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The photoneutron cross sections for 53Cr, Fe, and ~Ni have been measured near threshold
with high resolution. Nuclear states of interest were excited by photon absorption from a brems-
strahlung beam whose end-point energy was sufficient only for neutron decay to the ground
state of the daughter. Spins of resonances were assigned on the basis of angular distributions
dete'mined from the spectra for neutron emission at angles of 90 and 135', the ground-state
radiation widths I'&0 for most resonances were determined from the observed yields. Parity
assignments were based on a comparison of data with total neutron cross sections of the
daughter nuclei. The central feature of the results is an intense p-wave component whose in-
tegrated strength for all targets is greater than that of the s-wave component. In addition, an
anomalous concentration of Ml strength is observed in an intense doublet with J~ = ~ at E„
=230 keV in the cross section for 57Fe. The reduced widths for El and Ml radiation are con-
sistent with the values k&& ——0.0012 and kgf 0.019, respectively.

No evidence is found in the reactions ~~Cr(y, n) and ~~Fe(y, n) near threshold for doorway
states which have been proposed in the literature. The data were also tested for a correlation
between the reduced neutron width for s-wave resonances in each target and the corresponding
ground-state radiation widths. In no case is there evidence for a significant correlation.
Therefore the strong correlation reported between the reduced neutron widths and total radia-
tion widths for s-wave resonances in even-even target nuclei in this mass region should not
be attributed to the ground-state transition.

I. INTRODUCTION

One of the principal objectives in the study of y-
ray decay from individual highly excited nuclear
states is observation of the influence of nuclear
structure on the intensity of primary transitions.
Among the nuclear-structure effects expected are
rapid variations with excitation energy and atomic
mass of the mean intensities for both electric and
magnetic dipole transitions. The physical quantity
which is expected to reflect these phenomena is
the radiative strength function r jD for the appro-
priate multipole, where I is the average radiative
width for transitions of a given multipolarity and D
is the mean spacing of excited states whose spins
and parities are such that these transitions are al-
lowed. Because this parameter describes the aver-

age properties of radiative transitions, including
any energy or mass dependence, experimental ef-
forts have frequently focused on its measurement
and comparison with various theoretical models.

Extensive experimental information is already
available for electric dipole transitions. Although
the small number of experimental samples still
prevents decisive comparison of data with various
predictions for mass dependence, the influence of
the giant dipole resonance on E1 radiative strength
has been observed' in several nuclei; specifically,
the strength function varies more sharply with pho-
ton energy than would be expected from single-par-
ticle estimates. More detailed phenomena, such
as the existence of relatively sharp variations in
the strength of El transitions in the mass region
180&4 &208 and the energy region E&= 5.5 MeV,
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are currently the subject of extensive investiga-
tion. '

By contrast, our understanding of the systemat-
ics of magnetic dipole transitions is still fragmen-
tary. M1 transitions are characteristically weaker
and more difficult to observe than E1. The accura-
cy of most experiments has been limited by the
large statistical fluctuations known to characterize
the distribution of partial radiation widths and the
possibility of confusing transitions of different mul-
tipolarities because of inadequate knowledge of the
spins and parities of the radiating states. Only for
a few nuclei have observations been made for a
significant sample of resonances with established
spin and parity. The only conclusion clearly sup-
ported by existing data' is that the average M1
strength is strongly enhanced over the Weisskopf
single-particle estimate and for a majority of nu-
clei is consistent with an average enhancement fac-
tor of -15.

Neutron-capture studies have provided most of
the data available for radiative transitions in the
7-11-MeV region. Recently, however, high-reso-
lution studies of photoneutron spectra at threshold
have become a promising source of information.
Nuclear states of interest are excited by photon ab-
sorption from a bremsstrahlung beam whose end-
point energy is sufficient only for neutron decay to
the ground state of the daughter nucleus, and are
observed through their decay by neutron emission.
The individual resonance yields are a measure of
the radiative widths for ground-state-to-excited-
state transitions in the parent nucleus. Although
this technique was originally proposed and demon-
strated as early as 1961,+ ' only in recent years
have improved experimental intensity and resolu-
tion permitted study'' of a significant number of
target nuclei. Because the (y, n) reaction is very
efficient in the sense that every interaction is the
result of a transition between the ground state and
an excited state in the parent, angular momentum
can be assigned on the basis of photoneutron angu-
lar distributions even for relatively weakly excited
levels. For many targets one can obtain an experi-
mental sampling of a large number of resonances
of a given spin and parity, a necessity for success-
ful observation of photon strength functions.

The data presented here are the results of a se-
ries of threshold photoneutron measurements of
"Cr, "Fe, and "Ni. These targets are of interest
because they contain configurations near the N = 28
closed shells for either protons or neutrons. Pos-
sible enhancement of M1 transitions in mass re-
gions near closed shells has been suggested by sev-
eral authors. "' In addition, these nuclei have sev-
eral experimental advantages. Their low spin val-
ues and large expected mean radiation widths

should result in observable intensities for both E1
and M1 photoexcitation of excited states. The pos-
sible angular distributions have easily recognized
shapes characteristic of the spin sequences ex-
pected. In addition, detailed information is avail-
able from experiments with the inverse reactions
in which the states observed in the photoneutron
reaction are excited by neutron capture in the pho-
toneutron daughter. The outstanding feature of the
results is the exceptional strength of the p-wave
resonances that dominate the photoneutron spectra.
These resonances are excited by the absorption of
magnetic dipole and possibly electric quadrupole
radiation, and their unexpected intensity indicates
that in the A =50 mass region, M1 and E1 transi-
tions are of comparable strength. The assigned
spins and parities exhaust almost all the radiative
strength observed in each component of the reso-
nance structure, and the values obtained for both
E1 and M1 photon strength functions are much
more precise than had been available earlier.

SRE IlSSTRAHLLNG
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Cr N{E&) NEUTRON FLIGHT TINE

FIG. 1. Schematic representation of the principle of
the threshold photoneutron experiment with a 53Cr target.
A state in the compound system cannot be excited if it
lies above the energy limit set by the end point of the
bremsstrahlung spectrum. For the case shown here,
neutron emission is possible only to the ground state of
"Cr.

