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Analyzing power of Pb(jf, pit) anti Pb(jf, pit) near the 3piz& isobaric analog resonance
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The 3p»2 isobaric analog resonances in the compound nuclei ' Bi and ' Bi have been studied by measuring

the cross sections and analyzing powers of the reactions ' Pb(jf,ps) and I'Pb(jf, pc). The data were fitted

with an optical-model background and Breit-Signer resonance terms. The resonance energies, elastic partial
widths, and elastic mixing phases were extracted. The elastic partial widths are significantly different from
those previously determined from differential cross-section measurements. The previously measured inelastic
partial widths were adjusted to account for this difference. In the case of the isobaric analog state in ' 'Bi,
the results are inconsistent with a recent theoretical treatment of the isobaric analog state as a single broad
pole in the energy-averaged S matrix.

NUCLEAH REACTIONS ' Pbg', P), E= 10-13.6 MeV; measured o(E; 8),
A, tg; 8); deduced optical-model parameters. 7' Bi IAS, deduced energy,

partial width, mixing phase.

I. INTRODUCTION

Since the discovery of isobaric analog resonances
(IAR) in heavy nuclei, much attention has been
focused on these resonances in the "double magic"
lead region because of the success of the nuclear
shell model in describing nuclear structure there.
Most of the attention, however, has centered on
the positive parity states above the "'Pb shell
closure. Previous studies of the p-wave IAR in
the reactions "'Pb+P and "'Pb+P have measured
only differential cross sections. ' ' Since the p-
wave resonances are excited at energies well
below the Coulomb barrier the dominant contri-
bution to elastic scattering is from Rutherford
scattering and the resonance amplitude appears
only as a small perturbation on the dominant
Rutherford amplitude.

On the other hand, one can obtain additional in-
dependent information on the resonance by measur-
ing the analyzing power of the reaction as well as
the cross section. This is most easily accom-
plished with a polarized proton beam. Because
the analyzing power is linear in the resonance
amplitude and because it is possible to find scat-
tering angles at which the analyzing power due to
potential scattering is essentially zero, it is pos-
sible to obtain high quality information on the pa-
rameters of the IAR.

The analyzing power of the reactions scsPb(p, p, )
and sc'Pb(jt, Pc) has been measured in the vicinity
gf the isobaric analogs of the ground states of' 'Pb and '"Pb, respectively. The resonance en-
ergies, elastic partial widths, and elastic mixing
phases were determined by fitting the data with

optical model background and Breit-Wigner reso-
nance amplitudes. The resulting partial widths
were found to be different from those previously
determined from cross section measurements.
In addition, the mixing phases were found to be
small, in agreement with similar studies in

,medium-weight nuclei. 4

II. EXPERIMENTAL PROCEDURE

The polarized proton beam was produced by the
University of Washington Lamb-shift polarized ion
source and accelerated by the laboratory's FN
tandem Van de Graaff accelerator. 'The beam was
analyzed and directed to a 152.4 cm diameter scat-
tering chamber. For the scePb(P, Pc) runs, the tar-
get was isotopically enriched ()97%) self-support-
ing "'Pb with a thickness of approximately 400 p, g/
cm'. The scattered protons were detected by
three pairs of symmetrically placed Si(Li) de-
tectors, and by a monitor detector at a lab angle
of 30'. In addition, the beam polarization was
continuously monitored by a 'He polarimeter:
protons elastically scattered by 4He in a gas tar-
get were detected by a pair of Si(Li) detectors at
a lab angle of 112'. For the sc'Pb(ji, pc) runs, the
setup was essentially the same, except that (a)
there was no monitor, and (b) the target was 520
jtg/cms of isotopically enriched ()92%) '"Pb on a
20 tig/cms carbon backing. The angular accept-
ance of the detectors was about +2' for the "'Pb
runs, and about +1' for the "'Pb runs. 'The un-
certainty in the beam energy is estimated to be
about 1 keV (based on the uncertainty in the cali-
bration of the analyzing magnet).
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FIG. 1. Typical on-resonance spectrum for o Pb+ j5.
The bracket indicates the channels used for integration
of the elastic peak.
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A typical on-resonance spectrum for '"Pb is
shown in Fig. 1. In addition to the elastic peak,
two inelastic peaks, corresponding to the ~ (0.570
MeV) and ~ (0.894 MeV) states in "7Pb, are clear-
ly visible. Away from the resonance, these two
peaks cannot be distinguished from the background.
Similar spectra are seen for '"Pb, except that the
lowest excited state is the 2' (0.803 MeV) state.
Due to improvements in the polarized ion source
between the '"Pb and '"Pb runs, the beam inten-
sity and hence the number of counts was greater
for the latter; the statistical uncertainties in the
elastic peak sums are about 1' and 0.5', respec-
tively.

