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The photodisintegration of O" has been the sub-
ject of recent experimental and theoretical inves-
tigations. ' 4 Only recently has satisfactory con-
vergence of results for the oxygen photoneutron
cross section become apparent. ' This report
presents the cross section with considerably im-
proved energy resolution, thus producing an in-
crease in the observed number of resonances ex-
isting between the threshold at 15.6 MeV and 23
MeV. By unfolding from the experimental cross
section the known resolution function appropriate
to the method of cross-section analysis used, a
photoneutron cross-section curve is obtained (see
Fig. 4). This agrees well with the corresponding
photoproton curve for ground-state transitions in-
ferred from N"(P, y,)O' data. ' In addition, sev-
eral narrow compound nucleus states are found in
the region of the predicted 1 single-particle
resonances.

The 0"(y,n)O" yield curve was inferred from
the residual radioactivity obtained with a 24-MeV
betatron using a precision energy control circuit
providing linearity of the energy scale and good
stability. ' Yield points were taken at 17-keV in-
tervals from threshold to 17.5 MeV and at 34 keV
thereafter. Above 17 MeV, the counting statistics
were generally better than 0.2%. The relative

photoneutron cross section was obtained using the
second difference method with analytical smooth-
ing. ' Representative cross-section curves are
presented in Figs. 1 and 2 for selected energy
ranges and energy resolutions of 68 and 136 keV,
respectively. The resolution of the method (see
insets, Figs. I and 2) is approximately triangular
with full width at half-maximum equal to 2 bin
widths (b,E). For each figure, the experimental
yield points were taken with energy separation
equal to -', AE and then analyzed in energy inter-
vals of ~F. thus giving two interlaced sets of
cross-section points (open and closed circles in
Figs. I and 2). The good agreement between the
alternate sets gives confidence to the structure
ascribed to the cross section. The absolute value
of the cross section is obtained by normalizing
the integrated cross section to 23 MeV at 19 MeV-
mb. '

The smooth curves in each of these figures are
obtained by taking a convolution of the second dif-
ference resolution function with a linear super-
position of single- level Breit-signer shapes for
the cross section; interference is neglected. The
defining parameters for each resonance (position,
width, relative height) were chosen so as to pro-
duce a minimum g' fit to the experimental data.

8 I I I
i

1 I I I
]

l ~ ~ I $ f I I I I I

X
O
I-~ 4—
LLJ

CO
lA

x)Q

0 0 I
16.0 16.5 I 7.0

ENERGY (NEV)

I i & i s

l7, 5

FIG. 1. Cross section for the 0 e(p, n)Q ~ reaction obtained from the second difference method with analytical
smoothing. Analysis bin width, bE = 34 keV. Resolution (see inset) FWHM =68 keV.
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FIG. 2. Cross section for the 0 (y, n)O' reaction
from 1S to 23 MeV. Analysis bin width, 4E =6S keV.
Resolution (see inset) EWE= 136 keV.

They are listed in columns 1-3 in Table I. Col-
umns 4-6 present the other level parameters,
viz. , neutron width (I'„), proton width (I'p), and
radiative width (I" ) deduced from the fits to the
empirical data by assuming that the total width
is given by the sum of the neutron and proton
pa, rtial widths, i.e. , I'= I'p+I'„. The ratio I'p/
I„is obtained from available (y, P) data' and our
(y, «I) cross section, each averaged over 0.5-MeV
intervals. The radiative width, l, is then esti-
mated from the relation

r =[4vf 'g(~)] '(1+r /r b I,
y y p n 0

where the statistical weight factor g(J) = [(2J'+ I)/
2(2I+1)j, ZI is assumed to be 1, and I is the
spin of the target nucleus, 0". The integrated
cross section of each level is given in column 7.

The distribution of dipole strength in the giant

resonance region is shown in Fig. 3. Each ra-
diative width at the corresponding level energy
is represented by the height of a vertical line.
The two curves show the expected systematic
variation of I" with energy of F.l and M1 transi-
tions as deduced by Morpurgo" from empirical
electromagnetic lifetimes of known F.1 and Ml
transitions. Also shown in Fig. 3 are the com-
puted values of Elliott and Flowerss for the radia-
tive width of the 0"dipole states in the energy
region of this experiment.