II. EXPERIMENTAL TECHNIQUE

The basic idea of the threshold photoneutron tech-
nique is illustrated schematically in Fig. 1, where
the parameters for a "Cr target are presented as
an illustrative example. The key to the method is
the use of an intense bremsstrahlung beam of very
precisely determined maximum energy. With this
energy definition, excitation by photon absorption
can be limited to a small band of excited levels
just above the neutron binding energy. Subsequent
decay of these states must be either by neutron
emission to the ground state of the daughter or by
radiative decay to lower states of the target.

In the thin-target approximation, which is ade-
quate for the weak absorption characteristic of
these experiments, the yield in the neutron
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channel for a given level is given by

y(x) = 2Hz'gr „,r„/r, (1)

where g= 2(2J+ 1)/(21+ 1) is the statistical factor in
which I and 4 are the spins of the target and ex-
cited state, respectively, X is the reduced photon
wavelength, I'» is the radiative width for direct
decay to the ground state of the target, and 1 „and
1 are the neutron and total resonance widths, re-
spectively. Observation of the resulting neutron
time-of-flight spectrum with established time-of-
flight techniques reveals a structure of individual
resonances, each with a neutron energy uniquely
related to that of the excited state and with an inte-
grated intensity given by Eq. (1). The angular dis-
tribution of photoneutrons is expected to be iso-
tropic only for resonances with specific values
of J.

Spin and parity considerations for "Cr are illus-
trated in Fig. 2. Absorption of electric dipole ra-
diation can lead to excitation of even-parity states
with spins —,', —,', and —,'. The subsequent decay of —,

'
states will be, in lowest order, by emission of s-
wave neutrons, and the decay of —,

' and —,
' states

will be by emission of d-wave neutrons. Absorp-
tion of magnetic dipole radiation will excite states
of the same spin values but odd parity. The reso-
nances with spin —,

' and & will decay by emitting
P-wave neutrons and —,

' levels by emitting f-wave
neutrons. Each of the possible spin sequences
will have a characteristic angular distribution. "
Only the &- —,'-0 sequence will be isotropic. The
angular distributions expected for each sequence
have been calculated under the assumption that
only dipole absorption occurs. The results indi-
cate that comparison of intensities at 90 and 135
should give easily recognized unique ratios for the
possible values of the resonance spin for each of
the targets studied here. The expected values for
the 90 to 135' ratio for ~Cr(y, n)"Cr are shown in
the table at the bottom of Fig. 2.
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The bremsstrahlung source and experimental ap-
paratus are shown in Fig. 3, a schematic diagram
of the Argonne threshold photoneutron facility,
The linear accelerator is a two-section L-band
machine" which can accelerate electrons to ener-
gies of 4-22 MeV when operated in the short-pulse
mode. For the photoneutron experiments the elec-
tron pulse has a 6-nsec duration, a repetition rate
of 720 sec ', and peak currents of 10-20 A depend-
ing on operating conditions. The electron beam
from the linac passes through a 90' analyzing mag-
net and emerges with an energy spread less than
300 keV. The beam is then focused, restored to
its original direction, and allowed to strike a thin
radiator (the converter in Fig. 3). To be suitable
for the radiator, a material should have a neutron
threshold sufficiently high that no neutron back-
ground can be generated by it. For these studies,
a 20-mm Ag foil was used. The resulting brems-
strahlung passes through a block of aluminum
(which stops the electrons) and irradiates the tar-
get in which the (y, n) reaction occurs. The pho-
toneutrons are observed along flight tubes placed
at 90, 135, and 155 to the direction of the brems-
strahlung beam. They are detected in a bank of
neutron detectors at the end of each flight tube,
and their energies are determined by their flight
times. The detectors, six in each bank, are con-
ventional 'Li glass scintillators 12.5 cm in diame-
ter and & in. thick. To reduce the intensity of low-
energy bremsstrahlung scattered by the target in
the direction of the detectors, filters of bismuth or

0+
52cr EI

S2
cr

. ~

PHOTONEUTRON
ROOM

53C

Li GLASS
OETECTORS

k

der(9d )/der (I3) I.O 0.73 I.33

FIG. 2. Excitation and decay diagram for the reaction
53Cr(y, e). Excitation is assumed to result from dipole
photon absorption, and decay is assumed to be by neu-
tron emission to the ground state of ~2Cr.

FIG. 3. Threshold photoneutron facility. The Argonne
National Laboratory linac is located in a vault separated
from the photoneutron room by a shield~ng wall 7 ft thick.
Both rooms are below ground level. The beam diameter
at the converter is 1 cm; the distance from converter to
target is 13.7 cm. The flight path at each available angle
varies from 5 to 18 m.
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lead 2 cm thick are placed across the entrances to
the flight tubes. Without these filters the 6-nsec
burst of scattered bremsstrahlung produces unde-
sirable afterglow in the scintillators and overload-
ing of the photomultipliers. In addition, two dy-
nodes on each detector photomultiplier are gated
"off" until about 300 nsec after the burst.

Time analysis of neutron events is carried out
with a conventional time-to-amplitude converter
system in which the timing cycle is started by the
charge pulse generated in the aluminum stopping
block when the electron pulse arrives. The alumi-
num block is also used as a Faraday cup to inte-
grate the total electron charge absorbed in pro-
ducing bremsstrahlung. The intensities of all neu-
tron spectra are measured in neutrons per cou-
lomb of integrated charge.

