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Studies of the angular dependence of the scattering of neutrons with energies mainly below 0.5
MeV are reviewed. The first half of the review covers studies in which measurements were
made of the resonance curves of the yield of neutrons scattered in a narrow interval of angles.

Analysis of the shapes and areas of the individual res

angle made possible: 1) reliable determination of the

onances as functions of the scattering
orbital angular momenta and the spins of

about 700 resonances of seven nuclei; 2) the determination of the contributions of the spin
channels in a number of p resonances of '°F and *°Y. The second half of the review summarizes
the results of studies of the averaged differential cross sections of elastic scattering. Given here
are: 1) the results of a search for the effect of one-pion exchange in the scattering of p

neutrons; 2) the first systematic determination of the p-scattering radii; 3) the results of
separate determination of the neutron strength functions for p, /2 and p; , neutrons, and the
first observation of spin-orbit splitting of an unbound single-particle state.

INTRODUCTION

The elastic scattering of neutrons with energies above
0.5 MeV as a function of the scattering angle has already
been investigated for more than 40 years. The reasonable set
of neutron energies, scattering angles, and target nuclei is so
great that such measurements are still being made today in
many laboratories in the world despite the fact that the accu-
mulated material is already very great. Having served as a
good experimental basis of the optical model of the nucleus
in the past, this material still serves today for its refinement,
and it also finds applications in various applied nuclear
problems. However, in this review we do not dwell on the
traditional studiés of neutron scattering with their reflection
in the optical model, restricting ourselves merely to refer-
ences to one of the first' and one of the most recent? studies
in this direction, to a more complete compilation of the ex-
perimental data on the differential scattering cross sections,?
and to a very recent review of studies on the neutron optical
potential.*

The aim of this review is to summarize results of studies
with neutrons of lower energies (mainly less than 0.5 MeV)
used to determine nuclear properties different from the pa-
rameters of the neutron optical potential, namely, the pa-
rameters of neutron resonances, strength functions, phase
shifts, or potential-scattering radii.” The data on the scatter-
ing of low-energy neutrons are as yet few for the following
reasons. First, with decreasing energy the intensity of the
employed simple neutron sources decreases and they are less
monoenergetic; one can therefore work only with powerful
sources possessing neutron moderators. Second, at energies
below 1-2 MeV optical analysis of the data is made difficult
by the need to take into account scattering through a com-
pound nucleus, and this is neither simple nor unambiguous.
Third, with decreasing energy the angular dependence of the
differential cross section becomes simpler; and, on the one
hand, it carries little information for the optical model,
while, on the other, it can for practical needs be obtained by
extrapolation from higher energies.
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But precisely this last circumstance—the simplicity of
the structure of the cross section—permits the extraction
from it of varied information. At energies below several
hundred kilo-electron-volts, it is effectively only orbital
waves with /> 1 that participate in the scattering, and the
differential cross section is given by the first three terms of
the series

o (2, 9 =53 o, (£) P, (cos ), (1)

i=0

where E and ¢ are the energy and scattering angle of the
neutron, o, is the integrated scattering cross section, P, are
Legendre polynomials, and @; are dimensionless parameters
of the anisotropy, with w, = 1 atall energies. In the isotropic
first term of (1) the main contribution is made by s-wave
scattering; the third term is entirely determined by p-wave
scattering; and the second, by the interference of the sand p
waves. Thus, knowledge of the angular distribution of the
scattered neutrons makes possible an unambiguous separa-
tion of the contributions of the s and p neutrons and, as a
consequence of this, one can obtain quite a lot of new infor-
mation about the nucleus.

Using the recommendations of Ref. 3, we write down
the detailed formula for o (E, 4); this is the theoretical foun-
dation of all the studies reviewed below:

S(E, 8) =0p0 + 2 (Osr +04) + 2 Opr + 0py); (2)
Upm=-ki—,f-[sin260+3sin26t+ﬁsin6t,sin 8,
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The remaining notation is standard: E and k are the energy
and wave number of the neutron (the subscript 0is append-
ed to the resonance values), 8, are the phase shifts of the
potential scattering, I' and T, are the total and the neutron
widths of the resonance, I and J are the spins of the target
nucleus and the resonance, s is the spin of the channel, taking
the two possible valuess_ =1 — 1/2ands, =1 + 1/2,and
[,.,p. arethevalues thatrelateto the correspondings .. .
For the p resonance withJ = I + 3/2, only one of the values
of s is realized, and for it T, =T,- or T,.; but if
J = I + 1/2, then both values of s are realized, and forsucha
resonance I, =T,. + I',-. In the expressions (4)-(7),
I, are the constants relating to £ = E,, while in the total
widths T it is necessary to include the same T, but multi-
plied by (E /E,)"/* and (E /E,)*'* for s and p resonances,
respectively. When allowance is made for the contribution of
a p resonance very far from E,, its I', must everywhere be
multiplied also by the factor (1 + (koR )2/(1 + (kR)?*) (R
is the radius of the nucleus).

We note that the foregoing formulas refer to the center-
of-mass system (c.m.s.) and describe the cross section well
only in the case of well-isolated resonances, since the formu-
las do not take into account inter-resonance interference; the
sums in (2) give only the incoherent contributions of the
resonances, the limits of the summation over which must be
determined on the basis of the accuracy required.

Sections 1 and 2 of the review cover studies with high
energy resolution, when individual resonance lines can be
clearly identified in the spectra of the detected neutrons. One
group of studies determined the orbital angular momenta
and spins of the resonances,** while another determined
the mixtures of the spin channels in “two-channel” p reson-
ances.'>"’

Sections 3 and 4 are devoted to analysis of the differen-
tial scattering cross sections averaged over the resonances;
this analysis makes it possible to determine the parameters of
the potential scattering and the neutron strength functions
for s, py/2» and ps, neutrons.'®>* The studies of Refs. 15-28
were made using the IBR-30 reactor at the Joint Institute for
Nuclear Research.?
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1. DETERMINATION OF THE ORBITAL ANGULAR MOMENTA
AND SPINS OF RESONANCES

To study the: properties of individual resonances by
means of neutron scattering at different angles, only power-
ful pulsed sources of neutrons in conjunction with sufficient-
ly long bases for time-of-flight neutron spectrometry have
been used. In contrast to previous studies (see footnote 1),
which were concerned with the angular distributions of the
neutrons at different energies, the studies now considered
analyzed the energy spectra of the scattered neutrons ob-
tained at different scattering angles.

The choice of the investigated nuclei and neutron ener-
gies was dictated by the need to obtain clearly distinguish-
able individual resonances. For this, one requires not only a
high energy resolution of the spectra but also, on the one
hand, that the neutron widths of the resonances should not
be too small compared with the radiative widths (or other-
wise very thin targets are required) and, on the other, that
the resonances should not overlap. The fulfillment of both
conditions determined the investigated range of nuclear
masses and neutron energies: The energies have as yet not
gone beyond the range 1-1800 keV, while the set of target
nuclei is restricted to comparatively light or nearly magic
nuclei.

Method

The orbital angular momentum / of the resonance can
be readily determined from the variation with scattering an-
gle ¢ of the shape of the resonance resulting from its interfer-
ence with the potential scattering. Since the s wave is domi-
nant in the latter, and the resonance scattering amplitude
contains the factor P, (cos ), the angular dependence of the
corresponding term of the cross sectiono(E,?) is also deter-
mined by P, (cos #). For an s resonance, this term is ex-
pressed by the isotropic part of o,; in Eq. (5); for a p reso-
nance we have the term with cos & in o,; (7), while for a d
resonance this term has the form (with neglect of o, and
with energy-dependent I, )

1 gTpsing,

Te. o0
—Fm (AECOS&DH—? SI.DGD) P2 (COS’&). (9)

The second term (with I'/2) in all these terms is sym-
metric with respect to E about E,andis of no interest here (it
is usually smaller than the resonance term). In contrast, the
first term is a characteristic odd function of AE = E — Eg; it
makes the resonance asymmetric. Bearing in mind that
8, <0, it is readily seen that for an s resonance there must at
all # be a “dip” (destructive interference) at the “wing”
with E < E, but at E > E, there must be a slower decrease
(constructive interference), i.e., the picture observed for s
resonances and in the total cross sections. For resonances
with />0, this same picture is additionally “modulated”
with respect to the angle by the factor P, (cos ). Therefore,
a p resonance is symmetric at ¢ = 90°, looks like an s reso-
nance at ¢ < 90°, and for ¢ > 90° has a “dip” at E > E,. The
“visiting card” of a d resonance is recognized by the sym-
metric shape at angles around 55 and 125°, the shape of an s
resonance outside the interval between these angles, and a
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FIG. 1. Shapes of “standard” resonance in “°Ca with E, =900 keV,
I, =20keV for potential scattering of 1.5 b for the given /, J, and 4.7

shape that is the inverse of an s resonance for the angles
within this interval.

The / identification of the resonances obtained in this
manner is unambiguous and reliable. It only needs to be said
that with increasing neutron energy the contributions of the
higher angular momenta in the potential scattering increase,
and the simple behavior of the shapes of the resonances be-
comes gradually more complicated. Difficulties can also
arise from the mutual interference of closely spaced reson-
ances.

In principle, measurement of the resonance curve at
several angles also makes it possible to determine unambi-
guously the resonance spin J, but success here depends on
the accuracy of the experiment, since it is now necessary to
follow not merely the qualitative but the quantitative fea-
tures. The value of J significantly influences (through g and
p) theresonance and interference terms of o(E,d). Wenote,
in particular, that it is easiest to determine the spin of a p
resonance on an even—even target (/ = 0)?: The resonance
value is w, =0if J = 1/2 and w,=1if J=3/2, i.e., with
increase in & from 90° the resonance peak does not increase
in the first case but does in the second.

