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The low-lying states of 2Pb which have a neutron configuration (go2, ) are studied in proton scattering
at the resonance energy for the go2(g.s.) single-neutron isobaric-analog resonance (IAR) in 29Bi. The on-
resonance proton angular distributions are taken from 15° to 170° for states between 3.0- and 4.5-MeV
excitation in 2%¥Pb, and are found to be nearly symmetric about 90° except for the lowest 5~ (3.192-MeV)
state. Total proton inelastic scattering cross sections and proton partial widths are obtained from the
angular distributions. The states in the energy ranges 3.0-3.8, 3.8-4.15, and 4.15-4.8 MeV in 2%8Pb are
found to have the dominant neutron-neutron-hole configurations of (go2, 12, (gose, f5270), and (gops,
P32 1), respectively. Some tentative spin assignments based on the partial widths, excitation energy, and
angular distributions of the states are given. Two previously unreported states at 3.940 and 4.376 MeV
in 28Pb are observed in the high-resolution (p, p’) spectrograph data, and the levels previously reported
at 4.032 and 4.252 MeV are observed to be doublets with 12- and 6-keV energy separations, respectively.
The cross sections were also measured for the (p, ') reaction at the go/» resonance at 20°, 40°. 60°, and
90° for 24 states between 4.6- and 6.00-MeV excitation. In addition to the go/» resonance, the 112(0.79-MeV)
IAR and ji5/2(1.42-MeV)IAR are studied, and the observed states are compared with those observed
in the *"Pb(d, p) reaction. Partial widths for all the states between 2.0- and 4.5-MeV excitation containing
gos2 neutron strength are calculated using the theoretical shell-model wave functions of Kuo and Brown and
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of Pinkston and True, and are compared with the experimentally observed widths.

I. INTRODUCTION

HE doubly magic *®Pb nucleus offers one of the

best cases for studying the matrix elements for the
residual two-body interactions in nuclear shell-model
calculations as witnessed by the large energy gap and
the simple one-nucleon energy level schemes in 20°Pb,!2
W7Ph,2 207T]3 and 2°Bi.* Because of the simple system
of one nucleon built on the *®Pb core, the low-lying
levels of 28Pb are expected to be described fairly well
by neutron and proton particle-hole configurations.
Shell-model calculations for these types of states
have recently been performed.>® Some proton particle-
hole configurations have been investigated experi-
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mentally in the *Bi(¢, a)®*Pb reaction,” and some
neutron particle-hole configurations have been studied
in the 2"Ph(d, p)?®Pb reaction.® This paper treats in
more detail the neutron particle-hole configurations
excited in the proton decay of the analog states of
209Pb.9—13

The isobaric-analog resonances (IAR) of the single-
neutron states of **Pb have been studied in elastic
scattering by several groups,®? and the on-resonance
inelastic scattering has been shown to excite selectively
bands of states'® in 28Pb which consist of neutron
particle-hole configurations. In particular, it has been
shown that in the decay of the single-particle analog
resonance in *¥Bi with spin J, states with the dominant
configurations (J, pyz™), (J, foz), and (J, pss™)
are preferentially excited. An extensive study of the
inelastic scattering excitation functions has been
recently published. It has allowed us to determine
which states in 2%Pb are resonating at analog reso-
nances.” From this work and an earlier study,! the
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F16. 1. Proton spectrum in the energy range 3.0-3.7-MeV
excitation in 208Pb taken with a 3 mm-Si(Li) detector at 90° at
the go2 resonance energy. The peak numbers in the figure are
used in Table II. Resolution is 29-keV FWHM.

neutron particles J forming the neutron contribution
to the neutron-neutron-hole configurations of the
states in 26Pb were determined.