The most serious limitation on the precision of
threshold photoneutron measurements is the accu-
racy of any absolute normalization. Uncertainties
in the effective photon flux as a function of energy
and of angle with respect to the electron beam
arise from the difficulty in calculating the expected
spectrum shape in the high-energy region near the
short-wavelength limit of the spectrum. In place
of the usual thin-target approximation, one must
carry out a thick-target calculation in which the ef-
fects of multiple scattering and energy loss are in-
cluded. Any inadequacies in the thin-target spec-
trum, such as those discussed by Berger and Selt-
zer, "will be perpetuated in such a calculation.
To date such thick-target spectra have been con-
firmed" with only limited precision. The problem
is compounded by the very sharp angular depen-
dence in the intensity of bremsstrahlung. At 9.1
MeV the half-width of the photon flux as a function
of opening angle is only 9.5' for a 20-mil silver ra-
diator. Consequently the bremsstrahlung intensity
at the (y, n) sample will be a sensitive function of
beam location and extent, particularly for the
short radiator-to-sample distance used in the pres-
ent measurements. In our judgment, these facts
preclude an accurate calculation of the absolute
photon flux per unit charge at the present time.

Instead, we adopted an alternative approach of
using the 40.7-keV resonance in the reaction '"Pb-
(y, n) as a primary standard. From studies'~" of
neutron capture in ' 'Pb, the value g1 &p 3 18
+ 0.61 eV has been established for this level. Ab-
solute normalization of photoneutron spectra can
be accomplished by calibrating every photoneutron
run with a short run with a Pb target whose cross-
sectional dimensions are identical to those of the
sample being studied. The yield for the lead reso-
nance determines the number of counts per cou-
lomb for a given value of 1'(X). Variations in the
effective photon flux as a result of differences in

the (y, n) threshold require only small corrections,
and these involve only relative intensities in the
spectrum of the incident flux. Because all results
are relative to a single standard, any future in-
crease in the precision of the standard can be ap-
plied readily to all measurements.

Because the Pb spectrum is used to normalize
each sample run, only relative detector efficien-
cies are necessary in calculating resonance widths
for all levels observed. The 'Li(n, n} cross sec-
tions used to estimate the relative efficiencies
were taken from the tabulated evaluated data con-
tained in the ENDF/8" file. However, as recent
discussions indicate, " the available data on all 'Li
cross sections are consistent only within limited
precision and suggest that the Li(n, a) cross sec-
tions may contain substantial errors. To assess
the importance of multiple scattering in the Li-
(n, o) reaction, Monte Carlo calculations were car-
ried out for the glass scintillators used in this ex-
periment. The results show that multiple-scatter-
ing effects enhance detection efficiency by as much
as 20-3(PO ~ These same effects may be responsi-
ble in part for the discrepancies in presently ac-
cepted cross sections, i.e., the effects of multiple
scattering may not have been eliminated from the
cross sections used to obtain the evaluated data
set. If this is true, the Monte Carlo treatment
based on evaluated cross sections would give esti-
mates of multiple scattering which are much too
large. In view of this, the Monte Carlo results
were used only as a guide to the accuracy with
which relative detector efficiencies could be calcu-
lated, and the actual relative values were deter-
mined from the tabulated 'Li(n, a} cross section
without taking any account of multiple scattering.
The uncertainty due to multiple-scattering effects
is largest, about 8%, in the energy region from 30
to 120 keV.

III. DATA

For each target, observations were made at 90
and 135 to the electron beam with flight paths of
9 m. The over-all time-of-flight resolution was
I nsec/m for these spectra. In favorable cases,
measurements were also made at shorter flight
paths. The duration of each individual run was ap-
proximately 24 h. In all cases the end point of the
photon spectrum was chosen so that the only neu-
tron channel open to continuum states excited by
photon absorption is decay to the ground state of
the daughter nucleus. The most prominent feature
of the spectra is the exceptional strength of /-
wave resonances. In all cases the integrated yield
of this component is at least as great as that of s-
wave levels. The results for each target are dis-
cussed below' individually.
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Cr

A 64.4-g target of Cr,O, enriched to 96'P& in "Cr
was irradiated by a pulsed bremsstrahlung beam
with an end-point energy of 9.1 MeV. Data taken
at 135' are shown in Fig. 4. The broad peak in the
resonance structure observed in the region of chan-
nel 1200 is caused by increased detection efficien-
cy in the neighborhood of the 255-keV resonance
in the 'Li(n, o.}T reaction. Observed resonance en-
ergies agree very well with those calculated from
the total capture cross sections'"" of "Cr upon
correcting the latter for recoil effects. However,
not all resonances seen in capture in "Cr will be
observed in 53Cr(y, n} because the photoneutron

yields are proportional to the ground-state radia-
tion width, a quantity which fluctuates greatly
from resonance to resonance.

To determine the resonance spins from photoneu-
tron angular distributions, the s-wave resonances
in the (y, n} spectra were located from the mea, —

sured total neutron cross sections of "Cr, and
data for 90 and 135 were normalized so that the
relative yields gave isotropy for the s-wave reso-
nance at 226 keV. The ratio of the 90 to the 135
yield was then calculated for all other neutron
groups. The results are listed in Table I for those
resonances for which definite assignments could
be made. The spin assignments shown are based
on the observed intensity ratio, which is expected
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FIG. 4. Photoneutron time-of-flight spectrum for 5 Cr(y, n). The flight path was 9 m. In the section for channels
160{)to 2700, each point represents the sum of bm adjacent channels.
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to be E(90')/f(135') = 1.0, 0.'l3, and 1.33 for total
angular momentum —,', —,', and —,', respectively, if
only dipole absorption of photons occurs. One can-
not a priori rule out excitation of the ~ and ~ lev-
els by a mixture of M1 and E2 radiation, but the
values observed for the ratio I(90')/f(135') indicate
that any E2 component is very weak. To empha-
size this point a histogram of the values of f(90')/
f(135') for the non-s-wave levels observed in "Cr
is presented in Fig. 5. This ratio is extremely
sensitive to any E2 admixture. ' Depending upon
its phase relative to the M1 component, a Q E2
component would increase or decrease the ex-
pected ratio by as much as 0.09 ~ The clear group-
ing of the observed values in Fig. 5 around the ra-
tios appropriate to pure M1 transitions is evidence
that the probability of error is small in assigning
spins on the basis of pure dipole transitions. In
fact the only possible evidence for the presence of
a very weak E2 component is the somewhat low val-
ue of the ratio observed for the 101- and 125-keV
resonances.

