-effects observed in experiment are enhanced as a result of so called
"dynamic enhancement" M.
It is expected that very similar mechanism is responsible for the appearance so called
left-right asymmetry 9n • j/T/ x pn] and forward-backward asymmetry (p/ • pn) , which
conserve parity (PC) and are the result of overlapping of s- and p-resonances with opposite
parities and all possible spins in the process of low energy neutron capture.
In the approximation of two isolated s- and p-resonances , which is correct
only if the resonances widths f4|P are smaller than the distance between them
Dtp ( I \ j / D,r < 1 ), one can write the following equations for PNC-asymmetry
coefficient <5n/ and PC-asymmetry coefficients (#£;- left-right, #£*- forward-backward):

»
_

2/, + i

Vrftr'

-f>=Q{J.fJ,,j,KtI)
where
< p|V,p|$ >- weak interaction nuclear matrix element,
Q{ Jti Jp, I, j t K}- spin factor,

t -1/2 j=3/2

f

/ , </i^* target spin and the spins of a- and p-compound-states,
K - projection of Jt<p on the symmetry axis of nucleus,
{ and ^iptp - phase differences of neutron and fission partial widths.
Evidently, however, that tttP/Dtp
< 1 i» not the case for the fissile nuclei studied,
and more complicated formula are necessary for the data analysis. But at any case, one
can see from the equations (2) and (3,4) that combined investigations of aU three effects
may be fruitful for the further studies of compound states properties in complex nuclei,
of fission reaction mechanism, and for study of properties of nuclear martix elements of
weak interaction.
In this article we present the first attempt of combined analysis of three interference
effects in fragment angular distributions of 3SSU fission, induced by slow neutrons with
the energies inside the range 0.04 < E* < 2 eV. Keeping in mind our plan to perform
the same analysis in the case of U 9 Pu fission, we present here the results of the first
investigations of the forward-backward asymmetry coefficient as a function of energy in
neutron energy range 0.02 eV < E* < 175 eV.
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2. Experimental method and results
The first investigations of the P-odd and left-right asymmetry coefficients as a function of neutron energies were performed earlier'6'6' but only for narrow energy intervals
(E}<:2 eV) , because of low intensity of polarised neutrons. Measurements of forwardbackward asymmetry practically have not such limitations as the values of asymmetry
coefficients in this case are raising with neutron energies (compare the equations (2,3,4))
and the intensity of resonance unpolariied neutrons at the reactor IBR-30 is rather high.
AU investigations of forward-backward asymmetry as a function of neutron energies,
presented here, were carried out using fast multiplate ionisatkra chamber placed at the
pulsed neutron beam of IBR-30 reactor with the length of flight path ~ 33 m. Orientation of the ionisation chamber axis relative to the axis of neutron beam was changed
periodically from 180' to 0 ' . Total amounts of fissile materials were about 2 g . ^ U ) and
0.25 g. f ^ P u ) distributed on 16 duble-sided targets. Ionisation chamber was constructed in such a way that fission fragments were emitted in solid angles 2*, and the axes of
fragments emission were oppositely directed for all odd and even elementary chambers.
Such construction of multiplate ionisation chamber gave a possibility to obtain in every
experimental run the average value of forward-backward asymmetry coefficient and the
value of a false instrumental asymmetry as well. To obtain the average value of physical
effect one needed under averaging procedure to change the signs of the effect measured
for all odd elementary chambers. From the other side, the average instrumental effect
for multiplate chamber could be obtained if the averaging was performed without signes
changing.
Under finish data handling for every elementary chamber ones calculated the neutron
energies initiated fissions and experimental values of the asymmetry coefficients as a
function of energies:

Here N^jy - the numbers of fission events inside the intervals of light and heavy
fragment masses for two opposite orientations of multiplate ionisation chamber relative
to the neutron beam.
The average experimental values of the asymmetry coefficients were corrected for solid
angle of fragment emission (cos8 ~ 0.5), light and heavy fragments stirring (~ 1096)
and background.
The results of forward-backward asymmetry measurements as a function of neutron
energies (En < 30 eV) in M3 U fission are presented in the Fig.l and Fig.2. In the Figs. 3
and 4 the results of the investigations of left-right and PNG asymmetries in M3 U fission^
are shown. The first results of the forward-backward asymmetry measurements in aM Pu
fission induced by the resonance neutrons with the energies 0.02eV < Eft< 175 eV together
with noncorrected fission cross section are presented in the Figs. 5 and 6 (experimental
points).
3. Data analysis and conclusion
Some numerical characteristics of the irregularities in forward-backward asymmetry
as a function of neutron energies for the case of 3M U fission have been presented at the
last ISINN-2. In addition to this information, which gave the effective parameters of some
p-resonances (or groups), the values of experimental asymmetry coefficients averaged over
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Figure 1: Results of a'*(E,,) measurements in ^ U fission (above) and noncorrected
fission cross section (below).
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Figure 2: Forward-backward asymmetry coefficient d£*(En) for low neutron energies
(points) and result of theoretical fit (curve).
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Figure 3: Left-right asymmetry coefficient dfcf(En) in 333U fission (points) and result of
theoretical fit (curve).
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AE n bins are shown in the Table I. From this Table one can see an increase of average
coefficients with neutron energies and the tend to sero of asymmetry coefficient value for
the whole energy interval studied.
Similar information for the case of 339Pu fission are presented in the Table II.
Table 1
Average asymmetry coefficients for energy bins in 23SU fission

AE^eV

1+10 10+20 20+30 30+40 40+50 50+60 60+70
-1.3

2.5

0.6

7.7

-9.4

-7.8

13.2

(0.2)

(0.4)

(0.6)

(0.9)

(1.2)

(1.2)

(1.4)

<«»

(1 eV + 70eV)= (-0.45±0.16)10- 4

Table II
Average asymmetry coefHcients for energy bins in 339 Pu fission
A En,eV

<&§>-10^

1+20 20+40 40+60 60+80 80+100 100+120 120+140

2.0

-0.2

-8.9

-10.2

3.0

-0.5

-52.9

(0.2)

(0.7)

(0.7)

(0.8)

(1.0)

(1.3)

(1.5)

<<

; x i «v +

176eV)=(0.14±0.19)- io- 4

AEn.eV

140+160 160+175

> HT4

30.8

35.3

(1.8)

(2.7)
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Information about the main characteristic features, presented in the Tables I and
II are very similar in appearance, but b the case of M9 Pu fission average asymmetry
coefficients turn out to be rather high (at the end of neutron energy range studied). One
can see this effect in the Fig. 5 as well.
The results of the first attempt of combined analysis of three intrference effects in 3M U
fission are presented in the Figs. 2, 3 and 4 (the curves). Under the fitting procedure
all known s-wave resonances up to 6 eV, including so called "negative" resonances^ ,
were involved in analysis coupled with the weak p-resonances, whose parameters were
fitted to get the best accordance with the experimental points. A good describtion of
all experimental data was achieved when five p-resonances with the parameters shown
in Table III were included in analysis. The experimental data on the P-odd asymmetry
could be described by only one p-resonance of five which were neccessary for adequate
describtion of P-even effects.
Table III
Parameters of p-resonances used in combined analysis of
interference effects in 233-U fission

T/,eV 1

En.eV

0.16
0.35
0.87
1.33
1.70

2
3
3
3
3

0.14
0.35
0.79
0.15
0.15

1.1
28
57
8.4
15

1.0
0.8
0.9
0.9
1.0

Sure, the p-resonances parameters obtained in this analysis have to be considered
only as the most probable ones. We plan to improve the statistical accuracy of <S»/ and
dfcj -coefficients measurements and to extend the range of the neutron energies not only
in the case of W U fission but in the cases of ^ U and M9 Pu fission as well.
The research described in this publication was made possible in part by Grant of
RFFR 93-02-3979 and Grant of ISF NOC000.
References
[1] G.V.Danilyan, Usp.Fis.Nauk., 131 (1980), 329.
[2] V.V.Flambaum and O.P.Sushkov, Usp.Fis.Nauk., 136 (1982), 3.
[3] V.E. Bunakov and V.P. Gudkov. Nuc.Phys.,V. A401 (1983), p.93.
[4] RJ.Btin-Stoyls. Fundamental Interactions and Nucleus
(North Holland, Amsterdam, 1973).
[5] G.A.Petrov,G.V.Val'8ki,A.K.Petukhov et al. NucLPhys., A502, (1989) 287.
[6] G.A.Petrov, G.V.Val'ski, V.P.Alfimenkov et alSov.J.of NucLPhys., 58, 5 (1995).
[7] S.F.Mughabghab et aL Nuclear Cross Sections., NY.Acad.Press., 1981, v . l , Pt.A.

283

XM9700039
NUCLEAR FISSION

OBSERVATION OF SUPERDEFORMED Gd-167 IN NEUTRON INDUCED FISSION
OF URANIUM
A.A.Goverdovsky, V.F.Mitrofanov, V.A.Khryachkov
Institute of Physics and Power Engineering, 249020, Obninsk, Russia
A mass-energy spectrum of ^ U fission fragments was investigated in the mass
region below 85 amu. The yield of nickel and iron isotopes was observed to be
approximately 10*3% - very high in comparison with yield level determined for other
fissile nuclei. It was suggested the existence of new mass channel associated with proton
shell P = 2 8 . Measured kinetic energy distribution being anomalously narrow was used
to determine scission deformation spectrum of Gd isotopes in high asymmetric fission.
Corresponding 0-deformation parameter was calculated to be centered around the value
0 = 0 . 8 4 in good agreement with predicted value.

The work was done with twin gridded
ionization chamber. The spectra were
corrected on different technical effects
already described [1]. The condition
ACOS6<0.1 was used to remove
background events from analysis and
therefore only true binary decays were taken
into account. Thin target from ^ U was
irradiated by fast neutrons with energy of I
MeV available from T(p,n) reaction using
Cascade Generator KG-2.5 of Institute of
Physics and Power Engineering, Obninsk.
Total experimental statistics was
approximately 2*10* events. It was enough
to analyze rare fission modes like cold
fragmentation or mass-symmetric fission. In
the region of high mass asymmetry fission
fragments yields are very low. Their typical
level was determined for different fissile
75 85 95 105 115
systems to be 10~MO*%. In our case its
U , A.ll.U
strong increase was expected due to
Rg.i. Fission fragment mass distributionfor^u^f).
assumption that the so-called vibrational
resonance in fission probability of 237U [2]
plays an important role in population of different mass channel. Experimental fission fragment
mass distribution is shown in fig. 1. The provisional masses mL were corrected on prompt
neutrons emission using following relations [3]:
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The solid line indicates evaluated data from
10
products yield file |4) in all region of fission
fragments mass in good agreement with our
data. Very pronounced double-hump
10
structure can be seen around masses 64 and
70-72. Level of yields is 1O2-1O3%. Fig.2
10
shows comparison of our spectrum with data
10
of other works: 2S2Cf(sf) [5], 238 U(ivf) |6]
and "'IKn^O (71. For at least two systems
10
- 239U and 252Cf - the structure of interest
was observed. Location of the structure is
10
the same for all of nuclei along the light
10
fragment axis. It means that the light
fragment and its nuclear properties are
10
55 60 65 70 75 80 85 90 95 100 105 110
responsible for the mass curve tale. Charge
M. A.M.U.
distributions measured in [7] indicated
preferable contribution of nickel isotopes for
mass region m, around 70 amu. That's why Fig. 2. FF-mass spectra for some, fissile systems - : > : Cf.
:
2S
:
we suggested that our two components •- "u, o- *u, o- "u.should be attributed to Fe-Ni fission valleys.
The existence of this kind of valleys have
M = IU-B7
been predicted theoretically (8J. Coming
back to charge spectra one has to say that
odd-even differences increase rapidly in
mass region m L <80 amu which can be
understood as an indication of low excitation
if
of fissile system around the scission point.
hi''
In addition prompt neutrons are evaporating
from only heavy complementary fragment.
....I
It means that heavy fragment (in our case
no
inn
oo
mo i in
vo
l67
70
Mt-V
Gd if light fragment is Ni) must be
highly deformed and cold while wNi is
definitely spherical and cold too. Fig.3 Fig.3. Kinetic energy distributions for iron and nickel
regions.
represents kinetic energy distributions
integrated in the regions of iron and nickel.
The width of the spectra is obviously very low. The mean total kinetic energies TKE are low
again and difference between reaction Q-value and TKE is approximately 30 MeV for Ni-Gd
pairs. No doubt we deal with cold deformed fragmentation but in present case it's easy to
calculate deformation spectrum of only one (heavy) fragment. TKE is formed preferably by
Coulomb interaction of charged spheroids. In /^-parameterization TKE will then be:
1.44
.<?
TKE=
•+£.

i i

IL'
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Translational part of total kinetic energy E,, was assumed to be zero in our calculations.
Form-factor ^"was taken from [9]. D - is free parameter associated with so called tip-distance
110) of fission fragments just before scission. Results of calculations are presented in fig.4.
The upper part of figure shows shell correction to potential energy calculated theoretically
|11] for neutron number N = 103. Deformed neutron shell J (N = 102-103) was predicted at
/3=0.8. Our experiment confirmed that prediction showing dominant realization of quas is table
deformation 0=0.84 while the ground state deformation of "7Gd 08=0.2) used, by a way,
for calculation the reaction Q-value, is forbidden energetically (tip-distance of 10 fm is not
reliable, indeed).
3
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0.28
y
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Fig.4. Deformation spectrum of l67Gd. Upper
part is shell correction for N=103.

