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The (p, np} reaction has been measured on the lead isotopes 6Pb, ~Pb, and Pb and on
Bi, Coulomb-energy differences are extracted from the positions of the P peaks. Proton

decay widths are also obtained and compared with values from resonance experiments and
with a previous value from 9Bi(p,np}.

I. INTRODUCTION

The (p, np) reaction' has been observed in a num-
ber of nuclei from "Zn to '"Bi.' 4 This reaction
allows one to study the position and width of the
isobaric analog state' (IAS) populated in the (P, n)
reaction without the difficulty of neutron detection.
In principle, proton decay widths of the IAS can al-
so be measured if the (p, n) cross section leading
to the IAS is known. However, for nuclei in the
lead region, decays to more than one final state
are observed and therefore ~elative proton decay
widths can be obtained independent of the (P, n)
cross section. These same widths can also be ob-
tained by resonant elastic and inelastic proton
scattering on a target with one less neutron than
is required for the (P, nP) experiments. This il-
lustrates another feature of the (p, np) reaction.
Since it can be used to study nuclei that cannot be
reached by resonance reactions on stable nuclei,
it provides complementary information. For ex-
ample, the IAS studied by '"Pb(P, nP) can only be
reached by a resonance reaction on the unstable
nucleus ' 'Pb.

Earlier measurements of the partial widths for
decay of the IAS in ' 'Bi had shown agreement be-
tween the resonance measurements and the
'"Pb(P, nP) experiment. However, measurements
of the '"Bi(P, nP) reaction gave a relative proton
width for the IAS in ' 'Po which differed signifi-
cantly from the measurements in ' 'Bi. This was
surprising, since one would not expect the extra
h„, proton in the ' Bi parent nucleus to make a
significant difference to the proton decay widths.
This discrepancy encouraged us to repeat the' 'Pb(P, nP) experiment as a check on the earlier
measurements. In addition, measurements on
'O'Pb and 'O'Pb were also made, and the 'O'Bi(P, nP)
experiment was repeated.

II. EXPERIMENT

The experimental arrangement is similar to that

discussed in an earlier paper on '"Bi.' The reac-
tions were studied at many energies from 21.3 to
35 MeV using the proton beam from the Michigan
State University isochronous cyclotron. A stan-
dard counter telescope of cooled silicon detectors
was used to detect the protons. Deuteron spectra
were taken simultaneously, since the (p, d) reac-
tion produces the same final nuclei and therefore
provides an energy calibration. The deuteron res-
olution also gives an accurate check of the target
thickness measurement. Spectra were taken at
many angles to avoid contaminant peaks and to
check kinematic effects. Various targets of thick-
ness from I to S mg/cm' were used in the experi-
ment.

Kinematic effects are very important in a dis-
cussion of the (P, nP) reaction, since both the en-
ergy of the detected protons and the shape of the
peak depend on the angle of detection. This de-
pendence arises from the angular distribution of
the recoiling nuclei and therefore depends on the

(p, n) angular distribution, which changes as the
bombarding energy is changed. Calculations of
both of these effects for model (p, n) angular dis-
tributions were shown in a previous paper. 4 Even
for heavy nuclei the shift and the broadening of
the peak is significant and must be taken into ac-
count when extracting widths, even though the in-
trinsic width of the analog state is large (&200 keV)
and dominates the observed width of the peak. A
calculation for the energy shift of the P peak using
a measured (p, n) angular distribution' at 24.8 MeV
is shown in Fig. 1 together with the experimental
kinematic shifts for "Bi. The Bi target is quite
free of impurities and allows a more complete an-
gular distribution to be obtained than could be
done for lead. Line-shape calculations at various
angles are shown in Fig. 2 for the same (P, n) an-
gular distribution. A Lorentzian function with a
220-keV total width is also shown on the same
scale. The line shapes fold in such a way that the
total observed full width at half maximum (FWHM)
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is very close to the sum of squares of the individ-
ual widths. Also, the tails of the peak are compara-
tively unchanged because the kinematic shapes
cut off rather sharply, in contrast to the Lorent-
zian. Except around 90', the kinematic broaden-
ing is considerably less than the observed total
widths. In our analysis the calculated line shapes
from both target thickness and kinematic effects
were folded with the theoretical line shape in the
fitting program from which the proton decay
widths are obtained. This point has been stressed,
since there is an apparent problem with the ob-
served widths, so it is therefore important to
eliminate possible sources of broadening.