The data of Table I and Fig. 5 also contain strong
evidence for the absence of resonances which de-
cay by emission of d-wave neutrons. No values of
the intensity ratio corresponding to resonances
with J=-', are observed nor is a corresponding
group present in Fig. 5. Such levels would decay
only by d-wave emission to the ground state of "Cr.
Assuming that there is no strong spin dependence
in the d-wave average reduced neutron widths for
j=-, and -'„we can interpret the absence of j = -',

resonances as indicating that there is no d-wave
emission from either spin state in the region stud-

TABLE I. Angular momentum assignments for reso-
nances in the reaction 5 Cr(y, n). Excitation of levels
is assumed to take place only by absorption of dipole
radiation. J= I

2
5
2

ied. This conclusion is consistent with the implica-
tions of the data on the total neutron cross section
of "Cr. The yield of photoneutrons is proportional
to I'„I'7,/(I'„+ I'&). The inhibition of d-wave emis-
sion can be attributed to small values of the d-
wave neutron width which result from the low trans-
mission coefficients for d-wave neutrons in the en-
ergy range of this experiment. To test this expla-
nation, we have taken the observed spacings of d-
wave levels from the total cross-section results of
Newson et al. ' and used them together with the d-
wave transmission coefficients calculated from an
optical-model potential to obtain an estimate of the
average neutron widths for d waves. Though admit-
tedly crude and sensitive to precise features of the
potential used, the results do show that for d
waves I'„ is smaller than the radiative width and
consequently the average branching ratio for decay
by d-wave neutron emission is less than 1. For
example, at 100 keV I'„/(I'„+ I'&) =0.2 if we use the
value of I'& =4 eV. Thus the absence of d-wave
resonances is not unexpected. We will assume in
all the discussion which follows that all levels
which do not correlate with known s-wave levels
observed in the inverse reaction decay by p-wave
neutron emission. The observations above indicate
that the probability of an incorrect parity assign-
ment resulting from this assumption is small.

In order to emphasize the strength of the various
components in the resonance structure of the pho-
toneutron spectra, the data for the resonance pa-
rameters (Table II) are organized according to res-
onance spin and parity. The integrated yield of p-
wave levels, which is proportional to ~I'7,1 „/I'
is more than twice that for s-wave levels. For —,

'

E„(y,n) do(90 )/dQ E„(y, n) do'(90')/dQ
(keV) de(135 ) /dQ J" (keV) do (135')/dQ J"

92

101

105

107

117

125

133

146

182

193

s wave

0.54+ 0.06

0.69+0.06

0.70+0.06

s wave

0.53+0.03

0.66+0.04

1.01 + 0.10

1.15+0.03

1.10+0.03

47.7 s wave $+ 196

226

233

241

274

f+ 294

315

~2 317

333

350

373

s wave

1.01 +0.04

0.68 +0.06

1.06 +0.11

0.78+0.08

s wave +

1.10 + 0.06

0.72 +0.08

0.66 +0.07

1.09 +0.04

$+

0.71 +0.03

COI-
X
Lal 5—
laJ

4.
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O

0
0 0.5 I.O

I (90 )/ I( I55 )

FIG. 5. Histogram of I(90')/I(135') the ratio of the
photoneutron intensity at emission angles of 90 and 135
to the incident beam in the reaction +Cr(y, n) Cr. The
arrows indicate the values of the ratio expected for each
reso~~ce spin if the levels are excited by pure dipole
photon absorption.
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57F

A "Fe target consisting of 39.7 g of Fe,O, en-
riched to 90.4% in "Fe was irradiated by a brems-
strahlung beam with an end-point energy of 8.45

TABLE II. Energies and parameters for resonances
in the reaction Cr(y, n). The +20@ error in the quantity
I p I /I for all resonances is due mainly to the uncer-
tainty in the absolute normalization of the data. The en-
ergies given in column 2 are calculated from those of
column 1 by applying a correction for recoil effects.
For unassigned levels, column 4 gives gI'&I'„/I'.

E„g, y)
References 18, 19

(keV}

E„(y,n) at 8=135
Cale. Obs.
(keV} (keV)

Iyor„ /I
(eV}

j+
2

and —,
' levels, ~I'&,I'„/I' =2.13 eV, as opposed to

~I'&,I „/I'=0.97 for j= —,
" levels. The observed

total strength for all p-wave levels is Qi'„,I'„/I'
= 6.8 eV. Since a Weisskopf unit ' is 11 eV, the to-
t3',X1 strength is at least 0.6 of a Weisskopf unit.

MeV. The data obtained along the 90 beam line
are shown in Fig. 6. The energies observed for
the various neutron groups are in excellent agree-
ment with values calculated from data on total"
and capture" cross sections for Fe. Calculated
and observed energies are listed in Table III. Be-
cause J"=-,' for the ground state of "Fe, absorp-
tion of dipole photons can excite only levels with J
= —,

' and —', . For the spin sequence -', ——,'- 0 the angu-
lar distribution will be isotropic, while for —,-—,

—0 the ratio will be f(90')/I(135') = 1.43 if only M1
absorption is considered. The data for 90 and 135'
were normalized so that the relative yields gave
isotropy for the strong s-wave level at 212 keV
and the corresponding ratio was then calculated
for the other resonances. In Table IV, assign-

TABLE III. Energies and parameters for resonances
in the reaction 57Fe(y, n). The +20% error in the quantity

r„&r„/r for all resonances is due mainly to the uncer-
tainty in the absolute normalization of the data. The en-
ergies given in column 2 are calculated from those of
column 1 by applying a correction for recoil effects.
For unassigned levels, column 4 gives g I &OI'„/I'.