Shape stabilization of fissile system at the scission point is reached by common simultaneous
influence of two shells - spherical proton shell P=28 and deformed neutron one N=103 (or
N = 102) in light fragment (Ni) and heavy one (Gd) respectively. At the same time the
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corresponding fission valley is definitely nonviscous in agreement with the results of the
analysis of prescission neutrons emission multiplicity in uranium fission process [3]. This fact
is very important for the problem of exotic nuclei generation and investigation of their nuclear
properties like lifetime relative to 0-decay, for example. In the case of Ni-78 (double-magic
nucleus Z=28, N=50) complementary heavy fragment 159Gd will have only 95 neutrons
which means an absence of the shape stabilization and as a result possible collective energy
dissipation. In last case 78Ni will evaporate neutrons during the nuclear time and will not
available for future investigations. Unfortunately it's not reliable at present time to evaluate
possible scale of dissipative energy but taking into account relatively low neutron binding
energy for neutron-reach nickel isotopes the, effect of prompt neutrons should be high.
Therefore it's problematic to expect observable amount of exotic nickel isotopes in the
experiments with light actinides. Isotopes of californium or at least heavy curium ones seem
to be more perspective.
The work was made possible in part by Grant NRDOOO from the International Science
Foundation.
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FRAGMENTS"' ANGULAR ANISOTROPY FOR
TERNARY FISSION OF U-238 BY 1.6 MeV
NEUTRONS
L.N.Bondarenko,
SSC of RF - "Kurchatov Institute",
Kurchatov sq. 1, Moscow 123182, Russia,
G.V.Danilyan, V.A.Chtchenev, V.S.Pavlov,
SSC of RF - "Institute for Theoretical and Experimental
Physics", B.Cheremushkinskaya 25, Moscow 117259, Russia,
F.Goennenweln, J.Kaufmann, W.Rochow, H.Stefan,
Physics Institute, University of Tuebingen,
Auf der Morgenstelle 14, D-72076 Tuebingen, Germany.
Angular distribution of fission fragments and thus the
anisotropy of the distribution [ N(0°)/N(90°) - 1 3 are defined
by the effective value of the quantum number K - the projection
of the fissioning nucleus spin I on the deformation axis. I, K
and ST are the characteristic of the fission channel. In subbarrier range of the excitation energy,where only few channels
are opened,the anisotropy is very sensitive to the effective
K-value. This circumstance stimulates to perform the experiment
for the measurement of fragments anisotropy for ternary fission
of U-238 induced by neutrons with energy 1.6 MeV, I.e. In nearbarrier range. If the anisotropy coefficients for ternary and
binary fission turn to be different it will mean that these two
modes of fission pass through different transitional states.
This problem has not been studied yet.
The fission fragments were detected by low pressure multiwire
proportional counter, while the long - range alfa - particles
were recorded by an array of Si-diodes. The uranium target with
99.999% of U-238 was situated between two fragment detectors and
two plates with Si-diodes. Average angle between fragment and
alfa-particle momenta was 90° . Ternary fission events were recorded by coincidence of pulses from fragment and alfa-partlcle
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detectors with time resolution 35 ns. The simultaneous measurements of ternary-to-binary count rate ratios carried out at two
average angles 0° and 9 0 ° between the neutron beam direction and
the direction of fragment momentum. At 0 ° neutron beam passes
through the fragment detectors without any influence on their
response. Intensity of the neutron beam was too low to neglect
the count rate of chance coincidence.
The main problem was to avoid coincidences which arise from
induced high frequency noises. It was important because the
ternary fission counts rate was very low (only 3/hour).
The ratio of ternary-to-binary fragment anisotropy was found
to be
[N(0o)/N(90°)](t)/[N(0o)/N(90°)](b) - 1.18 + - 0.08,
where error is the standard statistical deviation.
The ratio is seen to deviate from unity at confidence level of
95%. This result calls for further experiments aiming at a
higher precision.
The present work has been supported by BMFT/Bonn (WTZ-Abcommen
mit der GUS No.YI-30), NATO (CRG 921307) and Russian Program
"Fundamentalnaya Yadernaya Fizika"(134-06). Financial support by
these funding organizations are gratefully acknowledged.
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XM9700041
MULTILEVEL FITTING OF MSU RESONANCE DATA SENSITIVE TO BOHR- AND
BROSA-FISSION CHANNELS

M. S. Moore
University of California
Los Alamos National Laboratory
Los Alamos, NM 87545
ABSTRACT
The recent determination of the K, J dependence of the neutron induced fission cross section
of B5U by the Dubna group1 has led to a renewed interest in the mechanism of fission from saddle
to scission. The K quantum numbers designate the so-called Bohr fission channels2, which describe
the fission properties at the'saddle point. Certain other fission properties, e.g., the fragment mass
and kinetic-energy distribution, are related to the properties of the scission point The neutron
energy dependence of the fragment kinetic energies has been measured by Hambsch et al.3, who
analyzed their data according to a channel description of Brosa et al.4 How these two channel
descriptions, the saddle-point Bohr channels and the scission-point Brosa channels, relate to one
another is an open question, and is the subject matter of the present paper. We use the correlation
coefficient between various data sets, in which variations are reported from resonance to resonance,
as a measure of bom the statistical reliability of the data and of the degree to which different scission
variables relate to different Bohr channels. Following the suggestion we made at the 1989 Berlin
Conference on Fifty Years Research in Nuclear Fission,* we have carried out an adjustment of the
ENDF/B-VI multilevel evaluation6 of the fission cross section of ^'U, one that provides a
reasonably good fit to the energy dependence of the fission, capture, and total cross sections below
100 eV, and to the Bohr-channel structure deduced from an earlier measurement by Pattenden and
Postma.7 We have also further explored the possibility of describing the data of Hambsch et al. in
the Brosa-channel framework with the same set of fission-width vectors, only in a different
reference system. While this approach shows promise, it is clear that better data are also needed for
the neutron energy variation of the scission-point variables.

1 INTRODUCTION
The existence of resonance structure in the low-energy neutron cross sections of fissile target
materials came as a surprise to many. If one considers each of the possible fission product pairs as
a different fission channel, then the width-to-spacing ratio should preclude observation of
resonances. However, the resonances are there, and there are also pronounced asymmetries in the
resonance shapes, suggesting that fission is a few-channel process. At the 1955 Geneva Conference
on Peaceful Uses of Atomic Energy, A. Bohr2 provided the explanation that is still accepted: For
excitations near threshold, the fissioning nucleus in passing over the saddle-point is "cold", i.e., not
highly excited. The quantum states representing motion in the fission direction are widely separated
and few in number. Bohr suggested that this model should have two observable consequences.
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First, the nuclear angular momentum at the saddle point should be concentrated on a collective
vibration or rotation leading to a characteristic angular distribution of the fragments. If the nuclear
shape at the saddle point is axially symmetric, then the quantum number K, the projection of nuclear
angular momentum on the nuclear symmetry axis, can be used to characterize the channel.
Secondly, differences in the fission threshold for states of different spin and parity in the compound
nucleus can lead to peculiar selection rules in the fission process. In particular, Bohr suggested that
the symmetry properties of the wave function in the asymmetry coordinate at the saddle point could
affect the mass distribution of the fragments for near-symmetric scission in a predictable way. Bohr
went on to state, "If slow-neutron fission of aligned nuclei could be studied, large anisotropies of
the fragments would be expected."
This first paper on the Channel Theory of Fission immediately stimulated two kinds of
experiments. First, there were attempts to study relative variations in the symmetric fission yield.
These were first done for neutron-induced fission of ^'U by the Los Alamos Radiochemistry Group*
and G. A. Cowan et al.9"11 The positive results of these experiments led to subsequent studies of the
neutron energy dependence of very asymmetric cold fission,12'14 of the average number of prompt
neutrons emitted per fission, and of the fragment kinetic energies. The second class of experiments
was the determination of K-states by measuring the angular distributions of fragments emitted in
the slow neutron fission of aligned targets of 235U. These experiments were first carried out by
Roberts and Dabbs et al.,15"17 somewhat later by Pattenden and Postma,6 and, very recently, by the
Dubna group.1 One problem with these early measurements was that their interpretation was
ambiguous because of a lack of knowledge of the resonance spins. The definitive measurements
by Keyworth et al.11, leading to the determination of spin-separated cross sections19, was a crucial
step in understanding of the K data.
The Brosa model and its application to fission has been discussed by Hambsch and Siegler20
at the Seminar on Fission, Pont efOye II. The model has two parts, a multi-modal potential-energy
calculation as a function of deformation, and a random neck rupture leading to a distribution of
fragment pairs. For the compound nucleus ^ U , three modes or channels are found, referred to as
Standard I, Standard II, (asymmetric splits) and Superlong, leading to symmetric fragment splits.
At this same conference, Weigmann and Hambsch21 suggested that the Bohr channels might play
a role analogous to doorway states in the fission process; their analysis of the statistical properties
of the Brosa channels and the correlation of Brosa partial widths led them to the conclusion that the
Brosa channels must be fed by common doorway states operating in front of them.

2. CORRELATIONS OF SCISSION-POINT VARIABLES
When it was first noticed22 that the variation of the Bohr channel K dependence from
resonance to resonance in (^'U + n) from Pattenden and Postma6 shows a definitive correlation with
the valley-to-peak ratio in the mass distribution from Cowan et al.11 (0.80 with 28 degrees of
freedom, giving a significance level of 0.9999+), many researchers were convinced that the small
variations in fragment mass distribution and kinetic energy, and in v, the average number of prompt
neutrons emitted, were to be explained as a K, J dependence of the modes of motion leading to
fission. Further data showed, however, that the fission process is much more complex than had been
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thought For example, the earliest measurements of the variation of v in U5 U resonances,23-24 those
reported at the second International Conference on the Physics and Chemistry of Fission, were
strongly anticorrelated, and it was obvious that one of them was incorrect. But the theorists were
by no means unanimous about which one it was, or if a variation of v existed or not. Later
measurements2526 at least showed a significant positive correlation with each other, with a
significance level of 0.95, from which it could be inferred that the experimenters were measuring
the same effect and that the variation likely does exist, but the correlation with J, K, the Bohrchannel descriptors, was not significant. Again, early measurements27 of the fragment kineticenergy variation in (^IJ+n) were suggestive but not conclusive; the data of Hambsch et al.3 are the
definitive work, showing that the effect is a real one, and giving the expected significant negative
correlation2* of kinetic energy with v(-0.43±0.18 for 21 degrees of freedom, with, e.g., the data of
Reed, for a significance level of 0.99+) But again, Hambsch et al. found that there is a correlation
of the Pattenden-Postma A2 coefficients only with the symmetric fission yield, which they attributed
to the Brosa Superlong Channel.
3. MULTILEVEL FITTING OF THE PATTENDEN-POSTMA A2COEFFICIENTS AND THE
MASS-DISTRIBUTION RATIOS
Several years ago, we proposed a re-evaluation of the low energy resonance cross sections
of ^'U for the U.S. Evaluated Nuclear Data File ENDF/B-VI, and carried out a preliminary fit29 to
the spin-separated fission data that attempted to include the Pattenden-Postma angular anisotropies
that give the variation of the Bohr fission channels. But this was not incorporated into the later work
by Leal et al.6 We did not ever consider any data on the variation of the average number of neutrons
emitted per fission, or of any other of the scission point variables presently thought to be
characteristic of the Brosa fission channels. It was first pointed out by Auchampaugh30 that a two
(or more) fission channel description of spin-dependent fission cross sections is not unique; there
can be many solutions for the relative orientation of the fission-width vectors. Physically, however,
the relative fission-width vectors must have a fixed orientation in channel space, i.e., only one of
the many possible descriptions is physically the correct one. We assume that this correct solution
is the Bohr-channel representation, the one that fits the measurements of Pattenden and Postma and
the Dubna group. An open question is what kind of parametric representation will describe the
energy dependence of the scission-point variables in the Brosa-channel representation.
The analysis by Leal et al6. of the total, fission, capture, and spin-separated fission cross
sections of (23SU+n) adequately accounts for the fission-resonance asymmetries and observable
interference effects. The approach in the present work is to preserve, insofar as is possible, the fit
to the cross sections that Leal et al. obtained, and, at the same time, obtain a set of parameters that
will describe the energy dependence of the Bohr-channel resonance structure as reflected in the
Pattenden-Postma angular-distribution coefficients. In order to accomplish this, a modification to
the SAMMY fitting code was provided by Nancy Larson of ORNL. This modification allows one
to search only on the fission-vector directions in channel space. If we use the calculated Leal
description of the spin-separated fission cross section as the data set to be fitted, and provide an
initial guess parameterization of the fission-vector orientations that give the correct Bohr-channel
components, then the SAMMY code will find a local solution that may be close to the vector
orientations of the initial guess. We note that in general there are four different orientations in a
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two-dimensional channel space that give the same fission vector components for each resonance,
so if we are fitting a region that has several resonances, a unique solution is clearly impossible
unless the off-resonance energy dependence of the data is known.
The present study is an extension of the work we presented at the Berlin conference5 and
corrects the error that appeared in that parameter set, where the certain of the K-vahies for the
channels were mislabeled. In this study, we have modified the ENDF/B-VI parameter set in such
a way that the predicted cross sections are the same as those in our evaluation, and yet provide a
reasonably good description of the Bohr-channel angular distributions. This same set of fission
vectors also provides a description of the energy dependence of symmetric fission as measured by
Cowan et al.; and, assuming the correlation of K with the symmetric yield ratios, we extended the
fit to §0 eV. Finally, we confirm the conjecture in our earlier work that it is possible to obtain a
reasonable fit to the energy dependence of the fragment kinetic-energy variation, in the framework
of the two Brosa standard channels, by a simple rotation of the fission-vector coordinate system.
The objective of the present exercise was to examine if it is possible to develop a predictive
capability for the energy dependence of fission variables that are characteristic of the saddle-point
configuration and of the scission-point configuration with the same basic fission-width parameters.
Perhaps this objective has been met. One question remains open: Is there any physical significance
to this result? Or is it simply a demonstration that with enough parameters, one can fit anything.
4. RESULTS AND CONCLUSIONS
Typical fits to the data, corresponding to the parameter set of Table 1, are shown in Figs. 112. The odd-numbered figures show the fitting of the A2 coefficients reported by Pattenden and
Postma. The even-numbered figures from 1 to 7 show the Hambsch et al. W,/W2 ratios; those from
9 to 11 the Cowan et al. and Hambsch et al. valley-to-peak mass-distribution ratios. Certain features
of the results of this exercise should be pointed out. First, as Weigmann and Hambsch have noted,
the correlation coefficient between the J=4 partial widths in the K=l channel and the K=2 channel
is consistent with a random orientation of width vectors. This is not the case for the J=3 partial
widths, which strongly suggests that our neglect of the K=0 channel for J=3 (so that we can treat the
problem as if it were a two-dimensional space) is not justified. Instead, we should consider the
adoption of the formalism of Vogt", as was done in the recent work of Durston'2 in the multilevel
fitting of the spin-separated fission cross sections of (215U+n).
Perhaps it should be emphasized that all the data sets we used in this analysis share in
common the assumption that the observed variations are considered to be a property of the
resonances, and are reported as an average value for each resonance. This is in marked contrast to
the data of Keyworth et al. on the J dependence of the fission cross section of " 5 U, where the data
had a high enough statistical accuracy that spin-separated cross sections as a function of neutron
energy could be extracted over the resonances. Only in the case of the recent Dubna measurements
of Kis the statistical accuracy adequate for a similar analysis; such measurements for the scissionpoint variables is still lacking.
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Fig. 1. Calculated and measured energy dependence of die
angular distribution coefficient A,, as a function of neutron
energy for (*"U+n) in the energy range 0 to 10 eV.

Fig. 2. Calculated and measured energy dependence of the
ratio W,/W, as a function of neutron energy for (235U+n)
in the neutron energy range from 0 to lOeV.
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Fig 3 Calculated and measured energy dependence of the
angular distribution coefficient A, as a function of neutron
energy for (235U+n) in the range from 10 to 20 eV.

Fig. 4. Calculated and measured energy dependence of the
ratio W,/W, as a function of neutron energy for (^TJ+n) in
the neutron energy range from 10 to 20 eV.

Fig 5 Calculated and measured energy dependence of the
angular distribution coefficient A,, as a function of neutron
energy for (*"U+TI) in the energy range from 20 to 30 eV.

big. 6. Calculated and measured energy dependence of the
ratio W,AV,, as a function of neutron energy for (*"U+n)
in the neutron energy range from 20 to 30 eV.
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Fig. 7. Calculated and measured energy dependence of the
angular distribution coefficient A* as a function of neutron
energy for ("Vta) in die energy range 30 to 40 eV.

Fig. 8. Calculated and measured energy dependence of the
ratio W,/W, as a function of neutron energy for C'U+n) in
the neutron energy range from 30 to 40 eV.

Fig. 9. Calculated and measured energy dependence of the
angular distribution coefficient A], as a function of neutron
energy for (^HJ-ta) in the energy range 40 to 50 eV.

Fig. 10. Calculated and measured energy dependence of
the mass distribution V/P ratio as a function of neutron
energy for ("'U+n) in the energy range from 40 to 50 eV.
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Fig. 11. Calculated and measured energy dependence of
the angular distribution coefficient Aj, as a function of
neutron energy for (?sX}+a) from 50 to 60 eV.

Fig. 12. Calculated and measured energy dependence of
the mass distribution V/P ratio, as a function of neutron
energy for (**5U+n) in the energy range from 50 to 60 eV.
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Fig. 13. Calculated and measured energy dependence of
the angular distribution coefficient A* as • function of
neutron energy for (^U+n) in the range 60 to 70 eV.

Fig. 14. Calculated and measured energy dependence of
the mass distribution V/P ratio as a function of neutron
energy for ("'U-Hi) in the energy range from 60 to 70 eV.

Fig. IS. Calculated and measured energy dependence of
the angular distribution coefficient A, as a function of
neutron energy for (^'U+n) in the range from 70 to 80 eV.