In this paper, we give the on-resonance angular
distribution for the gy resonance. From the angular
distribution, one is able to obtain information about
the neutron holes which make up the neutron-neutron-
hole configurations. If one takes the information from
the excitation functions together with the information
from the angular distributions, one can determine
completely, in principle. the various neutron-neutron-
hole configurations which make up a given state.
Since one obtains more than one solution for a given
final state, spectroscopic factors from the (d, p) reaction
help in determining the correct solution. One is in fact
able, in principle, to get the relative signs as well as
the magnitude of the coefficients for the various
neutron-neutron-hole configurations in each state.
Even in cases where the several configurations cannot
be separated, one is able to obtain the total inelastic
widths from the total cross section determined here,
plus the parameters determined in Ref. 14. These
widths can be compared with the predicted widths
obtained (1) from shell-model calculations®® of the
28Ph wave functions and (2) from the experimental
single-particle widths.!"®® This technique has been
used in the study of the low-lying levels of 2°Pb excited
in the decay of the IAR of the single-hole states of

207pp 17
II. EXPERIMENTAL PROCEDURE

Proton beams of ~0.5 uA were obtained from the
University of Washington three-stage FN Van de
Graaff accelerator in the energy range 14-18 MeV.
The beam was energy-analyzed by a 90° magnet and
subsequently deflected by a switching magnet into a
60-in. scattering chamber. The targets used for this
experiment were 999, enriched self-supporting Pb
metal foils. The charged-particle spectra were obtained
with 3-mm Si(Li) detectors, which were thermo-
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electrically cooled. Gold foils ~300 wg/cm? were
placed in front of the detectors in order to eliminate
electrons from the target. In addition, magnets were
placed in front of the detectors for the purpose of
removing electrons. Tennelec TC 130 preamplifiers'®
were used, followed by ORTEC 220 amplifier-bias
amplifier systems.” Resulting pulses corresponding
to 8-12-MeV particles were fed into ADC’s and
stored as 1024-channel spectra by the on-line SDS 930
computer. Other details of the experimental setup are
given in Ref. 14.

The angular distributions were performed with two
detectors. A third detector placed at 70° was used as a
monitor detector. The energy resolution for these
spectra ranged from 26 to 32 keV. Part of this resolution
is due to target thickness (~10 keV for 10-MeV
protons). A typical on-resonance spectrum is shown in
Fig. 1 for the g2 resonance.

Because of the count-rate problems in the solid-state
detectors, it became increasingly difficult to obtain
accurate angular distributions for the (p, p’) reaction
forward of 60°. Data were obtained as far forward as
15° by using the Enge split-pole spectrograph® and the
three-stage EN Van de Graaff accelerator at the
University of Pittsburgh. Photographic plates, used
for recording the spectra, were scanned in 0.2-mm
steps, and gave a resolution between 9 and 13 keV
full width at half-maximum (FWHM). The absolute
energy calibration for the 28Pb(p, p’) spectra was
obtained by comparing it with energies given in
Ref. 11. A spectrum for §=40° is given in Fig. 2. The
small difference (40 keV) between the incident proton
energies at which the Si(Li) data and the spectro-
graph data were taken is consistent with the combined
uncertainties in the calibrations of the two accelerators
and in the position of the gy IAR peak (FWHM =
253 keV).

Absolute cross sections were obtained by comparing
the inelastic scattering with elastic scattering from the
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Fi1c. 2. Proton spectrum in the energy range 3.9-4.5-MeV
excitation in 2%Pb taken at 40° with an Enge split-pole spectro-
graph at the go/; resonance energy. The peaks are numbered the
same as in Fig. 1. The resolution is 9-keV FWHM.

8 Tenneled Corp., Oak Ridge, Tenn.

1 ORTEC, Inc., Oak Ridge, Tenn.

20 B. L. Cohen, J. B. Moorehead, and R. A. Moyer, Phys. Rev.
161, 1257 (1967).
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same target at some low-energy and forward-scattering
angle, where only Coulomb scattering is assumed
to take place. For the Si(Li) data, the elastic scattering
was taken at 5.0 MeV at angles between 50° and 90°,
whereas for the spectrograph data, the elastic scattering
was taken at 3.0 MeV and 38.0°.

