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The proposed doorway state in 2'"Pb seen by neutron total cross-section measurements on
208ph also has been observed in the (y,n) reaction. Both the envelope of the strength and the
correlation between fine structure in the two channels support the doorway-state interpreta-
tion. The width for y-ray decay of the doorway state to the ground state ny’o is found to be
36.5+3.5 eV. Other possible doorway states in the y-ray chamel in 2%Pb at 500 keV, 2'7Pb
at 125 keV, and 5"Fe at 50 and 250 keV above threshold are discussed. An attempt is made
to produce a correlation between neutron and y-ray widths; no significant correlation was ob-

served for these nuclei.
I. INTRODUCTION

In 1963, Block and Feshbach® pointed out the
possibility of the existence of “doorway” states.
These states represent the first step, following
the decay of a single-particle state, towards the
formation of the compound nucleus; examples®
are two-particle—one-hole (2p-1h) states or vari-
ous collective states. If the coupling between the
doorway state and the compound states is not too
strong, the mean life of the doorway state will be
intermediate between the long compound-nucleus
lifetimes and the short lifetimes of single-particle
states, and the doorway state might give rise to
intermediate structure in the cross section. This
structure will be characterized by a width which
is large compared with compound-nucleus widths,
but small compared with single-particle widths.
These intermediate widths are estimated to be of
the order of 100 keV.

The most common way to detect the presence of
a doorway state is to observe structure of inter-
mediate width in averaged cross-section data.
However, this is not a definite determination.
Structure of intermediate width might originate
just from expected statistical fluctuations in level
density and resonance widths. Also, before an in-
termediate structure can be interpreted to result
from the presence of a doorway state, one must
know that nearly all of the compound levels con-
tributing to the structure have the same spin and
parity J". Experimental data other than the aver-
age cross section for one channel are needed to
determine definitely the presence of doorway
states. Intermediate structure in more than one
reaction channel leading to the same compound
nucleus is obviously better; however, the best
evidence is a correlation®?® between the widths for
decay into two different exit channels for the fine-
structure resonances of the doorway state.
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The last method is applied here to the doorway
state discovered® in ”’Pb in neutron total cross-
section measurements on 2°Pb. In the measure-:
ments reported here, a similar envelope of ground-
state y-ray widths was found from threshold photo-
neutron cross-section measurements on 2°"Pb.

The correlation between the neutron and y-ray
widths of the fine-structure resonances of the
doorway is discussed, and from the correlation
coefficient, the ground-state y-ray width of the
doorway state is determined. Possible additional
doorway states at 125 keV above the (y, n) thresh-
old in 2°"Pb, 500 keV in 2°®Pb, and 50 and 250 keV
in °'Fe are discussed. Also, an attempt is made
to observe in *"Fe and **Cr the channel-resonance
effect of Lane and Lynn, which could be confused
with doorway-state correlations.

II. INTERMEDIATE STRUCTURE FROM EXPECTED
STATISTICAL FLUCTUATIONS

Probably the best example of a doorway state
detected by neutron-induced reactions was dis-
covered in ?°"Pb by Farrell et al.* in high-resolu-
tion measurements of the neutron total cross sec-
tion for 2°°Pb. In the energy range of their exper-
iment, only elastic scattering and radiative-cap-
ture channels are open. They found a number of
s-wave (J"=3") states in the energy region near
500 keV, which were analyzed by multilevel shape
analysis® to obtain values for the neutron widths,
in the excellent approximation I',~T'. The values
of the reduced neutron widths I'Y show an envelope,
Fig. 1(a), whose width is ~250 keV, whereas away
from the energy position of this envelope there is
little +* neutron strength. This envelope was tak-
en to represent a doorway state with a spin of 1*,
and with fine structure representing more com-
plex configurations, perhaps 3p-2h states. The
measured neutron width of the doorway is consis-
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tent with Shakin’s® calculation of reduced neutron
widths of (2p-1h) doorway states in 2°"Pb.
Structure of intermediate width can result from
expected random fluctuations in resonance widths
and spacings.” In order to study this effect, a
sample cross section was generated from reso-
nance parameters which were chosen in a random
fashion from appropriate distributions. The reso-
nance widths I"' were chosen from a Porter-Thom-
as? distribution: P(X)=(1/v27) X"Y2 ¢~¥2 where
X=T/(T), and the level spacing S from a Wigner®
distribution: P(Y)=(nY/2)e~"¥"/% where Y =S/(D)
and (D) is the average level spacing. A typical
portion of this generated function is shown in Fig.
2. The position of each vertical line in the lower
plot indicates the position of a resonance, and the
height of the line represents the reaction width.
The curve in the upper plot, which is proportional
to the average cross section, was calculated using
a square smoothing function of breadth 8 (D). The
dashed line in this plot is the mean cross section.
The average cross section was examined for the
number of intermediate structures which one
might associate with doorway states. The criteria
for such a structure were arbitrarily selected to
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FIG. 1. Reduced neutron widths (a) and ground-state
y-ray widths (b) for 5* resonances in the 20"Pb compound
nucleus., The positions of the arrows represent the res-
onance energies; their heights, the values of the widths.
The resonance energies are the laboratory neutron ener-
gies measured in the (y,z) experiment,
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be: (1) that its height be at least 1.5 times the
mean cross section; and (2) that the structure be
made up of at least 10 resonances. Over each en-
ergy range corresponding to 1000 resonances, an
average of 15 such structures were observed.
Therefore, on the average, there is one statis-
tically-generated “doorway state” per 1000/15
=67 resonances. Or if, for example, the average
level spacing is 10 keV, there is one statistical
structure per 670 keV. Thus, there appears to be
a rather frequent occurrence of intermediate struc-
ture from statistical fluctuations, and care must
be taken in associating such structure with door-
way states.

