SPIN DEPENDENCE OF THE NEUTRON FORCE
FUNCTIONS OF NUCLEI

L. B. Pikel'ner

Experimental data on the difference between the force functions for the two spin states
of several nuclei are analyzed, and a comparison is made with the theoretical difference
due to fluctuations of the neutron width and the level spacing. More accurate experi-
ments are required to demonstrate a spin dependence of the force function. There is a
discussion of the possible determination of the force functions for the two spin states by
measuring the average transmission of polarized neutrons to a polarized nuclear target.

The neutron force function 8 = f“}l/D is one of the most important parameters of interest in nuclear
theory and practical applications of nuclear physics., Experimental determinations of the force function
are based on the two primary methods of neutron spectroscopy: study of isolated resonances and measure-
ment of the average cross sections for neutron-nucleus interactions. These methods have yielded S values
at various accuracies for most of the stable isotopes. Giant resonances have been found in the dependence
of the force function on the mass number and have been explained on the basis of the optical model. As
experimental data are accumulated and refined, the optical-model potential becomes more complicated.

Because of the recent progress made in the techniques and methods of studying neutron resonances,
the question of a spin dependence of the neutron force functions has been raised. Identification of the
resonance spins is one of the most complicated problems of neutron spectroscopy, so it is only in recent
years that the spins of ten or more levels for a given isotope have been reported, The force function, de-
fined as the ratio of the average reduced neutron width to the average level spacing, can be determined
accurately only if a sufficiently large number of levels are studied, because of the broad statistical dis—
tributions of neutron widths and level spacings. For this reason, the uncertainties in the experimental
values of S can usually be traced to the number of levels studied, rather than to the accuracy of the experi-
mental data. For example, more than two hundred levels must be averaged in order to find S within 109,

Saclay physicists have achieved important progress in studying the experimental spin dependences
of the force functions [1,2]. Through high-resolution measurements of the neutron transmission for a wide
range of nuclei and a shape analysis of the data, they extracted much information about the neutron level
widths and determined the spins for many of these levels. The force functions calculated separately for
each spin state turned out to differ significantly in some nuclei, e.g., #°Ga, ®As, T'Se, and "Au.

The parameters of the neutron resonances for several nuclei in the mass number range 69-87 have
recently been measured at Dubna at the pulsed reactor with the microtron injector. Among the nuclei
studied were some odd-A nuclei (""Se, $%Ga, and "!Ga), for which the spins of several levels were deter-
mined through joint measurement of transmission and radiative capture [3-4]. The measurements were
carried out with separated isotopes at a resolution of 3 msec/m for the transmission and 12 msec/m for
the radiative capture. Comparison of our "'Se data with the result reported in [10] reveals a good agree-
ment, for both the spins and the neutron widths, atenergies up to 1.5 keV, the upper limit on the data in
[10]. However, the parameters which we found between 1.5 and 4 keV lead to a different conclusion re-
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garding the difference between the force functions for the two spin
states. The situation is illustrated in Fig, 1, which shows the ac-
J=0 cumulating sum =TY; as a function of the energy of the two spin
states, The force functions determined at energies up to 4 keV are
essentially the same.

I ev

No difference was found in the force functions for the two spin
states for 5%Ga, but in this case because the spins obtained for the two
levels differed from those reported in [1].

The basic criterion which has been used as evidence for a dif-
ference between the force functions of the two spin states is the small
probability that this difference is random, i.e., due to statistical fluc-
tuations. However, it is worthwhile to carry out a more detailed
study of the statistical properties of the force functions and to com-
pare the experimental data for all nuclei for which the S values are

B B 2 s £eV known sufficiently accurately for both spins. Such an analysis was
Fig. 1. Accumulating sums of carried out in [5], where it was shown that the use of the Porter-
the reduced neutron widths for Thomas distribution for the reduced neutron width and Porter's cal-
resonances having different culated results [6] on the statistical distribution of energy spacings
spins. within a fixed number of levels would yield the following probability

density for the experimental force function:
Z n Lk
flz,n)=C,2? (lJr-‘k—Z) 2, (1)

where z =8/(S) is the ratio of the experimental force function S to the actual value of (8), n is the num-

ber of resonances from which S is determined, k = { 203 r’: Vm for 1 i”;og 9 | m is the experimental num-
for m_=

ber of spacings between levels, and Cp, is the normalization factor, which depends on n and k.

Using probability density (1), we can analyze the question of whether there is a difference between the
force functions for the two spin states. Obviously, when the force functions S(J;) and S(J o) are measured
for two spin states for a large number of nuclei, the statistical scatter will prevent the S(J;) and S(J,) values
from being equal for a given nucleus, even if the actual values (S(J;)) and (S(J,)) are equal. The nature
of the difference is governed by the distribution function obtained above. In this connection, the distribu-
tion of the difference between the two experimental force functions was derived in [5] under the assumption
of equal actual values for these force functions:

L nE (a‘}:+' v) Jf (a+2z, n*)f(e-, n)dz, (2)

where n* and n~ are the number of levels having spins J; =I+ 1/2 and J, = I— 1/2, respectively, and ¢ =
zt=z- =(st -5 / (S) is the relative difference between the experimental values of the corresponding
force functions.