III. ANALYSIS PROCEDURE

The proton decay via an inelastic scattering channel
of an TAR of a pure single-neutron state of spin J
leaves the final nucleus in a neutron-neutron-hole
configuration of spin .12 All channel spins ;7 which
can couple to the particle spin J to form the final-
state spin / are possible, but only the j values of the
valence neutrons are allowed by the Pauli principle.
The total proton inelastic width for a given state I
is thus a sum over the partial widths for each j value:

Ty = Z I‘]j.]p,. (3.1)
i

The angular distributions were fitted with an
expression

(d(f/dﬂ) cc’ =A0+A2P2+A4P4+A5Ps. (32)
The total inelastic scattering cross section for scatter-
ing from channel ¢ to ¢’ for an isolated resonance on a
spin-zero target relates the value 4o to the parameters
I' (total resonance width), T',, (elastic scattering
partial width), F, (resonance energy), and I',» (partial
width for channel ¢’) by

Y =A0[8kp2/(2~,+1> I‘po][(E—EOV"'%PzJ’ (3.3)
where J is the spin of the resonance.

In order to give the connection between the ex-
perimental values of T',» obtained in this way and those
predicted from theoretical wave functions, one has to
use the S matrix as given, for example, by Weiden-
miiller?-%;

g g’

= ,1)-- —_————
Vo= U (G E) 4 3iT

(34)

If the contributions from direct processes U,'” are
neglected, then one obtains from this collision matrix
an expression for the cross section??

do/dQ= ) ALPy, (3.5)
L
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43, 363 (1967).

24 T, P, Bondorf, P. von Brentano, and P. Richard, Phys. Letters
27B, 5 (1968).

26 D, Robson, in Isospin in Nuclear Physics, edited by D. H.
Wilkinson [North-Holland Publishing Co., Amsterdam (to be
published) . The coupling scheme in this reference is (s/)0J and
(s1)IJ, as opposed to the one given in Ref. 24, which is used in
this paper. :
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with
Ay _ (=1)7TQ2E+1) (27411
Ao T,

X 22 f(7172) C(1:KG300) W (JjJjoIK),  (3.62)

J172

C(JKJ30%)

where
f(g172) = (—=1)7(21+ 1) Re(grins® X grizs®'*) . (3.6b)

The coupling schemes used in this formula are 0(£s)J
and I(fs)j. The connection between the resonance
amplitudes g and the nuclear matrix elements is
given®

grir(Epr) =g (Ep) {( j¥14) 7 | WA, (3.7)

In this formula, ¥7,4 and ¥,4* stand for the anti-
symmetrized wave functions of the state | I, «) and
|J) in the residual nucleus and parent analog, re-
spectively. If we expand the wave functions of the
residual state in proton-proton-hole and neutron—
neutron-hole configurations,

Vo= 2 Lara®v(57 D rtbra=( 57, )10, (3.8)

ajl
then we obtain from Egs. (3.7) and (3.8)

2I+ 1)1/2
ar. jaJ

5.7;-1‘ (3.9)

Gatis =g (Eypr) (

In the application of Eq. (3.9), care must be taken that
the coupling scheme and sign convention used in
Eqgs. (3.7) and (3.8) are the same as used in Egs. (3.6).
In terms of the partial widths, we have

oI+
Tarjr =T (Ep) — (arja’)?,

T (3.10)

where the single-particle widths I'j*=| g0 |* are the
decay widths of a hypothetical single-particle analog
resonance with spin J, which lies at an appropriate
energy so as to give the correct channel energy. In
our case, we have used such values from the decay of
the O g.s. analog resonance in 2%Bi to the single-hole
states in 27Pb, and we have corrected these values for
the channel energy by using Coulomb penetrabilities
with the expression

Pj(Ep'y R)
Py(Et, B)

with R=1.44'3 in units of {.