The 2*'Pb doorway state discussed above con-
sists of 14 resonances. The random analysis gen-
erated intermediate structures consisting of at
least 14 resonances at the rate of one structure
per 100 resonances. Since the average level spac-
ing of 3" states in 2"Pb is 40 keV, there should
be one such statistical structure per 4000 keV.

A fairly strong case therefore can be made for

the existence of a doorway state with the neutron
data alone. If so, it would be of great interest if
it appeared as a common doorway in another chan-
nel as well.

1. 2°Pb DOORWAY STATE SEEN THROUGH
2YPb(y,n)

The purpose of this work was to attempt to ob-
serve the doorway state through a measurement
of the **"Pb(y, #) cross section, and then to deter-
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FIG. 2. A typical set of resonance widths and positions
(lower plot) generated by a random choice of widths from
a Porter-Thomas distribution and level spacings from a
Wigner distribution. The energy scale is in units of the
average level spacing (D). The solid curve (upper plot)
is proportional to the average cross section generated
from these parameters. The dashed line (upper plot) is
the mean cross section. The ordinates have arbitrary
units.
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mine the ground-state y-ray width of this state by
measuring the correlation between the neutron and
y-ray widths of the fine-structure resonances of
the doorway. The 2"Pb(y,n) cross section was
measured using the threshold photoneutron tech-
nique.'®"*? In this experiment, bremsstrahlung
from a pulsed, nearly monoenergetic electron
beam is directed at a sample, and the neutrons
ejected in the (y,n) reaction are detected and their
energy measured by the neutron time-of-flight
technique. A proton-recoil neutron detector'® was
used, which provided fast and efficient detection
of neutrons with energy greater than 100 keV. The
over-all timing uncertainty in this experiment was
about 0.7 nsec/m.

The results for *’Pb(y, n), from 200 to 700 keV,
are shown in Fig. 3, where the differential cross
section in mb/sr is plotted against the energy of
the neutron emitted at 135° (on the lower scale)
and the excitation energy (on the upper scale).

The experimental resolution varies from 1.5 keV
at low energies to 9.0 keV at high energies, while
the uncertainty in the neutron energy scale is
judged to be 1 to 2 keV. The measurements were
made on a 143-g sample whose isotopic composi-
tion was 92.36% 2°"Pb, 5.48% 2%*Pb, and 2.16%
208ph. To.achieve the statistical accuracy of the
data in Fig. 3, it was necessary to carry out the
experiment with a bremsstrahlung end-point ener-
gy of 9.8 MeV (3.1 MeV above the photoneutron
threshold). This introduced contamination into

the experiment from two sources. The isotopic
contamination from 2%Pb (photoneutron threshold
7.38 MeV) introduced peaks at 257 and 318 keV.
These peaks can be located easily, and their in-
fluence taken into account by reference to other
data' taken at this laboratory with an isotopically
pure 2®Pb sample. The other source of contamina-
tion is neutron emission from **"Pb to states other
than the ground state of 2®Pb. However, a mea-
surement carried out with an end-point energy E,
=7.35 MeV, for which only ground-state neutron
emission is possible, revealed essentially all the
prominent features of the cross section seen with
E,=9.8 MeV, except for peaks at 244 and 533 keV.
Below 600 keV, the locations of 10 3" resonanc-
es could be assigned from neutron total cross-
section measurements® on 2®Pb. These resonanc-
es are indicated by the unlabeled arrows above
the data in Fig. 3. For eight of the ten resonanc-
es, the position of the peak agrees within 1 keV
with the position determined by the neutron exper-
iment. [Recoil effects which result in lower neu-
tron energies in the (y, n) experiment have been
taken into account.] For the resonance at 374 keV,
the positions differ by 4 keV and for the 391-keV
resonance they differ by 2 keV. Since the uncer-
tainties in the determination of the resonance en-
ergies are about +1 keV in both this work and the
neutron experiment, it appears that, except in the
case of the 374-keV peak, the resonance energies
agree very well. The 3" resonance near 374 keV
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FIG. 3. The 135° differential 2" Pb(y,n) cross section as a function of the energy of the emitted neutron (on the lower
scale) and the excitation energy (on the upper scale). The labeled arrows indicate peaks which correspond to transitions
to excited states (ES) of 2%Pb and peaks caused by the 28Pb contaminant in the sample. The 10 unlabeled arrows indi-

