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The 3s strength-function resonance has its maximum value in nuclei for which the major 28-neutron shell
is near closure or just beyond. In view of this fact, it seemed desirable to investigate this mass region more
extensively, and to do so we have studied the even-even compound nuclei which lie in the region of the 3s
strength-function resonance. We find that the resonances in #Cr and, to a certain extent, in 5Fe show an
uncommon tendency to cluster. The result is that for $Cr the strength function below 10 keV has a rela-
tively large value of about 12X 107, whereas in the energy interval 3-60 keV the value is about 5107, in
accord with the optical-model prediction. This situation suggests that the relatively large peak values of
about 10X 10~ which certain experiments show for the 3s strength-function resonance may result from a
tendency for several nuclides in the vicinity of Cr to have rather large “local” strengths in a manner
similar to that of 8Cr. This means that the maximum value of the 3s strength function is actually about
4.5)X 10" A quasiparticle calculation is made to try to understand the spacings observed. Excepting 5Cr,
the calculations showed good agreement with experiment, in that the observed levels are predominantly of
the four-quasiparticle type, since two-quasiparticle types are relatively so few in number that they are not

18 NOVEMBER 1966

likely to be seen.

I. INTRODUCTION

INCE Feshbach, Porter, and Weisskopf first showed
that the observed s-wave strength function could

be accounted for by means of an optical model,! much
work has been done to extend the measurements and
refine the calculations. Thus, early data located the
3s and 4s resonances at about 55 and 160 mass units,
respectively. However, it became evident that the
4s resonance was split into two components at 4 =140
and 4 =180, while the 3s resonance acquired an asym-
metrical shape as more data accumulated. Such be-
havior was accounted for in terms of perturbations of
the simple optical model by nonspherical rotational and
spherical vibrational modes of excitation,respectively.2—®
Recently new interest in the subject of strength
functions has been aroused by predictions that the giant
resonances themselves may have structure.®” Roughly
speaking, the argument is that, in first order, the bom-
barding particle interacts with an average central
potential, in second order, it interacts with one other
nucleon and the rest of the nucleus, and so on. In those
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nuclides whose resonant energy states are highly com-
plex, this hierarchy of configurations is, in principle,
capable of manifestation. Thus, the giant resonance in
the strength function is the manifestation of the single-
particle state and the next stage, the two-particle, one-
hole state (if for simplicity an even target is considered)
is expected to give structure to the giant resonance, and
so on. The problem of predicting the location and
character of these second-order contributions to the
strength function has for its solution less foundation for
choice of parameters than has the optical model. Thus,
for example, the location of the optical-model states,
i.e., the single-particle states is, in general, known, while
the location of compound states is unpredictable.

Among lighter nuclides, and especially for those near
closed shells, e.g., 28 neutrons or protons, resonant
states of simple composition ought to be observable. The
mass region in the neighborhood of the 3s strength-
function resonance is also the mass region of the closing
of the 28-neutron shell. It seems of interest to look
closely at these nuclides for possible evidence of ele-
mentary-configuration resonances, in order, if possible,
to learn something about them. If one examines the
strength function data on 'V, %Mn, and ®Co, one will
find that these nuclides at the peak of the 3s resonance
exhibit values which seem to have relatively large or
small values, depending upon whether the measurements
have been taken below, say, 15 keV, or extended to 70
keV, or higher.# 1 While for any given nuclide, the
apparent fluctuation nearest dissociation energy could

8 H, Marshak and H. W. Newson, Phys. Rev. 106, 110 (1957).

°F. W. K. Firk, J. E. Lynn, and M. C. Moxon, Proc. Phys.
Soc. (London) 82, ay (1963).

W R. E. Coté, L. M. Bollinger, and G. E. Thomas, Phys. Rev.
134 B1047 (1964)

J Morgenstern, S. De Barros, G. Bianchi, C. Corge, V. D.

Huynh, J. Julien, G. Le Poittevin, F. Netter, and C. Samour, in
Proceedmgs of the International Conference on the Study of

Nuclear Structure with Neutrons, Antwerp, Belgium, 1965
(unpublished).

912



151

be statistical, the systematic tendency exhibited by
nuclides near 28 neutrons suggests something of deeper
significance.