50.2 +0.3
97.1+0.8

123.2 + 1.0
141.4 + 1.2
239.4 + 2.2
285.4 +2.8
331.1 + 3.5

155 +1.2

47.3
92.0

117
134
228
272
316

47.7
92.0

117

226

315

147

g-1.
2

146
182
193
233
294
333

0.179
1.275
0.930

1.315

0.184
Total 3.884

0.234
1.210
1.137
0.409
0.748
1.324

Total 5.062

27.9
74
83.7

123.5
130
141
169
188
220

26.9
71.4
80.8

119.2
125.5
136
163
181
212

26.7
70.2

118.4
125.1
136
163
181
212

E„(n, q) E„(q, n) at 8=90.
References 19, 22 Calc. Obs.

(keV) (keV) (keV)
r„,r„/r

(eV)

0.112
0.082

0.119
0.105
0.068
0.066
0.423
0.683

Total 1.658

107 +0.8
111 +0.9
113 +0.9
132 +0.9

101
105
107
125

101
105
107
125
133
196
241
274
317
350

0.075
0.102
0.143
0.256
0.193
0.151
0.069
0.077
0.395
0.249

Total 1.710

34.1 32.9
56.9

32.9
56.9

216
278

0.180
0.221
0,130
0.208

Total 0.739

224
235
270

0.364
0.382
0.090

Total 0.836

Unas signed levels

22.9+1.0
48.3 +0.21
57.8 ~ 0.28

21.3
45.4
54.5

21.4
45.5
54.6

175

Unassigned levels

0.026
0.009
0.046
0.046

Total 0.127

92.6
98.7

167
247
260

0.045
0.042
0.032
0.030
0.046

Total 0.195
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ments are given for all levels with sufficient yield
to calculate the 90'/135' ratio with significant pre-
cision. The criterion for assignment of J for all
targets was that the value assigned to a level must
be at least 10 times as probable for the assigned
value as for the other choice.

Table III lists the resonance parameters and
compares calculated and observed resonance ener-
gies for each group of spins and parities. From
the extensive data available for s-wave resonances
in the total cross section of ' Fe, a complete list
of expected s-wave levels can be obtained. A mea-
surable yield in the (y, n) spectrum was observed
for all but one known s-wave resonance. This ob-
servation suggests that if the observed population
is governed by the usual Porter-Thomas statistics
with an average ground-state width which satisfies
the condition gI'&, &0.05 eV, then the sensitivity of
the present experiment is adequate for observing
the integrated strength of all levels that have a
given spin and parity.

The distribution of radiative strength among P-

wave levels is not consistent with a Porter-Thom-
as distribution of ground-state widths, and the as-
signments for J = ~ suggest a strong concentration
of M1 radiative strength in two resonances. Only
three resonances with J=-', are observed, includ-
ing the very intense doublet at 224 and 235 keV.
However, other data indicate that a much larger
number of P-wave resonances were undetected. In
the capture cross section of "Fe, 16 presumed p-
wave levels absent in this measurement were
found below 130 keV. The mean value of gI'&, re-
sulting from the doublet alone is sufficiently high
to guarantee that a substantially larger number of
levels should have been observed if they were
drawn from a Porter-Thomas distribution. Under
the normal statistical assumption that the level
density p is proportional to (2J +1), the results for
s-wave levels would imply that 30 resonances with
J=-,' should be in the energy region studied. The
hypothesis that the observed concentration of
strength results simply from a random fluctuation
in an ordinary population of P-wave levels which

Fe(y, n) Fe
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FIG. 6. Photoneutron time-of-flight spectrum for ~~Fe(y, n). The flight path was 9 m. Each point in the center
section represents the sum of bvo adjacent ch~~~els in the lower section they represent sums of four adjacent eh~~~els.
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are subject to the usual level-spacing and ground-
state width statistics can be tested by determining
the probability of obtaining a doublet whose individ-
ual widths are equal to or greater than the ob-
served values. This probability was calculated un-
der the assumptions that: (1) the radiation widths
are drawn from a Porter-Thomas distribution, (2)
resonance energies and widths are statistically in-
dependent, (3)

pcs�(2J

+ 1), and (4) the radiative
strength for 4=-,' resonances can be estimated
by summing the widths of the assigned ~ reso-
nances and those of the observed but unassigned
levels. The resulting l"

&, assuming a total of 30
levels is less than 0.09 that of the weaker member
of the doublet. The probability of such a distribu-
tion of strength is less than 10 . In view of this
result, explanation of the observed concentration
of radiative strength as a fluctuation in a Porter-
Thomas distribution of levels appears untenable.

61'.

Photoneutron spectra resulting from irradiation
of a "Ni target with bremsstrahlung, whose end
point is 8.9 MeV, are shown in Fig. 7. The angle

TABLE IV. Angular momentum assignments for reso-
nances in the reaction Fe(y, n).

E„(y, n) do.(90') /d0
(keV) do(135')/d0 J" E„(y,n) d o(90') /dO

(keV) do.(135')/dQ J"

26.7 s wave

32.9 1,10 + 0.08

56.9 1.08 + 0.09

1-
2

70.2 s wave, other i+

118.4

125.1

136.

163.

s wave

s wave

s wave

s wave

2

i+

2

g+
2

181

212

216

224

235

270

278

g+
2

s wave ~+
2

0.90 +0.10

1.32 +0.04

1.43 + 0.04

1.36+0.09

0.99+0.07

s wave

of observation is 90'. The target was a 32-g sam-
ple of nickel powder enriched to 92.4/0 in 'Ni. Ex-
tensive measurements" of capture and total neu-
tron cross sections for' ¹iwere reportedrecently.
The very broad photoneutron peak at 11.6 keV
agrees very well in energy and width with the pa-
rameters observed for the s-wave resonance in
these data at 12.4'7 keV.
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FIG. 7. Photoneutron time-of-fight spectrum for Ni(y, n). The upper section was taken with a fight path of 9 m,
the lower section with a flight path of 5.5 m.
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The angular momentum assignments for ob-
served levels are listed in Table V. Normalization
was more difficult for the Ni runs at 90 and 135
because the cross section of the Bi beam filter has
a resonance near 11.6 keV, the energy of the only
prominent s-wave level. To avoid the effects of
resonances in the neutron cross sections of the
beam filters, separate runs were made with Bi and
Pb filters. The lower spectrum of Fig. 7 was taken
with a Pb filter and a flight path of 5 ~ 5 m. The data
for the two angles at 5.5 m were normalized to
give isotropy for the 11.6-keV resonance. The
higher energy levels were assigned from the data
at the longer flight path; these runs were normal-
ized from the observed intensities of s-wave levels
in the Pb calibration runs. The angular depen-
dences of the yields for the resonances e '~.8 and
53.9 keV were observed inboth sets of data, 3 the
results for the two sets, which were in agreement,
are shown in Table V. Resonance parameters ob-
tained from these spectra are given in Table VI.