Fig. 16. Calculated and i
the mass distribution V/P ratio as a function of neutron
energy for (^'U+n) in the energy range from 70 to 80 eV.
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Fig. 17. Calculated and measured energy dependence of
the angular distribution coefficient A2, as a function of
neutron energy for (^U-Hi) in the range from 80 to 90 eV.
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Fig. 18. Calculated and measured energy dependence of
the mass distribution V/P ratio, as a function of neutron
energy for ("'U+n) in the energy range from 80 to 90 eV.

Table 1. Resonance parameters for (:'HJ+n). The left
column is for resonances of J=3, the right hand for
resonances of J=4. This table is in SAMMY
input/output format. The first column is the resonance
energy in electron volts (e V); the second is the radiation
width in milli-electron-volts (meV). the third is the
reduced neutron width (divided by the square root of the
neutron energy in eV) in meV, and the last two columns
are the partial fission widths in meV. The signs in these
columns are those that are associated with the square
roots of the fission widths, or the fission-width vector
components. See C. W. Reich and M S. Moore, Phys.
Rev. 111,929(1958)

Resonances with J = 4.

E^eV) rymeV)
-4.774*1*00
5.0*7)1-01
1 13301.00
2.7(7(1*00
) (1*21*00
4. (5071*00
5 42XE.OO
*.)(«41.00
7.0(5(1*00
•7(0(1*00
1.27*11*00
1.01(71*01
lt««l*01
1 2)5(1*01
1 2(5*1*01
1 32*31.01
1.4*5)1*01
1.54171*01
1.(0171*01
1.((471*01
1.7*731*01
1 •••(1*01
1 12141.01
2.017(1*01
2 0*431.01
2 21)31.01
J 3417E.01
2 51571*01
2 (4(21*01
2.77(21*01
2 (1421*01
2.(7241.01
3 1(441*01
0(«l*01
3021E.01
)415E*01
)5111*01
434)1*01
.51771.01
3.5(5)1*01
) (1**1*01
).7)7)1*01
3. 0551*01
3 1402E.01

Resonances
J=
= 3.
3.
Resonances with
with J
E^eV) iymeV) IVdneV) r in (meV)
90(1.02 1
».»17«1.01 "j.MOOt.01
01 ).*24OE.OO
(240E.00 4 4
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NEW RESULTS ON THE REACTIONS 237Np(n,f) AND

252

Cf(sf)

F.-J. Hambsch, P. Siegler, J. van Aarle and R. Vogt
JRC-Institute for Reference Materials and Measurements (IRMM)
Retieseweg, B-2440 Geel, Belgium
Abstract
At IRMM, the reactions 237Np(n,f) and 252Cf(sf) have been studied. For M7Np(n,f), we investigated the fission fragment mass, total kinetic energy (TKE) and angular distributions as a.
function of the incident neutron energy from En=0.3 MeV to E n =5.5 MeV. For 252Cf(sf), a correlation measurement of the above mentioned fission fragment parameters with prompt 7-ray
emission has been conducted. In addition, for both nuclei also theoretical model calculations
have been accomplished.
In the case of 23rNp(n,f), the fluctuations observed in TKE could be explained, performing twodimensional fits to the fragment mass-TKE distributions. Only this approach turned out to be
unambiguous for the interpretation of the experimental data in terms of sharing contributions
or fission modes. The behaviour of the TKE as a function of E n , could be attributed to a change
in TKE(A) as long as En is below the fission barrier. Above the barrier, the mass distribution
changes with higher mass yields for masses with lower TKEs, and therefore, the TKE drops.
Also structures observed in the number of prompt neutrons could be attributed to changes in
the mass distribution and an increase of the total excitation energy. The changes of the fission
fragment parameters under investigation are now fully understood.
In the case of 252Cf(sf), an increased non statistical high energy 7-ray yield for energies from
2 MeV to 6 MeV could be verified for fragment masses around A«132 amu as compared to
other mass regions. The 7-ray energy spectra for individual masses show several peaks located
at different positions for light and heavy fragments.
1.

Introduction

The reactions 23TNp(n,f) and 262Cf(sf) have been investigated at IRMM in detail. The odd-odd
structure of the compound system 238Np and the existence of a threshold in the fission crosssection makes the neutron induced fission of 237Np an interesting candidate for investigation.
The scarce data available up to now do not clearly show the dependence of the different fission
fragment properties on incident neutron energy. Furthermore, 237Np is considered important
for waste incineration processes as well as an important standard for reactor dosimetry. In an
attempt to improve and extend the experimental data base, measurements of 337Np(n,f) at
different neutron energies below and above the fission threshold were performed.
In the case of 252Cf(sf), the correlation of the fission fragments with prompt 7-ray emission
. has been studied to try to understand the observed enhancement of high energy 7-rays found
for mass splits around A«132 [1, 2, 3]. In addition, it is hoped to get also information about
the nuclear charge of the fragments by observing specific 7-transitions for individual fragment
masses. The data analysis is still in progress.
In parallel, for both nuclei theoretical calculations based on the multi-modal random neckrupture model of Brosa, Grofimann and Muller [4] (BGM-model) have also been accomplished
and compared to the experimental results.
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2.
2.1

The reactions

Mr

Np(n,f) and

252

Cf(sf)

The experiments

The 2?7Np(n,f) experiment was carried out at the 7 MV Van de Graaff accelerator of the IRMM.
The mono-energetic neutrons ranged from 0.3 to 5.5 MeV and covered both below and above fission threshold energies. At each energy, except for the run at 0.3 MeV, more than 10s coincident
events have been recorded in list-mode. Thermal neutron induced fission of 235U(n,f) served,
together with the a-activity of the ^Np-sample, as a reference for the absolute calibration.
The fission fragment properties were measured with a double Frisch gridded ionization chamber
(IC), filled with 90%Ar+10%CH4 as counter gas at 106Pa absolute pressure.
For 252Cf(sf), a similar setup has been employed, with twice the distance between the electrodes
of the IC, for higher resolution. The IC was operated at 6 • 104Pa absolute pressure. In coincidence, 7-rays emitted by the fission fragments were assayed with a HP-Ge detector. In total,
about 2 • 107 events have been acquired. Data acquisition and off-line analysis were performed
on a SUN-SPARC computer network using the analysis program LISA [5].
2.2

Results for

237

Np(n,f)

A part of the final results of the 237Np(n,f) experiment and the theoretical model calculations
have already been presented elsewhere [6, 7,8]. Nevertheless, in addition to the published results
some new insights have come up recently. According to the theoretical predictions of four different
modes, a parametrization following the proposal of Brosa and Knitter [9] has been performed for
the two-dimensional mass-TKE distribution at each measured E n . In Fig. 1, the experimental
data for the yield, the TKE(A), its width I T ^ A ) , and the dissymmetry of the TKE(A)
distribution at E n =5.5 MeV are compared to the fitted results given by the dashed and full
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lines. The very good agreement even for the higher moments of the distribution is obvious. The
dependence of both yield and TKE for the major fission modes standard I (SI) and standard II
(SII) as a function of E n is given in Fig. 2.
Calculating the influence of the observed changes in the mass and the TKE(A) distributions [7]
on TKE as a function of E n results in the left part of Fig. 3. However, doing the same calculations
but taking into account the dependence of the yield and the TKE of the independent fission
modes as given in Fig. 2, the results are presented in the right part of Fig. 3. In the first case, the

STANDARD I

STANDARD II

E B (MeV)

E. (MeV)

STANDARD I

STANDARD II

167

E n (MeV)

EB (MeV)

Figure 2: Upper part: relative yield of the standard I (left picture) and standard II (right picture). Lower part:
TKE for the standard I (left picture) and standard II (right picture) fission mode. These data are deduced from
the fit and shown as a function of En •

observed changes in TKE as a function of E n (full line) are completely dominated by the changes
in TKE(A). The changes in the yield apparently play only a minor role. However, a strong
variation is observed in the yield distributions as a function of E n too, which seems not to be
accounted for by calculating the effect in the change of the mass yield to the TKE( E n ) behaviour.
With the parametrization following the fission modes, however, the dependence of the changes
in the mass and TKE distributions can be disentangled, which results in the understanding of
the observed fluctuations of TKE(E n ).
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-1.6

EB (MeV)
F i g u r e 3 : The behaviour of ATKE (full line) as a function of En relative to the maximum in TKE at En=l
MeV. The dashed tine represents the part due to changes in the TKE(A) distribution. The dash-dotted line gives
the part due to changes in the mass distribution.

Below the barrier the changes in TKE(E n )
are
due to the increase in the pre-scission
E, = 4.8 MeV
kinetic energy. Above the barrier, however,
thu = 6.4 MeV
E, = 6.6 MeV
the ratio in the population of SI and SII is
= 10.3 MeV
changing. With the corresponding difference
= 10.9 MeV
in TKE for the two modes an overall reduction in TKE(En) is the result. The changes
in the population of SI and SII, even though
they exhibit the same outer barrier, can be
explained within the scission point model of
Wilkins et al. [10]. Here, the probability for a
E. (MeV)
given fragment to be formed is dependent on
Figure 4: Fission cross-section of the super-long mode. t h e potential energy at the scission point. The
The full line represents the fit according to eq. (11
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shell-corrections are dependent on the intrinsic temperature and therefore, on the incident neutron energy. Hence, different shell-corrections
give different potential energies at the scission point, which result in different yields even with
the same outer barrier.
Hints for this behaviour could be already found in refs. [11,12]. However, due to their restricted
analysing method by only fitting the mass distribution, Goverdovsky et al. [12] found an increasing yield of SI, which would result in an increase of TKE. Kuzminov et al. [11] did not
parametrize their measured mass distribution above the fission threshold, but analysed the behaviour of a few mass splits as a function of E n . Their results are in agreement with the present
observations.
The theoretically predicted different fission barrier [7, 8] for the super-long mode as compared
to the standard mode could be experimentally verified. The yield of the super-long mode as a
function of E n has been weighted with the fission cross-section and fitted with a Hill-Wheeler
equation [13]:
(1)
The result is shown in Fig. 4 giving & barrier height of 10.3 MeV, which is in good agreement
with the theoretically found value of 10.9 MeV and a hu of 6.4 MeV, which is an indication for
a much more transparent barrier.
Knowing the mass and TKE distribution in detail, also information about the mean total ex-
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citation energy (TXE) can be obtained. The energy balance of the system can be written as
follows:
Q' = Q + E n + E fl = TKE + TXE
(2)
with E B the binding energy of the neutron. The maximum Q-values have been taken from the
mass tables of Moller and Nix [14]. Hence, the mean TXE of the compound nucleus can be
calculated as a function of E n .
Recently, Khokhlov et al. [15] have measured neutron multiplicities V for 238Np as a function of
E n . Knowing the relation between E n and mean TXE it is possible to deduece a value for the
mean excitation energy necessary for the emission of a neutron. The result of
ATXE/AI7 = (8.5 ± 0.4) MeV/Neutron
is in good agreement with the value of Nifenecker et al. [16] found for the spontaneous fission of
252
Cf.

2.3

Results for 252 Cf(sf)

The theoretical calculations based on the BGM-model have been finished for 3S3Cf. As an example the potential energy (E9,-Epot) is shown in Fig. 5 as a function of D, which is the center
of mass distance of the future fragments. The parameter D is independent of the underlying
shape parametrization. All the modes already known from the calculations of Brosa et al. [4] are
visible. Additionally, we could identify the splitting of the standard mode into three submodes
(standard I, II and III) and follow them until scission is possible.
A parametrization of the mass-TKE distribution has been performed for 252Cf too. The results
are compared to the theoretical predictions in Tab. 1. An overall good agreement is noticeable,
supported by Fig. 6, where the different moments of the experimental distributions are compared to the fit results (full line). Also the very asymmetric yield enhancement [17] above masses
A«170 is seen in the mass distribution of Fig. 6.
From masses Ass 170 on, the difference between experimental data and fit is noticeable. However,
the yield at these very asymmetric masses has droped several orders of magnitude compared to
the main asymmetric peak and is therefore insignificant for the fit.
The analysis of the coincidence experiment of
fission fragments with prompt 7-ray emission
is also in progress. To check whether we could
verify the observed enhanced high energy 7ray y
~ f / \y X V N.
1
* ^ t 1 ' 2, 3], several mass regions have
_)'• °"
^^v?\
\.
^ >een s e l e c t e ( l a n d compared to asymmetric
mass splits (Fig. 7). Indeed an enhancement of
I
high energetic 7-rays in the energy range between 2 and 6 MeV is found for masses around
A«132. Recently, CASCADE code calculations have been performed [18,19]. As some of
the many input parameters to this code, the
Figure 5: Potential energy landscape Et, - Epa as a i eve j densities and temperatures as a function
function of D.
o f m a s g from t h e W O f k o f Bu dtz-J0rgensen and
Knitter [20] have been used. After that, the calculation is able to qualitatively reproduce the
mass-selective enhancement without introducing any new effect. Thus, it appears that the strong
mass dependence of the excitation energy and level densities of the fragments, reflecting the shell
structure of nascent fragments at scission, is adequate to explain the enhanced 7-ray yield.
Also a first selection of individual fragment masses has been performed and the corresponding 7-ray spectra have been created. Apart from the rather broad peaks, which are due to the
Doppler effect, a difference of the 7-ray spectrum is visible for complementary fragment masses
(Fig. 8). The data analysis is in progress.

303

Figure 6: Comparison of the fit with the data of 3MCf(sf) for the yield-distribution, the TKB(A), its width
ff
YVT'(^) ana* " l e **i«ynimetry. The / " " '"»«* <"* ^ e re«u/(j o/ the fit procedure, whereat in the upper left part
the fission mode contributions are given by dashed lines.

3.

Conclusion

The observed changes in the TKE as a function of E n for M7Np(n,f) have been understood
following a parametrization of the two-dimensional yield(A,TKE) distribution, supported by
the theoretical calculations based on the BGM-model. Below the fission barrier the imparted
energy of the neutron is mainly transformed into pre-scission kinetic energy of the fragments,
which results in an increase in TKE. Above the barrier, however, the change in population of
SI and SII is responsible for the decreasing TKE.
The theoretical calculations for 252Cf have
been finished confirming the already known
fission modes and revealing the splitting of
the standard mode into three sub-modes. A
parametrization of the experimentally measured yield(A,TKE) distribution showed a
good agreement of the experimental fit parameters with the theoretical predictions.
*>
^WUIIilJ
^ e comc idence experiment with prompt 7£ lo-'l
111. n f l l l W l J
ray emission confirmed the enhanced high ener
EneriTV (MeV)
8y "f~T&y yie^ a n d showed differences in the
7-ray spectra for individual masses. The enFlgure7: Energy spectra of t-rays for different mass re- hancement can be explained by the observed
9%on
*'
strong variation of the level density parameter
and the excitation energy as a function of mass. The analysis is, however, not yet completed.
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Theory

Standard I
Standard II
Standard HI
Super-long
Super-asymm.

TKE
[MeV ]
204.5 ± 5.0
202.8 ± 5 0
199.3 ± 5.0
173.0 ± 5.0
178.8 ± 5.0

Standard I
Standard II
Standard III
Super-long
Super-asymm.

TKE
[MeV
197.4 ± 0.1
187.0 ± 0.1
176.7 ± 0.1
185.3 ± 0.1
158.8 ± 0.1

O~TKB

[MeV]

A
[MeV]
133.3 ± 3.0
143.6 ± 3.0
148.8 ± 3.0
129.4 ± 3.0
165.3 ± 3.0

U.0± 1.1
10.9 ± 1.1
10.8 ± 1.1
11.6 ± 1.2
7.9 ± 0.8
Experiment
0~TKE

[MeV]
7.9 ± 0 . 1
8.1 ± 0.1
9.1 ± 0 . 1
11.0 ± 0.1
7.8 ± 0.1

A
[MeV]
134.8 ± 0.1
142.6 ± 0.1
146.6 ± 0.1
129.7 ± 0.1
156.7 ± 0.1

1A

4.5 ± 11
4.1 ± 1.0
4.6 ± 1.2
12.9 ± 3.2
5.1 ± 1.3
<TA
3.0 ± 0.1
4.7 ± 0.1
7.0 ± 0.1
14.0 ± 0.1
5.7 ± 0.1

Table 1: Comparison of the theoretical parameters of the fission modes in 2S2Cf(sf)
fit to the experimental data.