In practice, to avoid a laborious exact fitting of a calcu-
lation to experimental points, one calculates several “stan-
dard” shapes of the resonances for different Ey L J, & and
compares the experimental peaks with them. An example of
such standards, taken from Ref. 7, is shown in Fig. 1.
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FIG. 2. The first p-wave resonance (in *Fe) identified through the angu-
lar dependence of the scattering.®

Results

The results of the majority of studies give only the rela-
tive neutron yields for 2-10 scattering angles, and these are
not exactly proportional to o(E, ) because of the finite
thickness of the scatterers, multiple scattering, and the finite
resolution of the spectrometers. The first study® was made
using a 54-m time-of-flight base of a neutron source at Har-
well that gave neutron bursts with a duration of about 200
nsec. The scattered neutrons were detected by detectors with
lithium glasses. The results of this study, shown in Fig, 2,
made it possible to establish without doubt that the 1.15-keV
resonance in the nucleus *°Fe is a p-wave resonance, and this
settled a dispute about this question in a number of studies.

This pioneering work was followed by similar investiga-
tions at a higher technical level at three laboratories possess-
ing pulsed sources in the nanosecond range. Methodologi-
cally, these studies combine the use of fast detectors with
plastic scintillators; the neutrons are detected through the
recoil protons, beginning with energies of tens of kilo-elec-
tron-volts. In the case of the isochronous cyclotron at Karls-
ruhe, the measurements were made with a base of S8manda
time uncertainty of 4 nsec simultaneously for three’ and
ten™” scattering angles. For the electron linac at Oak Ridge
the corresponding parameters of the experiments were 200
m and 12 nsec for three'®!" and five'>'> angles, while for the
electron accelerator at Geel they were 400 m and about 6
nsec for six angles. '

Since the greatest interest attaches to determination of
the orbital angular momentum / together with the total J, so
far, apart from the 2°’Pb nucleus, ! investigations have been
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TABLE I. Number of resonances with determined /.

Target Energy,

e keV = l Reference

Nucleus € 0 1 2 3
24Mg 400—1800 4 6 5 — [10]
2851 1100—1300 2 1 — 1 191
325 200—1700 9 24(1) 26(11) 11 [14]
40Ca 500—1500 | 17(2) 22(10) 17(3) — (71
56Fe 1.15 — 1 — — [6]

450—900 21(2) 64(13) 16 - (8]

206pPh 25—900 35 109(27) 132(57) (2) 12, 13]
207Ph 15—480 10* 60(31) 12(2) — (1]

*Two resonances with spin 1~ definitely have a d-wave admixture and two others

have one with less certainty.

made only of even—even nuclei, which for each / have reson-
ances of only two spins (J =17+ 1/2), the choice of which is
comparatively simple. Altogether, [ values have been reli-
ably established for about 600 resonances of seven target
nuclei; their distribution is given in Table L. In the brackets,
we give the numbers of resonances for which the authors are
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FIG. 3. Comparison of calculated differential cross sections with experi-
mental neutron yields for different scattering angles for **S nuclei.
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uncertain about the / values. In the majority of cases (about
70% ) not only I but alsoJ was determined. Figure 3 shows as
an example a comparison of some of the experimental spec-
tra and the calculated cross sections from Ref. 14, in which
one can see resonances with identified / and J, these being
identified on the curves for the scattering angle 30°.

The results of Refs. 7-9 and 11-14, which measured not
only the angular dependence of the elastic scattering but
also, with high resolution, the total cross sections, are not
exhausted by the values of the spins and parities of the reson-
ances. Multilevel R-matrix analysis of the total cross section
also yielded their positions and widths and, therefore, pro-
vided the authors with fairly pure® statistical ensembles of
levels for five nuclei. In the following section, we shall briefly
consider some of the physical conclusions drawn by the
authors of these studies; here, we give only the experimental
values of the mean distances between the levels and of the
neutron strength functions (Table II). For the sufficiently
pure systems of levels, although frequently only few, the
authors give the mean distances D, (J) and the strength
functions S’ (J) for levels with given J”, and in the remain-
ing cases the values of D, and S’ averaged over J. We note
that the requirements on the purity of the ensemble are less
stringent for the determination of S (J), since it is usually
the weak resonances that are not noted or do not have a J
identification, and these make a small contribution to the
strength functions. In conclusion, we recall the connections
between the quantities given in Table II:

' pL
S ) =g (10)
D, () =iy 3 @7 +1); (11)
J
(12)

S' () =5 D 65' V),
J

where l",,i (J) is the mean reduced neutron width for the
resonances with the given [/ and J and
g=(1/2)(2J + 1)/(2I + 1). Equation (11) is correct if
for the nucleus the density of levels with the given J” at the
given excitation is proportional to 2J + 1. As can be seen
from Table II, this agrees with the data for **S but not with
the data for “°Ca.
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TABLE II. Mean distances between resonances and neutron strength functions (refer-

ences are given in square brackets).

Parameter| 1| Jj=n 328[14] 40Ca[7] , S6Fe[8] |208Pb[12, 13]1| 207pbi1]

Dy, keV o] 1/2+ , 173418 45+ ,19.611.8 2345%
o foias o | | 5815
1 1/2—, 19528 5519 ] ]
1| 32~ | s34, 54419 |
1' [231';,(22)**] 4.840.8 | 6,240.7* | 4.340.6
2| 32+ | 133148 ozl |
2| 52+ | o1 82+ j
2 | 3510(19)%+ 4.240.4%
3 146--62+ ]

1045 0| 472+ | 0.56t5 | 2.9240:38 | 2.64:0,8 | 1.0620.25
o] 1- <0.5
U /2 | 0.72:98 | 0.47493
1| 32 0.48:3:§§l 0.29+0:38
1 | 0+ | ' 0.4240.10
1 [ 1+ l I 0.68--0,06
1 2F 0,28+0.04
1 0.3622:28 | 0.594-0.25 0.32:|:0.04’0.35:{:0.05
2| a2 0.55:3:§;[ 3,4493 1.8140,27
2| 52t | 1,407 | 0,919 | 1.24+0.15
2 ] 1,943 2.8:1,0
3] 2,29+1:31 [

*Estimated by usas (AE /N) + v2/N (AE /N) (Nis the number of resonances in the

interval AE).

**The value corrected for the omission of levels is given in the brackets.

Discussion

In the studies which we have considered, numerous ob-
servations quite new for neutron spectrometry were made.

1. In Ref. 9 there appears to have been the detection of
the first neutron f resonance for the nucleus *8Si, while for
*’8 11 such resonances have already been found. 14

2. It haslong been known from theory that for a nucleus
with spin /> 0 neutron resonances with many of the possible
J7 can be excited through channels with several / values of
the same parity. However, because of the strong influence of
the centrifugal barrier it was assumed that at energies below
1 MeV only neutrons with the minimal angular momentum
Inin form a resonance, and in practice no-one reckoned with
the possibility of a contribution of neutrons with
I'=I.i, + 2. Butin Ref. 11 and in the communication®® that
preceded it, it was unexpectedly found that the “s reson-
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ances™ at 181.49 and 256.43 keV in 27Pb (1 = 1/27), which
have spin 17, contain admixtures of d waves to the extent of -
53and 81% of the s wave. It is possible that the same applies
to two further resonances of ’Pb, " and that the same effect
has been manifested in other experiments on other nuclei but
not recognized. The possibility of such mixtures must now
be borne in mind.

3. In the same investigation'’ of the 2°7Pb + » system, a
further important observation was made; this concerned the
spin dependence of the neutron strength function § jforp
neutrons with total angular momentum J=1/2 and 3/2.
Whereas p resonances with spins 0 and 2 of a nucleus with
I'=1/2 are excited through one channel (neutrons with
J = 1/2 form spin 0, and those with Jj=3/2 form spin 2),
resonances with spin 1 are excited through both channels.
Therefore, if there are no doorway states with spin0* or2+
in the vicinity, resonances with spin 1 must on the average be
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stronger than resonances with spins 0 and 2, and if the spin—
spin interaction is actually negligibly small, we must observe
the equality S'(1) = S1(0) +S5'(2), as was indeed ob-
served in Ref, 11 in a region of energies free of doorway states
(see also Table IT). We note that, as was shown in Ref. 31,
the realization of this equality does not, in contrast to what
the authors of Ref. 11 assumed, require the signs of the am-
plitudes of the neutron widths to be random.

4. Among the first four studies in which some neutron
resonances in light nuclei were recognized as isobar-analog
states, two belong to the series of papers under discussion.
One of the s resonances of 28Si (Ref. 9) and two or three of
the d resonances of 328 (Ref. 14) were found to be analogs of
known bound states of the nuclei 2?Al and **P with isospin
T — 3/2. Since the formation of pure states with T'= 372
would require nonconservation of the isospin (for the target
T — 0 and for the neutron T = 1/2), they must be mixed
with states having T = 1/2. The matrix elements of the iso-
spin mixing, determined by the authors from the neutron
widths of the resonances, are of appreciable interest as a
measure of the deviation of nuclear forces from charge inde-
pendence.

5. In Ref. 13, the experimental values of the neutron
strength functions and phase shifts of potential scattering for
the target nucleus 2°°Pb were compared with optical-model
calculations. Two sets of optical-potential parameters were
found, one of which reproduced well the experimental val-
ues for / = 0 and 2 and badly for / = 1, while the other gave
the opposite picture. An analogous picture was observed
earlier for nuclei with 4 around 100 (Ref. 32) and 32¢ 33 This
may be an indication that the optical potential depends on
the orbital angular momentum.