TABLE VI. Energies and parameters for resonances
in the reaction Ni(y, n). The +20% error in the quantity
I'&I'„/I' for all resonances is due mainly to the uncer-
tainty in the absolute normalization of the data. The
energies given in column 2 are calculated from those of
column 1 by applying a correction for recoil effects.
For unassigned levels, column 4 gives g I'&pl'„/I .

E„(n, q)
Reference 18

(keV)

E„(y,n) at 0=90'
Calc. Obs.
(keV) (keV)

I ypI
„/I

(eV)

g(n, y)1'&I'„/I'. The total radiation width is not ex-
pected to fluctuate greatly from resonance to reso-
nance. Consequently, if I'„/I' = 1 is a valid assump-
tion, the observed values of gI'„I'„/I' will cluster
around two cha.racteristic values of g(s, y)1'&, the
values for each of the two possible choices of reso-
nance spin. On the other hand if I'„/I'«I, much
smaller values would be observed. The data avail-

IV. DISCUSSION

In the photoneutron experiments, the quantity
measured for each resonance is I'&sl'„/I'. The evi-
dence from measurements of neutron capture and
total cross sections of each of the daughter nuclei
indicates that I'„/I'=1 is a good approximation for
all the s-wave levels observed in this experiment.
The parameters for p-wave levels must be con-
sidered in closer detail. The capture-cross-sec-
tion results for "Cr, ' Fe, and ' Ni give values for

12.47
28.64
43.08
65.13
86.8

98.1+0.7
107.8+0.75

156.4
162.1 + 1.3

186.5
198.0 + 1.8

11.64
27.00
40.86
62.04
82.77
93.62

103.1
149.3
155.0
179.1
190.0

11.6

40.4

92.6
102.9

154.
179.
192.0

0.367

0.018

0.102
0.209

0.166
0.062
0.557

Total 1.481

E„(y +) do'(90') /da E„(~,n) da(90') /da
{keV) do(135')/dQ J (keV) do(135 )/dQ J

$+ 102.9 s wave

106.0 1.05 +0.07

114.8 0.61 + 0.05

129.5 0.95+0.09

132.5 0.91~0.08

141.6 1.28 + 0.19

154.0 s wave

11.6 s wave

1.
2

f-
2

2

0.62 + 0.05

g+
2

12.6 1.15+0.15

0.59 + 0.10

0.56 +0.12

s wave

1.13+0.07

22.0

31.0

40.4

45.0

0.64 + 0.10
0.49+0.07

48.8

159.0 1.24 + 0.08

162.0 0.72 +0.06
0.97+0.11
1.10 +0.12

53.9

179.0 s wave0.68 ~0.04
0.80 +0.05

62.0
187

0.61+0.09

s wave +

81.8 s wave

92.6

TABLE V. Angular momentum assignments for reso-
nances in the reaction Ni(y, m).

47.4+ 0.22
56.9 + 0.29

111.3+1.0
136.5+ 1.4
139.6+ 1.4
No data
No data

23.8 + 0.1
32.9 + 0.1
51.5 ~0.3

under strong
84.7 +0.6

120.6 + 1.1

93.3

12.6
45.0
53.9

106.0
129.5
132.5
141.6
159.0

45.0
54.1

106.3
130.5
133.5

22.4
31.1
48.9

s -wave level
80.7

115.2

22.0
31.0
48.8
62.0
81.4

114.8
162.0
187.0

Unassigned levels

89.0
107.9
175.0

89.0

0.040
0.166
0.092
0.419
0.256
0.314
0.148
0.216

Total 1.651

0.020
0.018
0.034
0.189
0.093
0.205
0.231
0.165

Total 1.067

0.014
0.032
0.067

Total 0.113
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able from capture measurements are limited in
amount and precision, but they suggest that I'„/1"
=1 above 100 keV. The values of the neutron P-
wave strength function S, observed for these tar-
gets" also support this conclusion. The average
neutron width at 100 keV inferred from the value
of S, for "Cr is an order of magnitude larger than
I"&. In view of these facts, we can improve the re-
liability of estimates of I'&0 for negative-parity lev-
els or p-wave resonancesby restricting the analy-
sis to energies above 100 keV. This convention
was observed in the determination of radiative
strengths (Sec. IV A).

A. E1 and M1 Radiative Strengths

The results for the integrated strengths and re-
duced widths of E1 and M1 radiative transitions
are summarized in Table VII. The quantity

Qgi'&, I'„/I' is presented as a measure of the rela-
tive intensities of the various spin and parity corn-
ponents in the photoneutron spectra. The reduced
width for electric dipole transitions was calculated
from the expression

while the corresponding quantity used for magnetic
dipole transitions was

k», =+I'yo/E~ AE,

where k is the average reduced width and //t. E is the
energy interval in which resonances used in the an-
alysis were found. I'&0 is in eV; b,E and E& are in
MeV.