III. COULOMB ENERGIES

The Coulomb-energy difference measured by
"Pb(P, nP) is given by the expression

Ec = E~(c.m. ) +B„("Pb),
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100

2O9B
j 21.9-M eV DATA

50

where E~(c.m. ) is the energy of the emitted pro
ton in the center-of-mass system [E~(c.m. )
=E~(lab)A j(A —1)1 and B„("Pb)is the binding en-
ergy of the last neutron in the Pb isotope of atom-
ic mass A. .

There are a number of factors which affect the
accuracy of the measurement of the decay proton
energy. While the absolute energy of the decay
protons from the analog state is independent of the
bombarding energy, the absolute calibration of the
detector depends upon the calibration of the ener-
gy-analysis magnets in the beam-transport system.
Calibration runs using a Mylar target were taken
before and after most P runs to calibrate the de-
tector. The other main factors apart from the
kinematics discussed above which affect the Cou-
lomb-energy measurements are target thickness,
the calibration of the detector, and the extraction
of the centroid of the p peak. The absolute calibra-
tion does not enter significantly into the relative
measurements in this laboratory but will affect
comparisons with measurements made elsewhere.

The target thickness was usually determined
from n-gauge measurements and checked by mea-
suring the resolution of the deuteron peaks, the
width of which is predominantly due to the target
thickness. The results of these two techniques
were consistent and generally contribute less than
10 keV to the uncertainty in the measured Cou-
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FIG. 1. Laboratory centroid energy of the decay pro-
ton group from the (xh&g2, &p~y2 ) multiplet in the Hi-
(p, np) reaction. Experimental energies are measured
relative to the value at 90, which is also the value that
would be obtained if the IAS decayed at rest (Ep), The
curve is calculated using the angular distribution for the

8Pb(p, n) charge-exchange cross section at 24.8 MeV
from Ref. 6. This may be somewhat different from the
unmeasured 9Bi(P,n) distribution at 21.9 MeV, which
should be used in the comparison with the data shown.
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FIG. 2. Calculated line shapes. Sections (a), (b), and
(c) are pure kinematic shapes for Pb(p, np) assuming
negligible intrinsic widths and target broadening. The
Lorentzian function in (d) corresponds to a total width
I' of 220 keV. The centroid energy and full width at half
maximum are indicated for each peak.
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TABLE I. Coulomb-energy differences.

Isotopes

206Bj 206pb

20 7Bi 20 vPb

208Bi 208P

209po 208B1

aE~ (Mev)
+ error (keV)

18.899 +24

18.875+ 28

18.816 + 13

18.991+12

Difference
AEc( bs) AEc(

(keV)

-93

-85
—112
—146

The calculation used the formula E& ——1.429Z/A~ 3

-0.849 (MeV) from Long et al, . (Ref. 13).

lomb energies. For the best runs the errors from
calibration of the detector and the determination
of the centroid were each about 20 keV, but for
runs with poorer statistics the uncertainties were
as large as 50 keV.

Many independent runs were taken, particularly
for Pb and '~Bi. For each of these, the final
value is the weighted mean of 13 separate runs.
Four and five independent runs were averaged for

Pb and Pb, respectively, and the errors are
correspondingly larger.