We complete this list with two types of more traditional
observations aimed at the search for nonstatistical effects.

6. The appreciable number of identified levels of 207pPp
(about 350) and the width of the excitation interval (about
900 keV) enabled the authors of Refs. 12 and 13 not only to
verify the 27 + 1 dependence of the level density but also to
follow the dependence of the density with increasing excita-
tion energy. The graphs of the number of resonances with
energy less than a given energy are well described by a model
with constant nuclear temperature 0.9 MeV, which corre-
sponds to a growth of the density of about 129% for each 100
keV,butthe2J + 1dependenceis significantly violated: The
number of p resonances up to energy 200 keV is twice as large
as it should be, but by the energy 900 keV this excess is re-
duced to 13%. A similar effect but with the opposite result
was observed'* for the compound nucleus **S, for which a
~30% shortfall of p resonances was found, admittedly with
considerably less statistical certainty than in Refs. 12 and 13.
We note that a difference between the number of compound
levels with opposite parities has a theoretical explanation®*
in the framework of the semimicroscopic model of Ref. 35.

7. Another type of nonstatistical effect was also ob-
served—concentrations of the “strength” of neutron reson-
ances, which are interpreted as doorway states. They were
clearly observed for lead isotopes.''~'* The nature of the
doorway state for the p resonances with J7 =17 in the
207py, 4 p reaction at energy around 140 keV was analyzed
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in detail in Ref, 36. The details of the intermediate structure
of the strength functions for the s and d neutrons in this
reaction and in the 2°°Pb + n reaction were qualitatively re-
produced in the calculations of Ref. 37 using the quasiparti-
cle-phonon model.*®

This brief account of the physical results obtained in
Refs. 9 and 11-14 shows how fruitful the investigation of
neutron resonances can be if their spins and parities are de-
termined.

2. INVESTIGATION OF MIXTURES OF SPIN CHANNELS INp
RESONANCES

Theoretical treatment

For target nuclei with spin J 70, p resonances with
spins J=1for I=1/2 and J =1+ 1/2 for I>1/2 can, in
contrast to s resonances and p resonances with spins
J =TI+ 3/2, be excited by neutrons and emit neutrons
through two different channels with different channel spins
s, =1+ 1/2 or different total neutron angular momenta
j=1/2,3/2 (depending on the chosen representation). For
unpolarized neutrons and nuclei, the cross sections integrat-
ed over the solid angle contain only the total neutron width
T, of such two-channel resonances, while the partial neu-
tron widths (or their amplitudes) corresponding to the indi-
vidual channels occur only in the differential cross sections,
with

Pn=I'n_+I'n+=f'ﬂ_1__+rni, (13)

2 2
where the partial widths are identified by the additional
channel indices.

Between the amplitudes of the widths y, = + T, in
the different representations there is a one-to-one connec-
tion (see, for example, Ref. 31):

) vs
2

y,=2]/T[——W(I%J1; e

o] =~

+VT W (154 I—%3) 7] (14)
2
po=2VIFI[ =W (1375 I+33) v

g

FVIW (1574 I+§—§;)v%], (15)

where W is a Racah coefficient. Since the signs of the ampli-

tudes are usually unknown, the connection between the cor-

responding widths is two-valued. The relations between I+

andT,- (or 1"" , and I"n 3 ), i.e., the mixing of the channels,
2 2

can be found only from experiment.

We turn to the differential cross section of elastic scat-
tering. We consider the feature associated with the presence
of two channels in the resonance part of the cross section—in
the term containing P, (cos ). In the channel-spin represen-
tation, this part of the cross section is given by Eq. (6) (for
J =1+ 1/2), while in the representation it has the form

2
on = (7;) wFFTH

I3 4 BTN E7—4T )
se Bebmat oo ey
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X [—lohtr—triy T
VAl 4]

B, (cosﬁ)}. (16)

We write the differential scattering cross section in an

isolated p resonance, ignoring the energy dependence of T,
in the form

1 &r'}
0 (%) =0pa (8) o AE8+nr=*f4

% [1+mlcosi‘}+w2P2(cosﬁ)], (17)

where in accordance with (6) and (7) the anisotropy of the
scattering in the resonance is given by the parameters

TABLE III. Dependence of @, in p-wave resonances on J and B,.

e “;:60 [2(Ey— E) cos 8,+ I'sin 8,; (18)
Op=(2/+1)p2(J, 55) for J=1T 4 3/2; (19)

0y = (27 +1)[p (J, 5.)B, =P (J, s4) (1—B,))2
The phase shift 8, in ( 18) can be determined from the poten-
tial-scattering radiusas§, = — kR ", (J,5) can be calculat-

ed in accordance with Eq. (8), while B in (20) is the Srac-
tion of the channel with spin s_ =TI — 1/2 in the excitation
and decay of the given resonance:

ﬁs . P”—/(I‘"— 4= Fn+)- (21)

Note that the expressions (17)~(20) are written down in the

approximation |§,| €|8,|, which is good to several tens of
kilo-electron-volts.

! b o1 wa(0) wa(1) By (0) A8,
0| 1 e

3/2 1

12| o 0
1 i/2 1 2 1/3 2/3—1
2 710

32| o 0
1 | 1/50 17 | e 1/3—1
2 7/10 7110 l 1/2 None
3 12/25

52| 1 1/50
2 2/35 710 2/9 4/9—1
3 8/4 12/25 5/9 0—1/9
4 11/28

72 | 2 2/35
3 112 3/4 1/4 1/2—1
4 77/100 11/28 712 0—1/8
5 l 26/75

9/2 3 ’ 1712 ’
4 ( 28/275 77/100 4/15 8/15—1
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FIG. 4. Dependence of the anisotropy of the scattering for p-wave reson-
ances with J = 1/2, J = 1 on the parameter measuring the mixing of the
spin channels.

As can be seen from (19), the @, for single-channel
resonances are constants, and from their values one can de-
termine the spins of the resonances (see the third column of
Table III). But for two-channel resonances, @, is deter-
mined not only by the spin but also by B, i.e., if the spin J of
the resonance is known, then from @,, using Eq. (20), the
ratio B, of the channel contributions can be determined.

In Fig. 4, the continuous curve shows the function
w,(J3; ) for p resonances with spin J = 1 for a nucleus with
spin I =1/2. The broken curve shows the connection
between @, and the channel ratio of the j representation,
B, = I‘" 1/ (I“'l 4 F I‘n 1) which can be readily obtained

2 2 2

from (17) by using the expression (16) instead of (6) for
J = I + 1/2. It can be seen that the function S, (@,) is sin-
gle-valued only for @, > 0.5, while for @,<0.5 it is two-val-
ued. But the function §; (@,) in the same regions of @, takes
two and four values, respectively. Therefore, despite the fact
that in neutron physics the j representation has greater im-
portance and the partial neutron widths are more necessary
too in this representation (see the last subsection of Sec. 2),
it is, because there is less ambiguity, more advantageous to
study the behavior of the contributions of the different chan-
nels by analyzing o(#) in the s representation.

The connection of @, to B; and 3; depends qualitatively
on the spins [ and J, but is basically similar to the case
I=1/2,J =1, represented in Fig. 4. The basic features of
the connection between @, and B, can be seen in the last four
columns of Table III. We give there the anisotropy of the
scattering for 100% contributions of the channels [@,(0)
and @,(1)1, the fraction of channel s_ giving zero anisotro-
py [B;(0)1, and the region of values of 5, (AB,) in which
the function B, () is single-valued. Note that the neigh-
borhood of the point B, (0), i.e., the point at which the ab-
scissa axis touches the parabola, is an additional “region of
single-valuedness,” since there the two values of B, are close
to each other.

The distribution of B, and B,

Measurements of the partial neutron widths I'; and I';
for the spin channels 1 and 2 are not only needed for a more
complete description of the interaction of neutrons with nu-
clei,” but are also of independent physical interest. The main
question here is the following: Do the reduced neutron
widths ['! and I} fluctuate independently from resonance
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to resonance or is there a correlation between them?

It is known that the amplitude of the neutron widths
can be represented in the form of a surface integral of the
product of the complicated wave function of the composite
state and the simple wave function of the neutron state. In
accordance with this, the expressions for the amplitudes ¥,
and ¥, differ by the wave function of channels 1 and 2, for
which only the values of the spin variables are different.
Therefore, the answer to the question posed above concern-
ing correlation of the widths, which was posed in Ref. 39 and
stimulated the investigations described below, gives new in-
formation about the spin dependence of the nuclear forces
and about the structure of the wave functions of highly excit-
ed nuclear states.

In the case of complete correlation between Il and T3,
the values of 8 =T',/(T; + I';) would be the same for dif-
ferent resonances (at least, for a given spin J =1+ 1/2).
But in the opposite case of independent fluctuations, B will
be continuously distributed in the interval from 0 to 1 in
accordance with the distributions of the widths in the two
channels. Thus, if T'} and T follow independent x” distri-
butions with number v = 1 of degrees of freedom and with
mean values f‘} and T‘_i, then, as is easily seen, the differen-
tial of the probability of a given B is given by the expres-
Sionls,do

Vx dp

P ) B=F%d=P = VBa_D
where » =TI} /T3. The distribution (22), normalized to
unity, has mean value {8) = J%/(1 + %), a minimum at

(22)

B 5x—3—V 9wt —14x+9
- Bw—1)

and tends to infinity as #—0and 1. For equal mean widths in
both channels, x =1 and {8 ) = Buin =0.5. As x is in-
creased (decreased) from 1, (8) and B, are slowly dis-
placed in the direction of 1 (0) and O (1), respectively.