The oxygen photoneutron cross section deduced
from our experiment with energy resolution un-
folded and synthesized by a linear superposition
of Breit-%igner level shapes whose parameters
are listed in Table I is shown in Fig. 4. This is
compared with the N"'(p, y, ) results (dashed curve)
of Tanner, Thomas, and Earle' obtained by de-
tailed balancing. The agreement between the
gross structure of the two curves is good. The
additional fine structure we observe is not at all
inconsistent with what one might hope to observe
for the actual (y, n) cross section when the energy
resolution is improved. VVith the notable excep-
tion of the region at 19 MeV, satisfactory agree-
ment is also obtained with 0'8(y, p) cross section9
when due allowance is made for the poorer reso-
lution of the latter experiments. An excess (y,p)
cross section which is observed at 19 MeV may
be explained as being due to a wrong assignment
of specific proton groups to ground-state transi-
tions.

As expected, many of the levels observed in this
work have been previously reported in other re-
actions. The resonance at 16.23 MeV is also ob-
served in the N"(p, n) and N"(p, y,) reactions.
Its calculated I' of 14 eV is consistent with M1
systematics (Fig. 3) and with the J = 1+ assign-
ment for this state. There follow five weak reso-
nances in the range 16.4-16.9 MeV whose exist-
ence is at the lower level of significance. They
may be identified with resonances reported in
(p, a) and (p, n) reactions. " The former reaction
populates predominantly T = 0 states which are
strongly inhibited in photon- induced reactions.
Two relatively strong resonances at 17.14 and
17.30 MeV are resolved in the data of Fig. 1,
with widths of 45 and 90 keV, respectively; these
are in excellent agreement with observations on
the N"(p, n) and N"(p, yo) reactions. An addition-
al broad resonance at 17.55 MeV, I = 0.4 MeV
(not shown) is obtained from the analysis with 136-
keV resolution. Broad levels have been reported
in this energy region for the N"(P, )r«eIaction
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Table I. 0 (y, n) level structure.

Level
energy

(MeV)
lab

Level
width
(MeV)

Peak
cross section

(mb)

Neutron
width
{MeV)

Proton
width
{MeV)

Radiative
width

(dipole)
0 eV)

Integrated
cross

section
(MeV-mb)

16.23
(16.46)
(16 .63)
{16.73)
(16.84)
(16.97)
17.14
17.30
17.55
18.68
19.08
19.47
20.45
20.88
21.10
21.35
21.59
21.89
22. 15
22.47

0.032
0.050
0.030
0.020
0.025
0.015
0.045
0.09
0.40
0.05
0.20
0.30
0.04
0.20
0.025
0.025
0.025
0.25
0.04
0.60

1.277
0.196
0.294
0.393
0.589
1.228
2.703
8.355
1.228
1.474
2.211
2.949
2.334
3.563

11.796
11.304
8.847
4.915
13.762
12.779

0.004
0.007
0.005
0.004
0.006
0.004
0.014
0.033
0.174
0.021
0.071
0.095
0.012
0.062
0.008
0.009
0.009
0.097
0.016
0.221

0.028
0.043
0.025
0.016
0.019
0.011
0.031
0.057
0.226
0.029
0.129
0.205
0.028
0.138
0.017
0.016
0.016
0.153
0.024
0.379

0.014
0.0025
0.0019
0.0015
0.0025
0.0028
0.016
0.086
0.048
0.009
0.063
0.146
0.018
0.138
0.056
0.052
0.039
0.210
0.095
1.457

0.064
0.015
0.013
0.012
0.023
0.028
0.190
1.180
0.771
0.115
0.694
1.388
0.146
1.118
0.462
0.443
0.347
1.929
0.864

12.037

having energy and width [hereafter designated
E(I')] equal to 17.0(-0.2) and 17.5(-0.25) MeV.
The energy region from 17.6 to 18.6 MeV is ap-
parently devoid of resonant structure, in contrast
to the four narrow resonances inferred from
"breaks" in photoactivation curves. ' From 18.4
to 20. 0 MeV the cross section is synthesized by
three resonances with E(I') equal to 18.68(0.050),
19.08(0.200), and 19.47(0. 300) MeV. The last
two levels are observed in the N"(P, yo) reaction
and more recently by Bramblett, Caldwell, and
Fultz" in the 0'8(y, n) reaction using fast positron
annihilation gamma rays with 3% energy resolu-
tion.