E 7 (A = 107)

300

with results from the

E? (A = 145)

400

400

Energy (keV)

Energy (keV)

Figure 8: Energy spectra of 7-rays for two complementary fragment masses.
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Abstract
A study of fission y-ray yields from 237 Np low energy
resonances has been performed at the Dubna IBR-30 pulsed
reactor. A multiplate fission chamber with 1.5 g of high purity
237
Np for detection of fission events, and a large 6-section
liquid scintillation detector for detection of 3 or more y-quanta
in coincidence with fission fragments were used for fission yray yield measurements. A "1/Ff"-dependence was found for
the y-ray yields in 237Np resonances. This experimental result
can be interpreted as an indication of a prefission y-ray
emission, i.e. of the existence/of the (n,yf)-process.

Introduction
An experimental study of low energy neutron induced
fission of 237Np gives interesting and important information
about the intermediate structure of the fission cross-section o~f,
allows some of the fission barrier parameters to be obtained,
etc. [1,2]. Unfortunately, due to the subbarrier fission of 237Np,
the average <a f > (7) at neutron energies E n < 500 eV is with
almost 3 orders of magnitude less then the <af><5) for 235U [3].
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The ranges of the measured fission widths r/7> for 237Np and
Tf(5) for 235 U are as follow: 10-6*Ff<7) *10"3 eV and 10"3<rf(5) s i
eV [4,5].
To find whether the subbarrier fission of 237 Np is a good
subject for researching the (n,yf)-process [6,7] one can make
some simple estimations. If the resonance value of Ff is ~10'6
eV, then the life-time of the resonance state that decay
through the fission can be up to ~10'9 s. The probability of a
prefission y-quantum being emitted could become significant in
comparison with 235U or 239Pu resonances that have much
larger Ff-values. One can conclude that the existence of very
weak 237Np fission resonances with Ff-values of ~10~6 eV could
be a serious advantage and, also, a reason for searching the
(n,yf)-process at the subbarrier fission of this nucleus.
To observe the (n,yf)-process, we studied the variation of
fission y-ray yields from 237Np resonances. It was expected that'
the yields would increase if an additional prefission y-quantum
were added to the fission y-rays with a multiplicity of vy.
As in previous papers, discussed in O. Shcherbakov's
review [8], we used the method of coincidences between the
fission fragment and the detected y-quanta. Below we describe
our experimental technique and the results obtained in these
measurements. A possible connection between our results and
the experiments with aligned 237Np nuclei [9] is discussed.

Instrumentation and Results
The fission y-ray yields from 237Np low energy resonances
were obtained in time-of-flight (TOF) measurements at the
Dubna IBR-30 pulsed neutron source. The repetition rate of
the reactor neutron bursts is 100 s"1 and the half-width of the
burst is 4 ps. The neutron flight-path was chosen to be 58.5 m.
A multiplate ionization fission chamber (FC) loaded with 1.5 g
of high purity 237Np was used for detection of fission events.
One of the sections of the FC contained small 235 U target,
which was used for calibration purposes. The FC was inserted
into the central hole of a large 6-section liquid scintillation
detector (LSD) [10]. Having a low sensitivity to the prompt
fission neutrons, the LSD detects fission y-rays with an
308

efficiency &y of about 40% at the y-ray detection threshold of
•0.2 MeV [10]. To provide more reliable detection of the fission
y-rays among the large LSD y-ray background, due to the
target radioactivity, scattered neutrons, etc., a fast coincidence
between 3 or more y-quanta was used. A slow "fission
fragment - ^3y-quanta"-coincidence identifies them as fission
y-rays. A computerized module was used for simultaneous
recording of 4 TOF spectra: the coincidence and fission TOF
spectra for 237Np and similar spectra for 235U. The layout of the
FC and LSD at the IBR-30 neutron beam N^ 3, together with
the electronics, are shown in Fig. 1
Special attention is drawn to the determination of the
background in both 237Np and 235U TOF spectra. A method of
resonance filters (Mn, Co, Rh, Cd) has been used to determine
the backgrounds in 235U TOF coincidence and fission spectra.
Unfortunately, we could not apply this method to the 237Np
TOF spectra, because the interresonance cjf is of about 10"2
barns [3] and, hence, resonance filter
background
235
measurements, similar to those as for
U, would have
continued for an unreasonably long time. Also, due to the
multiplication of neutrons in the reactor core, the IBR-30 emits
delayed neutrons between neutron bursts. In the case of the
subbarrier fission of 237Np the fast neutron background in both
the TOF fission and coincidence spectra becomes significant
and cannot be avoided. For accurate determination of this
background 15 intervals between the 237Np fission resonances
were chosen and a polynomial function has been used to draw
the background curves.
The fission y-ray yields R from 237Np resonances studied
in these measurements are defined as a ratios of the total
number of coincidences and fissions taken from both
coincidence and fission TOF spectra at the corresponding
resonances [11]:
R=SNc/ZNf
One can also see that the R-values are actually the LSD
detection probabilities of fission events with an average y-ray
multiplicities <vr> and 3 or more detected fission y-quanta.
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PC/AT286

Pig. 1 Block diagram of the detector electronics :
PM - Fhotomultipliers; C3 - '> 3 / - fast coincidence;
C2 - *> 2y"- fast coincidence; R - Repeater; LG - linear
Gate; D - Delay, C - '¥-3y"- slow coincidence; SIA Sum Inv. Amplif ier, S - Shaper, £ - Logic OR; D - Dis criminator; A - Amplifier; PA - Preamplifier, TOFS - Time-of-flight spectra recorder.
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Since we need to know the <vY>-values, one could extract
them by using the calculation approaches developed by
Theobald et al. [12] and by Muradyan et al. [13]. On the other
hand, our measurements [11] of the averaged yields <R> of
the fission y-rays for 233U, 235U and 239Pu isotopes, together
with the <vY>-measurements [14,15] for the same isotopes,
allow a shift from the "R"-scale to the "vY"-scale to be made. A
rough estimation shows that the change in Avr=l corresponds
to a AR of about 0.1. Therefore, studying the R-yields of fission
y-rays one could also estimate the changes in the <vY>-values
in the 237Np fission resonances.
An evaluation of the 235U and 237Np TOF fission and
coincidence spectra taken with a y-ray detection multiplicity of
"z2" and "^3" would also give the vY-values at 237 Np fission
resonances. These results will be the subject of a separate
paper.
The results of 3 different measurements of the R-values
in resolved resonances at neutron energies En<;10 eV, in
resonance cluster at En=40 eV and in unresolved clusters at
100 eV < En < 500 eV are shown in Fig. 2. All measured Rvalues are normalized to the R(39.9eV)-value of the strongest
resonance at the En=40 eV fission resonance cluster. This
resonance is expected to provide the lowest probability of the
(n,yf)-process due to its largest fission width Ff of about 6.4
meV [4]. To estimate the energy E^ of the prefission y-quanta
that are expected to be emitted before the fission of compound
nuclei, 3 different y-ray detection thresholds of ~0.2 MeV, ~0.4
MeV and ~0.6 MeV were chosen for these measurements.
In the neutron energy interval from 100 eV to 500 eV
most of the points from Fig. 2 are close to R=l, probably
because they were averaged over many resonances with a
wide range of Ff-values. Unfortunately, we could not reach any
satisfactory statistical accuracy in the R-values below E n sl0
eV, even though the main measurement conditions (fission
fragment and y-ray detection efficiencies, total amount of
237
Np in the FC, measurement time, etc.) are close to their
reasonable limits. This problem is mainly because all measured
resonances below 10 eV have extremely low fission widths of
ueV. Therefore, no conclusions about the individual R311
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Fig. 2 Fission y-ray yields R in the neutron energy
range E^ = 1 - 500 eV. y-ray detection thresholds :
A -0.2MeV, *-0.4MeV, O _ 0.6 MeV

Fig. 3 Fission y-ray yields R in the 1^=40 eV cluster
resonances, y-ray detection thresholds as above.
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values of those week resonances can be made. More correct
would be both the weighted and average values of
<R>w=1.08±0.04 and of <R>=1.12±0.06 for all resonances
below 10 eV to be considered. Then, since <R> - 1.1 one should
expect that the prefission y- quantum is emitted in almost all
fission events. In principal, the value of <R> > 1.1 could also
mean that 2 prefission y-quanta are emitted. However, due to
the large errors in R-values this hypothesis is not discussed
below.
The most surprising result was obtained for the fission
resonances that belong to the first cluster at E n =40 eV. As one
can see from Fig. 2 and Fig. 3 all 3 measurements with
different y-ray detection thresholds, EY, give similar results: the
weaker the resonance (the less r f -values), the larger the value
of R. The values of R increase at the "wings" of the resonance
cluster with about 5% relative to the value of R(39.9eV). This
observation could be interpreted as an enhancement of the
"1/Ff"-dependence of the R-values and, hence, as of the
existence of the (n,yf )-process.
To obtain some additional arguments that would support
this assumption we also plotted the resonance R-value versus
the reversed fission widths 1/Ff for each measurement with a
certain y-ray detection threshold, E r For more objective check
of that part of the "R-l/Ff"-dependence, which corresponds to
the week resonances and large 1/Ff-values, we represent this
function in linear scale. As shown in Fig. 4, both measurements
with Ey ~6.2 MeV and ~0.6 MeV satisfy the "l/F { "-test giving a
correlation coefficients of 0.6 ±0.2. The measurement with Ey
~0.4 MeV was performed at half of the IBR-30 reactor power,
but with twice better energy resolution. Due to the poor
statistical accuracy and possible systematical errors in
determination of the backgrounds below 10 eV in all
measurement series, we got rather low correlation coefficient
of ~0.3 in the measurement with EY ~0.4 MeV.
In conclusion of this part we would like to note that 2 of 3
fission y-ray yield measurements at E n sl0 eV and all 3
measurements at the first 237 Np fission resonances cluster give
a positive "l/Tf"-test. Therefore, our experimental results could
be interpreted as an observation of the (n,yf)-process.
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R

0.00

0.05

1/Tf,
Fig. 4 "l/rf"-test for (n, yf)-process. Fission
y -ray detection thresholds - as above.

314

One could also conclude that since the fission y-ray yields
measured at different Ey-values from 0.2 to 0.6 MeV change in
the same way, i.e. arising at the "wings" of the resonance
cluster at En=40 eV, the energies Eyf of the prefission y-quanta
are estimated to be larger then 0.6 MeV.
Discussion
As a result of the (n,yf)-process that might exist in the
subthreshold fission of 237Np, an emission of El or Ml pre fission y-quanta is expected. Then the initial spin and parity J*
of the 23ffNp compound nucleus changes to a new value of
(J±n)yt- It would be interesting to compare the life-times Tyf of
such compound nucleus excited states that decay through the
emission of prefission y-quantum with the life-times T -Tf"1 of
the 237Np fission resonances. A rough estimation of the Tyfvalue based on the well known Weisscopf's E3^ -dependence at
Ey -0.6-1 MeV seems to be consistent with the value T -Tf"1 at

rf ~io-3-io-6 ev.

If the (n.yf)-process exists, then it is natural that the
fission y-ray multiplicity Vyf be expressed in the following way
[8] :

v^ = vY+ vv( rvr f )
Here, vy~7-8 [14,15] is the fission y-ray multiplicity with no
(n,yf)-process and v°yf is the multiplicity of prefission y-quanta.
Usually, one assumes that v0^ =1. Since at the "wings" of the
resonance cluster at En=40 eV the R-values increase with ~5%
relative to the R(39.9eV) the ratio (Tyf/Tf) is estimated to be
about 0.35-0.40. This means that 35-40% of the fission events in
the cluster resonances are accompanied by emission of
prefission y-quanta.
>
Below the neutron energy of 10 eV, the weighted value of
<R>W is close to R ~1.1. One could assume that in the weakest
resonances the case of F^ ~ Tf is realized, i.e., the probability of
the (n,yf)-process is close to 100%.
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An estimation of 1 fieV < F^ < 10 |ieV can be extracted from
our experimental data below an En of 10 eV. Our value of FYf 1-10 ueV exceeds the value of T^ ~10~7 eV obtained in [16].
Since all resonances in the first Np cluster at En=40 eV
have J*=3+ [17], the emission of the El prefission y-quantum
changes the value of this initial spin to J*=2~, 3" and 4". The
lowest fission barrier is expected to have new (Jyf,K)-quantum
numbers of (3',0) and belong to the K=0 mass asymmetry
band.
Let us consider the disagreement between the results of
237
Np polarization experiments [17], which have shown that the
+
(3 ,3) fission channel is predominant, and the fission fragment
angular distribution study of 237Np aligned nuclei [9]. The
latter found the angular distribution coefficients A2 to be
almost half the expected value of A2(3+,3)=3.35 [17], where