The polarization and analyzing power were found
by taking two consecutive runs, one with spin up
and the other with spin down. Thus, at each angle
there were four peak sums, which we call L4, Lk,
Rf, and Rf. We use the form)ula

1-y L4R 4
pA(e) =1, where r =

In this way, false asymmetries due to geometrical
factors and beam integration uncertainty are elim-
inated.

For 'ooPb(jg, po), the analyzing power excitation
function was measured from 11.00 to 13.60 MeV
in 100 keV steps, except that measurements were

+.04-

o

1 I
I

—.04-

II.O ll.4 I I.e l2.2 I2.6 I $.0 I &.4
E (MeVj

FIG. 2. Analyzing-power excitation functions for
Pb(p, po) at OIL=120', 150', and 165'. The curves

are generated from the optical-model and resonance pa-
rameters given in Tables I and II.

made in 50 keV steps near the resonance. The
angles used were 120', 150', and 165'. The reso-
nant structure is visible at all three angles, as
can be seen in Fig. 2. In addition, angular distri-
butions for both the analyzing power and the dif-
ferential cross section were measured at 11.50
and 12.75 MeV. These are shown in Fig. 3.

For ~o'Pb(P, Po), the analyzing power excitation
function was measured from 11.00 to 12.10 MeV
in 50 keV steps, except near the resonance, where
smaller steps were used. The angles used were
105', 120', and 135'. The data (shown in Fig. 4)
are actually a combination of two runs taken a
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FIG. 3. Differential cross-section and analyzing-power angular distributions for 6Pb(p, po) at two off-resonance en-
ergies, E&=11.50 and 12.75 MeV. The curves are generated with the optical-model parameters in Table I.

month apart as a consistency check. Figure 5
shows the angular distributions, measured in this
case at 10.00 and 13.00 MeV. A tabulation of the
data has been deposited in the Physics Auxiliary
Publications Service. '

III. ANALYSIS

The elastic scattering of a proton in the vicinity
of an isolated IAR can be described in terms of an
average S matrix'.

(~Ic) (~ec)RG+(~cc)REs

where
~&wc

~ 2 jo voce
I'2) RES E -Eo+g Z

(2)

(5 ) e2&SIIE 22e
cc BG

Here, Eo and I', are the energy and width of the
IAR, I'0, and 2Q, are the magnitude and phase of
the complex partial width I'O„and 5,+iq, is the
complex phase shift for the background scattering.
While many channels can contribute to the back-

ground, the IAR can occur only in the channel c
= IlL, J,I f(where L,J refer to the incoming partial
wave and I to the total angular momentum). More
generally, one might consider the effect of other
resonances which, though outside the energy re-
gion of interest, have a large enough width that
they cannot be ignored. As long as no two IAR
have the same spin and parity, there will be no
mixing between them, and each one can be con-
sidered separately. Thus there may be several
channels which have (S„)REEDD. The background
phase shifts can be calculated using the optical
model. They consist of the Coulomb phase shifts
0 f and the nuc lear phase shif ts 4, = X» +i q», so that

(5 ) =e2l le IIc= e2l(al+Xll&e-2IIll (5)oc BG

If the fluctuating part of the average cross sec-
tion is negligible, then the average differential
cross section and analyzing power are given by'.

(E, 8) =
I a(E, 8) I

'+ I P(E, 8}I ',dg

A(E, 8} (E, 8)= -2Im[a(E—, 8)P*(E, 8)], (7)
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where
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& 2)a 1 m (21+1)

2fk a~ 2Io+ 1 2J+ 1

and

oo
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FIG. 4. Analyzing-power excitation functions for
Pb(p, pp) at gI~=105, 120, and 135 . The curves are

generated from the optical-model and resonance param-
eters given in Tables I and II.