A new calibration of the beam-analysis magnets
allowed a better calibration of the detector which

is probably accurate to +10 keV. ' This compares
with the old uncertainty of 50 keV. Remeasure-
ment of the Bi(P, np) Coulomb energy using the new

calibration gave a new value of 18.991 MeV, some-
what higher than the earlier value but consistent
within the uncertainties quoted in the previous
paper. 4

The results of the Coulomb-energy measure-
ments are shown in Table I and are also plotted
together with the results of other Coulomb-energy
measurements in the Pb isotopes' " in Fig. 3.
The graph shows differences between the data and

the predictions of Long et a/. ,
"who obtained a for-

mula for the Coulomb energy based on a charged-
sphere model for the nucleus. The coefficients
were determined from a fit to measurements in
nuclei lighter than the lead isotopes. The present
values are consistently about 100 keV lower than
the calculated values, in agreement with the re-
cent measurement of 'OSPb(P, p')." These results
appear to be systematically about 50 keV lower
than the earlier measurements, "which may re-
flect differences in over-all beam-energy calibra-
tions. The consistency of the present differences
for the lead isotopes suggests that the assumption
of a Z/A'" dependence in the calculations is quite
accurate. Qne should note that the Coulomb ener-
gies for ' 'Pb and ' 'Bi cannot be obtained from
resonance measurements because no suitable tar-
get is available.

It can also be noted from Fig. 3 that the Po-Bi
Coulomb-energy difference is even further from
the calculated value than the Bi-Pb values. In par-
ticular, the difference between our values for

Bj and Pb js 34+ 18 keV. This difference only
depends on the relative measurements for these
two targets and is independent of the energy cali-
bration of the beam-analysis system. (The differ-
ence is increased if earlier measurements from
other laboratories are included. ) This difference,
although fairly small, is suggestive of a slight ef-
fect due to the extra proton in the h„, shell. Ac-
cording to Nolen and Schiffer, "and Auerbach et
al. ,

"one might expect qualitatively that the macro-
scopic Coulomb-energy difference is modified by
various corrections due to the differences in oc-
cupied orbits. However, these differences will al-
so depend inversely on the number of excess neu-
trons, and there fore small difference s are not un-
expected.

IV. EXTRACTION OF PARTIAL WIDTHS

FOR PROTON DECAY
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FIG. 3. Coulomb-energy differences. The differences
between the observed Coulomb displacement energies
and those calculated by Long et al. (Ref. 13) are plotted
against mass number. All the points plotted are for Bi-
Pb Coulomb-energy differences except the one marked
Po-Bi for A =209.

The cross section for proton emission from the
analog state in one channel (p) is given by'

da;(E„e) a,„(E,) ~r

dn 4~ " r '

where a~„(E,) is the total (P, n) cross section to the
analog state at bombarding energy E, . I"~ is the
proton partial width for the observed decay chan-
nel and I the total width of the level. The function

f(E„8)carries the angular dependence of the de-
cay and is normalized so that (1/4w) f f(E„O)dQ = 1.
Since the isospin lowering operator (T ) does not
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alter the population of magnetic substates, the de-
cay of the IAS is expected to be isotropic so that
f(E„8)=1. This has been confirmed for all the
observations made so far. ' Of course for the 0'
analog of '"Pb and '"Pb, isotropy is required with-
out any assumption about the nature of the reaction.

The angular dependence of the total cross sec-
tion for P decay for the '"Bi(P, nP) reaction was
measured (Fig. 4) and was found to be isotropic to
+10% as expected. This angular dependence was
therefore used in extracting the partial widths.