If the (n,yf)-process exists and a El prefission y-quantum
is emitted, then, as it was shown above, a new (3",0) state
could be reached having a value of A2=-2.68. Assuming that
such y-quanta are emitted in 30% of the fission events, we find
that the value of the resulting coefficient reduces down to
A2=1.54. An emission of a Ml prefission y-quantum could excite
a new (2+,0) state with a rather low fission barrier and a value
of A2(2+,0)=-2.68. In general, both considered possibilities could
explain the A2-value obtained by Kuiken at al. [9]. If the new
(JyfrKJ-states with K=0, due to some reasons, are forbidden,
then the states with K=l and K=2 would also reduce the
measured A2-values.
An alternative explanation of Kuiken's results [9] has been
proposed in [17]. Keyworth et al. [17] observed an admixture of
K=3 and K=2 states that also could explain lower A2-values
measured in [ft].
In conclusion, we would like to note that our results
would be more reliable if the measurements could have been
performed at better fast neutron background conditions, i.e. by
using other pulsed neutron sources with no multiplication of
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neutrons in the neutron producing target. Only then could one
totally solve this extremely interesting enigma.
Finally, we wish to thank Dr. W.I. Furman for fruitful
discussions and his continuing interest in this work.
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INTRODUCTION
The conception of nuclear shape isomerism was put forward by
G.N.Flerov and V.A.Druin [ 66PLE ], and V.M.Strutinsky ( 67STR ]
about thirty years ago in attempt to understand unusial properties
of isomers in actinide region first observed by S.M.Polikanov and
co-workers [ 62POL ] .
Data on 34 nuclides revealing fission isomer states are listed
in Table [ adapted from 94FIR ].
THEORETICAL BACKGROUND
The conception of nuclear shape isomerism makes up a part of
more broad theoretical picture known as the double humped fission
barrier model [ 80BJO ]. The latter treats fission (shape) isomers
as meta-stable excited nuclear states located in the second minimum
of actinide potential energy surface. Their deformation is predicted
to be about twice as that one of the respective ground state. It is
a complex potential barrier which governs fission isomer decay.
For further details one is referred to a recent review [ 93MAK ] .
EXPERIMENTAL FINDINGS
Selected experimental data concerning fission (shape) isomer
problem are discussed and listed below in the following format :
REFERENCE (selected) / OBJECT (of investigation) / RESULT (by authors
/ INTERPRETATION / STATUS / COMMENTS.
REFERENCE: 62POL
OBJECT: investigation of superheavy ( Z > 102 ) nuclei
RESULT: observation of SF with anomalous short halflife
INTERPRETATION: 242Am SF from isomeric state
STATUS: discovery of fission isomer phenomenum
COMMENTS: arising questions (i) sharp increase in SF probability,(ii) hindrance to electromagnetic transitions
REFERENCE: 67FLB
OBJECT: study of 196Au(12-), 190Ir(ll-), 242Am(SF) isomeric
state population
RESULT: excitation function dependence on the average angular
momentum transferred
INTERPRETATION: 242Am fission isomer has a low spin value
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STATUS: hint to existence of nuclear isomers of a new (nonspin) type
COMMENTS: isomer-ground state spin difference is not a reason for
hindrance of electromagnetic transitions
REFERENCE: 59GOH
OBJECT: 230Th neutron induced fission cross section
RESULT: observation of wide resonant-like state
INTERPRETATION: vibrational level based on fission isomer state
STATUS: excitation mode within the second well
REFERENCE: 68FUB
OBJECT: 237Np neutron subthreshold fission cross section
RESULT: evidence for intermediate structure
INTERPRETATION: compound nuclear state at the second minimum of the b
STATUS: excitation mode within the second well
REFERENCE: 71BAK
OBJECT: 239Pu(d, pf)-reaction study in the subthreshold region
RESULT: observation of a single resonance in fission cross section'
INTERPRETATION: damped vibrational state based on 240Pu fission isome
STATUS: mixing of vibrational and compound excitation regimes in
the second well
COMMENTS: hint to evaluation of the second well level density
REFERENCE: 75RUS
OBJECT: 238U fission isomer
RESULT: observation of two gamma-lines attributed to the decay
of fission isomer
INTERPRETATION: shape isomer gamma branch; decay to the levels
of the first minimum
STATUS: alternate decay mode which dominates over the fission one
for low-Z fission isomers
COMMENTS: also observed 3.532 MeV transition was excluded as too
high in energy; halflife value at hand is doubtful (see [ 91KUK ])
REFERENCE: 73GAN
OBJECT: study of photonuclear reactions leading to Pu and Am
fission isomers
RESULT: fission isomer population cross section
INTERPRETATION: tool to deduce fission barrier parameters
STATUS: evidence for photoexcitation of fission isomers
REFERENCE: 80MET
OBJECT: electron spectroscopy of fission isomers
RESULT: measurements of guadrupole moments of 236, 238U,
236, 239Pu fission isomers
INTERPRETATION: treatment of isomer nuclear shapes as prolate
spheroids with axis ratio of about 2:1
STATUS: evidence for large deformation of fission isomer states
COMMENTS: introducing charge plunger method, delayed coincidences
between fission fragments and conversion electrons preceding
isomeric fission
REFERENCE: 79BEM
OBJECT: 240Am optical isomer shift
RESULT: determination of the difference of the nuclear mean square
radii between the fission isomer and the ground state
INTERPRETATION: direct evidence for large quadrupole moment
of fission isomer
STATUS: the first data from the optical hyperfine spectroscopy
of fission isomers
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COMMENTS: low statistical reliability
REFERENCE: 92MAK
OBJECT: summary on the alpha-, gamma-decay branches of fission
isomers
RESULT: compilation of alpha's, gamma's energy and intensity
INTERPRETATION: 236, 238U level scheme in the second well (by authors
hint to a large hindrance factor concerning alpha-branch
STATUS: positive result in gamma-branch search, no reliability
in alpha-branch detection
REFERENCE: 76VOR
OBJECT: yield of fission isomer in 241Am(n, gamma)-reaction
RESULT: measurement of isomer excitation function
INTERPRETATION: four-quasiparticle isomer of nonshape but spin
nature
STATUS: hint to the first (internal) minimum as fission
isomer location
COMMENTS: deduction not based on shape isomerism hypothesis
REFERENCE: 83DMI
OBJECT: yields of fission isomers in 234, 236, 238U(n, n')-reactions
RESULT: measurement of isomer excitation functions
INTERPRETATION: spin quasiparticle isomers at the ground state nuclea
deformation
STATUS: possible evidence for the spin nature of fission isomers
COMMENTS: spin values of 5 can be attributed from the curve fits
based on statistical isomer population
REFERENCE: 93KUK
OBJECT: fission isomer excited in 241Am(n, n')-reaction
RESULT: comparison of fission isomer yields for (n, n')- and
(n, gamma)-reactions
INTERPRETATION: larger (n, n')-yields as evidence for the spin role
in isomer excitation mechanism
STATUS: hint to the spin nature of fission isomer
COMMENTS
A bulk of data on fission isomer properties can be successfully
interpreted in the frame of the nuclear shape isomerism hypothesis.
At the same time an analysis of original papers reveals undirect
nature of the most experimental data. Due to objective difficulties
of measurements (background problems, statistical reliability,
isomer identification procedures etc.) authors have to rely upon
some assumptions for fission isomer parameters to be studied.
Examples of such questionable data handling are as following:
** excluding of observed gamma-line as too high in energy as
compared with isomer level energy, the latter was not measured
in the same experiment [ 75RUS ] ;
** unsufficient statistics in fission fragment anisotropy measurements [ 79BEM ] ;
** exploiting of isomer halflife data which is not confirmed by
other investigators [ 80MET ].
Every such case is an item of specific discussion and for some
extent it was done by e.g. [ 84VOR ] and [ 91KUK, 93KUK ].
One of the main goal to elucidate the nature of spontaneously
fissioning isomers is to measure their spins and complex tecnique
[ e.g.92BAC] is known to be in a progress.
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TABLE. PROPERTIES OF FISSION (SHAPE) ISOMERS
( Adapted from [ 94FIR ] )
Notation :
E(isomer) - level energy, keV.
SP - spin, parity.
Tl/2 - halflife.
#1 x = 1600-2600; y < 1000 from systematics
#2 %SF brancing ratio
(236U isomer) = 13 (6)
(238U isomer) = 5
*SF BR = 100 for all others
#3 intrinsic quadrupole momentum, b
(236U isomer) = 32 (5)
(238U isomer) = 29 (3)
(236Pu isomer) = 37 (14; 8)
(239Pu isomer) = 36 (4)
(240Am isomer) = 29.0 (13)
#4 g - factor
(237Pu isomer) = -0.45 (3)
(239Am isomer) = +0.74 (5)
#5 questionable; existence
Nuclide

E(isomer)#1

236U#2,3
238U#2,3

2750 (10)
2557,.6 (5)
2557..6 + y
2800 (400)
3000 (200)
3000
4000 (200)
2600
2900
2400
3500
3100 (200)
3300
2800
2200
2300
2200
2200 + y
1700 (300)

237Np
235PU
236Pu#3
237Pu#4
238PU
239Pu#3
240PU

241Pu
242Pu
243Pu
244Pu
245Pu
237Am
238Am
239Am#4
240Am#3
241Am
242Am
24 3 Am
24 4 A m
245Am

Tl/2

SP

(0+)
0+

(0 + )

(0 + )

(5/2+)
(9/2-)
(0+)

(400)
(200)
(200)

120 (2) ns
298 (18) ns
> l ns
45 (5) ns
25 (5) ns
37 (4) ps
34 (8) ns
85 (15) ns
1. 1 (1) mcs
0. 6 (2) ns
6. 0 (15) ns
7. 5 (10) mcs
2. 6 (40;12) ns
3. 7 (3) ns
21 (3) mcs
32 (5) ns
3. 5 (6) ns
28 ns
45 (15) ns
0. 40 (10) ns
90 (30) ns
5 (2) ns
35 (10) mcs

X

2000
2400
2500
2500
3000
2200
2200
2300
2800
2800
2400

(7/2+)

163 (12) ns
0. 94 (4) ms
1. 0 (3) mcs
14 .0 (10) ms
5. 5 (5) mcs
0. 90 (15) ms
6. 5 mcs
0. 64 (6) mcs

(80)
(200)
(400)
+ y
(400)
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Selected reference
89MAK
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77MET
71BRI
82RAF
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79BAC
80GUN
71BRI
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81GUN
75MET
70POL
8 0B JO
74MOL
8 0B JO
70 POL
73FLE
72BRI
71BRI
93KUK
6 2 POL
70 POL
72WOL
69SIZ
72WOL

246Am
240Cm
241Cm
242Cm
243Cm
244CTO
245Cm
242Bk
243Bk#5
244Bk
245Bk

2000
2000
3000
2300
1900 (200)
2800
1900 (300)
2200
3500
2100 (300)
X

x + y
2200
X

1560

73 (10) mcs
10 (3) ps
55 (12) ns
15.3 (10) ns
40 (15) ps
0.18 (7) mcs
42 (6) ns
'
< 5 ps
> 100 ns
13.2 (18) ns
9.5 (20) ns
0.60 (10) mcs
5 ns
0.82 (6) mcs
2 (1) ns

72WOL
76SLE
76SLE
71BRI
76SLE
71BRI
80BJO
69MET
69MET
72WOL
72WOL
72WOL
72GAN
72GAN
72GAN
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ABSTRACT
The neutron transmissions for 232Th, 235U and 239Pu metal samples were measured at
60 m, 123 m, 1006 m flight paths of the IBR-30 booster (//MR, Dubna) in neutron energy
range 2eV -200keV. The measurements were carried out for room and liquid nitrogen
temperatures of filter samples. The batteries of 3 Boron counters and 26 helium counters were
used as detectors. Analogous transmissions were computed on the base of the evaluated data
libraries BROND-2, ENDF/B-6 and JENDL-3 by means of the GRUCON computer programs

(235U, 239Pu, 232Th, experiment, calculation, transmission, neutron, cross-section, temperature
dependence, filter sample, energy)

1. INTRODUCTION
The investigations of the neutron cross-sections temperature dependence by the
transmission's measurement method give the possibility to define the temperature increments
for resonance self-shielding factors, which are used in the Doppler reactivity effect calculation
for nuclear power reactors. There are now only two experimental measurements of the
transmission and self-indicating function temperature dependencies for 238U [1,2]. Detailed
analysis of the Doppler-effect influence on the neutron cross-sections and their functional has
been done for 235U and 239Pu [3]. The desirability of the experimental and theoretical
Doppler-effect investigations has been concluded of this work for 235U and 239Pu, such as
for other fission, fertile and structural reactor materials. To establish the reliability of the
uranium, plutonium and thorium neutron data, the comparison has been made between
experimental and calculation results, based on evaluated parameters from the BROND-2,
ENDF/B-6 and JENDL-3 date libraries. Such calculations may be considered too as the test
of the theoretical models, which are adopted evaluated date libraries and computer codes
used for there processing, in our case - the GRUCON computer program package [4\.
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2. EXPERIMENTAL METHOD
The Doppler coefficients in transmissions were measured on the * U,
Pu and
Th metal samples under 7° and 293" temperature conditions, using 60m, 123m, 1006m
flight paths of the fast impulsive reactor IBR-30 (J/M?,Dubna), which was operating on the
average thermal power 10 kWt with neutron impulse frequency 100 Hz and impulse duration
4 fjs. The filter samples were metal disk 45 mm in diameter, hermetically packed in aluminium
232

(232Th,23SU)
or stainless steel (239Pu) container. The 235U samples had ten percentage
admixture of the uranium-238. The plutonium and thorium samples had small admixture of
other isotopes to take them into account too. The filter samples was cooled in the Dewar
vessel which had cylindrical hole 50 mm in diameter and 300 mm length. The Dewar vessel was
placed during all measurement time on the neutron beam over the collimator hole 30 mm in
diameter at the distance 57 m, 116 m and 1000 m from the IBR-30 reactor core. A battery of
three boron counters SNM-13 type or ring battery consisted of 26 helium counters SNM-18
type were used as neutron detectors for 123 m and 1006 m flight pathes respectively. The
scattering sample made of lead was placed inside the ring battery. The energy resolution was
about 40 % at the 200 keV and 0.13% at the energy 2 eV for short flight path, it was 70 % at
the energy 14 MeV and 0.2 % at energy / keVfox long flight path. To check the apparatus
stability and too define the phone components, the resonance filters made of indium for short
flight path and of cobalt for long one were placed in beam way du- ring all measurement time.
The measurement for one sample included two runs, with and without liquid nitrogen in
Dewar vessel, with running time about 12 hours. Such measurements were carried out for
sample thickness summarised in table 1.
Table 1
The sample thickness' (nuclei / bam)
235(/

0.0216
0.0076
0.0517

0.0430
0.0152
0.0976

0.0642
0.0227
0.1950

0.0858
0.0303

0.1286
0.0379

0.1500
0.0455

To define the transmissions, the measurements for empty containers without
investigated materials were carried out (open beam measurements) The phone components was
defined by 7V, Al, Mn, Co, In resonance filters. The power level of the reactor was monitored
by two counters SNM-12 type.

3 RESULTS OF MEASUREMENTS AND CALCULATIONS
The transmissions and the Doppler coefficients was measured and was calculated for
six thickness' of the 235U and 239Pu samples and for three thickness' of the thorium-232
samples. The spectra was integrated in energy intervals to decrease the statistic errors:
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\<p(E)e(E)e-a'(E0)ndE
Tt(n, S.E) = W
>
'
M\<p(E)6(E)dE

Nt.P^
= Nsb Psb
Nob -Pob

(1)

where <p(E) - the neutron spectrum, e(E) - detector efficiency, at(E,0) - total crosssection, n - fitter sample thickness, E - neutron energy, Oh, Bc - filter sample temperature (hot
and cold), Nsb,Noj, - the detector counter for sample in the beam and out of them (for open
beam), P3i,,pob ~ the phone counter for sample in beam and out of them, K - the monitor
counts ratio.
The increasing of the sample nuclear density due to cooling has been taken into
account by the correcting factor, which has been defined experimentally in the energy region,
where the resonance Doppler effects absent, by formulae:

(3)
where Bc, 0f, - the temperatures of the cold and hot samples, Tc, Tf, - the transmissions of the
cold and hot samples.
The corrections in the Doppler coefficients were calculated by formulae:

ATt=e

Ma

<'*.-*>,

(4)

where n is the thickness of the hot sample.
The cross-sections and transmissions have been calculated from the resonance
parameters in accordance with resonance formulae, which are recommended in the evaluated
date files. The Doppler effect in the resolved resonance region has been taken into account by
method developed by Cullen [5]. As for the unresolved resonance region, the method
described in [6] has been used. The effective temperature of samples under the liquid nitrogen
temperature was adopted to 100°. The calculated cross- sections and transmissions have been
taken on the base of evaluated nuclear data libraries [7 BROND-2J.ENDF/B-6 [8] and
JENDL-3 [9], The results of experiment and calculation are shown on picture. It may be seen
from figure, that there are the discrepancies between experimental and calculated Doppler
coefficients
for uranium and thorium especially at low energy region
(about J0%-20%). For plutonium there is agreement in experimental errors limits. It is
observed the qualitative agreement in positions of maximum values of the Doppler coefficients:
239
E = 100 - 215 eV for uranium-235, E - 215 - 465 eV for
Pu
and
E = 2.15 - 10 keVfor thorium-232. Analogous curves are been for other thickness of samples
of these isotopes. The discrepancies in values calculated from different libraries are 10 %-30
%. The Doppler coefficients calculated from ENDF/B-6 are in the best agreement with
experimental results.
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The total transmissions have been measured on samples of
U
Pu and
thorium-232 for temperature 295° in energy range 2.15 eV - 200 keV. The effective crosssections were defined of transmissions by formulae o€ff =-lnTt/n.
The experimental and
calculated effective cross-sections for the thin samples are presented in the table 2.
Table 2
The effective cross-sections for
232

Egr(keV)
200-100
100-46.5
46.5-21.5
21.5-10.0
10.0-4.65
4.65-2.15
2.15-1.00
1.0-0.465
EpfeV)
465-215
215-100
100-46.5
46.5-21.5
21.5-10.0
10.0-4.65
4.65-2.15

232

Th (0.0517 nA)
exp.
cal.
a
t
o>
11.8
11.2
13.7
13.0
15.1
13.5
15.1
14.0
15.7
14.3
15.6
14.9
14.7
13.9
14.7
13.6

235

14.1
13.9
13.9
13.8
12.2
12.9

32.34
35.88
44.80
49.68
50.8
49.49
31.91

13.7
13.3
12.7
14.3
11.0
12.0

Th,

235

U and

U (0.0215n/b)
cal
exp.
°t
°t
10.81
11.26
12.99
14.30
14.75
14.12
13.35
16.58
17.79
12.08
15.50
19.03
22.52
20.75
26.83
25.21
34.10
40.04
47.60
46.99
40.04
47.60
46.99

m

Pu

239

Pu (0.00764 n/b)
exp.
cal.
°t
10.77
11.53
13.36
12.68.
13.36
13.94
15.31
15.99
16.87
16.43
18.97
21.89
20.80
22.51
27.90
26.21

°>

34.72
41.37
61.94
35.41
77.78
36.61
28.07

32.35
35.17
59.52
29.45
70.06
29.63
20.93

The effective calculated cross-sections in two table have been taken on the base of the
evaluated nuclear data of the library ENDF/B-6 [8]. The experimental errors of cross-sections
are equal 2-6%. The experimental cross-sections for 232Th systematically are more that
calculated ones on all thickness of samples.