The above-mentioned values of T';** have been de-
termined by Lenz and Temmer®*% and by Anderson,
Bondorf, and Madsen.’* We have actually used values
of a more recent determination due to Grosse et al.,

I (Ey) = (B,  (311)

26 F. Grosse et al. (private communication) .
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1010
TasLE I. Legendre polynomial fit to angular distribution in 28Pb(p, p’) at 14.91-MeV incident proton energy.
Eox Ao A.° A
(MeV) R(90°)»  R(90°)® (mb/sr) (mb/sr) (mb/sr) x2
3.192 12 4 0.492-+0.002 —0.051£0.004 —0.010240.006 0.99
3.469 41 15 0.515+0.005 —0.18740.007 —0.018+0.013 2.00
3.702 19 6.5 0.1704-0.002 —0.123+0.004 0.035+0.005 2.15
3.913 59 10 0.1374-0.002 —0.06240.006 —0.013 0.008 1.13
3.955 30 0.058-0.002 —0.031+0.004 —0.02440.006 1.25
3.992 26 8 0.1064-0.002 —0.01940.003 —0.020+-0.005 2.99
4.0324 25 10 0.17340.002 0.0414-0.004 —0.0214-0.005 1.10
4.080 2 1 0.050-+0.002 —0.018+0.003 0.00740.004 5.50
4.117 16 0.05740.002 —0.0324-0.003 —0.004+0.003 2.08
4.174 44 10 0.166=0.002 —0.1084-0.004 0.002-0.005 1.17
4.225 cee 0.0344-0.001 0.009-+0.002 0.0080.003 2.17
4.2524 45 0.2084-0.002 0.01440.004 0.0044-0.005 1.28
4.289 49 0.201+0.002 —0.1244-0.004 0.001+0.005 1.40
4.351 38 10 0.255+0.003 —0.0444-0.006 0.0014-0.001 3.44
4.419 4 1.5 0.0374-0.001 0.005+0.003 —0.0024-0.004 3.66
4.475 34 10 0.3210.002 0.099-0.004 —0.0104:0.004 0.83
4.692 5 3 0.112+0.001 0.015+0.003 0.049-0.004 1.90

& R(90°) is the ratio of the cross section at 14.2 MeV to that at 14,91

MeV for 6 =90°.
b R(90°) is the ratio of the cross section at 15,67 MeV to that at 14.91

MeV for §=90°,

which are, however, consistent with the earlier values
T, (E,y=11.49 MeV) =28.6 keV,
Ty, (Epy=10.92 MeV) =4.2 keV,
Ty (Eyy =10.59 MeV) =15.8 keV,
Ty, (Ey=9.15 MeV) =0.62 keV.

These values of T'j? were derived from values of the
expression I'#T,,/I'?, which are the quantities
needed in this experiment. The quantities are accurate
to better than 109, which will allow us to rely quite
heavily on the single-particle widths quoted.

(3.12)

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. g9z Angular Distribution

A total of 23 states, including g.s. (0*) and first
excited state (37), are observed to resonate strongly at
the go/2 resonance. The excitation functions are given in
a previous publication,” but for the purpose of dis-
cussion, four of these are given in Fig. 3. As can be
seen from this figure and also from the ratio of the
resonance to the off-resonance cross section given in
Table I, the cross section on resonance is almost en-
tirely due to the resonance for nearly all states. This
question has been treated for several states in more

¢ Ao, Az, and As are the coefficients of the expansion do/dQ2=AoPo+
A2Py+ APy for Ep=14.91 MeV. A is included in the analysis but not in
the table.