There is an important class of nuclei which has not
so far been systematically studied in the mass region
40<A4 <60, viz; the even-even compound nuclides,
consisting of #Ca, 43Ti, %Ti, #Cr, %Fe, and ®Ni. These
nuclides have —4, —2, 0, 42, 44, and 46 neutrons,
respectively, relative to the closed 28-neutron shell.
They have not been studied extensively because of the
low relative abundance of the corresponding even-odd
target nuclei. These nuclides are the object of the
present investigation.

II. DESCRIPTION OF EXPERIMENT

The pulsed Van de Graaff accelerator ORNL, by
utilizing the Li(p,n) reaction and a relatively thick
target, can be employed to measure transmissions of
neutrons by time-of-flight in the energy range 2-60
keV with an energy precision of better than 29,. This
order of resolution is adequate to obtain considerable
information on nuclides whose level spacings exceed,
say, 2 keV, such as in light nuclides and in nuclides
near closed shells. The instrument is adapted for studies
of separated isotopes, because the source of neutrons is
small, and hence, it is possible to use very small samples.
In the measurements described here, the diameter of
the sample was usually about 0.5 in. With this size of
sample, the resolution figures ranged downward from
about 8 nsec/m for a mean energy of 5 keV to about
2 nsec/m, for a mean energy of 45 keV. All samples
were in the form of pressed metal or metal-oxide powder.
Specifically, ¥Ti, %Cr, the thin %Fe, and ®Ni were in
the form of pressed metal powder; the others, viz:
8Ca, ¥Ti, and the thick *Fe were oxides. Included in
the series of measurements were the odd-even nuclei
8Cu and %Cu, which were also in the form of pressed
metal powders.

The data consist of the accumulation of flight-time
intervals, which are stored in the memory of a 2048-or
4096-channel analyzer and read out on punched paper
tape. These data are transferred to magnetic tape for
input into a computer which calculates energies, trans-
missions, and cross sections, and in addition prepares a
secondary magnetic tape for the input into a Calcomp
plotter which can plot any or all of the calculated
results. The data-taking time for 2000 counts per
2-nsec time interval is roughly 8 h at a given bombarding
energy, or, correspondingly, for a given rangé of neutron
energies. The instrument as a whole (pulsed Van de
Graaff and time analyzer) can be run unattended for
extended periods of time, provided no changes in
bombarding energy are required. The samples cycle
automatically between sample-in and sample-out posi-

tions, and it has become the practice to leave the instru- .

ment in an unattended running state about one-third
of the running time. It is generally possible to obtain
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Calcomp plots of or-versus E, within 4 to 6 h after a
measurement has been completed.

The results are first collected as an assemblage of
cross-section plots composed of data taken at different
flight paths. These are sifted to obtain the corresponding
energy interval which each flight path represents with
best energy resolution. From these ‘best-resolution”
fragments a composite total-cross-section plot is con-
structed. Smooth joining of the individual fragments is
substantiation of the fact that the background sub-
tractions have been consistent. When a satisfactory
composite plot of the total cross sections has been
obtained, the corresponding transmission plots are also
obtained and from these the width parameters are
obtained by area analysis.!?

III. RESULTS AND DISCUSSION

Figure 1 exhibits the total cross sections of the
nuclides under investigation. Table I lists the corre-
sponding resonance parameters, and Table II sum-
marizes the significant statistical parameters, viz.
strength function and average level spacing.

If one considers the various theories for the strength
function,®8 one finds that the parameters are chosen,
excepting Ref. 5, for data interpreted as having a value
at maximum of between 10 and 15X10~% #Cr is a
compound nucleus whose mass places it at the position
of maximum strength function and, indeed, it has been
quoted as 14X 10~41° It will be seen, however, in Fig. 1,
that the levels of *Cr show a tendency to cluster, or
at least to overlap. The result is a group of levels near
dissociation energy that has a local strength function
of 12X 10% However, on the energy interval 3—40 keV
the value is 5)X 10 Such fluctuations in strength func-
tion are allowed by Porter-Thomas and Wigner dis-
tributions on width and spacings. However, the system-
atic tendency (but in lesser degree), for the nuclides
51y, 5%Mn, and ¥Co to overlap, if not cluster, near dis-
sociation energy has given support for generally
accepting a peak 3s strength function value in excess of
10X10* The results of the present experiment, and
especially %Cr, indicate that the choice of the peak
value of about 5X10~* is more consistent with the idea
of the optical model then values in excess of 101074,
because fluctuations are averaged as much as possible.
We are led to propose that the tendency toward over-
lapping of levels, at least near threshold, for nuclides
near the peak of the 3s resonance is a real effect,
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Fic. 1. Total cross sections observed in #Ca, Ti, #Ti, %Cr, 5'Fe, ®Ni, %Cu, and *Cu. The energy-dependent
background in 4’Ti and #Ti arises from approxxmate]y 12% contamination with 4Tj.
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TasBLE 1. Resonance parameters for the nuclides #Ca, 4'Ti, #Ti, %Cr, 5Fe, ®'Ni, ¥Cu, and ®Cu. The errors in the resonant
energies can be taken as typically less than 29, and the error in the width as typically 30%.