From Eq. (1) we see that a knowledge of the

(P, n) cross section is normally required to ex-
tract values of I'~/I" for decay to a particular final
state. However, in the lead region, since decays
to a number of excited states of the final nucleus
are observed, it is possible to obtain the relative
proton decay widths independently of the (p, n)

cross section. Here the yield for proton decay to
a particular final state or multiplet of states of
the final nucleus is given by

Corrections to the peak shapes for target thick-
ness and kinematics were also folded into the fit-
ting equation. A smooth background was subtract-
ed from the original experimental spectrum. The
remaining spectrum, except for regions obscured
by contaminant peaks, was fitted using a least-
squares method, searching on the relative re-
duced widths and gridding on the total width. In
the reaction '"Pb(P, nP)'O7Pb, the P», ', f,&,

',
and P,~,

' states are observed. In the reaction
'OQBi(p, np)'"Bi the corresponding (mh„„vl j ')
multiplets are seen. Since states are not resolved
within a multiplet, one measures only the summed
reduced width for the multiplet y,', In the fitting
we assume that the strength is distributed within
a multiplet according to the statistical weight of
each state i:

(»~ + I)yi',

10(2j +1)

V. RESULTS FOR Pb

do ~ 2 j +1 2P, (E)y~,
dQ ~ 2 T + 1 (E E,)' + I"—'/4 ' (2)

If the '~Pb core is assumed to be closed, the
analog state in ' 'Bi is simply given by

where, in general, the sum over i is over all mem-
bers of a multiplet, j is the angular momentum of
the emitted proton, and T is the isospin of the IAS.
The proton width has been given explicitly in terms
of the penetration function P, (E) and the 'reduced
width y~2, . In terms of the wave number k and the
regular and irregular Coulomb wave functions,
the penetration function used in the calculations is

P =kIt(F '+G ') '

evaluated at the radius g = 7.68 fm.

where l, j refer to the shell-model states contain-
ing excess neutrons in "'Pb and

I c) refers to the
(closed) '"Pb core. The proton decays of this ana-
log state lead to the single-neutron-hole states of
'"Pb. The results obtained in this case should be
directly comparable to those obtained from proton-
resonance measurements on '"Pb.

Two spectra taken at different energies, angles,
and with different targets are shown in Fig. 5. The
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FIG. 4. Angular distribution of the cross section for
the sum of all proton decay channels observed (p&y2, f5y2,
and p F2) in the ~Bi(p, np) reaction, The absolute nor-
malization is uncertain to +15%.

FIG. 5. Proton energy spectra showing the reaction
8Pb(p, nP) 0 Pb. Peaks from inelastic scattering on

carbon and oxygen contaminants are observed in the
lower spectrum.
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peaks corresponding to decays to the lowest three
hole states in ' 'Pb are a dominant feature of the
spectrum at angles greater than 90'. Decays lead-
ing to higher states are inhibited strongly by the
barrier and are not observed. The spectrum at
22 MeV was taken with a thinner target than the
other spectrum, and the impurity peaks are more
pronounced. Two other obvious features are worth
noting. First, the width of the peaks is due pri-
marily to the intrinsic width of the analog state,
although the width obtained here is even larger
than that observed by resonance measurements.
The second feature is the noticeable peak corre-
sponding to the 570-keV f», hole state which, in
spite of the width of the states, shows up between
the two major peaks at excitation energies of 0
and 897 keV.

An example of a fit using the method outlined in
Sec. IV is shown in Fig. 6. One notices from the
fitting that the minimum X' is obtained for widths
nearer 340+ 40 keV rather than the 220+ 20-keV
total width obtained from the resonance measure-
ments. In fact the best fit with a 220-keV total
width has a X' of 27.8 compared with the minimum
g' of 1.8 and by eye inspection does not give a sat-
isfactory fit to the data. This is not due to any ex-

104 104

perimental limit on the resolution from either the
detector or the target thickness, as evidenced by
the deuteron spectra taken simultaneously with
better resolution. Calculations of the kinematic
broadening discussed earlier also rule this out as
an explanation of the larger width.