4 Doublets; see Table II.

detail in the previous paper.! In the following, we will
neglect the small direct amplitude completely, and
will treat the on-resonance cross section as being due
to the resonance only. The angular distributions for 17
of these states were obtained,”” and the results of the
Legendre polynomial fits of these angular distributions
are given in Table I. These fits are based on the data
from 60° to 170° obtained with the Si(Li) detectors.
These data, together with the 15° to 90° spectro-
graph data, are displayed in Fig. 4. It might be ex-
pected that there would be considerable deviations
from symmetry about 90° due to the interference of the
resonance inelastic scattering with the direct (p, p’)
reaction. It is in fact observed that, at these bombarding
energies, most of the angular distributions for states
between 3.0- and 4.5-MeV excitation are nearly sym-
metric about 90° the big exception being the 3.192-
MeV (57) state. A detailed comparison of the forward-
angle cross section with the best-fit curves of Table I
is given in Fig. 5. From the values of 4o given in
Table I and the resonance parameters of Ref. 14, the
values of I'y» are obtained according to Eq. (3.3).
These results are given in Table II, together with a
comparison to the 2"Ph(d, p) results.® From the spec-
troscopic factors (27/+41)Sz;, determined in the

27 P, Richard, W. G. Weitkamp, W. Wharton, H. Wieman,
and P. von Brentano, Phys. Letters 28B, 8 (1967) .
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27Ph(d, p) reaction® and the single-particle widths, it
is possible to calculate the width T'rpy,s@» =T@»
using Eq. (3.10). For the case of a state which contains
only a single J, the value of I'@? should be smaller
than the corresponding value I'y, since I, includes
contributions from hole configurations other than
272

From the @ coefficients [Eq. (3.8)] given by the
wave-function calculations of Kuo and Brown® (KB)
and from the single-particle widths [Eq. (3.12)]
corrected for channel energy according to Eq. (3.11),
we have calculated the proton partial widths using
Eq. (3.10) for exciting the neutron-neutron-hole
states in 2%Pb. The same procedure is used for cal-
culating partial widths based on the wave functions
of Pinkston and True® (PT). Figure 6 compares the
experimental widths with the KB widths, and Fig. 7
compares the experimental widths with the PT widths.
A rough comparison of the magnitude of the experi-
mental widths with the theoretical widths shows fairly
good agreement. By inspection, we see that PT predict
the lowest 3=, 5—, 4=, 5~ sequence much better than
KB. In addition, the PT calculations show a spreading
of states in excitation energy which resembles more
closely the experimental data. It should be noted,
however, that both calculations place the states about
200 keV higher than the observed ones.

B. Schematic Model

As discussed already, the proton width I'ys of the
states observed in the gy resonance is mainly due to the

T T T T T U T T
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INCIDENT PROTON ENERGY (MeV)

F1e. 3. Excitation functions for proton inelastic scattering near
the go2 IAR to the 208Pb final states indicated. Circles represent
89.9° data, and triangles represent 149.3° data.
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Fic. 4. Angular distributions for the inelastic scattering of
protons (E,=14.91 MeV) from *%Pb at the position of gosz IAR
in 29B1i. The solid curves for 4.175-, 4.289-, 4.351-, and 4.475-MeV
states are for pure (g Izpalz 1) neutron-neutron-hole configurations
coupled to spins 5-, 57, 47, and 67, respectively. The curves for
the 3.469- (47) and 3.702-MeV (5 ) states represent the calcu-
lated cross sections for the neutron-neutron-hole configurations
given in the text.

configurations (gos2, puz™), (gor, fo?), and (gope,
p32Y). In a schematic model of 2%Pb, the multiplets
of states with different spins, but belonging to a given
configuration, are degenerate and lie at excitation
energies E,=3.430, 4.000, and 4.324 MeV, respectively.
The energies, spins, decay widths, and angular distri-
bution coefficients for these model states are given in
Table III. In reality, the residual forces mix the various
states of the schematic model. However, in the lead
region this mixing is relatively weak, and we expect
that the various multiplets will be mainly spread out in
energy by the residual interaction and that different
configurations will be mixed only relatively weakly.
Exceptions to this are, of course, a few strong collective
levels such as the 3= 2.615-MeV state. In agreement
with our expectation, the number of states with
T'p>2 keV is 14, whereas there are 12 states in the
model. This shows that the mixing with other configura-
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tions, such as proton—proton-hole states, is weak, since
we see only two additional states. Following our general
expectations, we have divided the observed states in
three groups which we believe to be mainly states
with the configurations (gos2, p12), (gos2, fore™?), and
(gos2, p3/27"). This is shown in Table IV. As a check on
these assumptions, we have investigated the validity
of the sum rules for the states in the three groups.
These sum rules should be strictly fulfilled if the
multiplets do not mix:

=~ _ Pi(EmR)

U= D (Fotar, R) Totjs(Earjr) =Tarjs (Ef®),  (4.1)
J ‘algdy
D Tarir=(2j+1) Ty, (4.2)
E L Putsr=Ef 3
oxpt = W 2 EurjsTarjys=Ej®. (4.3)
7

In this relation, £;%F is the unperturbed energy of the
multiplet. As can be seen from Table IV, these relations
are fulfilled rather accurately for all three groups, and
this leads us to assume that we have correctly identified

20 30 40 50 €0 70 8C

the dominant configurations of the experimental states
in the table.

The angular distribution for 3.469-MeV (47) state
(Fig. 4) is not isotropic, as expected from the schematic
model, so that a detailed analysis of the angular dis-
tribution of the states in the three groups is required.
In Sec. IV C, the states in group I will be discussed,
and in Secs. IV D and IV E, the states in groups II
and III will be discussed.

C. 3.192-2.702-MeV States

1. 3.192-MeV (5-) State

The 3.192-MeV (57) state does not have an angular
distribution which is symmetric about 90°, as is seen in
Fig. 4. The value I',,=22.9 keV is obtained from the
cross section backward from 90°. The value I'é?) =
28.0 keV indicates that there may be some destructive
interference at back angles in the (p, p’) angular dis-
tribution, since I'@? should be less than or equal to
I',.. If the 5 state were pure py2 neutron hole, the
observed width T',» would be 29.5 keV. KB predict
a width of 14.3 keV, whereas PT predict 21.1 keV,
which indicates more mixing of configurations in the
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Tasire II. States observed with goss, 41172, and jis2 neutron particle and results of comparison with 28Pb(d, ).

NeutronP

Trpyor(&#) b Ty °

No.® (ﬁ’éV) I (2I4+-1)Sa,>  configurationb (keV) (KeV) Jo
0 0.0 ot
1 2.608 3=
2 3.192 S 9.5 £/2 28.0 22.9 82
3 3.469 4= 8.7 £o/2 24.9 24.0 g2
4 3.702 5 1.9 o 5.2 8.0 o
5 3.913 6=, 77) 6.5 g
3.940
6 3.955 2.7 82
3.992 5.1 gos2
8 4.032 (7-,67) 8.0 goj2
4.044
9 4.080 2+ go/2
10 4.117 2.7 g2
11 4.174 (57) 7.8 L2
12 4.200 {d- . a2
13 4.225 1.6 2o
14 4.247 23.2 12 55.0 . eee
4.253 (37) 0.6 22 1.5 9.7 g2
15 4.289 (57) X fope
16 4,317 L2
17 4,351 (47) 12.0 o2
4.376 89/2
18 4.419 6+ 1.7 g
19 4.475 (67) 15.1 g2
20 4.602 10.0 Jusyz 18.4 cee Jusp2
21 4.692 37) 1.5 dspe 7.4 5.3 gom, iup, dipe
22 4.835 20.0 Jup 35.7 e Fun
23 4.857
24 4,928 )
27 5.071 oo )

2 Excitation energies for the numbered states are taken from Ref. 11.
Two new states at 3.940 and 4.376 are unnumbered. Doublets at 4.032 and
4.253 are indicated. The same numbering of states is used in Figs. 1 and 2.

b (d, p) results are taken from Ref. 8.

Trpayod@®) = [ (21 +1) Sap/ (2 +1) 1 T1p25P.