Under conditions of maximally complicated nature of
the excitation, the properties of the nuclei in the compound
states can be well described by a statistical model of the nu-
cleus, according to which, in particular, there should be no
correlations between the partial widths of any two reaction
channels. Nevertheless, a great many exceptions to this rule
are known, these occurring when the excitation isduetoa
small number of nucleons or has a collective nature. Such are
the cases of direct capture of a valence neutron and the cases
of doorway and analog states; at the same time, for many
nuclei correlations have been observed between different
pairs of nucleon and radiative channels.

The theoretical analysis of the correlations between
widths made in Ref. 41 made it possible to prove formally a
rule: If in a certain interval of energies compound states are
excited and decay through a doorway state common to sev-
eral channels, then between the partial widths of the corre-
sponding resonances for these channels there must be corre-
lations. For a pair of spin channels that are mixed, any
doorway state is evidently always a common state, and
therefore investigation of mixtures of such channels may be
a very sensitive tool for discovering and studying nonstatisti-
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cal effects at high nuclear excitations,
As was shown in Ref, 42, if certain conditions are satis-

fied, there can still be a correlation between the partial-

widths in the spin channels even when one of the simple
configurations (a doorway state) is not dominant in the
compound states. Moreover, approximate analysis of some
experimental results led Nikolenko*? to the conclusion that
for the nuclei Ag and Tl such a correlation exists,

Measurements and results

To determine the parameters B, itis necessary to make
measurements of the type described in Sec, 1, i.e., to obtain
resonance peaks of the neutrons at different scattering an-
gles. This was done using the pulsed reactor IBR-30 with an
injector at the Laboratory of Neutron Physics at the Joint
Institute for Nuclear Research. The comparatively low ener-
gy resolution (time uncertainty of about 5 usec) was respon-
sible for the small number of P resonances studied in the
three experiments of Refs. 15-17.

Two measuring arrangements, in which the neutrons
were detected by proportional counters filled with *He to a
pressure of 10 atm, were used. The first had a time-of-flight
base of 250 m and is shown schematically in Fig. 5. A flat
scatterer was set up in a beam of cross section 2212 cm,
and the scattered neutrons were detected by one battery of
counters with total working volume of about 8 liters, this
being situated in a massive mobile shield of paraffin with
B,C at a distance of about 1 m from the scatterer. In the
arrangement over a base 1000 m from the reactor (Fig. 6),
the cross section of the neutron beam had the shape of a ring
with outer diameter 80 cm and inner diameter 60 cm, and the
scatterer was made in the shape of the side surface of a trun-
cated cone, its dimensions corresponding to those of the
beam. Two detectors of volumes 3 and 8 liters detected neu-
trons scattered by the sample at angles near 90° and 150", A
more detailed description of the equipment and method of
measurement with it can be found in Refs. 15-17 and 23,

With regard to the procedure for extracting the values
of w, from the experimental spectra, it is necessary to say the
following. After subtraction of the smooth base below the
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FIG. 5. Schematic arrangement of experiment with a 250-m base: 1) mo-
bile neutron detector in shield; 2) scatterer; 3) collimator; 4) evacuated
neutron guide; 5) fixed platform of detector; 6) monitor counters; 7)
electromechanical drive for displacing the detector and the scatterer; 8)
detector electronics; 9) control block for the electrical drive.?
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FIG. 6. Schematic arrangement of the experiment with a 1000-m base: 1)
90° detector; 2) 150° detector; 3) scatterer: 4) collimator; 5) polyethylene
“bag” filled with argon; 6) paraffin with B,C; 7) B,C; 8) concrete, !”

peaks corresponding to potential scattering by nuclei of the
sample and the background, it is necessary to calculate the
areas of the resonances, correct them for parasitic effects™
that depend on the scattering angle, and make a transforma-
tion to the center-of-mass system. Then the area of each reso-
nance can be expressed as

B (8) =By [1+40,P, (cos ) + @,P, (cos B)],” (23)

where B, &,, and @, are obtained by integrating the
yield of scattered neutrons over the energy. The E indepen-
dence [in accordance with (19) and (20)] of w, in ( 17)
ensures the equality @, = w,, while in @, there appears only
the second term of the expression (18) (the first gives zero

on integration and when E,»T), so that
r Eo

51=23in250—ﬁz 130]:)01 —r%—, (24)

where E is measured in kilo-electron-volts and Opot inbarns.
Thus, for the determination of @, (and @, ) measurements at
three different angles are needed. But if & 1 is small (at small
E) or is assumed known [in accordance with (24) ], then
measurements at two angles are sufficient.

The results of all three experiments proved to be rather
intriguing. The first experiment's was made with a 250-m
base with scatterers made of metallic yttrium with thickness
along the beam of 0.0113 and 0.0221 b~". The values of @,
were determined for six p resonances or unresolved groups of
them. Since the spin of *Y is 7 = 1/2, it follows in accor-
dance with Table III that resonances with spins 0 and 2 have
@, =0 and 0.7, respectively, while resonances with spin 1
and mixed channels can have any @, between 0 and 2. In
accordance with this, not less than three resonances were
found to have spin 1 and 8, greater than 0.8, and the w, of
two resonances also admit the possibility of spin 2, i.e., are
close to 0.7. Thus, three out of the five B, values were con-
centrated around 0.8.

In the second experiment,'® made with the same ar-
rangement, p resonances of '°F were studied (Teflon sam-
ples of thickness 0.6 and 1 mm); for determination of the
areas of the resonances additional use was made of a self-
indication method, which made it easier to separate the re-
sonances from the background. The two upper spectra in
Fig. 7 are measurements with a sample without a filter
(black circles) and with a filter (open circles) of Teflon of
thickness 2.4 mm; the lower spectrum is their difference. In
the upper half of the figure, at the bottom, we show the back-
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FIG. 7. Neutron spectra from 19F at = 37" n is the number of the 1-usec
wide channel, and N is the number of counts in the channel.'®

ground spectra without a sample (open circles with a filter;
black circles without it). To within the errors of the mea-
surements, allowance for the background does not affect the
result. The result of this experiment is that for the two-chan-
nel resonances of '°F at 49 and 97 keV the values of w, were
found to be zero, and, therefore, both resonances have
B, =1/3 (I=1/2). ‘

With the 1000-m base in the third experiment'” the in-
vestigation of the yttrium resonances was continued with
improved resolution. The scatterer consisted of 16 trapezoi-
dal aluminum containers filled with about 7 kg of Y,0;. The
thickness of yttrium in the direction of the beam was ~0.034

b=, In the energy interval from 2.6 to 30 keV, the areas of 20

resonances out of a total number of 30 resonances, according
to Ref. 43, were determined at two angles by means of the
UPEAK program.** The areas of the eight s resonances

E%,Ee\/ e ]”
— i) e
= L} It

a 0.5 B

FIG. 8. Values of 8, for ten resonances of **Y. The number N corresponds
to the histograms and shows the number of resonances in the B, interval of
width 0.1."7
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made it possible to normalize the spectra of the two detectors
to each other, and the areas of the 12 p resonances, in con-
junction with Eq. (24), made it possible to determine the
values of @,. For seven p resonances, @, deviated from 0 and
0.7 by not less than two standard deviations, for three by not
less than one, and for two by less than one. Therefore, spin 1
was ascribed to ten resonances, the B, of which are shown
graphically in Fig. 8. The centers of the rectangles corre-
spond to the experimental values of 5, on the abscissa and to
the energies of the resonances on the left-hand ordinate,
while the horizontal dimensions of the rectangles corre-
spond to the standard deviations of B,. For six resonances,

the B, are single-valued (@,> 0.5) and are shown by the
black rectangles, while for the other four @, < 0.5 and the 5,

each have two possible values, which are shown by the open
and hatched rectangles. It can be seen that a concentration of
all B, around 0.8 is possible but can be questioned.

Other data and discussion

An attempt to investigate the contributions of spin
channels in neutron p resonances by measuring neutron scat-
tering was made already in 1958,* but the first definite re-
sults were obtained in measurements of the angular depend-
ence of the emission of y rays of the radiative capture of
neutrons for three resonances of >*Nb,* and later for a reso-
nance of *C1.#6 The study of Ref. 47 analyzed the real possi-
bilities for solving the problem in measurements of the total
cross sections for polarized neutrons and oriented nuclei.
Finally, in connection with the need to know the partial neu-
tron widths to analyze the effect of nonconservation of spa-
tial parity in p resonances, information on channel mixtures
was obtained from the observation of three different types of
correlation of y rays following neutron capture®®; this led to
a determination of not only 3, but also the relative signs of
the amplitudes B, and \[T— B, for ap resonance of 1178n at
1.33 eV.

All the available data on B, are collected together in
Table IV, from which one can with confidence as yet draw
only one trivial conclusion—for different nuclei (even with
the same spins) the spin channels in the p resonances are
mixed in different proportions. With regard to the distribu-
tion of B, for one nucleus, one can speak of a certain indica-
tion of a correlation between I',,~ and T, . Indeed, the hy-
pothesis of a grouping of the B, in a narrow range of values is
contradicted only by the results of Ref. 40 for 9Nb, How-
ever, this contradiction is significantly weakened if the spin
of the resonance at 94.3 eV is not 4 but 3 (in accordance with
Ref. 43); then this resonance does not have two channels,
and its “3,” must be ignored. The other two 23Nb reson-
ances have different spins and correspond to different sys-
tems of levels, for which the “preferred” B, can be different.
The equality of the 3, of the '°F resonances speaks for a
strong correlation, but there are just two resonances and the
coincidence could be fortuitous.