As defined above, the reduced widths would be
the same for all nuclei if transitions could be de-
scribed in terms of the single-particle model of
the radiative process. These estimates are known
to be only crude approximations to the actual situa-
tion. From E1 thermal-neutron capture y rays,
Bartholomew" has estimated k» x 10' = 3.2, while
the results of Carpenter' for resonance y rays in-
dicate X~yx10' = 3.7. The results of this experi-
ment give k~y&10'=1.7 for "Cr, k»x10'=0.9 for
"Fe, and k~yx10 =1.0 for "Ni —all substantially
lower than the single-particle estimates. An alter-
native relationship is based on the behavior of the
tail of the giant dipole resonance in the excitation
region near the neutron binding energy. Axel ' has
applied detailed balance to estimate the electric di-
pole photon strength function. The relation he ob-
tained is

In terms of the reduced width this would be

k, = (6.1 x10 ')E'/I'-

and for the nuclei studied here this would yield a
value k» x 10 = 1.2 —in substantially improved
agreement with observation. However, it should
be noted that studies" of heavy nuclei imply that
the above relation overestimates the reduced
widths by as much as a factor of 2. Consequently,
the "giant-resonance" estimate must be regarded
as only approximate in spite of the apparent agree-
ment observed here.

The group at Livermore has reported results' of
threshold photoneutron measurements on "Cr and
"Fe. Although they did not observe angular distri-

TABLE VII. Integrated yields and reduced widths for electric and magnetic dipole radiation. Integrated yields are
given for all resonances observed, but reduced widths for magnetic dipole transitions are calculated only from yields
for p -wave levels above 100-keV neutron energy (see discussion in Sec. IV). The number of resonance widths used to
obtain eachk is given by N. The errors given were calculated by assuming that the individual I' o's follow a Porter-yo
Thomas distribution.

Target
10~ x reduced width

Individual average

57 Fe

0.97

1.27

0.86

083
0.37

0.84

3.88

5.06

1.71

1.66

0.74

0.84

10

si ~ -o s

k~g =41

k~g =16

k~~ 0 86+oo.83

k~=9

k~ =28~"

k~ = 10+3~o

0.37

0.41

0.54

1.48

1.65

1.07

k~g =0.96+o g9

k~( =27

k~g =12
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butions, they identified —,
" levels by comparison

with the total neutron cross sections for "Cr and
'6Fe. Their results for the radiative strength of
E1 transitions are stated in terms of the photon
strength function(1'z, )/D. The value 1.2x10 ' in-
ferred from our ' Cr data agrees with their re-
ported value if the latter is corrected to corre-
spond to the recently revised value g(n, y)1'» = 3.18
eV for the normalizing resonance in ' 'Pb. For
"Fe we observe a value 0.6x10 ' compared to the
corrected Livermore value of 0.8x10 '. However,
the discrepancy arises from our assignment of J

to an intense resonance at 235 keV as a result
of the large observed anisotropy for that neutron
group. Apparently a p-wave level strongly excited
in (y, n) reactions occurs near the expected posi-
tion for a —,

" level.
In order to eliminate the influence of the neutron

branching ratio I'„/I", the reduced widths for M 1

transitions were calculated from the resonance
structure above 100 keV. The values k„, calcu-
lated for each possible P-wave spin are included in
Table VII; but, in view of the limited precision of
these values, the discussion is focused on the val-
ue of 0» obtained for each nucleus by averaging
the values observed for the two spins. The errors
were calculated on the basis of the number of reso-
nances actually observed and under the assumption
that individual widths are governed by the Porter-
Thomas distribution. The reduced widths observed
for the three targets are statistically consistent
with a single value k„, equal to the observed aver-
age k„,=19x10 '.

The available data on reduced widths for M1 tran-
sitions were summarized recently by Bollinger. '
The essential conclusion of the survey is that,

with certain exceptions, the data on nuclei in the
range A = 80-250 are consistent with k„,=20 x 10 '.
Results for '"Sn, '"Sn, "'Ba, and "'Pb suggest
that the M1 strength may be enhanced in these
closed-shell nuclei. The data are shown in Fig. 8.
The strong enhancement of the reduced width in all
nuclei over the single-particle estimate is general-
ly accepted. With the addition of our results for
"Cr, "Fe, and 'Ni, the region in which k» can
be crudely described by k» =20x 10 ' is extended
down to A=50.

Although no published theoretical efforts account
in any systematic way for the observed behavior of
k», nuclear-structure effects that cause radiative
strength to vary rapidly with photon energy and
atomic mass were predicted originally by Mottel-
son' on the basis of very general considerations.
The basic feature of these predictions is an en-
hancement of radiative strength for states in re-
gions of excitation containing strong two-quasipar-
ticle excitations of the appropriate character. For
M1 transitions, these excitations are those gen-
erated by spin-flip transitions between the sub-
shells of a given shell-model orbital split by spin-
orbit coupling, viz. (g91,) '(g», ). The targets used
in our measurements were chosen because of their
proximity to the N =28 nucleon shell, which closes
at the f», shell-model level. Calculations of ener-
gy eigenvalues above the Fermi energy in a Woods-
Saxon potential show that near A = 50 the energy
difference between the filled lf,~, level and the emp-
ty If», orbital is about 8 MeV, quite close to the
excitation energies studied in this experiment. On
this basis one might have expected a strong en-
hancement of Ml strength for nuclei near the N
= 28 shell, but our results indicate that such is not
the case.
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8. Anomalous Concentrations
of Radiative Strength
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FIG. 8. Summary of reduced widths for Ml transi-
tions, taken in part from Ref. 3. x's result from studies
of capture of thermal neutrons, open circles from stud-
ies of neutron resonances, and solid circles from obser-
vations of average capture spectra. The errors in in-
dividual points are typically about a factor of 2.

A point of considerable interest is the extent to
which the observed distribution of radiative
strength among resonances deviates from that
expected for a statistically complex nucleus. In
the latter case the widths should have a Porter-
Thomas distribution, and the spacings the usual
Wigner distribution. Sharp concentrations of
strength in resonances in a small energy interval
represent clear departures from the usual statis-
tical picture, and can be interpreted as evidence
for doorway states" if the spins and parities of
the levels correspond to simple excited-state con-
figurations of the target.