Eo I‘» I‘,," Eo rn I‘"O
(keV) (eV) (eV) J (keV) (eV) (eV) J
4Ca 4.36 49 0.74 SN 13.7 13.0 0.11
5.23 37 0.51 16.3 411 3.21
8.70 157 1.68 17.5 174 1.32
13.80 147 1.25 18.3 181 1.34
18.9 162 1.18 23.8 100 0.64
21.0 54 0.37 28.2 236 1.40
22.5 109 0.73 30.2 423 243
26.9 204 1.24 31.6 392 2.20
29.2 89 0.52 32.7 120 0.66
30.6 60 0.34 33.8 123 0.67
36.5 299 1.57 36.0 294 1.55
40.0 243 1.21
4T 2.98 117 2.15 42.2 133 0.65
8.21 98 1.08 440 169 0.80
10.4 60 0.58 48.4 83 0.38
12.0 79 0.72
12.7 83 0.74 BCu 2.63 6.9 0.13
16.2 184 1.45 4.80 8.8 0.13
204 708 4.35 5.31 28.2 0.39
29.1 79 047 5.79 134 0.18
31.5 504 2.84 7.64 8.5 0.10
36.1 202 1.06 7.68 69.3 0.77
37.0 200 1.04 9.21 425 0.44
39.2 369 1.86 9.95 60.8 0.61
414 268 1.32 109 67.6 0.65
429 555 2.68 12.4 13.5 0.12
453 484 2.27 13.0 67.2 0.59
48.0 221 1.01 13.7 493 0.42
50.3 370 1.65 14.9 34.7 0.28
519 94 0.41 15.6 22.1 0.18
54.0 223 0.96 16.1 13.8 0.10
36.2 528 2.23 igi 195.8 1.47
4974 . 153 2.51 20.9 302.5 2.09
B g.ﬁ 168 1.86 22.7 143 0.95
18.1 154 1.14 24.8 75.5 0.48
20.8 122 0.85 25.6 207 1.29
22.1 400 2.69 26.5 121 0.74
26.4 409 2.52 28.2 51.5 0.31
20.4 160 0.93 29.3 242 141
31.1 925 5.24 312 96 0.54
35.6 142 0.76 33.2 325 1.78
37.7 1580 8.14 36.4 308 1.61
; 422 546 2.66
6
5Cr 3.6 157 2.62 Cu 2.5 23.2 0.46
12 115 86 3.87 19.7 0.32
* : 445 154 0.23
5.4 212 2.88
’ 6.45 30.0 0.37
6.6 357 4.39 765 208 034
8.0 1073 10.7 7‘92 155 1'74
193 12 005 085 '
19.3 . ’
25.3 237 1.49 132 24 0.8
26.4 350 2.15 . ' y
28.8 555 327 15.2 9.6 0.08
' ‘ i?g 42.9 0.35
. 29 22
57Fe 3.87 177 2.85 0 19.8 194 %%7
6.10 396 5.07 1 218 274 0.18
28.7 3018 17.8 1 241 84 0.54
40.5 1258 495 25.0 256 1.62
45.5 404 1.60 349 324 1.73
39.7 249 1.25
SINi 6.97 23 0.28 43.5 224 1.07
7.37 238 2.79 50.8 70 0.31
124 67.7 0.61 54.2 132 0.57
133 759 0.66 58 320 1.33

probably related in some way to the simultaneous are those representative of the largest energy intervals,
proximity to the closing of the 28-neutron shell, and in order to average the fluctuations. If we collect the
that the proper values to take for the strength function s-wave strength-function data for the odd-odd and
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TaBLE II. Summary of quantities deduced from Table I and quantities used for making comparisons with theory. Columns 2-9
give, respectively, the target ground-state spin and parity, the possible s-wave resonance spins and parity, the energy interval of meas-
urement, the s-wave strength function, the observed mean level spacing, the theoretical mean level spacing, the binding energy, and the
theoretical lower limit for six-quasiparticle excitation. See the text for columns 7 and 9.