These formulas are exact if the target spin I, is
zero (which is the case for '"Pb), and are ap-
proximately true for Io= , (e.g. , —2O'Pb) with small
corrections needed near the resonance energies.

The optical potential used was of the standard
form, ' with linear energy dependences for the
real and imaginary potentials, a spin-orbit term
of the Thomas form, and a surface-peaked im-
agina, ry potential. Initially, a set of optical model
parameters determined by Rathmell and Haeberli'
for polarized proton scattering from '"Pb and
'"Pb at 13 MeV were used (the "'Pb parameters
were used for 20~Pb). However, these parameter
sets did not give a very good fit either to the angu-
lar distributions or to the off-resonance parts of
the excitation functions. Therefore, it was neces-
sary to search for the sets of parameters that
would give the best fits to the measured angular
distributions. For the search, the optical model
code GENOA was Used, "with appropriate modifi-
cations to take the resonances into account. The
best estimates of the pl/2 resonance parameters
(based on preliminary analyses of the excitation-
function data) were used. Also included were the
following: (a) for "'Pb, the higher-lying g, &„
i„/2, d, /~, si/z &7/2 a d d3/2 IAR, using the reso-
nance parameters for the corresponding IAR in
"'Pb (Ref. 11) (b) for "'Pb, the 5 IAR, with the
parameters found by Ramavataram et al."(except
that P, was set equal to zero). Since the reso-
nance parameters were not changed by the optical
model program, an iterative technique was re-
quired. That is, the best fit to the angular dis-
tributions was determined with the initial set of
resonance parameters, then the new optical model
set was used to obtain a better estimate of the py/2
resonance parameters, and so on until a set of
optical-model and resonance parameters was
found that would give a reasonably good fit to all
the data.

The '~Pb and ' 'Pb angular distributions were
analyzed separately. In each case, the program
was allowed to vary all parameters except the
Coulomb radius r~ and the volume imaginary po-
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FIG. 5, Differential cross-section and analyzing-power angular distributions for VPb(p, pp) at two off-resonance en-
ergies, E&=10.00 and 13.00 MeV. The curves are generated with the optical-model parameters in Table I.

tential W„. The data used for the fitting included
both differential cross sections and analyzing pow-
ers at both energies and at all angles (all angles
~60' for '07Pb). However, considerably more
weight was given to the analyzing-power data. The
program then minimized the total X'. The final re-
sults are shown in Table I and by the curves in
Figs. 3 and 5. For both '~Pb and '~Pb, the nu-

clear phase shift X(p~&,) was found by interpolation
to be about 4' in the vicinity of the resonance.

The excitation functions were analyzed using the
program REEF~, which minimizes X' by varying
only the resonance parameters. The optical model
background and the higher-lying resonances re-
mained fixed. Also, the total width of the IAR was
fixed at a value determined from analysis of in-

TABLE I. Optical model parameters for 2+Pb(p, P p)

nd 201Pb(P P p)

TABLE II. Resonance parameters for the 3p&f 2
iso-

baric analog resonances in YBi* and Bi~.

U (MeV)

rq (f~
a~ (fm)

W'„„(Mev)
~illr t

r, (fm)

a, (fm)

U„, (MeV)

r„, (fm)

a„, (fm)

r, (tm)

206Pb

65.20 —0.70 'E„
1.26

0.69
0.

30.41 —0.61 'E„
1.31

0.25

4.47

).15

0.63

1.19

207pb

65.54 —0.59 'EI,

1.26

0.67

0.
—7.00 + 1.80 'Ei,

1.29

0.34
5.81

1.13

0.65

1.19

(.„(Mev) (c.m. )

1'„(keV)
1.„„(keV)
(t „(deg.)

1.„, , (keV)

l ()„~ (kev)

I'„„, (kev)

1()„4 (keV)

1„„,- (keV)

2PYBi*

12.146 + 0.007
170+ 17

20+ 2

3+2
7.5 (2', 0.803)

5.6 (0', 1.17)

9.4 (3', 1.34)
2].1 (2', 1.47)
15.4 (1 ', 1.71)

2Bi g

0(-

11.458 + 0.006
231+6

51.6 + 1.7
—5+2

29.5 + 4.0( 2, 0.57)