CONCLUSIONS
The 23SU
Doppler coefficients and effective total cross-sections taken from
measured transmissions are in a good agreement with calculation results based on the
ENDF/B-6 date at energy region E=2.15 eV-200 keV. The BROND-2 and JENDL-3
parameters gives the Doppler coefficients and effective cross-sections on thick samples which
are 10 %-30 % higher than experimental and ENDF/B-6 ones at the resonance energy region
46.5 - 465 eV. Probably, it is connected with statistical approach adopted in last two libraries
to desirable the resonance structure at energy region up 100 eV (the ENDF/B-6 library
contains the resolved resonance parameters up to 2.25 teF).For the 239Pu there is agreement
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0.15

n(n/b)

0.03 0.04 n(n/b)

0.016

n(n/b)

of results of experiment and calculation in experimental errors limits. The Th experimental
Doppler coefficients and effective cross-sections are 10 % - IS % higher then calculated ones
of all libraries in resonance energy region.
This work was done with a financial support of Fundamental Research Foundation of
Russia (the grant 93-02-16771).
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COMBINED FILE FOR ANALYSIS
OF NONSTATISTICAL EFFECTS IN SPACING DISTRIBUTIONS
S.I.Sukhoruchkin
Petersburg Nuclear Physics Institute, Gatchina, Russia
Evaluation of neutron resonance parameters and file of the values of lower nuclear excitations
are created for all nuclei to perform analysis of nonstatistical effects in spacing distributions.

1

Introduction

Suggested influence of nucleon structure [1,2] on certain nuclear effects should have general character and be in accordance with nuclear models and with quark model. Relative
binding energy of two nucleons in the deuteron has small value (£#=2224 keV)/2mAr =
118 x 10~5 close to a/2x = 116 x 10~8. Independently this Scaling Factor equal to Electrodynamic Radiation Correction a / 2 * (SFERC-model) was derived early [1] from the values
of ratios between the parameter of the discreteness in particle masses noticed by Sternheimer [2-4] and shown in Fig 1 (from [2] where this interval Af, = TUN - m*=440 MeV
=(3/2) x (m* - rnN =294 MeV= 2AAfA) is marked by dotted line) and periods in three
nuclear structural effects: 1) Interval ea=1022 keV =2m e (me-electron rest mass) in the
values of few-nucleon effects in excitations (E*) and binding energies (EB) (of the scale
1-10 MeV [2,4-5], see Tables 1-3), 2) period e'= 1.2 keV of fine-structure (see Fig.2,5-6)
and 3) super-fine structure period 4e*=5.5 eV in the spacing and position distributions
of neutron levels (of the scale 10-100 eV, see Fig. 6 [2,5]). The largest value - M, is the
estimation of mass of noristrange constituent quark [4] and is of the order of threefold
value of pions mass (m,=140 MeV close to A M A = 1 4 7 MeV) which may serve as period
in baryon masses -see Fig 3 [4]. The proximity to a/2ir of the ratio of mass values of the
second lepton and Z-boson m e /M, = mJMz = 115,9 x 10~6 was also found [4]. Due
to relations Af, = 3 A A / A and e0 = 3£nj) where e n ,=340 keV is the parameter of residual
nucleon interaction [5] the SFERC-factor accounts also the ratio of relative intencity of
residual interactions of nucleons and residual
For convenience the
interaction of its constituent quarks.
integer number of
20
«Pb • n 0 < Enlt««Vl < 420
16x8 x 2m e =rn w : 6
3
was subtracted from M.

U
u
\

II

10

I

SPACING NUMBER

Fig 2. SpacingsofKKPbs-wave resonances
plotted as a function of spacing number
..
V \ Fig 1 (from [2]) Scmicmpirical relation* in particle man**
indicated by Wick (double arrows), takabaiaai (arrow*) and Sternhci.ner (dotted line).
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Table 1: Comparison of Sn and 5/>((10], in keV) with n x (e o = Sn{14C)/8

= 1022 keV)

A

z

6i
"C
"C
Zn
"R
™Co
Sff 13120 13222 13212 13289 8176 10247 10231 11228 10207 5064
nxeo 13286 13286 13286 13286 8176 10220 10220 11242 10220 5110
diff. -165
-64
-74
3(5) 0,4 27
11
-14
-13
-46

Table 2: Discreteness in energies of excited states of light and near-magic nuclei

u0

Nucl.
1022
1022

n x eo/2
n(e o /2)

"3+T"
5110
5110

2

10

3+1+
937
937
11/6

2+
1887
1874
22/6

~2+~
3424
3407
20/3

~~2+~
7154
7154
14

3"
7149
7154
14

4439
4430
26/3

7654
7665
15

4590
4599

2+
2211
2214

2+
3403
3407

13/3

20/3

2+
2128
2129
4 1/6

~ 0 + ~ "0+~
27595 6049
27594 6047
27x2

71/6

36130
6132
12

Nucl.

n x eo/2

n(eo/2)

n

Nucl.

Ca
2+
1525
1533

£*,k
n x eo/2
n(e o /2)

™Ca +M1
1+
11235
11242
22

" Ni (3/2")
5/2"
1/2769
1113
766
1107
3/2
13/6

Nucl.

n x e o /2
n(eo/2)
Nucl.

II
II
=:y2

15/2
O

II

II
| I A,

0+
1967
1958
23/6

2+

1555
1533

2+
1026
1022

4+
2538
2555

"C7u(0+)
1+
2+
849
1449
852
1447

Co(4+)

2+
2225
2214

1376"

1373" ~1076~ 1776" "1776"

2724
2725

16/3

37/6

0+
2561
2555

2206
2214
13/3

II
4+

2*
1454
1447

1004
1022
2

2194
2214
13/3

II

II

IK

"F

172
170
1/3

522
511
1

1034
1022
2

1688
1703

10/3

n« K0M«V

II
II

1+2+
84,6
85

_ Mo (Z=40+2,N=64)
— ^

~0+~
2225
2214
13/3

II
II

6

" Co
1+
2+
937
1447
937
1447
11/6 17/6

lvo

1521
1533
3

0+
3057
3066

Zn

3+
1115
1107

»Sr
~0+~
3152
3151

4+
4689
4686
9 1/6

*°CCa

1+
10223
10220
20

2+
3832
3832

Kr
2+
1455
1447
17/6

n x e o /2
n(e o /2)

.

0+
3576
3577

\

II
-•+-

N

1500 I I

1600

1700

KOO
n=iO
n=11
n=12
Fig 3 (from [4]). Nearness of baryon
.
mass values to integer number of m # =139.6 meV. '
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18001

II
n=13

M, MeV

Table 3: Stability and discreteness of intervals in n9Te (Z=50+2,N=64) g.s. band

r~6~Hrrn rwn

2*
12+ 14+ 16+ 18+'
20+
1359 2002 2773 3575 4340 5111 5622 6677
679
7553
643
771 802 765 771 511 1055 876
681
423
nxe o /2 (b81) (1362) 2044
3577
5110 5621 6643 425(5/6)

J*

Fig 4. Comparison of maxima in spacing distribution D'=f£ — E{ in t9Co and

r.itiJ.Si' V.'O*

I HI — j — 7 " ^

7f~

Fig 5. Comparison of maxima in spacing distribution D' in nuclei with Z=26,28,30.
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Table 4: Relations in values of stable intervals
12,4 24,99 33,30 36,44
8,31
D,keV
N(mean) 23(9) 26(8) 20(7) 22(7) 27(7)
16,68 8,31 11,45
diff. D
3,007 4,007
D/8,31

in 59 Co
41,60
20(7)
8,30
5,006

Table 5: Integer relations in spacings of
Di
n
Y,Di
diff.

2O6

and 6SCu neutron resonances
49,98 61,43
0,60
1,19
15(6) 15(6) 28(14) 26(14)
8,38 11,45 («72)
(O
6,014
1/6,98

i'6 neutron resonances

46,6 26,6 53,7 61,58 12,54 36,85 12,49 27,9 49,53 8, 1 27,5 12,21 24,72
4
1
1
2
5
1
3
36,93 (n=3)
49,39 49, 34 (n=4)
0,65 0,09 0,49
0,04
0,25
0,23
0,17

Proximity on several nuclear shells of values of stable intervals of different magnitude
may reflect fundamental properties of nucleon structure [2,4] and investigation of such
phenomenon dimands commonly accepted referenced data. New BNL-325-type File and
ENSDF based second part of Combined File [8] with addition of E* from neutron capture
gamma-rays and proton resonances are created for this task. The grouping effect in
positions of neutron resonances is seen already in data from BNL-325 [9] (Fig 6).

2

Common intervals in fine-structure effects

Positions of maxima in spacing distribution of neutron resonances of MCo (Fig.4) are
shown in Table 4. Their closeness to integer number of D=8,31 keV seen directly at bottom
of Fig.4 is evident from the last line of Table 4. In two right columns value D=8,31 keV
is compared with interval D=c'= 1,19 keV in D-distributions of MCo and 65 Cu.
Positions of maxima in resonance spacing distribution in neighbor to cobalt isotopes
(Z=26-30) are in integer relations with each other (marked in Fig 5) and with intervals c'
and D=8,3 keV =7c' in cobalt (ratio 1:3:7:12:18)[11]. Recently integer relations in values
of resonance spacing of 2MPb were noticed by Rohr [6] (see Fig 2). These values D are
shown in Table 5 as integer number (n) of period 12,44 keV (the last line) including the
proximity to each other of three intervals around 49,4 keV (n=4). After recoil correction
this value coincides with D=49,98 keV in h9Co (n=6, Table 4). The position of the first
**Pb resonamce En= 16,42 keV is close to 49,4 keV/3=16,4 keV=2 x 7c'. The same
intervals and integer to them were found in lower levels of wCo, 6iNi, *°*Pb.

Fig 6. Distribution of positions En of [neutron levels. Here to avoid overload from levels
of deformed nuclei for each isotope only one strong level in interval 10 eV was taken.

333

Table 6: Valence proton (Z=29,51) separation energies [10] compared with nxefl

A

z

*7Cu

S,,keV
nxeo
n
diff.

695

A

z

682
2/3
13(18)
lw

5p,keV
nx£ o
n
diff.

Sb
1531
1533
3/2
2(33)

59

Cu
3418
3407
10/3
11(1)*
ll3

Sb
3055
3066
3
11(24)*

61

Cu
4801
4770
14/3
31(1)*
lls

Sb
3733
3748
11/3
15(20)*

85

6122
6132
6
10(0)*
"«Sb
4074
4088
4
14(5)*

C«
7452
7495
22/3
43(1)*
n7

Sb
4406
4428
13/3
22(9)*

67

Cu
8561
8517
25/3
44(18)
ll9

Sb
5109
5110
5
1(8)*

9543
9539
28/3
4(18)

62

Zn
6477
6473
19/3
4(10)

«*Zn
8926
8858
26/3
68(1)

u

u5

*In

™Sb
5777
5792
17/3
15(2)*

6808
6814
20/3
6(3)

/n
6804
6814
20/3
10(4)

Table 7: Comparison of neutron resonance parameters of l4lPr and U2Nd [9]
En("*Nd), eV

sK. mv

En("lPr), eV
2gH, mV
gP n /2^r; x UP

218,6
0,061
218,7
85,2
0,07

235,0
636,4
0,052
0,059
235,2 359 519 635,8
75 37
66,5
116
7
7
0,08
0,05

957
0,06
741 845 957
90 187 99,9
7
? 0,06
-

1119
0,04
1119
38,4
0,09

1485
0,03
1484
135
0,02

The third part of Combined File includes the values of binding energies EB and nucleon
separation energies SN [10]. This information turned to be useful in the study of clustershell effects in SN where discreteness with the common period e o =1022 keV was noticed
[2,4-5]. In the first four column of Table 1 values Sn for near-magic light neutron-hole
Z-even nuclei (with N=Z-1) are compared with integer number of period derived from
values S n ( 14 C), Sn{67Ni) and some other ( separation energies of valence neutron above
l2
C, MNi and other shells [2]). Clearly seen proximity to lZeo of the values Sn in the
nuclei with the hole in different closed shells N=Z=6,8,14 and 20 reflects the saturation
effect of nuclear forces. The integer values of eo and e o /3=340 keV turned to be the
parameters of residual interaction on different shells and simultaneously D=340 keV is
the parameter of nonstatistical effects (stable intervals in lower and in high-excited states
[5]). Discreteness with these parameters in values of valence nucleon separation energies
is shown in Table 6. Here marked by * small differences Sp — n x eo (in the last lines)
correspond to linear dependence of Sp from the neutron number N (constancy of the
parameter c p j n =2x 340 keV or 4x340 keV of n-p residual interaction). Interval 3/2e 0
between lwSb and u3Sb means that here such parameter is close to 3/4e o =766 keV.
Another example of nonstatistical effect was noticed by Ohkubo and may be seen in
Fig 7(a,b) from [7]. The same intervals 21-42 keV which are seen here as modulation of
the strength function may be noticed in total spacing distribution of neutron levels of
l4D
Ce [9] and as splitting of the ground state of U3Ce [8](see Fig 7c).
Table 8: Comparison of stable intervals in neutron levels and some 0 + excitations
2
Dif ™Th**V™'™Pu and Y-Zr,eV 570(1)
periodic values D in 79Aa from [5]
D in nuclei with A=106-130 from [5]
(492)
Excitations 0+ (nx 246 keV), keV
n(286 eV)
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5
1427(2)
1424
1426
1224

6
1712(2)
1709
1710
1474

7
1994
1992
1721

9
2575(25)

2225

3

Neutron resonance parameters file

Since the publication in 1981 of the last edition BNL-325 [9] great amount of data appeared
in the literature and in Data Centers. Performance of the analysis of nonstatistical effects
demands 1) access for computer-based programs, 2) updating and transforming all data
in ENSDF format and 3) eliminating of effects from different energy calibration.
About 30 000 data lines were accumulated after the search of relevant literature by
CINDA and EXFOR. General policy of recent compilation consists in preservation of all
known values (even from single experiment). Some problems with estimation of errors in
the energies of resonances are seen from distributions of the last numbers in the resonance
positions taken from BNL-325 Compilation.. Adopted in ENSDF data format avoids any
uncontrolled rounding up of the values.
One case of possible influence of isotopic impurity ( 141 Pr in U2Nd) was found in data
from BNL-325. All six the first neutron resonances of neodymium are situated exactly at
the same energy as the strong resonances of praseodymium (Bee Table 7).
The analysis of energy calibrations of different spectrometers (ORELA, Columb. Univ.,
JAERI and GELINA) was performed by the data for iodine, arsenic, tantalum and some
other elements. For example in data forB1Br from ORELA and JAERI systematic shift
of about 10 eV at energy 6-10 keV is present and arrangement of references is needed.
Fig.7(a,b). A plot of- „
comulat. values of F°
vs. neutron energy . .

for 142Cc,14OC7c.