The 3, situation for the ten resonances of #°Y (Fig. 8),
four of which may have any of the two possible values, is
curious. If for all four resonances the smaller values of B are

_correct (there are no hatched rectangles), then the observed
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TABLEIV. List of known mixtures of spin channels of p-wave resonances (references are

given in square brackets),

Target nucleus Ep, keV J By

18F [16] (I=1/2) 49.1 1 0.334-0.14
97,0 1 0.33+0.13

35C1 [46] (I=3/2) 0,398 9 -0

8OY [17] (I =1/2) 2,61 1 0,944-0.03
3,38 1 0.90+-0,04
9.41 1 (0.62 ‘or1 0.05)2-0.05
12,99 1 (0.62 or: 0,04)+-0,04
14,21 1 0.83+0,06
20,27 1 0,85-:0.11
23,00 1 (0.64 :or. 0,03)+0,04
24,56 1 (0,58 :or. 0,09)5-0,06
29,26 1 0,96+0,05
30,05 1 0,79+0,03

%Nb [40] (F=9/2) 0,0358 5 0,30+0,08
0,0422 4 0,73+0,17
0,0943 4 0.16+0.13

1178n [48] (F=1/2) 0.00133 1 0,82+-0,07

distribution agrees with the theoretical distribution (22)
shown in the figure by the continuous curve and correspond-
ing to two independent Porter-Thomas distributions 1
and T'}.. with equal mean values, But if the larger values are
realized (no open rectangles), then all the B, lie in the inter-
val 0.5-1, the probability of which for a symmetric distribu-
tion is only 0.2%. For an appreciable probability of such a
grouping of the A, , it is necessary to assume the existence of
either a large difference of the mean widths (the broken line
in Fig. 8 corresponds to ﬁ,h =10 I‘_,‘,:) Or an appreciable
correlation between I', - and I",+ . Other versions of the four
resonances lead, naturally, to less definite conclusions.
Concluding the discussion of the results of the investi-
gation of neutron spin channels, we must not fail to mention,
at least briefly, the significant experimental material ob-
tained for proton channels. Because of the high energy reso-
lution (~300 V) at Duke University at Durham, North
Carolina in the United States, spectroscopy of proton reson-
ances can be successfully developed. Investigation of the an-
gular dependence of the emission of protons and photons in
the (p, p’) reaction makes it possible to determine for p and d
resonances the amplitudes of the widths in the exit spin
channels and their relative signs.*® For the target nuclei
*4Ca, **Ti, *°Cr, and 6Fe there are now eight sets, each con-
taining several tens of resonances with spins J=3/2",

N N
r “ca(p,p) “®Ti (p, p!)
[= (=1
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12F J=55% J=575"
x=1,55 x=0,65
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FIG. 9. Comparison of the experimental B, distributions with the theo-
retical distributions for Ca and Ti.
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3/2%,5/2*, for which the amplitudes of the widths in mixed
channels are known. These data contain (see Ref. 50 and the
bibliography there) a rich diversity of the presence and ab-
sence of correlations associated with analog states and not
associated with such states. Figure 9 gives two B distribu-
tions for the partial proton widths, one of which agrees well
with the distribution (22) (no correlations) and the other
badly (strong correlations).

Finally, data have very recently appeared on spin chan-
nels in the elastic scattering of protons by nuclei with non-
zero spin, these data being completely analogous to the neu-
tron data discussed above. For the nuclei Mg, *’Al, and
*°Si values of B, have been obtained for, respectively, 14
(Ref. 51), 22 (Ref, 52), and nine (Ref. 53) proton p reson-
ances. As yet, none of them contradict the statistical as-
sumption that there are no correlations between the chan-
nels, as can be seen from Fig. 10. The hatched part of the
histograms for Mg and 27Al relates to the resonances with
spin J = 2; the unhatched, to those with J = 3; the *°Si re-
sonances have J = |,

3. SEARCHES FOR THE EFFECT OF ONE-PION EXCHANGE

This and the following section review studies in which
nuclear properties were determined from the angular distri-
butions of neutrons in energy intervals containing many re-
Sonances. For such measurements, a high energy resolution
is not required, and in the atlas of differential cross sections?

N N
Mg (p,p) 281 (p,p)
l=1 =1
x=1,95 an é x=1.50
4 4
J A AT,
7 04 088, 0 04 085, 0 04 085

FIG. 10. Comparison of the experimental 3, distributions with the theo-
retical distributions for Mg, Al and Si.
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one can find quite a substantial body of data for neutron
energies less than 0.5 MeV, the majority of which were ob-
tained at Argonne National Laboratory in the United States
by means of nuclear reactions as sources of monoenergetic
neutrons with an uncertainty of tens of kilo-electron-volts.
However, the lower limit of the energies in these data is,asa
rule, around 300 keV; the authors analyzed them only from
the point of view of the optical model, and therefore we shall
not consider these studies.

All the investigations reviewed below were made at the
Joint Institute for Nuclear Research using the IBR-30 reac-
tor and the time-of-flight method. The arrangement em-
ployed'*?* has already been briefly described in a subsection
of Sec. 2 (see Fig. 5). Measurements at scattering angles 45,
90, and 135° with and without a sample were made in an
automatic regime using a MERA-60-30 computer; after the
introduction of corrections®' and calibration to a carbon
standard the parameters o5, @y, and w, of the differential
cross sections were obtained in accordance with the expan-
sion (1) for energies in the range 2-450 keV. The samples
employed were of pure elements of the natural isotopic com-
position and samples enriched with one isotope; the mass of
the samples varied in the range 70-300 g.

The absence of interaction at orbital angular momenta
I> 1 and the possibility of separating the weak p-wave scat-
tering on the background of the strong s-wave scattering
made it possible in the study of the scattering of neutrons
with kilo-electron-volt energies to test experimentally one of
the hypothetical possible “mechanisms”’ of p-wave scatter-
ing.w'zo

As is well known, the nuclear forces acting between nu-
cleons can be interpreted as due to the exchange of quanta of
the nuclear field—mesons of various species, with one, two,
etc., being exchanged. The effective range of the interaction
corresponding to exchange of a given species and number of
mesons is then inversely proportional to the total mass of the
mesons. Therefore, the interaction with the longest range,
characterized by about 1.4 F, is obtained for exchange of one
of the lightest mesons—the pion. Exchanges of two pions or
more massive mesons give ranges less than 0.7 F. But the
one-pion interaction Hamiltonian contains as a factor the
product of the spins of the interacting particles, and there-
fore if one of them is represented by two “paired” nucleons
with zero total spin, the contribution of one-pion exchange
with this pair will also be zero. Hence, for the interaction of a
nucleon with a nucleus one-pion exchange is important only
with an odd unpaired nucleon of the nucleus.

The one-pion interaction can be more readily calculated
than the other interactions, and this theory is well confirmed
in experiments with so-called peripheral interactions®* of
few-nucleon systems. Itsimportance in complicated nuclei is
unclear, since in general any type of nucleon—nucleon inter-
action in a nuclear medium may differ very appreciably from
the corresponding vacuum interaction.

The features of the one-pion interaction described
above suggest that when the neutron energies are not high
and the peripheral p-wave interaction begins to be manifest-
ed the difference between the amplitudes of potential p-wave
scattering by an odd nucleus and the neighboring even—even
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nucleus will to a large degree be determined by the contribu-
tion of one-pion exchange, while the contribution of this ex-
change to the difference of the s-wave amplitudes must be
many times less. A convenient measure of this effect is the
forward—backward scattering asymmetry @, in the expan-
sion (1), which is, when resonances are ignored, essentially
equal to twice the ratio of the p and s scattering amplitudes
and is given in accordance with (3) by

o, = 6 sin 8; cos (8, — Oy)/sin 85
In the limit kR <1, this can be represented'? in the form

0, = 2 (kR)? R{/Ry, (25)

where R}, is the widely used radius of potential scattering,
usually denoted by R ', and R is the analogous quantity for
p neutrons introduced in Ref. 19 (see also the third subsec-
tion of Sec. 4). Thus, @, is a linear function of the neutron
energy, and the ratio of the p- and s-wave ranges in which we
are ifiterested is characterized by the slope of the straight line
o, (E) relative to the abscissa axis, i.e., by @,/E.

In Refs. 18 and 19, a chain of ten elements in succession
from Ru to I was investigated in the IBR-30 reactor regime.
To neutron energies of 40-60 keV, the experimental values
of w,(E) were found to lie well on straight lines emanating
from the coordinate origin, the slopes @,/E of which were
determined by the method of least squares. The results are
presented in Fig. 11.In the upper half of this figure, the open
circles show the values of ,/E for five elements witheven Z
containing predominantly even—even nuclei. It can be seen
that the black circles, corresponding to nuclei witheven4-Z
and odd Z, lie systematically above the line connecting the
points for the even—even nuclei. To eliminate the influences
of s and p resonances by the approximate method described
in Ref. 55, their contributions to @, at E = 40 keV were cal-
culated. It was found that the resonances lower the “poten-
tial” w, by 10-20% without exhibiting a correlation with the
parity of the number of protons in the nuclei. The @,/E val-
ues corrected in this manner are shown by the crosses above
the uncorrected values. In order to eliminate possible fluctu-
ations of the s-wave scattering from nucleus to nucleus, Eqg.
(25) and the available data on R were used, for the first
time, to determine the p-wave scattering radii R 1, which are

W . L
L T S L. L
x |
5»
| L 1 1 1
100 110 120 A

FIG. 11. Experimental values of the scattering asymmetries and the p-
wave scattering radii for the nuclei Ru, Pd, Cd, Sn, Te (open circles) and
Rh, Ag, In, Sb, I (black circles) b
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FIG. 12. Experimental values of the Scattering asymmetries for even
(open circles) and odd (black circles) tin isotopes. 20

shown in the lower part of Fig. 11 (the crosses show the
values “corrected” for the presence in Z-even elements of
isotopes with an odd number of neutrons calculated by as-
suming that these elements would have R | values as for the
Z-odd element of the given pair). The same effect as for
@,/E is found; the R | values are on the average appreciably
above theline R = 1.354 '/3 F, as they must be in this region
of 4 in accordance with the optical model of the nucleus (see
also the third subsection of Sec. 4).