cate peaks which correspond to 3* states.
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might not have been seen in this work. The ab-
sence of this peak will not change any conclusions
in this paper. The four ' states which were seen
in the neutron experiment above 600 keV are not
included in the present analysis, since our resolu-
tion at these energies was not sufficient to resolve

them from adjacent states. For example, a ¥ reso-.

nance was seen in the neutron work at a position
which corresponds to the strong peak at 613 keV
in the 2"Phb(y, n) spectrum, Fig. 3. This peak is
nearly resolved in the (y,n) spectrum with a total
width of 13 keV. However, its total width as mea-
sured in the neutron experiment is only 4 keV.
Therefore, the 613-keV peak includes resonances
other than the 3" state, and consequently informa-
tion concerning the 3* peak alone cannot be ob-
tained.

The area under a peak in the (y,n) spectrum is
given, with the usual notation, by 27*x’g,T',,T',/T.
Using the excellent approximation, I',/T' =1, the
area is proportional to g,I'),, independent of the
neutron width and the resolution. The details of the
analysis are given in another paper’* which sum-
marizes all the recent Livermore threshold photo-
neutron data. In the determination of these areas
for the 3" peaks, the effect of the other resonanc-
es must be taken into account. Most of the other
peaks in the spectrum probably are +* resonances
which also are excited by E1 photons from the
ground state of 2*"Pb. Because of the 2J +1 rule
for level densities, twice as many 3" as 3" reso-
nances are expected, consistent with the observed
spectrum. The 3* resonances decay by d-wave
neutrons, but since I',> I, even for these states,
they will appear just as strongly in the (v, n) spec-
trum as the {' states (area gYI‘yo). The %+ reso-
nances have total widths much narrower than the
measured widths shown in Fig. 3 (determined by
the resolution function). Therefore, the level-
level interference is much smaller than would at
first appear and has been neglected. The high lev-
el density results in some overlapping of reso-
nances. This limits the accuracy to which values
for Iy, can be determined to an estimated +25%.

The ground-state y-ray widths Ty, for the 10 3"
states below 600 keV are listed, along with the
corresponding reduced neutron widths I'Y, in Ta-
ble I. The values for Iy, are represented by ver-
tical arrows in Fig. 1(b). The distribution of
these values for T'., shows an envelope very sim-
ilar to that for I'S. The fact that envelopes of
widths are seen in both reaction channels is very
strong evidence for the existence of a common
doorway. The frequency with which random fluc-
tuations will give rise to envelopes near the same
energies in two different reaction channels can be
computed in a way which is analogous to the cal-
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culation of random coincidences between two in-
dependent counting rates. As mentioned earlier,
the random analysis generates intermediate struc-
tures, similar to the one seen in ?*"Pb, at the rate
of one per 4000 keV; the frequency with which two
such structures will overlap within an energy in-
terval of 200 keV is once per 40 MeV.

IV. DETERMINATION OF THE GROUND-STATE
v-RAY WIDTH OF THE DOORWAY STATE
FROM CORRELATION ANALYSIS

A. Correlation Expected Between Neutron
and y-Ray Widths

The neutron and y-ray widths for the fine-struc-
ture resonances of the doorway state should be
correlated if indeed the same doorway state is
seen in both channels. If such a correlation were
found to exist, it would provide additional evidence
for the existence of the doorway state and would
allow the determination of the ground-state y-ray
width of the doorway state.

If one assumes that a doorway state is present,
the wave function for the ith 3 level of the fine
structure can be written as:

Yri=aip +doi s (1)

where ¢, is the doorway-state wave function and
Po; Tepresents all other contributions to'the total
wave function. The reduced neutron widths and
the ground-state y-ray widths can be expressed as

I‘gi =| <¢206|Hnl ¢’Ti>|z s

(2)
ryoi = l (‘l’zmlHyl ¢Ti)!2 s

where i, and y,,;, are the ground-state wave func-

tions of 2°Pb and 2°’Pb, respectively. By substi-
tuting Eq. (1) into Eqgs. (2) one obtains:

TABLE I. Reduced neutron widths and ground-state
v-ray widths for the 10 3* resonances considered in this
work. The indicated resonance energies are the labora-
tory neutron energies measured in this experiment,

Energy rd r

0
(keV) V) ? V)
205 2.64 1.27
217 1.82 1.13
253 2.97 4,74
342 13.60 942
350 6.73 10.26
374 4.70 1.75
391 7.64 5.76
416 7.72 948
488 12.53 1.88
543 7.29 2.90