Ground-state Resonance

Binding 6-quasiparticle

spin and spin and AE S0 Dobe Dy, energy threshold
Isotope parity parity (keV) (107 (keV) (keV) (MeV)  energy (MeV)
“Ca - 3,4 0—-36.5 14 +0.7 3.3+0.6 12.2 11.14
1T 'S 2-,3" 2—31 2.394-1.4 11.62 12.02
31-57 41242
0—57 2.57+1 2.640.4 4.6
9Ti o 3,4 0—60 2.664+1.3 5.6+1 5.3 10.94 11.68
8BCr = 1-,2- 3—15 124 +8 9.72 12.02
15—40 1.6 +1.3
3—40 5.1 +2.6 3.040.7 25
57Fe 2~ 1-,2- 2—55 3.7 +£2.6 10+3 11.2 10.05 12.58
SINi 3 12— 2—350 2.5 0.9 2.44-0.6 3.3 10.59
BCu 2—60 2.7 +0.8 1.24:0.2 7.19
8%Cu 2—60 1.5 +0.5 1.740.3 7.06

even-even compound nuclides, for both classes of which
about 309, accuracy in strength function on a 70-keV
energy interval is possible, based upon Porter-Thomas
and Wigner statistics, we obtain the picture of the 3s
resonance shown in Fig. 2. It will be seen that the entire
strength function is in rather good agreement with the
optical-model calculations of Buck and Perey. We
cannot, at this time, say whether it was to be expected,
but we would like to note that the data pertain to even-
odd and odd-even target nuclides, whereas the calcula-
tion of Buck and Perey with which the data agree
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F16. 2. Summary of s-wave strength functions observed for
even-odd and odd-even target nuclides. A recent determination of
tlﬁe strength function of the odd-odd target nuclide *V is also
shown.

specifically pertains, to the case of even-even target
nuclides.

Indirect evidence from the strength function has just
been given that resonances show local overlap or cluster
tendencies, at least near neutron dissociation energy,
for nuclides whose strength functions are near maxi-
mum, or alternatively, for nuclides near the 28-
neutron shell. It is clear that the number of resonances
observed in this present experiment is too small to
make valid statistical tests of distribution functions.
However, we suggest that, from casual inspection of
Fig. 1, certain features appear which have some system-
atic basis for recognition: (a) The two titanium isotopes
appear relatively deficient in small resonances, and (b)
clustering tendencies appear in #Cr, Fe, and ®Ni. To
make these observations quantitative, we have plotted
the corresponding distribution functions in Figs. 3 and 4,
respectively, along with the Porter-Thomas and Wigner
distributions for comparison. With the present instru-
ment for measuring cross sections, care must be used in
saying how many levels there are for which I',9<0.25T",0.
In the case of the titanium isotopes, no levels should
be missed of such size, but below this, comparisons with
theory whould not be attempted. If a X? test is per-
formed to compare the observed distribution with the
Porter-Thomas distribution, excluding those resonances
with (T,0)1220.5(T',%)'2, we indeed find a poor fit.
Let us emphasize, however, that the number of levels
is too small for the test to be strictly valid and no
rigorous conclusion can be drawn. Likewise, in the case
of the nearest-neighbor spacings for #Cr, %Fe, and %Ni
in Fig. 4, the tendency for too many small spacings is
evident and again a X? test, even excluding the large
interval for which there is an exceedingly small chance
for occurrence, gives poor agreement with the Wigner
distribution. Again, however, we must be cautious
about drawing conclusions, since the sample of resonant
states is too small for the test to be valid. The presence
of two-spin states also complicates the argument be-
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cause, while the two independent populations will have
the effect of introducing small spacings where none
existed in the single-population case, two spin-state
heavy nuclides actually seem to be rather well described
by the single population Wigner distribution.®

By means of the Porter-Thomas and the Wigner
distributions it would be possible to predict certain
features of a sample of neutron resonances. It seems
that these distribution functions, if they are valid, give
little notion of the salient features of #Ti, #Ti, %Cr,
%Fe, and ®Ni, and hence regarding widths and spacings,
we can do little more based upon the present study than
call for more information or other proof, before con-
cluding that the Porter-Thomas and Wigner distribu-
butions on reduced widths and nearest-neighbor spacings
are very useful models for at least these members of
the 3s resonance region. A more tangible result of this
study is the establishment of Fig. 2 as the 3s strength
function.