In Ref. 20, the values of @,/E were obtained for a chain
of seven tin isotopes ( Fig. 12). It can be seen that to within
the errors of the measurements these quantities do not exhib-
it a correlation with the parity of the number of neutrons,
and a more detailed analysis of them was not made,

Thus, in connection with the hypothesis advanced in
Ref. 18 concerning a possible influence of one-pion exchange
on the p-wave scattering of neutrons by nuclei with an odd
nucleon, the following can be said. F irst, if such an influence
does exist, it is by no means decisive. Second, there are
grounds for believing that in the interaction of neutrons with
nuclei there exists some mechanism by which an odd proton
ofa nucleus introduces into p-wave neutron scattering a con-
tribution that is approximately an order of magnitude
greater than that of each of the remaining nucleons (the
jump in @, for Z-odd nuclei is about 10%, while the number
of nucleons in the nucleus is about 100). An odd neutron
does not have this property or has it at most only to a much
lower degree. It is not possible to attribute this effect unam-
biguously to one-pion exchan ge, though there are qualitative
arguments®® that support this (including the difference of
the effect for a proton and a neutron).

Unfortunately, a serious theoretical investigation of the
hypothesis, which could cast light on the results and stimu-
late further experimental efforts, is lacking. It would evi-
dently be desirable to at least estimate the correction to the
nuclear potential obtained by “spreading” the one-pion po-
tential over the nucleus by means of the wave function of the
odd nucleon.

4. DETERMINATION OF THE SCATTERING RADII AND THE
NEUTRON STRENGTH FUNCTIONS

Development of the method

In the development of the analysis of averaged differen-
tial scattering cross sections, several stages can be distin-
guished.

1. As is well known, the statistically most accurate
method of determining neutron strength functions is to ex-
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tract them from the cross sections averaged over the reson-
ances. For this purpose, use has long been made of the aver-
age total cross sections Tie and the cross sections o, of
radiative capture, which can be expressed in terms of the
strength functions as parameters, Analysis of the averaged
differential cross sections of elastic scattering became a natu-
ral development of these methods. The advantages of this
method, noted more than 20 years ago,>® are as follows.
First, being a sum of three terms (one isotropic, one with cos
#, and one with cos%?), the cross section o(J) contains
more information than Tt OF T, since each of the terms is
expressed differently in terms of the phase shifts and the
strength functions. Second, at energies up to 50 keV for spin-
less target nuclei, the third term (or the parameter w,) con-
tains the neutron strength function only for P32 neutrons,
while the other two terms depend on the total strength func-
tion for the p neutrons; this makes it possible to decompose
the total strength function into its components and observe
the spin—orbit splitting of its maximum in the region
A~100.

2. The expression in terms of the strength functions of
the o(J) term with cos ¢ (Ref. 55) initiated the develop-
ment of a new method that gave the first practical results in
Ref. 22: For five tin isotopes the experimental values of the
parameters oy, w,, and w, of the cross section (1) were de-
scribed by functions containing seven adjustable param-
eters: the neutron strength functions S, § 1,2:and S}, fors,
P12, and p;,, neutrons, the radiative strength functions .§ .
and § ;,, and the contributions R o and R {* of distant levels
for the s and p neutrons. In these calculations and subse-
quently in calculations with other nuclei it was found that
the radiative strength functions are determined from scatter-
ing data with a large error and that, if their values are fixed
within reasonable limits, they do not influence the determin-
ation of the remaining parameters (since, beginning at tens
of kilo-electron-volts, r,» I',). Therefore, in all subse-
quent studies §') and § » were assumed to be fixed and were
estimated from the data given in Ref, 43.

The parameters R * of the R-matrix formalism deter-
mine for the chosen radius R of the nucleus the phase shifts
of potential scattering:

P gH?’

1—(S;—by) Ry '
where ¢;, P,, and S, are the phase shifts for scattering by a
hard sphere, the penetrability factor, and the shift factor,
respectively, these being known functions of kR,and b, is a
constant of the boundary conditions; R * were assumed to
be independent of the energy.

The essence of the method, which was developed
further in Refs. 24 and 25, in which scattering by 12 Z-even
elements from Ti to Te was investigated, is explained in Fig.
13, which contains the real quantities for neutron scattering
by cadmium nuclei. The broken curves represent the contri-
butions to o, @,, and @, determined by the parameters or
parameter combinations indicated next to the curves, while
the sums of all the contributions (continuous curves) must
describe the experimental points. The parameters S}, and
8, (i.e.,, R ) are determined better than the others, while

5;:(9;—!—tan" (26)
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FIG. 13. Contributions of different parameters to the formation of the
differential cross section of neutron scattering by cadmium nuclei.

between S}, 8p, and S 0 there are certain correlations.

3. The correlations and errors of the adjustable param-
eters were reduced by a combined analysis of the data on
o(9) with data on the widths gI', of individual reson-
ances.?*27 The experimental material included not only the
values of o, , @, and @, but also the values of thesums 2, T,
in 3-10 energy intervals AE, into which the region of the
known resonances for each sample was divided. From the
compilation of Ref. 43 the widths of all resonances in succes-
sion were taken (independently of /), averaging over the iso-
topes was done for each element, and the resulting experi-
mental points were described by means of the formula®

e 2
EgI‘anE = VE [SO + —ﬁ‘%ﬁ- (Si/g—i- 2-5%.;2)] "
4. The energy-dependent quantities T:,;/D,,,j that ap-

pear when o(d) are obtained from o («#) are expressed in
terms of the strength functions in accordance with

o 1
ey e
Dnij MVE ER d; ’

where

dy= (P RTY? 4+ [1—(8,—b) RT1%

27

(28)

Allowance for the factor d; of Ref. 57 in Refs. 24-26 showed
that the values obtained for the strength functions § }depend
strongly on the chosen boundary conditions. Thus, for the
Cd isotopes® the values of § obtained for b, =0 and
b, = — 1 differ by a factor 1.5-2. This uncertainty was eli-
minated in Ref. 27 by choosing values of b, which ensure the
equality d, = 1. Solving Eq. (28) withd, = 1 for b;, we ob-

tain
1 1
ol S ) —p
¢ i 18 ]/ (RT)? P

and by substituting (29) in (26) we arrive at a simpler
expression for the phase shift”:

(29)

8, = ¢; + sin~! P.Ar. (30)
Thus, the description of o (), the average over the interval
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AE with center E, using the expressions (27) withd, =1
and (30) amounts to the use of b, that are constant in each
AE but slightly different for different E: R °, as before, are
constant fitted parameters. The choice of the boundary con-
ditions described here is good in that, while ensuring maxi-
mal accuracy of the single-level approximation of R-matrix
theory,® it simultaneously “unifies” the resulting strength
functions, making them compatible with those obtained
from the resonance parameters without allowance for the
factors d,.

5. The next step in refining the analysis of the differen-
tial scattering cross sections is to take into account the spin—
orbit splitting in the potential scattering, i.e., the addition to
the index [ of the index j=1/41/2in the phase shifts for
I> 0, as was done from the very beginning for the strength
functions. The inequality of 6 and 6_, as, for brevity, we
shall denote the p-wave phase shifts with j = 3/2 and 1/2,
respectively, is due to the inequality of the contributions to
the p-wave scattering of the tails of the resonances outside
the averaging interval AE and formed through channels
with different j. All this is expressed formally by the intro-
duction of R % and R © instead of R and the calculation
of 5, and §_ by means of the same expressions (26), (29),
and (30). The corresponding expression for o (&) was ob-
tained in Ref, 59 and was tested in the process of the prepara-
tion of Refs. 24 and 25. However, decomposition of 8, into
&, and§_ didnot succeed, since in the new o' () the expres-
sions of the type 3 sin §, and 3 sin?8, are replaced by the
expressionssin _ + 2siné . and sin?5_ + 2sin?6 ., and at
small , a strong correlation arises between 8, and 5_—for
a given sum &_ + 28, o(J) is almost insensitive to the
difference 6, — 6 _.

For separate determination of §, and 8_, it was pro-
posed in Ref. 60 to use data on the polarization of scattered
neutrons that arises from allowance for the spin—orbit inter-
action. In Ref. 60, an expression was obtained for the polar-
ization as a function of 8, 8.1, 8_, S S 1,2, 3, and con-
taining terms with sin(8, —6_).

Preliminary calculations showed that it described well
the polarization data for neutron energy 400 keV for reason-
able values of all the parameters.

6. The final refinement of the method was its extension
to target nuclei with spin 7 %0, the details of which will be
discussed in the next section.