5— than is observed. A detailed analysis of this state
must await the proper resonance-direct-interference
calculations. Nonetheless, this state does appear to
exhaust much of the pi» neutron-hole strength for 5
states. This state is also known to contain 6%, (g,
syzt) proton particle-hole strength, as measured in
the 2Bi({, «)2Pb reaction.” In the 2Bi(d, *He)
measurements made at Berkeley,® the (ke sys™)
strength was measured to be 8%.

28 C. Glashausser, D. L. Hendrie, and E. A, McClatchie (private
communication).

¢ Inelastic width for state I at resonance J includes contributions from
all possible neutron holes j. The values J are obtained from the (#, p’)
excitation functions (Ref. 14).

d A 4,22-4,28-MeV doublet is analyzed in the (d, p) reaction at this
energy region.

2. 3469-MeV (4-) State

The angular distribution which is symmetric about
90° for this state has been analyzed in detail elsewhere,?*
so the results will only be summarized here. From
Eqgs. (3.6), the values of A in Table I, and the (d, p)
result that @4-z,%?~0.98 (Table II), we get the solu-
tion

a;=-40.944-0.02, as=-10.077F0.16,
and

a3= —0.24-£0.03.
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Tasre IIL Energies, widths, and angular-distribution coefficients for the neutron particle-hole states
(go2, 371) of 28Pb in the absence of residual interactions.

183

Eo ® Egem.b T, °
(MeV) (MeV) J 1 (keV) Ag/ 4o 9 A4/Ao ¢
3.430 11.417 bip2 5= 31.5

4 25.7
4.000 10.847 for2 - 6.30 0.520 0.054
6 5.45 —0.450 —0.282
5 4.62 ~0.606 0.482
4~ 3.78 ~0.260 —0.117
3- 2.94 0.329 —0.507
2= 2.10 0.952 0.428
4.324 10.524 D3 6~ 20.5 0.364 ..
5= 17.8 —0.606 .
4 14.4 —0.303
3- 1.1 0.667

2 As calculated from Ref. 2.

b These energies are the outgoing proton energies in the 208Pb (p, p’) 208Pb*
reaction at the gg/p resonance, leading to the state of excitation energy
given in column 1.

KB give for the lowest 4~ state wave function

|a1]=+40988, |as|=40.07, and |a;|=+0.121,
whereas PT give
| a1|=+40.962, |as]|=+0.21, and |as|=+0.163,

where a7/ is denoted by a@;. The magnitudes of the
P12 and psje configurations are seen to agree quite well
with the theory, whereas the f;5/2 are not very well de-
termined experimentally. Many proton particle-hole
configurations can be eliminated, since the 3.469-
MeV state is not excited in the 2°Bi(Z, «) reaction’
or the 2Bi(d, *He) reaction,?® and many other neutron

.|'."_|rr' M LI s s
P32 ts/2 Pive EXPERIMENT
30 [ ] [} A
p
Ty
(keV)
. KUO 8 BROWN
30
.
Ty 20} - ]
(kev) 6 4 5
10 . "\ - ...67"} -
i {1 NN | S SN
- 4.5 4.0 35 3.0

Ex(MeV)

F16. 6. Observed proton partial widths for the go/» resonance,
with a comparison to the go/; neutron strength in 2%Pb as cal-
culated by Kuo and Brown.

¢ These widths are calculated according to Eq. (3.9) with the use of the
single-particle widths given in Eq. (3.11).

d It should again be noted that small admixtures of other configurations
can change these values very much.

particle-hole configurations can be eliminated, since the
4~ does not resonate at the higher neutron single-
particle resonances. The (d, p) data® yield a value
1‘4— 1/2— 9/21’/:22.6 keV.

