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Doorway-State Effects in the M1 Radiative Excitation of p-Wave Resonances in 37 Fef
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The reaction **Fe(y,n) has been studied near threshold, Intermediate structure ob-
served in a strong p-wave resonance structure excited by M1 transitions is interpreted
in terms of a doorway state resulting from a particle-hole excitation of 'Fe,

Special reaction mechanisms such as doorway
states can produce strong local concentrations of
strength in the radiative cross sections for highly
excited nuclear states. The well-known doorway
state discovered by Farrell ef al.! in studies of
the reaction “°*Pb(n, n’) is an excellent example.
Baglan, Bowman, and Berman?® observed a corre-
sponding concentration of strength in studies of
the reaction 2"Pb(y, n) near threshold. Both the
envelope and the fine structure of the strength of
E1 transitions in the region of photoneutron ener-
gies of 200-600 keV correlate with the neutron
data of Farrell ef al. This note presents evidence
for very sharp concentrations of strength in the
cross section for M1 radiative excitation of p-
wave levels in *"Fe. These concentrations might
be associated with a doorway consisting of an
(fs/2)(f/2) " particle-hole pair coupled to the *"Fe
ground state. The data, obtained from high-reso-
lution studies of the photoneutron cross section
near threshold for *"Fe, constitute a large sam-
pling of ground-state radiation widths for p-wave
resonances which heretofore could be obtained
from neutron-induced reactions only with the
greatest difficulty.

The measurements were performed on the Ar-
gonne threshold photoneutron facility® at the high-
current electron linac. A 40-g target of °"Fe was
irradiated by a pulsed bremsstrahlung beam with
the end-point energy adjusted® so that the nuclear
states excited by photon absorption can decay by
neutron emission only via a transition to the
ground state of °Fe. Neutron resonance groups
corresponding to each of the states excited were
observed by time-of-flight measurements, with
the detector set to observe neutrons emitted at
90° and 135° relative to the photon beam. Data
taken at 90° are shown in Fig. 1. Observations
covering the low-energy region [Fig. 1(a)] were
taken with a ®Li-glass neutron detector, while
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those covering the higher-energy region [Fig.
l(b)] were made with a proton-recoil detector.
From the extensive data available on s-wave res-
onances in the total cross section of **Fe,® a com-
plete list of expected s-wave (j=3") levels can

be obtained. Where the resonance structure was
completely resolved, i.e., below 225 keV, a mea-
surable yield in the (y, n) spectrum was obtained
for all but one of the known s-wave levels. How-
ever, the most prominent feature of the results
for *Fe as well as for other nuclei studied in

this region is the strength of resonances with [
>0. In Fig. 1(a) the integrated strength of the
high—-angular-momentum component is greater
than that of the s-wave component.

To clarify this aspect of the data, the spins of
strong neutron groups were determined by study-
ing the angular distribution of the photoneutrons.
Dipole absorption by the 3~ ground state of *'Fe
excites 3 and 3 states which then decay by neu-
tron emission to the 0* ground state of *Fe. For
the spin sequence 3~ 3—0, the photoneutron an-
gular distribution will be isotropic; for 3 — 2= o,
the ratio do(90°)/do(135°) will be 1.43. Spin as-
signments were made by normalizing the data for
90° and 135° so that the relative yields gave iso-
tropy for the strong s-wave level at 212 keV, and
calculating the corresponding ratio for the other
resonances. The intensity ratios observed were
consistent with the assumption that only dipole
photon absorption is important in the excitation
process. The parities of resonances with j=3
were assigned by comparing the photoneutron re-
sults with the total neutron cross-section data on
5Fe. The s-wave resonances (j=3") observed
in this °¢Fe cross section were identified in the
5"Fe photoneutron spectra, and the remaining j
=3 levels were assigned spin and parity 3 . Pari-
ty assignments for levels with j =% could be com-
plicated by the presence of d-wave photoneutrons.
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FIG. 1. Photoneutron time-of-flight spectra for *"Fe(y,n). (a) Portion observed with a ®Li-glass detector; (b) the
spectrum observed with a proton-recoil detector. The flight path was 9 m, the bremsstrahlung pulse width 6 nsec,
the pulse repetition rate 800 pulses per second, and the average linac current ~ 25 pA. The running time for each
spectrum was approximately 24 h, The data shown have not been corrected for variations in detector efficiency or
energy dependence of the incident photon flux, Resonance energies are in keV.

Our results for neighboring nuclei,® **Cr and ®'Ni,
indicate that below 300 keV the d-wave neutron
emission is not significant. Calculations of d-
wave transmission coefficients from an optical-
model potential support this conclusion. This
suggests that the yield of d-wave resonances is
inhibited by small values of I',/T" and that the
probability of error is small in assigning all j

=3 resonances a negative parity corresponding to
p-wave emission. We have followed this conven-
tion for resonances below 300 keV and interpret-
ed all of the resonance structure with />0 as a
strong p-wave component excited by M1 transi-
tions.