The experiments in this paper were motivated partly
by the notion that the resonant states of relatively light
nuclei, especially if chosen in close proximity to a closed

TasiLE III. Energies of the shell-model orbits used in the quasi-
particle calculation of excitation energy.

Energy (MeV)
1ds 2 —1.00
2s 1/2 0.00
12 1.64
Ura 7.06
Zﬁa /2 10.00
Yors 10.90
2 P12 11.60
1ge/2 13.11

shell, should be of relatively simple composition, and
being so, might exhibit features to differentiate them
from resonances in heavy nuclei. Although on inspec-
tion the total cross sections of Fig. 1 do seem to show
distinctive features, we have not been able to place
them on any firm statistical basis.

We have pursued the question of the nature of the
observed resonances a bit further by investigating what
correlations might be found between the observed reso-
nance structure and the states of allowed spin and parity
that can be calculated in a theoretical manner. Such a
calculation is relatively easy to make, starting with the
shell model and considering the pair interaction in terms
of the BCS theory.2! Of course, the BCS treatment may
be a rather poor approximation to be used here, because
the nuclei of concern are light and lie in the neighbor-
hood of closed shells, their neutrons and protons occupy-
ing similar orbits.

The energies of the shall-model orbits considered here

©J.B. Garg, J
137, B547 (1965)

n'L, s, Kisslinger and R. A. Sorenson, Rev. Mod. Phys. 35,
853 (1963).

. Rainwater, and W. W. Havens, Jr., Phys. Rev.
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are given in Table III. They are close to those given
by Nilsson,?? but some modifications were made by
taking remarks of Cohen® into account. The pairing
energies considered between protons and neutrons are
assumed to have the strength parameter G* of the
magnitude G=24/4 MeV. Using these parameters the
BCS equations are solved and the spectra of quasi-
particles obtained. The evaluation of the energies of
the two- and four-quasiparticle states is then
straightforward.

Since the incident neutrons that produce the reson-
ances are with few, if any, exceptions s-wave, the spins
of the resonances will be I=J=3, where J is the spin

8

Cr93 + Fed7 + Ni®!
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Fic. 4. Histogram 2 //_\
of the frequency 4
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22 S, G. Nilsson, Kgl Danske Videnskab. Selskab, Mat. Fys.
Medd. 29, No. 16 (195
% B. L. Cohen, Phys Rev 130, 227 (1963).
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of the target. The J (and parity) of the targets ¥Ca,
#Ti, #Ti, ®Cr, %Fe, and ®Ni are, respectively, -,
$-,17, %, §, and §—; correspondingly, I for the com-
pound systems “Ca, 48Ti, %Ti, #Cr, *8Fe, and ®Ni are,
respectively, (37,47), (27,37), (3-47), (17,27), (17,27),
and (1—,27). The energies around which we have eval-
uated the average level spacings are separation energies
S, which, for the above six even-even nuclei, are,
respectively, 11.14, 11.62, 10.94, 9.72, 10.05, and 10.59
MeV.2 The energy interval over which D, the average
spacing, was obtained was arbitrarily taken as S—2
MeV <ESSH+2 MeV.

In summary, we have calculated for the above com-
pound nuclei the number of two- and four-quasiparticle
states of allowed spin and parity, whose energies E
satisfy the relation S—2 MeV <ELS+2 MeV. By
dividing 4 MeV by this number, the theoretical level
spacing Dy, is obtained and the result is given in the
last column of Table II.

As is seen, Dy, is in good agreement with the corre-
sponding experimental spacing D for 4/Ti, 9Ti, ¥Fe, and
8INi. In particular, the slight increase of D by going from
4Ti to ®Ti is reproduced theoretically. The sharp drop
of D in going from 5"Fe to ®Ni is also well accounted for.
Thus, it seems that our theory, in spite of its crude-
ness, explains the experiment rather well.