2See Ref. 4.
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Equations (3a) and (3b) show that the neutron and
v-ray widths for individual resonances should be
correlated. This is because both I'y; and T, de-
pend on the value of the coefficient a;>. If a;® is
large for a particular resonance, then that reso-
nance will have both large neutron and y-ray
widths. The degree of correlation will depend
upon the relative size of the correlated terms
(a,’T3” and a,°T'})) with respect to the random
terms (y,; and y,); or, conversely, a measure
of the degree of correlation can be used to deter-
mine the relative size of the correlated terms
with respect to the random term. In this way I'},
can be obtained. (If either the ¢,°T3" terms are
smaller than the v,; terms, or if the ¢;T}, terms
are smaller than the ¥y: terms, then an envelope
of widths will appear in only one channel and no
correlation will exist. However, a doorway would
exist in that channel even though the correlation
analysis could not detect it.)

There are two questions to be answered concern-
ing the possible correlation between the neutron
and y-ray widths: first, does a correlation exist,
and second, what is the degree of correlation?
Two different correlation coefficients will be com-
puted in order to answer these questions. The
rank correlation coefficient p tests the existence
of correlation while the product-moment correla-
tion coefficient » measures the degree of correla-
tion but cannot be interpreted as exactly as p with
respect to the existence of a correlation.

B. Existence of a Correlation

The great value of the rank correlation coeffi-
cient™ is its use as a test of the existence of cor-
relation, a test capable of exact interpretation in
terms of probability without any assumption of
normal or other special distributions for the sets
under study. The rank correlation coefficient ig-
nores the exact values of the individual members
of the sets and thus does not measure the degree
of correlation. This correlation coefficient is de-
termined by first assigning to each member of the
set a number corresponding to its ranking in size.
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The largest member of the set is assigned the
number 1, the next 2, etc. Then

Z}d2=‘NZ=)ld,2 (5)

is computed, where d; is the rank difference be-
tween the ith pair of numbers. For example, in
Table I the neutron width for the first resonance
is the ninth largest neutron width and is assigned
the number 9. Also, the y-ray width for the first
resonance is the ninth largest and also is assigned
the number 9. The rank difference between the
first pair is d,=(9-9)=0 and d,>=0. For the 10
pairs of widths, >;d®=66. The rank correlation
coefficient is defined as p=1-6Y,d%/(N°-N),
where N is the number of values in each set. For
the data of Table I, p=0.60. Olds'® gives tables
for testing the significance of p or })d?. For N=10,
the probability that >d?® < 66 is0.036. Therefore,
random effects alone are expected to result in a
>,d? as low as 66 only 3.6% of the time, implying
a probability of 1-0.036=0.964 that some corre-
lation exists. This correlation is further evidence
for the presence of a doorway state.

C. Degree of Correlation

The product-moment correlation coefficient for
the neutron and y-ray widths is given by

y= Ny Tyl =2 Ty 2T ,
i[NZ)I‘yoF—(Z)I‘ym)z][NEl‘fisz—(ZFS.-)E]}“( )
6

where the summations are fromi=1to N. A val-
ue of 1 implies perfect correlation; 0, no correla-
tion; and -1, perfect anticorrelation. Using the
data of Table I, » =+0.44. The fact that this num-
ber is not close to 1 does not indicate a lack of
correlation. It only indicates a correlation which
is less than perfect, as expected, because of the
random terms in Eqgs. (3a) and (3b).

Before 7 is used to determine the ground-state
y-ray width of the doorway state I'y,, error limits
will be calculated for ». These error limits will
allow the determination of uncertainties in I‘f,’o.
The uncertainties in » arise from three sources:
(1) random errors in the determination of the val-
ues for I'? and Thos (2) systematic errors in the
values for I'y, owing to the uncertainty in the back-
ground level under the resonances in Fig. 3; and
(3) the possibility that the 374-keV resonance was
not seen in this experiment and thus has I'),=0.

The effect of random errors in the values for
I and Ty, was determined in the following way.
The uncertainty for I',, was taken to be +20% and
for I') to be £10%. A computer code then was used
to vary randomly the measured neutron widths
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within the limits of +10% and the measured y-ray.
widths within +20%. A correlation coefficient was
computed from these new widths. The distribution
of many such correlation coefficients formed a
bell-shaped curve with a mean value of 0.44 and
with » values at half-maximum of 0.35 and 0.51.
Therefore, the 10-to-20% uncertainties in the re-
action widths result in an uncertainty of about
+18% in 7.

The variations in 7 arising from an uncertainty
of +0.5 mb/sr in the background were determined
first by decreasing the background by 0.5 mb/sr
and computing r based on the new values for I'y,
and then by increasing the background and com-
puting a corresponding ». The correlation coeffi-
cients computed in this way were, respectively,
0.46 and 0.43 implying an uncertainty of about +3%
in7r.