The feature of the data which we wish to em-
phasize here is that although the integrated M1
strength is consistent with prediction, it is anom-
alously concentrated in a few of the many reso-
nances in the p-wave neutron channel. The indi-
vidual resonance yields were analyzed to deter-
mine the values of ¢TI, ,T',/T". For all s-wave
resonances and for p-wave levels above 100 keV,
I',/T=1 so that T, can be obtained from the
yields and assignments. The s-wave and p-wave
resonances give electric-dipole and magnetic-di-
pole partial radiation widths, respectively. The
results are summarized graphically in Fig. 2 for
all resonances whose spins could be assigned.
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FIG. 2. Ground-state radiation widths I'y, for reso-
nances in the *Fe compound nucleus. Each resonance
whose spin and parity is known is indicated at the reso-
nance energy by a bar whose height is proportional to
Lyp. Assignments for p-wave resonances with j =8
were limited to energies below 300 keV to avoid confu-
sion with possible d-wave resonances. Because of the
broad shape of s-wave levels at high neutron energies,
assignments of s-wave structure were limited to the
same range. For each of the three values of j" for res-
onances, a dotted line indicates the average value f‘yo
inferred from the data below 300 keV,

No assignments were attempted for an unresolved
structure of resonances between 515 and 556

keV because of uncertainty in the correct back-
grounds. For both E1 and M1, the average radia-
tive strength observed is consistent with the usu-
al estimates. For E1 transitions, the reduced
width %z, x10°=0.9*3:2 is to be compared with the
predicted value’ 1.1; and for M1 transitions, %,
%10°=10%9 is to be compared with the expected
value® ~20. For p-wave resonances, however,
the data of Fig. 2 contain two anomalous concen-
trations of strength. In the capture cross section
of 5%Fe,® sixteen presumed p-wave levels were
found below 130 keV, and results for s-wave lev-
els would imply that about thirty resonances with
j™=3" should be found below 300 keV if the level
density is proportional to 2j+1. However, in the
reaction 5"Fe(y, n) below 300 keV we find only
three resonances with j"=%_, including a very in-
tense pair at 224 and 235 keV. Most of the M1
radiative strength for 3 levels appears to be
concentrated in this doublet, and such a concen-
tration cannot be explained as a chance statisti-
cal fluctuation. We estimate less than 107* for
the probability that the observed intense doublet
might occur among thirty levels drawn from a
Porter-Thomas distribution whose mean width is
chosen to give the integrated strength observed
for the j =3 levels plus all the unassigned p-
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wave levels.

At the same time, an extremely intense neu-
tron group'® with j"=3" is observed at 606 keV.
The spin and parity assignment of this level is
based upon the isotropic angular distribution and
the lack of correlation between the resonance en-
ergy and the s-wave resonances observed in the
*Fe total neutron cross section. If the time-of-
flight group is analyzed as a single resonance,
the value I', ;=3.6 £ 0.6 eV is obtained. This val-
ue of T, is over 40 times the average value of
r,, observed for j"=3" resonances below 300
keV (where the structure is resolved) and is
more than twice the integrated strength expected
for all 3~ levels in the 20-606-keV range. The
probability is less than 1073 of drawing such an
intense width from a population of widths for lev-
els with (1) the appropriate level spacing, (2) in-
dividual values of I',, which are uncorrelated and
governed by a Porter-Thomas distribution, and
(3) a _I:Y0 which corresponds to an integrated ra-
diative strength equal to twice the sum of the
strengths observed in the 20-300-keV interval
plus the strength in the 606-keV level. Even if
the resonance were a doublet, the probability of
generating the intense 606-keV neutron group is
less than 1072,

Thus the photoneutron data provide strong evi-
dence for intermediate structure in the cross
section for radiative excitation of p-wave levels
and therefore in the M1 radiative strength func-
tion. We suggest that this structure can be attri-
buted to the presence of a strong two-quasiparti-
cle doorway excitation'' consisting of an (f;,,)-
(f4/2) " particle-hole pair coupled to the 5"Fe
ground state. Calculations of energy eigenvalues
above the Fermi energy in a Woods-Saxon poten-
tial'? show that near A =50 the energy difference
between the filled 1f,,, level and the empty 1f,,
orbital is about 8 MeV, quite close to the excita-
tion energies studied in this experiment. A spin-
flip transition in which an f,,, nucleon is trans-
ferred to the f;,, orbital would generate a door-
way excitation of the appropriate spin, parity,
and energy. The Weisskopf estimate!? for such
an M1 transition is ~11 eV, and polarization ef-
fects' can be expected to diminish this value.
This is to be compared with the value I, ;=3.6
eV observed n the 606-keV resonance. Such a
doorway would be expected to affect both the ;"
=4 and 3 channels since the particle-hole pair
can couple to give either spin value. The reso-
nance group near 220 keV would be the 3~ group.
If this interpretation of the data is correct, it
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represents the limiting situation in which the
damping widths?' of the doorway states are so
small that the strength of each doorway is spread
over at most two or three resonances. In the
case of the 3 level at 606 keV, it appears to be
concentrated in a single resonance.

The authors are grateful to Dr. L. M. Bollinger,
A. Elwyn, A. K. Kerman, and D. Kurath for very
useful discussions and suggestions.
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A tentative explanation of the broad plateau observed in the spectra of directly scattered
helium ions producing highly excited nuclear states is advanced. In the case of ‘He projec-
tiles, we propose that, in addition to the suggested formation of short-lived He (Li), the
excitation of single-particle states in the continuum with and without subsequent nucleon
emission can account for the data. Calculations are presented which corroborate this con~

jecture.

In a recent experimental investigation of the
highly inelastic scattering of medium-energy
(50-100 MeV) He ions by heavy nuclei,* a con-
spicuous plateau was observed (see Fig. 1) for
incident *He at forward angles. This plateau
could be ascribed to direct interactions; and it
was suggested,! in the case of *He projectiles,
that nucleon pickup and the formation of short-
lived °He (°Li) which subsequently break apart in-
to a nucleon and « particle could account for at

least a part of the higher—energy-loss portion

of the plateaulike structure of the observed spec-
tra. In this Letter we want to argue that all of
the plateau can be accounted for by single-nucle-
on excitations to the continuum. Whereas, in the
higher—energy-loss part of the plateau, it is
necessary to consider the final-state interaction
of the n-*He (p-°Li), we propose that it is the in-
teractions of the neutron and *He with the target
which dominate the reaction mechanism for the
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