In the earlier studies of the (y, s) reactions on
~Cr and "Fe, the Livermore group proposed
three candidates" for such possible doorway
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states: groups of levels at 100 keV in "Cr and
at 50 and 250 keV in "Fe. These anomalous con-
centrations of strength (i.e. , "photon doorways")
are not observed in our data, and a detailed com-
parison of the locations of individual resonances
observed in the two experiments shows very poor
agreement. For example, of the 29 resonances
reported in ~Cr below 333 keV, we observe only
21 and we also find four resonances not reported
earlier. In "Fe we observe only 18 of 26 levels
reported. In the energy interval 30-70 keV, in
which a possible —,

"doorway state was proposed,
we observe only three of the seven levels reported.
Since the yields indicated for these seven levels
were all equal within a factor of 2, the discrep-
ancy cannot be explained on the basis of a possible
inadequate sensitivity in our experiment. However,
as Baglan, Bowman, and Berman' indicate, their
spectra were obtained with bremsstrahlung whose
end-point energy was sufficiently high above the
threshold that the resonance structure included
many neutron groups corresponding to decay to
excited states of the daughter nuclei. The discrep-
ancies between the two experiments most likely
result from this fact, and provide a convincing
example of the necessity of satisfying the photo-
neutron threshold condition when using brems-
strahlung in this type of study.

From a detailed examination of our data, we
have concluded that no substantial evidence exists
for the photon doorways in "Cr and "Fe at the en-
ergies proposed by the Livermore group. In the
case of the candidate in ~Cr near 100 keV, a
cluster of five 4= —,

' levels is observed between
100 and 133 keV, but the total radiative strength
of the cluster obtained from our data is less than
—,
' of the reported value. ' To test the hypothesis
that the observed clustering might be a simple
statistical fluctuation in a population of levels
obeying the Wigner distribution for level spacings
and the Porter-Thomas distribution for F&, a
Monte Carlo calculation was performed. Cluster-
ing in excess of that observed in this experiment

was observed 16@of the time. In our judgment,
this frequency is so high as to eliminate the photo-
neutron spectrum as evidence for a photon door-
way. In the photoneutron spectra of "Fe we ob-
serve only three of the seven levels reported be-
tween 30 and 70 keV which were assumed to con-
stitute a —,

"doorway; and among those resonances
proposed as a —,

' doorway centered at about 250 keV
we find one of the strongest, the one at 232 keV,
should be assigned a spin and parity of ~ . In
view of these observations our conclusion is that
the photoneutron data do not give a statistically
significant indication of those photon doorways
proposed by Baglan. "

However, the concentration of strength which
we observe in "Fe in the —,

' doublet at about 230
keV is clearly inconsistent with a statistical dis-
tribution of radiative strength. As suggested by
the discussion in Sec. IVA this effect can be at-
tributed to the presence in the excited-state wave
function of a large admixture of the configuration
of a f5&,f,&,

' particle-hole coupled to the "Fe
ground state. This situation is at variance with
the usual assumption of wave functions of extreme
complexity and random character used to justify
the Porter-Thomas distribution. But, it should
be noted that the proposed single-particle state is
not a doorway state in the frequently construed
sense of being a 2p-1h system that can be excited
in a simple way by the interaction of a neutron
with a "Fe target. Hamamoto and Arima" have
studied the composition of the ground state of "Fe
and none of the states formed by coupling their
configurations to f«,f,&,

' could decay directly to
MFe+n by particle-hole annihilation and emission
of a p, &, neutron. In the current doorway terrni-
nology, our proposed particle-hole "Fe-core con-
figuration would be described as a simple —,

' door-
way in the photon channel but would not be a "com-
mon" doorway also present in the neutron channel.
The fact that the configuration is not connected in
any simple way with the neutron channel does not
inhibit the (y, n) reaction, because the neutron

TABLE VIQ. Correlation coefficients pob, (I'„,j. &o) between reduced neutron widths and ground-state radiation widths
for levels in ~3Cr, ~Fe, and ~~Ni which decay by emission of s-wave neutrons. The column at the right gives the prob-
ability that a population of uncorrelated pairs will give a value p larger than the observed value pob, . The values used
for I'„were taken from References 18 and 22. The sample labeled "total" was obtained by combining all pairs (I„,
rp without regard to nucleus and using the resulting mean values of F„o and F& in the analysis.

Nucleus

53Cr
"Fe¹i
Total

Number of resonances

7
9

12
28

0.037
0.106
0.393
0.071

P& &(p'& p bg)

0.47
0.39
0.10
0.35
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channel is virtually the only channel open (I'„/I
= 1 even for I'„very much less than the single-
particle estimate).

C. Correlations Between I „and I"
&0

Block, Stieglitz, and Hockenbury (BSH)so have
recently reported evidence for a strong correla-
tion between the reduced neutron width I'„' and
the total radiation width I' for even-even target

'y

nuclei in the mass range 4= 50-60. Because the
capture spectra are dominated by strong high-
energy transitions, they suggest that the observed
effect arises from the existence of positive cor-
relations between the neutron width and the partial
radiation widths for these transitions. The com-
pound states involved are also excited in the photo-
neutron experiments by absorption of electric
dipole radiation. If the correlation suggested
exists for the ground-state transitions, it should
be evident in the results of this experiment. We
tested for such an effect by examining the data for
a correlation between the reduced neutron widths
for s-wave resonances in the compound nuclei
~Cr, "Fe, and "Ni and the corresponding ground-
state radiation widths observed in this experiment.
The results are shown in Table VIII, where the
observed correlation coefficient p,b, between the
variables I'„and I",are tabulated for s-wave
resonances in each target studied and for the total
population of s-wave levels in all three targets.

The probability of obtaining a value of p larger
than p,b, from a population with p~, =0 is also
given. In none of the cases is there evidence for
a strong correlation; only for "Ni do the data
suggest the possible existence of a weak effect.
These values of p,b, are to be compared with the
value 0.80 observed by BSH for 12 s-wave reso-
nances in "Cr, ~Cr, "Cr, and "¹,which indi-
cates with a 99$ confidence limit that a significant
effect exists. In the targets we have studied, it
appears that the strong correlation BSH observed
between I" and l „0 cannot be attributed to the
ground-state transition.

Because the values of the reduced neutron widths
for p-wave resonances have not been measured,
we were unable to perform a correlation analysis
for these levels.
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