As mentioned earlier, the 373-keV resonance
might not have been seen in the 2"Pb(y, n) mea-

" surement and thus might have I'\,=0. If this val-
ue is used (instead of the measured 1.75 eV) in
the determination of », the new correlation coeffi-
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FIG. 4. T2, versus the product-moment correlation
coefficient » for 10 resonances having a total y-ray width
of 48.6 eV,
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cient is » =0.45. The combination of the three
sources of uncertainty give limits of about +20%
on the correlation coefficient, or 0.35 <7 <0.53.

D. Determination of I'y,

The value of » now can be used to determine the
ground-state y-ray width of the doorway state 1"‘7’0.
The total ground-state y-ray width in the 10 £
resonances is measured to be 48.6 eV. Referring
to Eq. (3b), one sees that the a,’T’}, terms and the
Yy terms will add to ~48.6 eV since the cross
terms, being random in sign, will tend to cancel
out. The larger are the a,ﬁ‘?o terms, compared
with the y,; terms, the larger will be the correla-
tion coefficient; or if » is known, the relative size
of the aizl"f,’o terms with respect to the v,; terms
can be determined. This was done in the following
way. First, it is assumed that the last two terms
in Eq. (3a) can be neglected. This assumption is
based on the neutron total cross-section measure-~
ment? of 2%®Pb, in which very little neutron strength
is seen outside of the energy region of the doorway
state, indicating that nearly all of the neutron
strength in this region comes from the doorway-
state part of the wave function. Next, values for
the a,* are computed using the measured neutron
widths in Eq. (3a) where ¥} ;a,°=1. Then a value
for 1'".;0 is chosen and the average value of » cor-
responding to this I}, is calculated. This is done
first by generating 10 random values for y,; from
a Porter-Thomas distribution, subject to the con-
straint that the average of these widths is (v,
=(£)(48.6 - I'%). 10 values of Ty, then are com-
puted from Eq. (3b) using the random values of
Yyi» the chosen I'), the set of coefficients a;, and
random signs for the third term. Finally, 7 is cal-
culated between these values for I’y and those for
TY,. The average of many such values of 7, cal-
culated with the same I'}, but different sets of val-
ues for y,;, will be positive since we are assum-
ing that a doorway state is present, i.e., T7,>0.
This average 7 will be a function of the chosen
P?o- Figure 4 shows the results of this analysis,
where I‘f,’o is plotted against ». The experimental
correlation coefficient of 0.44 is found to be asso-
ciated with I"y’o=36.5 eV. The limits of +20% on »
set the following limits on 1"5,’0 133 < 1"30 <40 eV.

In summary, the 10 i compound-nucleus reso-
nances seen in the 2?*®Pb neutron-scattering exper-
iment below 600 keV were seen in this work
through a different reaction channel, **"Pb(y, n).
I'7,=36.5 eV. The total y-ray width of the 10 L
resonances is 48.6 eV, indicating that most of the
y-ray strength (75%) is derived from the doorway-
state portion of the wave function. The value,
36.5 eV, is about an order of magnitude smaller
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FIG. 5. The 135° differential ?"Pb(y,n) cross section. The arrows indicate contaminating peaks caused by the iso-
topic contaminant 2 Pb, and transitions to excited states (ES) of 2Pb, The inset shows the (y, ) cross section aver-

aged with a 40-keV square smoothing function.

than the single-particle width calculated for an
electric dipole transition in 2”Pb. Most of the y-
ray strength of the single-particle state apparent-
ly has been transferred into the giant dipole reso-
nance in accordance with the model of Brown."’
The residual strength which is measured here per-
haps is typical of the many single-particle states
possible in 27 Pb,

It should be noted that there is another mecha-
nism which can give rise to a correlation between
neutron and y-ray widths. This is the channel-
resonance effect’® of Lane and Lynn, as will be
discussed in Sec. VII of this paper. However,
since the envelopes of neutron and y-ray widths
coincide for **'Pb the evidence is very strong that
the correlation results from the presence of a
doorway state and not from the channel-resonance
effect.

V. OTHER DOORWAY STATES

Additional threshold photoneutron cross sections
were measured and examined for the presence of
doorway states. These measurements are dis-
cussed in Ref. 14 and include: 2°%2%pp, 297Pp (be-
low 200 keV), 5%57Fe, 5%%Cr, and 2%2>2®Mg. Pos-
sible evidence for doorway states in the form of
intermediate structures and/or envelopes of y-ray
widths was observed in 2”Pb near 125 keV, 2%Pp
near 500 keV, and "Fe near 50 and 250 keV above

the photoneutron threshold. These are discussed
in detail below.