General expression for o(i})

An expression for the average differential scattering
cross section for even—even nuclei was given in Ref. 22. The
dependence of the phase shifts on j for />0 was taken into
account in Ref. 59, and we give below a general expression
for () for arbitrary target spinJ obtained, like the expres-
sions in Refs. 22 and 59, under the following assumptions:

1) the widths ' of the resonances, the distances D
between them, and the interval of averaging AE over them
satisfy the inequalities

T< D<K AEKE,

where E is the mean energy of the interval;
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2) the fluctuations of the reduced neutron widths I'/
satisfy a Porter-Thomas distribution, while for the radiative
widths I",, they are negligibly small;

~ 3) the density of levels with given spin J is proportional
to2J +1;

4) the strength function for s neutrons, §°, and its j
components for p neutrons, S}, and § is2»donot depend on
I

Using the expression (4.19) of Ref. 61 and the simplifi-
cation (24.6) of Ref. 62, which simplifies the multiple sum-
mations, and averaging over the resonances under the as-
sumptions given above, we can obtain expressions for the
coefficients that determine the cross section in the form

o (%)= B,+ B, cos &+ B,P, (cos §); (31)
k*By=sin2 8,4 2 sin2 04+ sin26_
— fo8in? 8, — 2f, ), sin2 §, — f1/9 8in2 8

1

7 1oF (@) +3 TusF (@) + fyF (agya) for I=0;

%fn 2 gF (ai{)—f—% fi!zF(“?fz)+—g‘fale(aglz) 'i“%filz

J=0, "
++ XG(pv a’éfz) for I“'_"E;
1 1
7o 2 gF (agH—g fon "5 2F(a3)2)+ 11y,
J=I-1/2, J=I-3/2, 4
I+1/2 1+3/2

% moliudl

J=I-1/2, I+1/2

gG(p, ag;s) for 1> —;—;

(32)
k*By = 2 sin §, [sin &_ cos (8, — 8_)
+ 2 sin 8, cos (8, — 8,)]
— fo Isin 8_ sin (26, — 6_) + 2 sin 8, sin (26, — §,)]
— sin 8 [fy, sin (26_ — 6,) + 2f4/5 sin (28, — 8,)]

forall I;
(33)
k*B,=2sin%68,+4 sin 8, sin §_cos (8, —8_)
+10sin § sin 8, cos (8, — 6,)
—2f,/35in 8, sin (26_—8,)
—2f3/5 [5in? 8, +sin §_sin (26, —&8.)]
farnF (ag/s) for 1=0;
1
TrF @b pht 6, 0, a)  for T=1;
+ 2f3/2 2 rgF (ag'rz)
T=I-3/2, 14+3/2
1
a2 peH( g ) for IS,
J=I-1/2, I+1/2
(34)

where

= WL 2@ ) T4 1)
h v e i e S5(I4+T+1/2) T+T+3/2) °
q= (I —=J) (101 —87 1) .

VZU+T—12) I+ +52) '

18 (31—-I+3/2) (3 —TI41/2)

0 (THTF32) T FTE13)
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In the expressions ( 32)-(34), the neutron strength func-
tions are contained in the factors®

= = 1
fn=nV E_‘gi . fj=n7VE (kR)® 8
0

T+ ®R® 4y

in which all d=1 for the boundary conditions (29), and in
p=S81,,/S},. The functions F, G, and H were formed in
the calculation of the mean values® {T2/F), {1 5

2
+F"3)2/F) and((gl"n_s_ + I""_lI"né)z/I“);theirargu—
2 2 2 2

ment a is the ratio of the width T",, assumed to be indepen-
dent of E, to the mean T, at the given E. For all possible
values of 1, /, J, and j, it is expressed as

nsy nSy 255 nSy
QGy=—L"'* g =t @y aets gl o Y

0 Toa 7 L 3f1/s 82 3fare. 125 0F 1

al, 099 . e _ SHSH =T858 . _; _ mgSh
8/27 Bfaty ' T3/2 afa 7 70 far Y TEETEEL

where S, =T./D, are the radiative strength functions.
Here, the subscripts of @ and S are the same: 0 for s-wave
' resonances and the J value for p-wave resonances. The super-
script of @ labels the spin J of the resonances (for nuclei with
I'=0it is omitted, while for P resonances of nuclei having
I = 1/2 the expressions for  are given for each J).
Of the three mean values given above, the first can be
found unambiguously, and the function F has the form

oo

4 zVz -2

=1—a+a ]/? e/2 [1——-erf (]/%)]

The other two mean values, which occur, respectively, in B,
and B, and relate to two-channel P resonances (see Sec. 2),
can be calculated only if one knows the joint distribution
function of the two random variables T, andT,;,. Since
a priori this function is unknown, analysis of the cross sec-
tions o () for nuclei with 7> 0 is meaningful in two cases:
Either the parameters obtained in this analysis do not de-
pend on the distribution function of the two widths, or their
dependence on it is so strong that, making different hypoth-
eses about this function, one can choose the one that is most
suitable among them. As a criterion for correctness of a par-
ticular hypothesis, one can take, for example, identity of the
strength functions for even—even and odd nuclei having
nearly equal masses. Thus, one can obtain information about
the behavior of the mixtures of spin channels discussed in
Sec. 2. An analogous but simplified approach to this problem
was proposed in Ref. 42,

We consider here, as earlier, two extreme hypotheses. If
T, andT,,, are completely independent, then their Jjoint
distribution function is the product of two Porter-Thomas
distributions, and to this hypothesis there correspond G and
H given by

1
=5 (x+y)

Vay -

L & ;
G(P, a)=ﬁ' ii prty+a dzdys
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1 {( a%tomy =2 Vom e“ltﬂw
Hp, g, )= 305 bey = 20y = dady.

Because the signs of the amplitudes of the widths are ran-
dom, the third term in the numerator of H must be equal to
zero; we retain it for generality, bearing in mind certain un-
expected results for the signs of the amplitudes of the proton
widths (see the final subsection of Sec. 2 and the references
quoted in it). If the signs of the amplitudes did not change
from resonance to resonance, we would obtain a third term
with a plus or minus sign according as the signs in the chan-
nels with different j are the same or opposite.

The second hypothesis is that the two widths are com-
pletely correlated and satisfy the same Porter—Thomas dis-
tribution but with different mean values T,;,; and Ly
Then G and H reduce to F:

a

(o, )=(+p) F (57)

> + 2 a

B gt d)? —l—p;_H)q]/p F (7))
The meaning of the third term in the numerator of H is the
same as in the previous case, but its vanishing is here less
probable. Thus, of the six possibilities obtained for H, three
appear to be the most plausible: a vanishing third term in the
first hypothesis and a nonvanishing term with opposite signs
in the second.

As in Ref. 59, we introduce in the coefficient B, a cor-
rection for the neutron d wave—the third term in (34), in
which the phase shift §, is calculated in accordance with
Egs. (26) or (30) with g, = —x + tan"'[3x/(3 —x%)],
P,=x%/(x*+3x*+9) (x=kR), and R} = R . This
correction to B, increases with the energy approximately
quadratically and for the majority of nuclei does not exceed
10% at energy 400 keV. Only in the region 60 <A < 80,
where the R © are maximal (the |8, | are small) and the S &
are not large and where, therefore, the B, are small, can the
correction be tens of percent.

Scattering radii

At low energies, neutron potential scattering can be
characterized by a single phase shift§, = — kR ', where R 5
which up to tens of kilo-electron-volts and more is a con-
stant, is called the scattering radius, or length; thus, in the
limit k— 0 the cross section takes the simple form

Upm = 4 R’%.

(35)

At high energies, it is necessary to introduce many phase
shifts 8, which have different energy dependences. In the
intermediate case, when two or three partial waves are im-
portant, the scattering of each of them at different energies
can be conveniently characterized for each nucleus by a sin-
gle constant parameter. In the R-matrix description of the
cross sections, such a parameter is R 7, which determines 8y
through (26).

1t is convenient to use a more transparent quantity like
R ' for | = 0 and weakly dependent on the choice of the chan-
nel radius R. For p neutrons, such a quantity was introduced
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in Ref. 19 and was estimated experimentally for ten elements
(see Sec. 3).

Writing the partial cross section of potential scattering
in the limit k-0 in the following form,*® which generalizes
(35), :

; (kR)¥ 2i+1 pn
@FDERI=DI* 2 9
we obtain for the scattering radii with given / and j the
expression

Ry=R[1—

-
ol =4n

(214-1) R ]
t++b) R 4

Neutrons with I = 0. The experimental values of R ¢’ o
converted to R =R(1 —Rg (as in all that follows, we
have used R = 1.354 '/* F), exhibit in general reasonable
agreement with the data recommended in Ref. 43. The indi-
vidual discrepancies can be attributed to the natural fluctu-
ations of the potential cross section,® which are different in
different energy intervals.

Neutrons with 1= 1. Prior to the investigations re-
viewed here, there were extremely few data on p-wave poten-
tial scattering. The reason for this is that in the total cross
section the quantity 8, begins to be manifested on the back-
ground of the overwhelming contribution &, only at energies
of hundreds of kilo-electron-volts, when the p resonances
acquire an interference asymmetry [the first term in (7),
which contains AE sin 28,, multiplied by 47], and the poten-
tial scattering acquires a p-wave contribution ( ~sin’5,/E)
that increases as ~E 2. The first of these effects can be used
only for light and nearly magic nuclei and in spectrometers
with very high resolution.'** It is also worth mentioning
Ref. 32, in which from high-precision measurements of the
averaged total cross section'”

(36)

Otot = 4nBy+0y= -%;-‘— (sin2 8y -+ 3 sin?8,)

2n?

"l" ¥

VE [S" cos 28, + (S1/2+ 283 /2) —“'—‘(kf_): :::;)2261 1
(37)
for 12 elements in the energy interval 1-600 keV the values
of the parameters R " and S = (S}, + 253/, )/3 were ob-
tained by using in (37) the known S and §, = — kR ;.

If the spin—orbit splitting of the phase shifts is ignored
and the boundary conditions b, = — [ or (29),which give
b, » — I as E—0, are used, then Eq. (36) gives for the p-
wave scattering radius

R,=R(1—3RY), (38)
i.e., a more accentuated dependence on A than in the case of
the radius R , (since the nature of the dependence on 4 for
R & and R 7 is the same).