The other noticeable feature of the spectrum is
that unless the total width is made greater than
380 keV, the theoretical curve underestimates the
strength observed in the valley at energies just be-
low the P„, peak. This feature is common to the
fits for '"Bi. One possible explanation might be
that there is an additional small peak in the valley
corresponding to p decays of an excited analog of,
for example, the 3, 2.61-MeV state in ' 'Pb, to
the close doublet at about 2.6 MeV in '~Pb. The
small energy shift could be due to a different Cou-
lomb-energy difference for the 0' and 3 analogs.
This possibility was ruled out by running at a
beam energy 460 keV below the expected threshold
for excitation of the 3 analog by the (P, n) reac-
tion. No loss of strength was observed in the val-
ley region (see Fig. 7}. This effect and the excess
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FIG. 6. Proton spectrum showing a fit used to extract
total and partial widths. In this example some of the
channels between the p&y2 and f 5' peaks were omitted
in the fitting, as were the tail regions. The widths ob-
tained from this measurements are indicated. (See Ta-
ble II far averages. )

FIG. 7. Comparison of proton spectra above and be-
low the threshold for excited analog-state production in
'"Pb(p, np). Data obtained Using the 'gj target under
the same conditions are also shown, as they are very
similar. The scale is semilogarithmic to facilitate com-
parison of the shapes of the spectra. There is no appar-
ent effect due to crossing the threshold on the depth of
the valley. The measurements were made at different
angles to avoid interference from contaminant groups.
The proton energy scale was translated slightly to com-
pensate for the kinematic shift.
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broadening of the P lines is unexplained.
The results for Pb and (NBi are shown in Ta-

ble II, together with comparable results from oth-
er experiments. The present results are seen to
differ from the '~Pb(P, P') resonance measure-
ments only in the total width of the analog state.
The discrepancy there is substantial, however.
The analog of '09Bi seems to be very similar to
that of ' Pb in its decay properties except that
the f„,channel has substantially more strength in
the case of 209Bi. Unfortunately, it is impractical
to verify this by the resonance technique because
a '"Bi target mould be required. A more com-
plete reaction theory may be required for '09Bi,
and such a calculation is being made. "

The experimental reduced widths shown are com-
parable to the theoretical single-particle values
obtained by Andersen, Bondorf, and Madsen" for
the decay of the IAS in '"Bi which, after renormal-
ization become 100, 89.6, and 109.5 for the Pz(2,
f„„and P„,channels, respectively. The single-
particle reduced widths were obtained by calculat-
ing the total width of each single-particle reso-
nance in a real potential and dividing this by the
Coulomb penetration factor P, evaluated at the
resonance energy. The strength of the potential
was adjusted to lower the resonance energy enough
so that changes in the penetration factor over the
width of the resonance were negligible. The re-
duced widths should be nearly independent of the
exact value of the resonance energy in this pro-
cedure.

The ratios of the experimental to the theoretical
reduced widths are the relative spectroscopic fac-
tors. Our data for the decay of the IAS in ' 'Bi

yield the values 1.0, 0.82, and 0.87 for the P»»
f„„and p„, states in 'O'Pb, respectively. In the
absence of a theoretical prediction for the decay
of the IAS in '"Po, it is reasonable to compare
the same single-particle values with the'"Bi(P, nP)
results. The relative spectroscopic factors,
summed over the members of each multiplet in
'"Bi, are 1., 1.19, and 0.92 for the P„„f„„and

P3/2 neutron-hole states, respectively.
Nine independent measurements with ' Pb and

five with '"Bi were combined in a weighted aver-
age to obtain the quoted results. The uncertainty
on individual measurements of the total width var-
ied from 55 to 147 keV with most below 90 keV.
This uncertainty corresponds to an increase of y'

by a factor of 2 above its minimum value, a con-
servative estimate of the error, since the mini-
mum g' per degree of freedom was generally be-
tween 1.0 and 2.5. Errors mere assigned, once
the optimum parameter values were found, by
changing each parameter separately to five differ-
ent values and recording g' at each point. A pa-
rabola mas then determined by a least-squares fit
to these points, and this function mas used to ana-
lytically calculate the errors as described above.