A. 2Pb near 125 keV

Figure 5 shows the 2*"Pb(y, n) cross section be-
low 200 keV. The multiplicity neutron detector'®
was used for this measurement and the brems-
strahlung end-point energy was 8.4 MeV. The 40-
keV peak is associated with a neutron transition
to an excited state of >®*Pb. The isotopic contam-
inant ®Pb introduced a peak at 182 keV and con-
tributed to the 257-keV peak. These peaks are

10.0 7 7 T T
80 .
;;):4.0— t 1
201 ! -
0 ..I IL , ‘1] “n I Il] :l]]r 1
0 50 100 150 200

Neutron Energy(keV)

FIG. 6. Values for &y T, for the resonances in
2Ph(y,n) below 200 keV.
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tions to excited states of 27Pb. Arrows in the lower plot denote peaks caused by the isotopic contaminant 27Pb. The
dashed line in the lower plot represents the experimental background.
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indicated by arrows in Fig. 5.

Very little s-wave (J" =3") strength was seen in
the 2%Pb neutron total cross section below 200
keV. This cross section is given in the work of
Macklin, Pasma, and Gibbons®® for 10< E,< 80
keV, in Ref. 4 for E,> 135 keV, and in the work
of Bilpuch et al.?! for 50< E,< 200 keV. Below 200
keV, only one peak, at 66 keV, is assigned a J"
=1*. Therefore, most of the peaks in Fig. 5 prob-
ably are %+ resonances which are excited by E1
photons from the ground state of **"Pb and which
decay by d-wave neutrons. (Biggerstaff et al.?®
assign J" of 3~ or £~ to four of the peaks below
50 keV, based on the fact that they have />0 and
decay by photons to 37, 37, and 3~ states. How-
ever, the evidence is consistent with an assign-
ment of $*, where the y-ray transitions then
would go by E1 photons.) The averaged (v, n)
cross section (inset, Fig. 5) contains a peak cen-
tered at 125 keV. This structure might represent
a ' doorway state. The ground-state y-ray
widths for the resonances below 200 keV were
determined from area analysis and are represent-
ed by the arrows in Fig. 6. The values for Ty
form an envelope whose width is 120 keV. There
are 25 resonances contributing to this envelope.
This large number of resonances tends to rule out
statistical fluctuations as the cause of the struc-
ture. The cross section generated by randomly-
chosen parameters (Sec. III) shows intermediate
structures containing 20 or more resonances oc-
curring at the rate of 1 per 500 resonances; or
for the density of states below 200 keV, 1 per 4
MeV. Therefore, the 125-keV structure probably
is not statistical, but instead represents a 3* door-
way state. Such a state is expected on the basis of
the configuration discussed in Ref. 4 by simply re-
coupling the 3~ neutron hole and the 1~ particle-
hole or collective state to give a 3" doorway in
addition to the ' doorway state. [t should be
mentioned that the intermediate structure seen
here could represent an M1 doorway state with
J"=1" or £~ (see Bowman et al.?®).]

The ground-state y-ray width of this doorway
state cannot be determined as it was for the 500~
keV doorway state since the d-wave neutron
widths have not been measured. However, it can
be estimated from the area under the peak in the
average cross section (inset, Fig.5). A back-
ground level of 2.6 mb/sr is drawn under the peak
and subtracted from the area to account for the
contribution to the y-ray width from that part of
the wave function not associated with the doorway
state. The remaining area under the peak is 2.7
keVb, where the effect of the nonisotropic distri-
bution of the d-wave neutrons has been accounted
for. This area analysis gives I'y,=16.3 eV.

B. 2°°Pb near 500 keV

The 135° differential 2®Pb(y, n) cross section is
shown in Fig. 7. The low-energy data (upper plot)
were taken with a sample enriched to 99.75% in
208pPh, using the multiplicity neutron detector. The
high-energy data were taken with a natural lead
sample, using the proton-recoil neutron detector.
Both measurements were made with a bremsstrah-
lung end-point energy of 9.8 MeV. Additional mea-
surements performed at lower energies identified
peaks which correspond to neutron decay to ex-
cited states of 2"Pb (designated by ES in Fig. 7).
The isotopic contaminant 2°"Pb introduces many
peaks in the high-energy data. The prominent
peaks at 547, 620, 660, and 860 keV are reso-
nances in *®Pb associated with ground-state tran-
sitions. No prominent peaks were observed be-
tween 860 and 1200 keV.

The spins of most of the prominent resonances
in Fig. 7 were determined by comparing these
data measured at 135°, with similar measure-
ments carried out at 90°. The multiplicity detec-
tor measured the cross section at both angles
over the energy range from 10 to 1000 keV, and
the proton-recoil detector was used at both angles
from 130 to 1200 keV. The ratio of the cross sec-
tions at the two angles was compared with theoret-
ical values in order to determine values for J".
(This analysis is discussed in detail in Ref. 23.)
The results indicate a large number of 1* states.
The seven resonances located at 30.2, 114, 182,
318, 620, 660, and 860 keV were assigned J"=1".
The total y-ray strength in these M1 resonances,
as determined from area analysis, is 50.811] eV.