The results of the latest fitting of the five parameters®’
to the data on the differential cross sections,”®** made in
accordance with Egs. (31)-(34) for 6, =6_ with the
boundary conditions (29), made it possible to obtain the
complete set of p-wave scattering radii shown in Fig. 14. This
set contains the results for nuclei from Ti to Te, the black
circles belonging to Z-even elements and to ten even—even
isotopes of Cd and Sn, and the open circles to Z-odd ele-
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ments and isotopes of '’Sn and '*Sn. The crosses show the
values of R | obtained in accordance with (38) from Ref, 32.
All the data were obtained using the formulas for 7 = 0, but
nevertheless the open circles do not seem to deviate from the
dependence determined by the black circles. This is not sur-
prising if one bears in mind that § 1 (i.e,, R ) is determined
largely by the term of the cross section B,, whose form (33)
does not depend on the spin of the target (see also Fig. 13).

As one would expect, R i» like R in the regions
30 <4 <100 and 100 <4 < 170, exhibits a characteristic dis.
persion shape, this being a consequence of the connection
between R 7 and the strength function S’ (in the energy
scale)?:

+o0
00 1 S ol
R =p VE,S

—o0

SHE) p
—r s

where in practice it is sufficient to integrate over one or two
of the nearest maxima of §’. At the maximum of §'
(4=102),R ? =0and R | = R. To the left of this position
R | <R, and to the right R | > R; the extremal values of R |
correspond to the sections of steepest decrease of S !.

We draw attention to the negative values of R | in the
range 4 ~70-90, which, according to (38), correspond to
R > 1/3. They mean that for the nuclei in this mass range
the phase shift of the neutron p wave has an anomalous posi-
tive sign [at small kR, as is readily seen from (30), since
8=~ — (kR)?kR ;/3, while for nuclei near the place at
which &, changes sign nonresonance p-wave scattering is al-
together absent. In our set of nuclei, Ge, Se, and Y have
8,>0,'” and Ni and Cu have very small |3, |.

This curious phenomenon, which has no analog in the
case of the s-wave R ; and as yet has not been subjected to a
serious theoretical analysis, has a simple qualitative explana-
tion if one replaces the scattering nucleus by a rectangular
potential well with radius R. If the nucleus is transparent for
the neutron wave, then the well depth Vo=50 MeV is real,
and 8, for given neutron energy E < V, is determined by KR,
where X' is the wave number of the neutron within the well
(i.e., at energy E + ¥,). In particular, between the points
KR =9.095 and KR = 37 we have 8, > 0, while outside this

&0 80 100

120 A

FIG. 14. Experimental p-wave scattering radii (points) and their values in
accordance with calculations using a complex rectangular potential well
(see the text).
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interval (and outside the analogous intervals near n) 8, has
a “normal” negative sign. For V,=46.3 MeV and
R =1.354 ' F the point 37 (ump 8, = + 7/2, 3p level)
occurs at 4 ~ 102, and the point 9.095 (5 1 = 0, analog of the
Ramsauer effect for the P wave) occurs at 4 ~ + 92. As the
transparency of the nucleus decreases, i.e., as £ increases in
the complex potential — Vo(1 + i), this behavior of 8, is
“smeared,” and the regions of anomalous signs of § 1 become
narrower and then disappear altogether. This is illustrated
by the two curves in Fig. 14 (we recall that R I

=~ — 38,/k°R ?), calculated by means of (38) and the well-
known relation

R~ Re (1/f,),

where the expression for /1, the value of the logarithmic de-
rivative of the wave function at the edge of the well, can be
found in Ref. 65. It can be seen that for & = 0.025 the curve
has the necessary span and that it can be “stretched” along
the A axis by rounding the corners of the well and introduc-
ing a spin—orbit interaction [the measured dependence R i
(4) is a superposition (1/3)R ® + (2/3)R % of two iden-
tical functions displaced relative to each other by A4 ~ 10—
15].

It should be emphasized that the data in Fig. 14 repre-
sent the first systematic experimental information on poten-
tial p-wave scattering.'® It can be used to calculate the var-
ious neutron cross sections up to hundreds of
kilo-electron-volts [for example, for calculating the total
cross section in accordance with Eq. (37)]. The fairly
smooth dependence of R | (and §,) on A makes it possible to
use interpolation for all target nuclei in the range 4 ~50-
130.

Neutron strength functions

Neutrons with | = 0. The information on the strength
functions S ° obtained by analyzing data on the cross sections
() is not of great value. First, it is not much compared
with the existing information. Second, it refers mainly to
mixtures of many isotopes. Third, for nuclei with 4 < 80 and,
possibly, some heavier nuclei, the values of 5° are too low.
The point is that scatterers with transmission 0.90-0.95 are
not thin for strong s resonances, and a blockin g effect occurs
for them. But fixed literature values of S° cannot be used
because of the blocking and also because of a possible inter-
mediatestructure of S °. Thus, the values of S *in Refs. 22, 24,
and 26 are to be regarded primarily as “working param-
eters” for the true determination of R j and S ! , . Neverthe-
less, with the exception of the nuclei lighter than Zr, they are
close to the literature data.

Neutrons with [ = 1. The history and state of the prob-
lem with regard to the components of the neutron strength
function S' = (1/3)S},, + (2/3)S],, before the appear-
ance of the reviewed studies are considered in Ref, 31. Many
years of measurement of S'' led to the recognition that the
S, and S},, peaks are shifted in the 4 scale by an amount
A4 less than their widths ~25-30. Moreover, if the spin—
orbit part of the potential of the neutron—nucleus system is as
in the shell model, then A4 must be ~7-10.
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FIG. 15. Components of the strength function § ! obtained using the pa-
rameters of individual resonances.”'

In accordance with the most recent data of Ref. 43 on
the p-resonance spins, the two components of S ! were deter-
mined?®' for 12 even—even target nuclei. The results are
shown in Fig. 15, which on account of the inaccuracy and
incompleteness of the data does not cast much light on the
situation with regard to the spin-orbit splitting of the
“strength” of the p resonances. This figure together with
some rather diverse data of the type of Refs. 13 and 64 ex-
hausted the information on S1,, and S3,,.

The recent data of Ref. 27, obtained simultaneously
with R | (Fig. 14), are shown graphically in Fig. 16. The
black circles correspond to spinless targets, and the open
circles to targets with I #0. As can be seen from the figure,
neglect of the spin in the description of the cross sections of
the odd nuclei does not lead to large errors,'¥ as in the case of
the p-wave scattering radii (see Fig. 14). Therefore, the na-
ture of the fluctuations of the neutron widths in the spin
channels (see Sec. 2) is such that the exact expression (34)
for B, is close to the case I = 0. For more definite conclu-
sions, a special analysis is required.

The main result, demonstrated in Fig. 16 and published
for the first time in Refs. 24 and 25, consists of the direct
observation of spin—orbit splitting of the maximum of the
strength function for p-wave neutrons; there have been dis-
putes about this since the end of the fifties. The S 32 peak
around 4 = 95 is described better, and the S |, peak around
A = 110 less well. As we have already said, the S}, param-
eters are obtained with less accuracy because of the correla-
tions with R ;, and S ° and the possible additional errors due
to this reason. Therefore, the values of S |, for Ni and Se are
probably overestimated.
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FIG. 16. Experimental values of the components of the p-wave neutron
strength function.
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Augmenting the data on the differential cross sections
by accurate data on the total cross sections will help to make
the S}, results more accurate.

CONCLUSIONS

The main results of the investigations which we have
described can be briefly formulated as follows:

1. For seven nuclei, the orbital angular momenta have
been determined for about 700 neutron resonances, for the
majority of which the spins have also been determined.

2. Several new interesting observations have been made:
fresonances, mixtures of s and d waves, analog states, a rela-
tionship between the p-wave strength functions for different
spins, and more (see the last subsection in Sec. 1).

3. The mixtures of spin channels for 12 p-wave reson-
ances have been determined, out of a total number of 17
resonances with known mixtures.

4. Searches have been made for the effect of one-pion
exchange, and these have shown that if such an effect is man-
ifested in p-wave scattering, it is not decisive.

5. Systematic information has been obtained for the first
time on the phase shifts of p-wave potential scattering of
neutrons with energies up to ~400 keV by nuclei in the re-
gion 4 = 50-130.

6. For the same nuclei, the neutron strength functions
have been determined for the p, ,, and p;,, neutrons, leading
to the first direct observation of spin—orbit splitting of an
unbound single-particle state.

In our view, it would be interesting to continue these
investigations in the following directions:

1. To continue the measurements with high energy reso-
lution at different scattering angles in order to determine the
spins and mixtures of the spin channels, particularly for

spin- -%— nuclei. We recall that such investigations have hith-

erto been made only with nine nuclei.

2. To extend the measurements of the averaged differen-
tial cross sections to nuclei with 4 > 130 in order to investi-
gate the behavior of the scattering radii and the strength
functions for p-wave neutrons in the region of deformed nu-
clei.

3, With the aim of observing spin—orbit splitting in po-
tential scattering, to increase the accuracy in the analysis of
the cross sections and to include in it analysis of data on
polarization of the neutrons (see part 5 of the first subsection
of Sec. 4).

4. To attempt to obtain information on the nature of the
fluctuations of the neutron widths in the spin channels by
analyzing the cross sections for odd nuclei with allowance
for their spins by considering different hypotheses for these
fluctuations (see the second subsection of Sec. 4).

5. Since many new data on the p-wave interaction of
neutrons have been obtained from the investigations de-
scribed above, it is of interest to analyze them theoretically,
for example, with a view to testing the dependence of the
optical potential on the orbital angular momentum.

I am sincerely grateful to all my coauthor colleagues for
many years of fruitful collaboration, particularly V. G. Ni-
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kolenkoand A. B. Popov, who also read the typescript of this
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