Because of the difficulty referred to previously
in reproducing the spectrum shape in the valley
between the P„, and f„,peaks, the data were ana-
lyzed both including and excluding the valley re-
gion from the fits. The results in Table II corre-
spond to omitting the valley region. When the en-
tire P group is fitted one obtains I' = 351+ 24 keV
for Pb and I'= 346+27 keV for Bi. The rela-
tive partial widths are negligibly affected, except
for the '"Pb values of I z„, and yf'„, which become

TABLE II. Total widths and single-particle widths derived from the present analysis and some previous experiments,
normalized to facilitate comparison. In the present work the partial proton widths 1;, are calculated from the reduced
widths y„., which together with I" compose the set of fitting parameters |'see text). Our quoted errors correspond to an
increase of y2 above the minimum value by a factor of 2. Errors in the relative proton widths include the contribution
from the error of the p&/2 width in quadrature.

Parent
nuclide Ref.

Total width
I' (keV)

Relative single-particle
partial widths ~

Tp I
5/2 P3/2

2

Relative single-particle
reduced widths b

2 2f5/2 ~3/2

This work
17

8
3
c

317+24
220

220 +20

220 +20

60
60
60
60
60

25.2+ 1.9
17

17+6
21.3 + 2.6

27+3

65.6 +2.4
40

49 +16
68.5 + 4.0
68.5 +5

100 73.5 + 5.7 95.6 +3.5

208Bi This work 327+31
380+ 80

60
60

36.1+ 2.9
43~5

68.3+3.8
67+5

100 107 +9 101+6

Normalized to make I'& =60.

Normalized to make y =100.
' These values were quoted in Ref. 18 as a private communication from von Brentano et al.
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FIG. 8. Proton energy spectra showing the reaction VPb(P, np) 6Pb.
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ponding excitation energy in the residual nucleus. The numerous other large peaks are due to the ~ C(p,p') and ~O(p, p')
reactions.
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20.8+ 2.2 and 170+ 19, respectively. The change
is only slightly outside of the quoted uncertainty.

One might speculate on the possible explanations
for the discrepancy in the total width. First, the
uncertainty may be underestimated in one or more
measurements. It does not seem very likely that
a large source of broadening could have been over-
looked in our analysis. One difficulty is assigning
the background to be subtracted from the proton
spectrum. We assumed a smooth background,
qualitatively like an evaporation spectrum, xn our
analysis. A peak from a (P, P') reaction could ac-
cidentally fall inside the p group at one bombard-
ing energy and detection angle, but the consistency
of the results at a number of energies makes this
possibility unlikely as an explanation for the large
widths that are found. Similarly, the resonance
measurements have been performed independently
a number of times and show consistency.

A second possibility is that the discrepancy
might be a manifestation of the spreading of the
analog configuration caused by charge -dependent
forces. In all analyses of data performed so far,
one has fitted a single-level line shape to the en-

h]velope of numerous unresolved and presumab y
overlapping levels. The effect of interference on

the line shape in the (P, nP) reaction could very
well differ from that in the compound (p, P') reac-
tion, depending on the structure of the states that
are mixed with the analog state. The possibility
of observing such differences has been referred
to previously. '

Finally, it is interesting to note that the calcula-
tions by Bund and Blair" of the total width of the' 'Pb analog state in an optical-model formalism
give values ranging from 277 to 629 keV, all larg-
er than the 220-keV measured value from the
'"Pb(P, P') reaction.