66.8 + 4.6(—;,0.894)
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elastic scattering data." Thus the only parame-
ters that were varied were the resonance energy
&„ the elastic partial width I'», and the elastic
mixing phase P~. (In what follows, we use the no-
tation I'„=I'„, I"„„I'„„.. . , y, =y„y„, y„,
. . . , to denote the widths and phases for decay to
the ground state, first excited state, etc.} The
data used in the search included essentially all the
analyzing-power measurements, at all three an-
gles, between &, —I', and &,+ I',. No cross section
measurements were used. As mentioned above,
the searches were done with several different sets
of optical-model parameters, until a reasonable
fit to all the data was obtained. The best fits were
obtained with the parameters shown in Table II.
The excitation functions generated with these pa-
rameters (and those in Table I) are shown in Figs.
2 and 4. The reduced g"s are 1.368 for ' Pb and
1.034 for Pb.

Also shown in Table II are the inelastic partial
widths. These widths are adjustments to pre-
viously reported values. " The adjustments are
necessary because the I'»,- are not measured di-
rectly in inelastic scattering experiments, but
rather are inferred from the measured quantity
(I'», I'»/I", ) and the values Of I'» and I',. Since
the values of I'» determined in this work differ
considerably from those reported previously, the
values of 1»f must be changed accordingly.

IV. MSCUSSION OF ERRORS

Potential sources of error include (a) systematic
errors in the data, (b} statistical errors in the
data, (c) uncertainty in the background parame-
ters, and (d) other known errors (see below).
(a) In the case of ' Pb, there are several overlap
points, including some for which the second mea-
surement was made a month after the first one.
An analysis of these points indicates that the scat-
ter in the analyzing power is purely statistical.
The low value of X' tends to confirm this; the
probability P„of exceeding a X' of 1.034 due to
statistical fluctuations is 39%. Therefore, for
the '"Pb data, systematic errors were not con-
sidered. For the ' Pb data, it appears that they
cannot be ignored. For one thing, P„ is only 89o,
so it seems likely that some nonstatistical factors
were causing part of the scatter in the data. Also,
there is very poor agreement between the mea-
surements taken at 11.5 MeV for the angular dis-
tribution and those taken at the same energy for
the excitation function. Nevertheless, the errors
given in Table II do not include any contribution
from systematic effects, and hence are probably
too small in the case of '~Pb. (b} The statistical
error in the resonance parameters depends on the

statistical error in the data points, the number of
data points used, and the curvature of the X' hyper-
surface near the minimum. The procedure used
to determine the errors is given by Bevington";
the approximate effect of changing each parameter
by its statistical error is an increase in the total
X' of 1. As a check on this error estimate, the
following test was made. As mentioned above,
the '"Pb excitation functions are actually compo-
sites of two sets of data taken a month apart. A

search was made on each data set separately, and
the resulting parameter sets agreed with each
other and with the "over-all" set to within the
statistical error. (c) The errors due to the non-
resonant background are difficult to determine
quantitatively. To provide a basis for an error
estimate, we generated different optical model
sets, which gave small but noticeable degradations
in the fit to the angular distributions, and found
the optimum resonance parameters with respect
to these sets. Typically, the resulting shifts in
I» were negligible, but the shifts in &0 and
were comparable to the statistical errors. (d)
The error in e, due to uncertainty in beam energy
is estimated to be about 1 keV, and so can be ig-
nored. Finally, we observe that the largest source
of error in I'» comes from the uncertainty in I'„
since the strength of the resonance is determined
not by I'» but by the ratio 1,~/I', . The errors given
in Table II include contributions from all the
sources mentioned in (b), (c), and (d) above.

V. COMPARISON WITH S-MATRIX THEORY

In a recent paper, "Brentano discussed inter-
mediate structure phenomena from an S-matrix
viewpoint. His purpose was to describe inter-
mediate structure resonances (such as IAR) as
poles in the continued energy-averaged S matrix.
Using very general assumptions, he found that in
the vicinity of an isolated resonance the energy-
averaged S matrix was given by

(10)

In this expression, S,(z) = S,(E+ff) = (S(E))z is the
average S matrix at E with averaging interval I.
The other matrices appearing in Eq. (10) dre the
background Syo 'the unit matrix 1, and the residue
y x y (whose elements are y, y, ,). The quantities c,