However, it is inconvenient to compare the experimental data with distribution (2), since this distribu-
tion depends strgngly on nt and n~, which differ greatly for the various nuclei. If is more convenient to
replace a by a/c, i.e., to analyze g in units of the standard deviation.

In this case the probability density dW(a/ o, nt, n7)/d(a /o) is very nearly the same for various
(@t, n~) pairs. From Fig. 2, which shows several such curves, we see that the curves lie quite close to-
gether, so we can say that there is a common distribution and can compare this distribution with the nor-
malized experimental data.

To compare theory and experiment, we selected those nuclei for which the spins of at least nine reso-
nances have been identified. For them, we calculated St and 8™ in a consistent manner, along with the stan-
dard deviations. From these results we constructed the histogram shown in Fig. 3, along with the theoreti-
cal curves. We see that there is no important contradiction. An evaluation on the basis of Pearson's cri-
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Fig. 2. Distribution of a/o values. 1-4) Calculated for (m*, n~) pairs of (12, 12), (30, 30), (20,12), and
(6, 4), respectively.

Fig. 3. Histogram of the differences between the experimental force functions for the two spin states, ex-
pressed in standard deviations. The curve is the theoretical distribution.

terion shows that the probability of finding a y2 value equal or greater than that found in this analysis on
the basis of random deviations is 609%. Accordingly, the experimental data available for this entire set of
nuclei do not contradict the hypothesis that the force functions are equal for the two spin states, and the
observed cases in which there are large deviations can be completely attributed to statistical scatter. A
more recent report from Saclay [7] has shown that as the energy interval is extended from 1 to 2 keV, the
force functions for the two spin states of 1®Au become much more nearly equal.

It should be emphasized, however, that the absence of a significant effect for the entire set of nuclei
in no way implies that we could not have (S*) = (S~) for some of the nuclei. This analysis shows only
that we must examine more critically the assertion that a spin dependence has been detected; a clear dis-
play of this effect requires a much better statistical accuracy for those nuclei for which a difference be-
tween S* and S” has been observed. X should also be noted that the force functions might differ, not for
all the nuclei, but only in certain mass-number ranges, particularly in those ranges in which the force
function is a strong function of A. These features would be more difficult to detect on the basis of this
analysis, particularly since there has been no theoretical prediction of the sign or magnitude of this effect.

Accordingly, the question of whether the force functions do have a spin dependence is yet to be re-
solved. The force functions must be determined much more accurately for the two spin states, e.g., by in-
creasing the number of resonances to which spins have been assigned to a number at least several times
greater than that of the best current measurements. Another possibility would be to extract the force func-
tion from the average cross sections through the measurement of the transmission of polarized neutrons
through a polarized nuclear target. Such an experiment could be carried out with an intense beam of polar-
ized neutrons having energies of up to tens of kiloelectron volts. The method proposed and used in the
Neutron Physics Laboratory under the supervision of F. L, Shapiro could be used for this purpose: sending
a neutron beam through a polarized proton target [8, 9].

Extracting the experimental force functions from the average cross sections has the advantage that
an averaging is automatically carried out over a large number of resonances. Accordingly, the uncer-
tainty in the force function is smaller than that found from fewer isolated resonances.
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In the simplest case of S-wave neutrons, the average total cross section can be written
<o) =2m R V'E Sy +4n (R, (3)
where A is the wavelength of neutrons having energy E, and 4t (R')? = opis the cross section for the po-
tential scattering of neutrons. Treating the cross section for each spin component separately, we find
(o> =202 VE S5+ 4n (R,)% (4
(0, =22 YV ES,~ + 4n (R )

Turning to the transmission effect, and taking account of the change in the neutron polarization as the
polarized neutron beam passes through the polarized target, we find

g= (TP_Tﬂ)-/(T + Tl—l) - _frl thg (an G_pol): (6)

where T, and Ty are the transmission values corresponding to parallel and antiparallel polarization of the
neutrons and nuclei, fn and fy are the polarizations of the neufrons and nuclei, respectively, and ¢ pol
is the polarization cross section. For a thin target, Eq. (6) reduces to

1
2l +1

e= _nfan Opoy =nfan

{2nx2 VE (Sg*—Sy) + 4 1(R,")* — (RU')?1).- )

We see from this expression that by measuring the transmission effect £ we can find the difference S.')" -5
if the difference (R})?— (RL)? has been measured separately, e.g., on the basis of the interval between the
resonances or the resonance shape due to the interference of the resonance and potential scattering for the
difference spin states.

We can estimate the expected transmission effect by substituting the actual values into Eq. (7):
5 T (R.")2—(R_")?
~ 0,052 2
. [ <S> i (R
force functions we must measure the transmission effect within 0.5%. This is not a simple task, but it is
an entirely possible one, and could be carried out on the IBR reactor with the injector and polarized target.

] . We see that in order to find a difference on the order of 10% between the
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