VI. RESULTS FOR Pb

Proton decays from the reaction 'O'Pb(P, nP)' 'Pb
are shown in Fig. 8. The unusual width of the
peaks noted in the ' 'Pb spectrum is even more
noticeable in this case. The ground state and first

'ted state of '"Pb are 803 keV apart, but the
ground state shows up only as a shoulder on the
high-proton-energy side. The largest peak corre-
sponds to decays to the group of states between
1.17 and 1.78 MeV, the peak occurring at an exci-
tation energy of 1.42 MeV. Because of the many
states included and the unusual width of the peaks,
no sxgnz scan x s' f' t f t to the '"Pb data were obtained.
The total width inferred from fits to the two "isolated"
peaks corresponding to the 0- and 803-keV states
in '~Pb ' 540 keV, but this number should be re-
garded only as an indication that the assumed sim-
ple form for the line shape does not apply to this
analog state. The best fit is very poor (g'= l2).
This is not because the data are ambiguous or
marginal. Every measurement of the 'O7Pb(P, nP)
spectrum has the same shape as those in Fig. 8.
The width of the p„, ground-state analog reso-
nance has been measured in a '"Pb(p, p') experi-
ment'" as 170 keV, which is much smaller than
any reasonable value extracted from the p spec-
trum. This is an even greater discrepancy than
was observed in the '"Pb(P, nP) case and is a clear
indication that the analog state exhibits different
spectral distributions in the two reactions.

VII. RESULTS FROM Pb

1000

600 ~
450 470 490

CHANNEL NUMBER

510 530

FIG, 10. Proton spectrum for Pb(p, np) showing a
ical fit. The contaminant peaks between channels 460

and 480 were excluded from the fit, as indicated on the
figure.

In contrast to the broad peaks observed for '"Pb
the decay proton groups from the IAS in '"Bi are
very narrow (Fig. 9). The total width of the IAS
is found to be 230+ 38 keV. The ' 'Pb target con-
tained more carbon and oxygen than the other tar-
gets so that a careful selection of bombarding en-
ergy and angle had to be made to avoid overlap be-
tween the p peaks and proton groups due to the
contaminants.

The spectrum of 'O'Pb consists of a ( —,
'

) ground
3state, a (—,

'
) 2.3-keV first excited state, and a
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second excited state at 0.263 MeV. ' Proton de-
cays to higher states are not observed, and the
ground-state doublet is impossible to resolve in
this experiment because of the width of the analog
state. If '"Pb had no occupation in the P„, neutron
shell, one would expect no population of the —,

'

state by the P decay of its analog. If, in order to
extract relative decay widths we assume this, and
also that the P», and f,&, neutron orbitals in 'O'Pb

were fully occupied, we find a value for F&,&,
of

67~ 7 and for yf25/2 of 212~ 23, relative to the nor-
malizations making F~ and y~2 equal to 100, re-

~si2 ~St2,
spectively (Fig. 10). This ratio y~2„,/y~2„, is thus
twice as large for '"Pb as for '"Pb, although the
extreme assumptions used make this conclusion
less reliable. The wave function of ' 'Pb does not
actually have such a zero-order shell-model
structure, "but more detailed calculations were
not felt to be justified at this point.

ent nuclei.
For the analog of 'Pb the partial widths agree

reasonably well with those measured in previous
resonance work, especially the most recent mea-
surements, "whereas the total width found in the
(P, nP) reaction appears to be much larger. The
total width found by (P, nP) for the 'O9Bi analog is
practically the same as that measured for ' Pb.
The partial width for the f», proton decay mode,
however, appears to be significantly different in
these two nuclei. The '"Pb analog line shape is
much broader than all of the other cases studied
and therefore seems to be anomalous. Also the
shape of the spectrum evidently cannot be repro-
duced by the type of calculation in which correc-
tions for penetrability variations, kinematics, and
instrumental effects are applied to a single level
expression representing the spectral distribution
of the analog state.

VIII. CONCLUSIONS

The (P, nP) reaction is a useful and complemen-
tary technique to resonance measurements for ob-
taining widths and Coulomb energies, not only be-
cause it gives an alternative method of measuring
these properties for the same nuclei studied in the
resonance measurements but also because it en-
ables the measurements to be extended to differ-
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