Rather bad disagreement between Dy and Deps
occurred, however, for ¥Ca and %Cr. Since the BCS
approach is expected to be the worst for Ca among the
six nuclei considered here, the disagreement for this
nucleus is not so surprising. In the other hand, the dis-
agreement for ®Cr is a bit puzzling.

In order to carry the correlation between the calcula-
tion and the experiment further, a digression back to
an introductory discussion is necessary. The earliest
notations about the compound nucleus have evolved in
the last several years into a concept of a state that is
subject to decomposition into a hierarchy of states
representing more and more complex excitations of the
target nucleus. According to Feshbach® the simplest of
such state, through which more complex states must first
pass, is the two-particle one-hole (three-quasiparticle)
state (when for simplicity an even-even target is con-
sidered), which is second in the hierarchy of states only
to the initial single particle, or one-particle no-hole
state. He shows that this so-called doorway state will
impose a structure on the giant resonance in the strength
function, characterized by the lifetime of the three-
quasiparticle states, a point which had been considered
implicitly in a somewhat different way by Bruckner
et al. sometime ago.25:28

%M. Yamada and Z. Matsumoto, J. Phys. Soc. Japan 16,
1497 (1951).

2 K. A. Brueckner, R. J. Eden, and N. C. Francis, Phys. Rev.
100, 89 (1955).

26 G, L. Shaw, Ann. Phys. (N.Y.) 8, 509 (1959).
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Based on the formalism of Fesbach, Shakin® per-
formed some realistic calculations to describe the
strength functions for eV neutrons on even-even targets
and fairly good agreement with experiment was ob-
tained. In principle we can extend Shakin’s analysis
to the present case, but the large excitation energy
of the compound system and the fact that the
dominating states are of four-quasiparticle character
almost prohibit such an attempt to be made with any
physical significance. We should thus be contented
with, at least at this moment, the above estimate of D
and its fair agreement with experiment.

In this connection, it is now illuminating to consider
Fig. 5, in which we exhibit the accumulative number of
levels of allowed spin and parity as a function of excita-
tion energy. We note first of all, excepting for %*Cr+#,
a suggestion that the observed states are predominantly
four-quasiparticle excitation. Figure 5 also designates
the binding energy (the site of the experiment) and the
lowest energy at which six-quasiparticle excitation can
occur. One or two interesting correlations now appear
between Fig. 5 and properties of the resonances shown
in Fig. 1. Features of the cross sections that appear in
Fig. 1, which are also reflected in Table II, are the
suggestions of a rise in strength function in “Ti+# at
about 35 keV and a concentration in strength function of
8Cr+# near zero neutron energy. The calculations, on
which Fig. 5 is based, are crude, but we think that it
may be more than coincidental that they predict
that: (a) In the energy region studied, #Cr should have
two- and four-quasiparticle excitations with equal
probability and (b) The ‘“threshold” for six-quasi-
particle excitation, and hence six-quasiparticle states
generally, lie appreciably nearer the energy region
studied in the case of ¥Ti-+# than in the case of #Ti+»,
or any of the other nuclides studied.

IV. CONCLUSIONS

The nuclides Ti, #Ti, %#Cr, 5Fe, and ®Ni have
masses that span the 3s strength-function resonance and
also the major neutron number 28. Over an energy
interval of about 70 keV the strength functions of these
nuclides are in good agreement with the optical-model
calculations of Buck and Perey. Superficially there
appears to be some irregularities in certain of the
nuclides in regards to the distributions of widths or
spacings, but, because of insufficiently good resolution
and too few resonances, firm statistical support for the
existence of these irregularities is lacking. A quasi-
particle calculation suggests that most of the states
observed are of the four-quasiparticle type, excepting
that in #Cr there may be also two-quasiparticle states,
and that the onset of six-quasiparticle states is sug-
gested in the case of 4" Ti-+n.

* 91 C, Shakin, Ann. Phys. (N.Y.) 22, 373 (1963).
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This experiment has thus contributed information discern states of increased complexity as they become
about the 3s strength function and has suggested experi- energetically possible, and, if so, how the strength
ments which might reveal whether it is possible to function behaves.