This M1 strength in 2*®*Pb arises from spin-flip
transitions from the ¢,;,, neutron shell and the
k42 proton shell. These particle-hole states form
the doorway state through which the compound-nu-
cleus states observed here are reached. The total
y-ray strength for these states constitutes at least
half and perhaps all of the total M1 strength cal-
culated for this nucleus.?*

C. 5'Fe near 50 keV

Figures 8 and 9 show the "Fe(y, n) cross sec-
tion. This was measured using the multiplicity
detector with a bremsstrahlung end-point of 11.5
MeV. The sample was 51.5 g of Fe,O, enriched
to 90.4% in °"Fe. Low-energy runs showed that
the strong resonances are associated with ground-
state neutron transitions,* but could not deter-
mine whether the weaker peaks decay to the
ground or to some excited state of *®Fe. The ar-
rows below the data indicate the positions of 3*
states as determined by neutron total cross-sec-
tion measurements® on *®Fe. The inset in Fig. 9
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shows the *"Fe(y,n) cross section averaged with

a 40-keV square smoothing function. The dashed
curve in the inset is the smoothed neutron total
cross section®® for ®Fe showing the broad struc-
tures at 400 and 800 keV which have been suggest-
ed as positions of doorway states. No strong cor-
relation was found between this curve and the aver-
aged (y,n) cross section.

Figure 8 shows a concentration of strength near
50 keV. Only two of these resonances correspond
to s-wave neutron transitions (arrows). There-
fore, most of the resonances are probably 3* res-
onances which can be excited by E1 photons from
the ground state of "Fe and which decay by d-
wave neutrons. Since these neutron widths are
too small to measure, no additional information
for this possible 3* doorway state can be obtained
from the neutron channel. However, if it could be
shown from angular distribution measurements
that most of the peaks in this region do actually
have J =3, this would provide additional evidence
for a doorway-state assignment. (Again, an M1
doorway state with J" =3 or 3~ is possible.) It
should be noted that the peaks in this energy re-
gion have not been shown definitely to result from
ground-state transitions.!*?® Even so, if most of
them decay to a common excited state of °Fe, a
doorway state still could be present, but at a high-
er excitation energy in 5"Fe.

D. 'Fe near 250 keV

Much of the 5"Fe(y, n) cross section in the ener-
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gy region from 0 to 500 keV is made up of 3* s-
wave resonances, as indicated by the arrows in
Figs. 8 and 9. The values of Ty, for these 3" res-
onances are represented by the arrows shown in
Fig. 10. These values of I',, form an envelope
centered near 250 keV, and appear to indicate the
presence of a doorway state. However, no sup-
porting evidence for the doorway is seen in the
neutron channel. The reduced neutron widths® for
these resonances do not show an envelope, and the
rank correlation coefficient between the neutron
and y-ray widths is 0.20. This structure, then,
either represents a 3* doorway state with y-ray
strength but very little neutron strength, or it is
caused simply by statistical fluctuations in the y-
ray widths. The analysis of Sec. III indicates that
intermediate structures containing 14 or more
resonances are generated at the rate of 1 per 100
resonances, or, for the spacing of 3" resonances
in "Fe, 1 per 3600 keV.

VI. CHANNEL-RESONANCE EFFECT

The channel-resonance effect of Lane and Lynn'®

is another mechanism that can give rise to corre-
lations between neutron and y-ray widths. These
authors, in formulating a model to explain a direct-
capture mechanism in the (n,y) reaction, predict
three terms contributing to the cross section:

(1) the ordinary resonance compound-nucleus

term; (2) a resonant term from the channel (out-
side the nucleus) region; and (3) a nonresonant
contribution from the channel region. The first

FIG. 8. The 135° differen-
tial ®*Fe(y,n) cross section
from 0 to 200 keV. Arrows
below the data indicate the
positions of 3" states deter-
mined in the measurement
of Fe(n ,n) (Ref. 5).
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FIG. 9. The 135° differential 5"Fe(y,n) cross section from 200 to 950 keV. Arrows below the data indicate the posi-
tions of 3* states determined in the measurement of *Fe(n,n) (Ref. 5). The inset shows the *"Fe(y,n) cross section av-
eraged with a 40-keV square smoothing function. The dashed curve in the inset is the averaged *Fe(n,n) cross section

from Ref. 25,

two terms have the same energy dependence
(Breit-Wigner) and can be combined into one term
whose y-ray width can be written as:

I =TR+TR, )

where T'y, is the y-ray width for transitions from
a compound-nucleus state X to a final state f, and
T} and I'\3 are the widths arising, respectively,
from the first and second cross-section terms
above. Lane and Lynn show that '3 is proportion-
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FIG. 10. Values for Iy, for 3" resonances in *'Fe.

al to the reduced neutron width of the capturing
state, I'J,, and the single-particle width of the
final state, S;. Thus, Eq. (7) can be written as

T, =T} +KS;TY, (8)

indicating a correlation between the neutron and
y-ray widths for the capturing states A. Since the
channel-resonance term has the same energy de-
pendence as the compound-nucleus term, the only
way of detecting the former is by observing a cor-
relation. Lone et al.,”” in the study of **Tm(xn,y),
observed a correlation between neutron and y-ray
widths and interpreted this as evidence for the
channel-resonance effect.