£•

The leaps are seen
.
at 1,3 , 24 and 43 keV t
with an average dist.
of 20 keV (at left).
A leap is seen
•
at 21 keV (at right).
N
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Fig.7(c). Spacing distribution in resonances of140 Ce with different AE=1,5 and 0,3 keV
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Fig 8. Integer to 143 eV positions of levels (top left) and maxima in D-distributions.

Fig 9. Spacing distribution of levels with r° > 1 mV in ^TA, 338 1/,*"- 343 p u .
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Fig 10. Number of known neutron resonances versus Z (atomic number).
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Fig 11. Top right: Stable intervals in lower levels of
even-odd nuclei (Z=48-58, D=492 keV) and in nGe
(D=741-1483-2224 keV) as integer values (n) of 123 keV.
Left: Integer to 123 keV values of 2+ and 0 +
excitations in 7*Ge**Zr and 'vmCd.
Bottom: Discrete character of 2 + excitations in evenSn.

Proximity of £'=1293 keV=D 0 to
difference m n — mv is discussed
in [5,11].
SI 5* Si 56 to <E> ^
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Properties of low-lying levels are important for understanding of nonstatistical effects.
Energies of low-lying levels of near-magic nuclei and ground state band of n 6 Te (nucleus
with two protons above closed shell) are shown in Tables 2-3 and their discreteness was
discussed in [2,4,5,11]. New data [8] permites to show that harmonic character of excitations in U6Te with A£* = 2/3eo=681 keV leads to proximity of Em(6+) to 2e0 (see the
last line of Table). The equidistant intervals between £*(6 + ) and £'(14+) = 5e0 has mean
value 3/4e o =766 keV. Proximity of £*(16 + ) to 11/2 eo means that intervals value drops
to A£*=511,4(0,5) keV=£ 0 /2. "Stabilizing effect" in few-nucleon excitations is seen also
in Po-isotopes [5,11] (Z=82+2, with £*(2+) close to 680 keV). So the values of stable
intervals in E* turn to be close to parameters of "stabilizing effect" in valence nucleon
separation energies (stability of e pan =2/3 e»= 681 keV and 3/4e o =766 keV, see Table 6).
Discussed above values correspond to n=6,8-9 in units £ 0 /12 while lower excitations 85 keV
and 340 keV in 132130 56 (Z=51)[8] correspond to n=l-4. Nonstatistical effects in neutron
resonances of nearby nuclei also show some regularity: the values D=594 eV and 1188 eV
in m - 1 3 3 S6 and " r J, and D=891 eV and 2375 eV= 2e' in evenTe isotopes are in relation
n=1,3/2,2,4 [11], but high-resolution Macklins data for Te are only in EX FOR.
The possibility to check independently intervals of certain type is shown in Fig 8-9
and Table 8. Here integer numbers of discussed in [2,4-5] interval D=286 keV=4x72 eV
are compared with positions of maxima in summed spacing distribution of neutron levels
(with F° >1 meV) in four heavy nuclei and with position of possible maximum in spacing
distribution in nuclei with Z=39-40 (situated near En =2600 eV of "Y doublet, see Fig
8). The latter value and value £*(0 + )= 2225 keV=ED in MZr form ratio close to SFERCfactor (n=9 of respective periods, see D and £*(0 + ) in Table 2,8 and Fig 11).

4

Conclusion

Compilation BNL-325 (started in fifties by Hughes and Harvey) was very useful for discussed here analysis. But performance of measurements depends on practical importance
of isotopes. For example there is only few data for isotopes with Z=31,32,34 and 78. In
Fig 10 distribution of number of neutron levels in BNL-325 is shown. In upper part (for
Z-even isotopes) the region where interval D=286 eV was noticed and i?*(0 + )= 1476 keV
is shown. In bottom part (for Z-odd isotopes) intervals 1476 keV and 122 keV in ENSDF
data and intervals D=143 eV and D=e' are marked. Discussed here possibility to perform
complete study of the manifestation of common for many nuclei parameters proximate to
some combinations or parts of fundamental values like ED, DO, me and a/2v needs new
compilation of resonance parameters and additional measurements with several isotopes.
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INVESTIGATION OF T H E REACTION 9Li{n,i)AHe AT T H E
C M . ENERGIES BELOW 500 keV I N T H E F R A M E W O R K OF T H E
A L G E B R A I C VERSION OF RESONATING G R O U P M E T H O D
S. Yu. Igashov and R. T. Tyapaev
Moscow Engineering Physics Institute
Moscow 115409, Russia
1. Introduction
Authors of [l] investigated the reaction 8Li{n, t)*He in the resonating group method
(RGM). They took into account only central.components of nucleon-nucleon interaction.
For this reason, they could not reproduce behavior of the reaction cross section in region
of the 5/2" resonance, where tensor forces give considerable contribution. In this study
we investigate the *Li(ntt)AHe reaction in algebraic version of the resonating group
method (AVRGM) [2-4] taking into account noncentral components of nucleon-nucleon
interaction. The set of AVRGM equations and method of its solution are presented in
section 2. The nucleon-nucleon potentials and results of calculations in comparison with
experimental data are presented in section 3.
2. The AVRGM equations and method of its solution
In the multichannel variant of the RGM wave function of few nucleon system is
sought in the form [2-4]

where » is the index of cluster channel (all channels are considered as two-cluster); A is
antisymmetrisation operator; $% and /J* are the spin and its projection in t-th channel;
fi{ty) is the function of relative motion of clusters in »-th channel depending on the
jacobi vector q, which is proportional to the distance between centers of mass of the
clusters; <f>\ and x\ a r e * n e internal spatial and spin wave functions of the first and the
second clusters in »-th channel.
In the AVRGM [2—4] the wave function of relative motion is sought in the form of
expansion in the oscillator basis. In this case the total wave function of the system is
represented in the form of the expansion

i vim.

where
(2)
uu) fvlm is the wave function of the three-dimensional harmonic oscillator corresponding to the v oscillator quanta, angular momentum / and its projection m. The wave
functions, which are allowed by Pauli principle, corresponding to lowest #-states of
translationally-invariant oscillator shell model, with the same oscillator radius are used
as internal functions of the clusters. In what follows, we will specify states (2) by the
total momentum and parity J* its projection Af, the angular momentum I, and spin
i. In this notation expansion (1) has the form

JM

% Ut>
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In what follows, we will denote the set of quantum numbers J*t Af, I, $ and the channel
cluster structure by the channel number •'. The set of unknown coefficients Gl% which is
the ware function in the osciUator representation, satisfies the infinite set of the linear
homogeneous equations

Here H is the Hamiltonian of the few nucleon system under consideration, a is the
oscillator radius, m is the nucleon mass, k — a(2mE)lf7fh is the wave number, and E
is total energy. Set (4) follows from the multiparticle Schrodinger equation and form (3)
of the ware function. In general case, the overlap integrals < $j, | $*, > hare nonsero
values for j # ». In the case under consideration, the functions * ^ * ^ 3 , corresponding
to the cluster structure 9Li+n and total spin $ = 1/2 are not orthogonal to the functions
$£+ a* corresponding to the channel t + *He. Calculation of matrix elements appearing
in set (4) is one of the basic problems in AVRGM and its solution is based on the
method of generating functions developed in [3,41. According to this method, so-called
generating matrix elements are first calculated. These matrix elements are the matrix
elements of the same Hamiltonian between functions that generate basis (2). Then the
matrix elements appearing in set (4) are obtained from the generating matrix elements
by simple multiple derivation with respect to generating parameter.
On-diagonal matrix elements of tne potential operator describing nuclear interaction and off-diagonal elements of overlap integral < $£ | Q>\ > decrease rapidly with
increasing the oscillator quantum numbers v or /* [4]. Therefore, these elements can
be neglected for sufficiently large v% ft > n. Under this conditions, the following matrix
elements of the Hamiltonian remain nonsero [4]:
1} matrix elements of kinetic energy of relative motion of clusters;
2) the diagonal matrix elements corresponding to the internal energies of clusters;
3) diagonal matrix elements of Coulomb interaction.
Therefore, for /» > n equations (4) are reduced to the three-term recurrence relation

[M

where A,- = a\2m(E - ifc)] 1 / 2 /* is the dimensionless ware number in t-th channel;
Hi — ZiZ^y/miafhUi is the Coulomb parameter in »-th channel; Z[t 2%, and m« are
charges and reduced mass of clusters in »-th channel. The coefficients Cj corresponding
to the scattering problem have the form [4]
O! = (*t)-x/*[czw{mthl)Sil-Sv

<%,(*,*)]

(6)

at sufficiently large v > n. Here S is the scattering matrix, the functions Cjfc(ri> k) are
the two linearly independent solutions of recurrence relation (5) that have the asymptotic form

(

)

(7)

at large v. Here F\ and Q\ are the regular and irregular Coulomb function [6] and
o\ = argT(l + 1 + «ty) is the Coulomb phase shift. The asymptotic expressions (7)
are used usually as initial values for recurrence relation (6) at very large values of v.
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Then solving recurrence relation (5) in the direction of decreasing i>, we can obtain the
functions C^ (17, Jb) for required values of v. Taking into account relations (S) and (6),
we can reduce set (4) to the following finite set of linear nonbomogeneous equations

£ £ (B^i, - *5O,>;<,)C; = y«yfo+l)-»ift+ !)<«, W »

(8)

"»o

with the additional condition
C

*= C

, ,

(9)

which is a discrete analog of the join condition for logarithmic derivative of the wave
function on the boundary between internal and external regions in coordinate space in
the conventional formulation of the stationary scattering problem. Here

^

i

OiM.,, = < • ! , ( # ; >

(10)

In the matrix notation set (8) has the form

8c-k2dc = F ,

(11)

where H and O are matrices (10), C and F are the vectors with components C* and
£[»;(n? + 1) - iyft + l)] 1 / 2 <^ i « 1 / n > _2 , respectively. Multiplying the both parts of
eq.(ll) by the matrix O~l t we reduce thiB equation to the relation

d~xfic-k7c = d-xF ,

(12)

which is similar to the equation obtained in [2—4j. The solutions of eq.(12) can be
expressed in terms of the normalised eigenvectors Gjmiv and corresponding eigenvalues
AJM of symmetric matrix O~lH by the expression:

Substituting this expression into condition (9), we obtain

^ - 2 =E^.'.^ -

(13)

where

Using relations (6) and (13), we can obtain the elements of 5 matrix [6].
3. Results of calculations
Modified Hasegawa-Nagata potential [7] including central exchange Vc, spin-orbital
Vi, and tensor Vt components is used for description of nucleon-nucleon interaction.
The potential components have the form

fc = E KTW + (1 - 9<)< - *<*&*% + Kfy - KH
n-1
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-

tlal

where Hj = r, — r,- is the radius-vector connecting t—th and j—th nucleons. Operator
Pfj = (1 4- didj)fl and the similar operator Pfy exchange, respectively, the spins and
isospins of the i— th and j—th nucleons. Here the intensity parameters ge, g\$l and gt
of, respectively, the Majorana central exchange forces, spin-orbital forces ana tensor
forces are introduced in addition to the potential [7]. Varying these parameter, we can
take into account some uncertainty of the nucleon-nucleon interaction parameters and
compensate to some extent the roughness of description of internal functions of clusters.
Oscillator radius a is one more free parameter.
All reaction channels with total angular momentum J < 7/2 are included into consideration. For energies in the region of 5/2" resonance results of calculations of reaction
cross section are in best agreement with experimental data [8] at the following values
of the oscillator radius and intensity parameters: a = 1.55 fm, gc = 0.939, gu — 1.3,
and gt = 1.1. Using these parameters we obtained the following values of binding
energies: E*Li = 24.604MeV, Et = 6.682MeV} and E<He = 25.369MeV. Corresponding experimental values [9] are E%£? = 31.996MeV, E^*9 = 8.482 AfeV, and
= 28.296 MeV.

100-

E(keV)

E(keV)
' • I
250

Hg.1

i

1

500

Fig.2

The solid curve and dots in Fig. 1 show the results of calculation of the total cross
section for the 9Li(n} t)*He reaction and experimental data [8]. The resonant amplitude
describing the transition

•7*= 5/2" : *£•

= 3/2 1 = 1

*He $ = 1/2 / = 3

give predominant contribution to the reaction cross section at the c m . energies •—
200 heV. Figure 2 shows the phase shift for elastic scattering in the channel *Li + n
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with quantum numbers J* = 5/2", » = 3/2, / = 1. At the c m . energies ~ 200 heV
phase shift increases rapidly up to the values ~> 160° and then changes slowly. The
phase shift for elastic scattering in the channel t + *He with quantum numbers J* =
5/2", $ = 1/2, / = 3 also changes rapidly at corresponding energies. Disregard by
coupling between the channel 9Li+n with quantum numbers J T = 5/2~, $ = 3/2,1 = 1
and other channels leads to slight change in the behavior of the phase shift for this
channel. At the same time, behavior of the phase shift for the t + 4He channel with
quantum numbers J* = 5/2~, $ — 1/2, / = 3 is monotone in this case. Phase shifts
for elastic n — °Li scattering with quantum numbers J T = 5/2~ (°Li + n, / = 3, $ —
1/2 and 3/2) are not sensitive to coupling with the channel eLi+n with quantum numbers
J* = 5/2~, $ = 3/2, / = 1 and have monotone behavior over energy region under
consideration. This fact agrees with the conclusion [1,8,10] that the resonance 5/2" is
formed in the channel 9Li + n with quantum numbers J T = 5/2" # = 3/2,1 = 1 and
caused by the centrifugal barrier. The following amplitudes describing the transitions
r

= 3/2" : 9Li + n » = 1 / 2 1 = 1 — • < + 4 ffe $ = 1/2 * = 1
: 8L» + n « = l / 2 / = l

— • t + 4He a = 1/2 J = 1

: 6£» + n # = 1/2 / = 0 —•» * + 4 Fc « = 1/2 / = 0
also contribute to the reaction cross section. The latter amplitude provides the 1(>/E
dependence (J—waves) of the reaction cross section. The amplitude describing the
transition
F = 3/2+ : eLi + n » = 3/2 / = 0 —* t + *He • = 1/2 / = 2
also leads to the l/y/E dependence, but its contribution more than two orders smaller
than that of Jr = 1/2+ amplitude.
In summary, it is shown that the multichannel variant of the AVRQM with the
simplest internal wave functions of clusters describes satisfactory the cross section for
the 9Li(n, t)*He reaction in the region of the 5/2" resonance and for lower energies. The
further development of the approach probably must be directed to improving description
of internal wave functions of the clusters and to allowance of the cluster distortion in
the interaction region.
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Collective excitations induced by neutrons in the quasiparticle-phonon nuclear
model
A I. Blokhin, A.N. Storozhenko.
Institute of Phisics and Power Engineering, Obninsk, Russia
Influence of choice of radial dependence and constants of muhipole-tnuttipole
interaction on the neutron strength functions behaviour of some even - even spherical
nuclei is investigated in theframeworkof the quasiparticle-phoaon nuclear model.
1. Introduction
In recent years many investigations have been performed within the quasiparticle-phonon
nuclear model (the QPM ) to study the fragmentation of a few quasiparticle wave function
components in a wide region of excitation energies. In the framework of the QPM a
satisfactory description of partial radiative widths, neutron strength functions and the
characteristics of giant multipole resonances of spherical nuclei has been obtained [1].
In the QPM the residual forces are simulated with separable multipole-multipole forces.
Considering collective properties of excited states the main problem to using the multipolemultipole forces is that the force constants have to be selected from available experimental
data.
A more realistic type of the residual interaction can be obtained when we admit that the
complete Hamiltonian of a system should satisfy to the general laws of preservation [2], or that
the changes of the average field of a nucleus were interconsistent if the effective forces were
taken into account [3,4]. Use of these consistency conditions for residual interactions allows to
find radial dependence of the forms - factors of the effective forces and to define constants
appropriate to them [5].
In this paper a dependence of the s- and d- wave neutron strength function behavior on the
used forces is studied in the framework of the QPM for wZr and 20* Pb.
2. The model
The Hamiltonian of the quasiparticle-phonon model includes the average field as the SaxonWoods potential, superconducting pairing interaction and effective residual interaction, chosen
in the form of the separable multipole-multipole forces. The form of this Hamiltonian in terms
of the quasiparticle (oc j m ,cc jm ) and phonon (Q^;, Q^i) creation and annihilation operators is
following:

where Q^i = 2l l { ^ A + ( j j ' ;
if

A+(jj';\u)=
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f£ -reduced matrix elements of the multipole operator, u^. = UjVj +UjVj,v ij . = UjUj. - Vj.Vj,
Uj.Vj-

the Bogolubov

transformation coefficients,

Y T XI (T

= n,z)-the

normalization

coefficients. The equations for the energies coXi and amplitudes v|/*j!,ip^! of the one-phonon
excitation are found from the well-known RPA equations [ 1 ].
The excited state wave function of doubly even spherical nuclei if the quasiparticle-phonon
interaction is taken into account has the form:

where |0 >- the phonon vacuum wave function: Qxj»i |0 > = 0.
Energy r ^ of the excited state ¥ k (JM) is found from the following secular equation:

X2i2

At once without solving of the given equation it is possible to calculate distributions of
physical quantities in a chosen interval of excitation energy . The distributions can be evaluated
using advantages of the strength functions method [3,6].
Let tfcj^ be the amplitude of excitation of the state T k (JM) in a physical process. Then
instead of the values of |O Xk | for each state with energy rj^ we calculate the strength
i

2

function b(<!>, rj) = £ p ( r i - ri k ) <t>Jk ,
IT

'

Jk|

p(*\- Tik) =
lki

'

A

;

TT-

2

2

27C(ti-T l k ) -A /4

The energy interval A defines the way of presentation of the calculation results. When the
process of excitation of the state T k (JM) goes mainly through the one-phonon components
then
,
V

"

^

IMir(Ti +
v

7i

t

I*

F(r,+ iA/2)

where M (v are the minors o f the determinant F.
For the 1- strength function with given magnitude o f the spin o f compound-nucleus
J = I 0 + j in the channel j amplitude <t>jj has following form: O j , = E U n i j V n i j ,n o i o j o '
n

where I o - the moment of an odd nucleus - target, | n 0 1 0 j 0 ) - the ground state of the odd
nucleus with the wave function a ^ , ^ ^ " 1 - (%A"' - the ground state of a next even-even
nucleus). The neutron strength function in this case has the form [7]:
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3. Effective multipole interactions
Usually radial dependence of the residual multipole forces is chosen as r x or 5V(r)/dr
(V(r) - the potential of the average fidd ). At that the constants of the multipole forces are
determined from the energy of the lowermost excitations, if they are known from experiment.
For the dipole excitation the force constants are defined from the experimental value of the
maximum of the dipole giant resonance.
In given work the constants of isoscalar and isovector interactions xj^.Xx* and the radial
forms - factors f <0> (r), f <!) (r) of the effective forces:

are found from the consistency condition between the perturbation of the average fidd of the
nudeus V(r) and the change of the nucleon density, when including the residual interaction [5].
For the Saxon-Woods potential with simple parametrisatton:
V t (r) = Vo (r) + T

N —Z

Vj ( r ) , where x =1 for n and x = - 1 for p we have

A

or

If we put fi(r) =

Having redefined

T)3XX>

-> Xx* we get the usual definition of the residual multipole forces:
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It is visible from obtained results that the force constants and the radial forms - factors of
the modified multipole forces (MMF) do not depend on X, unlike the usual multipole forces
(UMF).

4. Results
For our numerical calculations parameters of the Saxon-Woods potential are taken from [8].
The multipole force constants were either defined from the experiment (as for the UMF, so for
the MMF) or calculated theoretically (only for the MMF). In the first case the force constants
were determined from the energy of the first excited state that has been found and fitted to the
experimental data either (1) within the RPA (the first way) or (2) within the QPM (the second
way).
In the case (1) the first states are as a rule found to be strongly collectivizate. As a result
strong unharmonic effects can arise if the quasiparticle-phonon interaction is taken into
account. Therefore calculating the strength functions it is necessary to define force constants
by fitting the lowermost states that were found if the quasiparticle-phonon interaction was
taken into account to the experimental data. In this way the constants are found as a rule for X
=2 and X=3, and for X > 3 they were chosen so small that the one-phonon state structure is
close to the corresponding quasiparticle state structure [9]. The force constants are chosen this
because the experimental values of the lowermost excitations for X > 3 were often unknown
and even they were known their account would considerably complicate interconnected
procedure of the x^»X^
determination.
In such approach the role of used radial forces is not very significant. Using the MMF we
get the collectivety of the lowermost excitation within the RPA less than we get one using the
UMF, as a result, the corresponding energies have to be shifted to a smaller degree, so that
they coincided with the experimental values, if the quasiparticle-phonon interaction taken into
account. Since the lowermost 2+ and 3" excitations are the extreme solutions of the secular
equation, they are rather sensitive to collectivety and the number of the phonons participating
in the interaction. Therefore it is necessary to calculate their fragmentation carefully.
We carried out the calculations with the MMF and with the theoretically found constants of
the isoscalar and isovector interactions in order to avoid all these fitting procedures and the
dependencies on knowledge of experimental data.
Owing to weak collectivization of the low lying excitations the fragmentation of the excited
states appears small. Found within the RPA the lowermost states lie higher than experimental
values. The quasiparticle-phonon interaction shifts them closer to the experimental data,
thereat the more the used phonon basis is, the closer the found lowermost energies lies to the
experimental one. The s- and d-wave neutron strength functions (fig. 1-4) were calculated using
the UMF as well as the MMF. Comparison of the calculated strength function with the
experimental ones [10,11] in the region of the neutron binding energy (tabl. 1; the first value calculation with the MMF, in parentheses - calculation with the UMF) shows that inclusion of
the quasiparticle-phonon interaction leads to the considerably better description, than the RPA
calculation. However with the UMF and the fitting constants the character of behavior of the
neutron strength function in the region of neutron binding energy is transmitted more correctly
for 208Pb. The calculated values averaged on a reasonably large energy interval for both cases
give satisfactory results.

347

Table 1.
10 4 S 2

10* S o
Spin and parity

Nucleus-target

B n , MeV

experim.

calcul.AE=0.6
MeV

of the target
91

Zr

207

Pb

5/2+

8.63

1/2"

7.25

)2

),

0.9±0.3

0.40 (0.98)

2.8

MeV1
r1.2

0.14(1.28)

r1.2

0.8

0.4:

iU

:

i

0

0.034 (0.026)

0.8:

0.6:

0.0

calcul.AE=0.6
MeV

0.15(0.15)

1.4

0.8:

0.2

experim.

J
2

0.4:

-0.4

A
\"\

4
6
r\, MeV

0.2

8

-0.8

0.6:

-0.4

:

|V

0.0

0.0
10

0

2

4
6
n, MeV

8

0.0
10

Fig. la. Strength distribution of the two-quasi-
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quasi-particle neutron state {2d J / 2 ,2d 3 / 2 }
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Fig 3b Strength distribution of the two-

particle neutron state {3p,/2,4s, /2 } with J*

quasi-particle neutron state { 3 p , 2 , 3 d J 2 }
with JK=3- in 208Pb, the straight lines (the left
scale) - in the RPA; the dashed curve (the
right scale)- neutron strength function in the
QPM (with the MMF).

=1" in
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in the RPA; the dashed curve (the right
scale)- neutron strength function in the QPM
(with the MMF).
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Conclusion
In this paper the neutron strength function of some nuclei were calculated within the QPM
with various residual forces. Their dependence from the multipole force type and the way of
the force constant determination was investigated. It was shown that the good description of
the excited state characteristics may be obtained using the MMF and the theoretically defined
force constant.
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ANGULAR DISTRIBUTION OF ct-PARTICLES
FROM MNK^a^e REACTION
Goverdovsky A.A. Ketlerov V.V. Khryachkov V.A.
Mitrofanov V.F. Ostapenko Yu. B.
IPPE, Obninsk, Russia
ABSTRACT
New experimental data for angular distributions of a-paitides from 5sNi(n,a)ssFe reaction
are presented. Angular spectra analyzed within the different theoretical assumptions
showed reliability of the existence of the second minimum of potential curve, in which lowlying energy levels influence on a-decay properties of highly excited compound-states of

The problem of a-particles angular distributions in 58Ni(n,a)55Fe reaction have been
presented in ref.[l,2]. The gridded ionization chamber was used as an a-detector.
Simultaneous analysis of energy and emission angle allows determination of angular spectra
corresponding to different reaction channels. Incident neutron energy dependence of
angular anisotropy Y(0)/Y(90) is presented infig.1 with the data of other works [3,4,51. The
values are shown for all a-particle energies available in the reaction. Very strong
fluctuations of anisotropy suggested that nuclear structure of compound system is essential.
Taking into account that ^Ni level density is very high for neutron energy 3-7 MeV that
kind of fluctuations is very strange. To resolve the problem the following analysis for <xo
channel (with the population of the ground state of the residual 55Fe) have been performed.
In the theoretical description of a-particles angular distributions from (n,a) reaction
we shall follow the formalism developed in the works [6,7,8]. Using the channel spin
representation for the reaction A(a,b)B we can write for the channel spin S, in the incident
channel:
S, = I A + s . ,
2.5
OOOOO present
ODDDD Paulsen
Wattecamps

2.0
o
1.5

H

l.O

0.5
3.5

4.0

4.5
5.0
5.5
6.0
6.5
NEUTRON ENERGY MeV

Fig. 1. Energy dependence of angular distribution anisotropy coefficients.
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7.0

7.5

where IA and s. denote the spin of the target nucleus A and the projectile a respectively.
The total spin is

where I, is the orbital angular momentum in the incident channel. Similarly for the
outgoing (bB) channel we have quantities I B , s b ,S,,l, and relation

For excitation energies under consideration it is usually assumed that individual resonances
are not resolved and many states of the compound nucleus are excited simultaneously and
that the sign of the matrix elements for the formation and decay of the various intermediate
states are noncorrelated ("random sign approximation"). Within these assumption the
differential cross section of the reaction A(a,b)B at fixed bombarding energy ei, which leads
to the definite final state of angular momentum IB, parity KB and excitation energy UB in the
residual nucleus B, can be expressed in the following way:

where

Here X, is the wave length of incident particles; PL(COSG) is the Legendre polynomial of
order L; T,, ^e,^ and TtAJz1) are transmission coefficients for the projectile and the
emitted particle, respectively, with energies in the cm. system of si and 62, TCI and 712 are the
parities of the entrance and exit channels, respectively; Z(1IJ1IJ;SIL) and zifcJU^L) are the
so-called Z-functions and they are defined as sums of products of Racah coefficients
W(abcd;ef) and Clebsch-Gordan coefficients (acOO|acfO).
Zf abcd,ef) = (2a + l)*(2b + l)i(2c + l)*(2d + l)i(acOO|acf O
The quantity G(J) is related to the total width Fj and average spacing DjK of the compound
levels by
r J = ( D J , m / 2 n ) G r j ; , (3)
where
fA\

J

"

(13 + l)exp(-j(J +1)/ 2a2c)
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and Dtb, is the spacing of zero spin levels of one parity and ov is the spin cutoff factor of the
compound nucleus at given excitation energy. Replacing quantity F.i by averaged value F
(due to rather weak J-dependence of Fj) and substituting eqs(2.3.4) into eq(l). we have

(5)
Dn

In fig.2 calculation performed according to (5) is compared with experimental angular
distribution of a-particles populating the ground state of residual nucleus ss Fe in the
reaction 58Ni(n,cto)55Fe at En=5.05 MeV. The transmission coefficients for incident neutrons
and emitted a-particles are calculated as in work [9]. For evaluation of the spin cutoff factor
or of the compound nucleus we have used relations and parameters from [10] for the case of
rigid-body momentum of inertia. As can be
seen from fig.2 curve calculated according to
'H
statistical theory is unable to reproduce the
1.0
dependence observed experimentally. This
discrepancy between the theory and
experiment could not be removed by any
I.I
reasonable variations of the parameters. The
same insurmountable difficulties arise in
2 idescribing within framework of pure •O
statistical approach (2,5) of rather sharp (on
the narrow energy intervals) fluctuations of ! • • •
b
observed a-particles angular anisotropy in
on
subbarrier region (fig. 1). In order to search
for explanation of observed behavior of aparticles angular distributions let us consider
their forms for given values (determined by
O.I
quantum conservation lows) of incident
«o
neutron orbital angular momentum li.
nnglr |9,
compound nucleus spin J, emitted a-particle
Fig.2. Angular distribution for wNi(n.un)
orbital angular momentum h and for definite
reaction at En=5.05 McV. Points - dala
state of residual nucleus I»" From theeqs(l,2)
from [2], line • calculation with cq.(5).
we can write:
(-')•

s. s.
. (6)

4(2S,

In fig.3 curves calculated according for (6) for various values of li, J, U typical for reaction
^N^n.ao^Fe (IB"=3/2) at En=5 MeV are shown. As can be seen from the fig.3. the partial
components of distribution (5) have the shape quite different from summary curves in fig. 2.
One can assume that the reason of discrepancy between the theory and experiment in fig. 2
may be caused by the deviation of the individual member contributions in eq(5) from the
values determined by statistical theory and optical model. As illustration of this assumption
in fig.4 calculation of angular distribution of a-particles emitted in the reaction
S8
Ni(n,a«)55Fe and populating the ground state of residual nucleus -vsFe is shown when only

353
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4.0
4

0.0
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a n g l e i?,

o.o

60

deg

Fig.3. Typical partial components of
angular distribution for MNi(n,ao) at
En=5 Mev calculated with eq.(6).

Fig.4. The same as in fig.2 exept
calculation was made with only two
partial components (6).

two members in sum (5) are kept with values of (li, J", lj) are equal to (2, 3/2+, 1) and (3, 7/2-,
4). Quality of the demonstrated description is achieved for the ratio of these members as
55% to 45%, correspondingly. It is obvious that experimental data could be described with
other combinations of the partial angular distribution components. But the question arises
concerning the mechanism of preferring in process considered of some quantum
characteristic sets, since at excitation energies of interest one would think there is no reason
to expect any deviations from statistical distribution of these characteristics.
In our view that kind of mechanism might be connected with
presence for nucleus MNi of second potential surface minimum
located at higher energies (analogous to those, which were
discussed for nuclei I6O, •'Ca, ll4Cd [II] and for heavier nuclei
l9s
Hg, 2l2Po [12]). Then situation can be realized schematically in
fig.5, when the states in the second minimum have low excitation
energies, large spacing and small width in comparison with
spacings. These states must have rather simple configurations
similar to those of low-lying levels of residual nucleus, octransitions between such states are more probable than transitions
from the extremely complicated manyquasiparticle compound
states to nonexcited ground one (or to its neighbors). The
quantum interaction through the inner barrier will result in
distribution of second minimum state properties among highdense
compound-states of first minimum in the range of second
deformation
minimum state width. It is possible a mechanism that is responsible
Fig.5. Schematic view
for the appearance of irregularities in compound-state decay
of 59Ni potential energy
property distribution correlated with location and characteristics
surface with two
of the second minimum levels.
minima and two sets of
states.
This qualitative model of course needs of further detailed
study, but on the whole it does not contradict to experimental data.
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