Qi I', and Z, = I',' 'e' ~ are complex. Bren-
tano found that, as expected, the total width I',
could be decomposed into an escape width and a
spreading width: I', = I'i + I'i =El', cos(2$,}. How-
ever, he also found that I'~ & I'~, a restriction
which does not appear in most theoretical ap-
proaches, and which implies that I', & 2ZI', cos(2$,).
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In the case where the background is diagonal,
the elastic scattering matrix element reduces to

F g2&~c
[S (z)] e2l(5~+4'Oc. ) 1 t c8- &~

Comparing this to the expressions used in Sec.
III, we see that Eg ~0 Fg Fo and F;=e'"&F~, so
the inequality which needs to be verified is

I',& 2 + I'~e'"~ cos(2$,) & 2 P I'~ cos(2$,),
(12}

since g, is always positive.
Referring to Table II, and assuming that p, is

approximately the same for all channels, we see
that this inequality is satisfied for the & IAR in' 'Bi, but not for the O' IAR in ' Bi. In fact, in
the latter case, the value of ~P, ~

that would be
needed to make I', =2K,I'icos(2$, ) is 19'+2', a
value that is clearly inconsistent not only with
what we report here but also with values of ft)&

from similar experiments on medium-weight nu-
clei "

Brentano gives a possible explanation for this
discrepancy. In order to define the average S ma-
trix in a reasonable way, he requires that the min-
imum averaging interval I, be large compared to
both (a) the average distance between fine-struc-
ture resonances and (b) the width (I'z) of each of
them. It must also be small compared to the
widths and spacing of the intermediate-structure
resonances. Under these assumptions, the aver-
age S matrix S,(z) will exhibit a smooth behavior
in the lower half of the z plane (I & —I,}, with the
only poles coming from the intermediate struc-
ture. Now the assumption that I,» Fz is one that
is usually not made in theoretical treatments of
intermediate structure. For example, in the shell
model approach, ' it is possible to consider the
limiting case in which the residual interaction does
not mix the doorway state 4', with the complicated
states ft)& at all. In that case, there is only one
"fine-structure" resonance, with a width equal
to F~. As the strength of the coupling between 40
and the f15~ increases, one approaches the other
limiting case in which all the F&'s are of the same
order of magnitude and Z&I'z= I"i. Clearly, Bren-
tano's treatment is w'ell suited to the latter case
but not to the former.

For the IAR, because of isospin selection rules, the
mixing between the T& doorway state and the T, com-
pound nuclear states is due primarily td the Coulomb
interaction, and so is relatively small. It is
therefore plausible that, even aftez' mixing, there

is one state which has a large T& component and
therefore a large width. If this is so, then the re-
quirement that I,» F& for all j cannot be satisfied.

Note also that in the shell-model approach F~

=u'/d, where u is the average matrix element con-
necting 4, and P&, and d is the average level spac-
ing. At high excitation energies in heavy nuclei,
1/d is very large. But if v' is sufficiently small,
as in the IAR, it is nevertheless possible to have
F~ comparable to F~. In fact, we observe that F~
= F ~ in "Bi, whil, e in '"Bi we have F & & F&.

VI. CONCLUSION

This study of the elastic-scattering analyzing
power in two Pb nuclei near the lowest-lying IAR's
shows the value of such measurements for deter-
mining the resonance parameters. Even though
the resonance effect is small. , it is Still possible
to observe and parametrize it because of the even
smaller background. For the differential cross
section, on the other hand, the resonance appears
as a small bump on a very large Rutherford-scat-
tering background. Therefore, a more accurate
determination of F,~ can be made using analyzing-
power data. It turns out that the values of F~ de-
termined in these experiments are not very sensi-
tive to the choice of background parameters; they
are also considerably different from the values
determined from cross-section data. Hence this
technique is capable of producing more spectro-
scopic information on the parent states. Another
advantage of this method is that it gives a more
accurate value for the mixing phase p& (Ref. 16);
however, this value is more sensitive than F& to
the parametrization of the background.

It appears, at least in the case ot the O' IAR in
"'Bi, that Brentano's description of the IAR as a
pole in the continued energy-averaged S matrix is
not a very useful one. This approach requires a
degree of mixing between the doorway state and
the complicated states which is not always present
in the IAR, where the mixing is inhibited by iso-
spin selection rules. While the theory gives the
correct form for the average S matrix, it also
makes a prediction about the resonance parame-
ters which is not verified in this case.
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