In this work we have attempted to find a correla-
tion between the values for I'y, and those for I'jy
for s-wave states in *’Fe and 5*Cr. In the case of
5Fe, 11 3" states were observed, between 25 and
320 keV, in the measurement® of the neutron total
cross section of *Fe. (The questionable states at
124 and 164 keV are neglected here.) 10 of these
states were observed in the present " Fe(y, n)
cross section and the 11th state was assigned I’y
=0. Using Eq. (6), the correlation coefficient be-
tween the values for I'y, and those for I'}, was cal-
culated to be 0.14.

Figures 11 and 12 show the *Cr(y, n) cross sec-
tion. This was measured'® using the multiplicity
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FIG. 11. The 135° differential **Cr(y,n) cross section from 0 to 200 keV. Arrows below the data indicate the positions
of 1* states determined in the measurement of *2Cr(z ,n) (Ref. 5).

detector with an end-point energy of 11.5 MeV.
The sample was 52 g of Cr,0, enriched to 95.56%
in 5%Cr. The structure near 100 keV appears to
represent a possible doorway state. However,
Jackson®® has shown that several of these states
correspond to neutron transitions to excited states
and that the remaining states all do not have the
same J", thus ruling out a possible doorway-state
assignment from the ground-state cross-section
data alone.

The arrows below the data indicate the positions
of " states as determined by neutron total cross-
section measurements® on *Cr. In that experi-
ment, 12 3 states were observed between 40 and
530 keV. In this work, only eight of these peaks
were observed. One of the peaks that was not
seen, at 113 keV, has a narrow total width and
would have been seen easily if it had sufficient y-
ray strength (areaOngl"w). Therefore, T'), =0 is
assigned for this peak. The other three remain-
ing peaks with neutron energies of 93.5, 138.0,
and 461 keV have large total widths. Therefore,
these peaks might have sufficient y-ray strength
which, instead of being observed in the form of a
resonance, is spread out and appears as back-
ground underlying narrow resonances. Hence, the
value I'y, cannot be assigned for these peaks; in-
stead they are ignored in the analysis. The corre-
lation coefficient between the neutron and y-ray

widths for the nine states considered is 0.07.

If the number of resonances incorporated into
the statistical analysis is relatively small (less
than 20, say), the resulting distribution of corre-
lation coefficients is not sharply peaked around
zero, and a value for the correlation coefficient
less than about 0.2 easily can be generated from
random effects alone. Therefore, for both Fe
and *3Cr, the correlation coefficient is not sig-
nificantly different from zero, indicating the chan-
nel-resonance terms are small compared with the
compound-nucleus terms.

VII. SUMMARY

The doorway state in 2°”Pb near 500 keV above
the (y,n) threshold, which was discovered in the
measurement of the neutron total cross section of
208pp, also is observed here through the 2°"Pb(y, n)
reaction. The evidence for this doorway state ap-
pears in the form of an envelope of y-ray widths,
as well as a correlation between the neutron and
y-ray widths for the fine-structure resonances
of the doorway. This correlation was used to de-
termine the ground-state y-ray width of the door-
way state to be I'7,=36.5+3.5 eV. Evidence for
an additional doorway state in 2°"Pb near 125 keV
was observed in the form of another envelope of
y-ray widths and a peak in the averaged 2°"Pb(y, n)
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FIG. 12. The 135° differential ®*Cr(y,n) cross section from 200 to 950 keV. Arrows below the data indicate the posi-
tions of 3" states determined in the measurement of 2cr(n ,n) (Ref. 5). The inset shows the cross section averaged with

a 40-keV square smoothing function.

cross section. This state probably has J" = 3°

1“‘7’0 =16.3 eV.

Seven 1* states with a total y-ray strength of
50.8 eV were observed in ?®*Pb(y, n) near 500 keV.
This concentration of M1 strength can be explained
on the basis of one-particle—one-hole excitations
involving the 7,5, neutron and &, ,, proton shells.

A concentration of strength near 50 keV in the
5"Fe(y,n) cross section might indicate the pres-
ence of a 5* doorway state. An envelope of values
for T, for 3 levels near 250 keV in Fe(y, #) was
observed and might indicate the presence of a 3"
doorway state. Finally, the correlation coefficient
was calculated for the neutron and y-ray widths
for 1* states in 5"Fe and %3Cr in an attempt to find

and

evidence for the channel-resonance effect of Lane
and Lynn; no strong correlation was found.
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