In the region (20. 0 to 21.3 MeV) immediately
before the giant resonance, our data is fitted by
three resonances with E(I') equal to 20. 45(0. 040),
20. 88(0. 200), and 21.10(0.025) MeV. Previously
only one broad resonance has been reported in
this region at 20. 8 MeV. '~"

The giant resonance region (21.3-23. 0 MeV) is
shown in Fig. 2 with five levels 21.35(0.025),
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FIG. 4. The cross section for the 0'~(y, n) reaction with energy resolution unfolded from the data of Table I
(curve A). For comparison, the 0' (y, PO)N

~ cross section, obtained by detailed balancing from the data of refer-
ence 6, is shown (curve 8).

21.59(0.025), 21.89(0.25), 22. 15(0.040), and
22. 47(0. 60). The N"(p, yo) result shows only one
strong and wide resonance in this region, whereas
the Livermore group obtained additional structure
at 21.9 MeV. "

It is profitable to make a comparison with the
detailed shell-model predictions of Elliott and
Flowers. ' Of a total of five single-particle tran-
sitions which exhaust the dipole sum rule, only
three occur in the energy range of this experiment.
The comparison is given in Table II. The agree-
ment between experiment and theory is good for
the first two dipole states. However, the strong
dipole transitions at 22. 47 MeV possesses a ra-
diative width which is about a factor of 8 less than
the theoretical limit.

Apart from this discrepancy, the agreement
(a) between theory and experiment and (b) with the
N"(p, yJ experiment is satisfactory. The addi-
tional fine structure observed is accounted for by
the improvement in energy resolution in the pres-
ent experiment. The dipole strength of the single-
particle states appears to be shared among com-

Table II. Comparison of resonance parameters of
calculations of Elliott and Flowers a with this experi-
ment.

Theoretical
Energy Radiative

%'idth (I' )
'y

(keV)
Level

configuration (MeV)

Experimental
Energy Radiative

Width (r )
'y

(MeV) (keV)

P 1/2 3/2
1

PS/2 S 1 /2

P3/2 "5/2

17.3
20.4
22.6

0.140
0.02

12.0

17.3
20.45
22.47

0.086
0.018
1.46

See reference 3.

pound nuclear states of more highly excited con-
figurations which possess the same symmetry
properties of the neighboring single-particle state
(O', T = 1,1). In this context, it seems reason-
able to associate the compound nucleus states at
17.14, 17.305, and 17.55 MeV with the single-
particle state at 17.3 MeV. A value of 150 eV is
obtained for the sum of the radiative widths of
these levels; the single-particle estimate is 140

374
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eV. This mixing of the single-particle states into
one or more compound nucleus state is introduced

by the residual nucleon- nucleus interactions. Thus,
the clustering of narrow levels in the vicinity of a
single-particle state is to be expected.
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Refined experiments in the last few years have
established a number of unexpected facts. The
kinetic energy of a fission pair as a function of
the mass ratio of the two fragments shows a
drastic dip in the symmetric fission region. '
The average number of prompt neutrons per
fragment as a function of the fragment mass in-
creases almost linearly with ma, ss up to the sym-
metric fission region and then suddenly drops to
near zero; after this it increases almost linearly
again (the so-called saw-tooth structure). ' These
features are difficult to explain in any theory.
The difficulty is particularly serious for the sta-
tistical theory because these results are in con-
tradiction to the predictions of this theory as
carried out in an earlier article' (referred to as
paper I). The purpose of this note is to point
out that the statistical theory is still in a posi-
tion to explain these phenomena provided that
all effects of the nuclear shells are taken into
account, not only the effect on nuclear masses
considered in paper I but also the effect on nu-
clear deformability.

When we compare the experimental kinetic
energy with the predicted energy curve (essen-

tially due to Coulomb repulsion) in paper I, we
notice that the experimental value is consistent-
ly higher than the Coulomb energy value in the
neighborhood of fragment mass 133 while in the
symmetric fission region it is lower. Since the
experimental result in the latter region is less
accurate than in the former, it is probably wiser
to emphasize the abnormal "peak" of the kinetic
energy around mass 133 over and above the Cou-
lomb energy curve rather than the dip in the
symmetric fission region. This is more so
when we recognize that the peaks for isotopes
from U ~3 up all fall in the same region where
the primary fission fragments are near the 82-
neutron shell. The above point of view is fur-
ther strengthened by the recent work of Britt,
Wegner, and Gursky4 on the fission of isotopes
far below U~~, which shows no dip in the sym-
metric fission region (Bi'~, Au'~~, and Ra"')
but also shows the peak in the same mass region
as before (Ra"'), only far removed from the
symmetric fission region (too far to be observed
in Bi~ and Au"~). Similarly, Niday's curve'
for U~' shows the peak and also a flat region in
symmetric fission. The prompt-neutron dis-