Angular distributions were taken above and below
the gy resonance in order to establish the degree of
deviation from the single-level Breit-Wigner shape.
If there were no deviations, the ratios of A,/A4, and
As/Ao would be the same at all energies. The data are
given in Fig. 8, and the results of the fit are given in
Table V. The errors are larger for the off-resonance
data, due to the smaller cross section. The ratios
As/Aq are nearly within experimental errors. These

T T

v T
-1 -1
;5/2 2'/2 EXPERIMENT

-1
Pas2
]

F16. 7. Observed proton partial widths for the go/» resonance,
with a comparison to the go/; neutron strength in 208Pb as cal-
culated by True and Pinkston.
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TABLE IV. Schematic model of 28Pb states.

No. of
states with Eqminto E,max T Triy Assigned Foxpt Ejop
Tpr>2keV (MeV) (keV) configurations  (2j+1)T;sr(E*?) (MeV) (MeV)
I 3 3.0-3.8 55.8 Zopeprye 57.2 3.375 3.430
II 5 3.8-4.15 25 gop2 fors™ 33 3.994 4.000
IIT 6 4.15-4.8 62.4 LopaPsyz” 56 4.37 4.324

results add confidence to the determined values of
the p12 and p32 neutron-hole configurations of the 4-,
whereas the large error in the f;s' configuration is
further manifested in the deviations of A./4,. If
A4 were zero, then T's— 52— o2 would be exactly zero.

3. 3.702-MeV (5-) State

In view of the excellent agreement between the
(d, p) and (p, p') determination of the pi» strength
for the 4~ state, we begin the analysis of the 3.702-
MeV (57) state by using the value T'@P =52 keV=
Ts-12- 92?” (see Table II). As before, we consider
only pis, fs2, and p3je contributions, so that from the
observed TI',»=8.0 keV, the sum of the widths for
P3/2(I‘3/2) and f5/2(1‘5,2) iS 2.8 keV. Equations (36),
together with the experimental A coefficients, yield
the additional relations

Ay/ Ag=—0.724=(—0.606/Tp) (Ts2+Ts2

—2.76/T5j2+4.46/T32), (4.4)
A4/ Ay=+0.206= (+0.482/T )
X (T5/2—0.864v/T320/Ts2) . (4.5)

The fortunate form of the equations allows us to sub-
stitute T3+ T52=2.8 keV in Eq. (4.1) and T'p =8

08

T

L L T
208pp (p,p) 2%8Pb ™ (3.469 MeV)

T

06

15.15 MeV
oz} ¢
¢ 1465 MeV

eloh
T

| ST S 1 ) L I
60 100 140 180

F1c. 8. Angular distributions for 28Pb (4~) state on and near
the go/2 resonance.

keV in Egs. (4.1) and (4.2), so that we can easily solve
the quadric equation in T and the linear equation in
4/T3. Of the two possible solutions, one gives an fs
width much larger than the single-particle width, and
is thus rejected. The other result gives

a,=+0.4140.02, a;=—0.76F0.12,
a;=+0.107F0.18. (4.6)

The coefficients given by PT for a 5= state at 3.70
MeV are

| a1 |=+40.567, | a5 | =40.353, | as | =+40.104,
(4.7)

whereas KB give for a 5~ state at 3.64 MeV

| a1 |=+40.747, | as|=+40.275, |a3|=+0.134.
(4.8)

The magnitude of the coefficients does not agree
very well with the theory. In particular, the calculated
Jsi2 contribution is too small compared with the experi-
mental one. In presenting this analysis we should,
however, point out that the cross section to the 5~
3.702-MeV state has a measurable direct component.
Since we have neglected this component, the analysis
presented, which was based on the assumption of pure
compound cross section, may be erroneous.

D. 3.913-4.117-MeV States

The spins of the eight states in this region of exci-
tation are not known, and thus a detailed analysis is
not possible at this point. These states are expected to
be mainly (g, f52?) and thus should have widths in
the range 7-2 keV (see Table III). The difficulty is
that small admixtures of pys* and pss' greatly in-
fluence the magnitude of the cross sections as well as
the angular distributions. Because of the spin factor,

TaBLE V. Legendre polynomial fit to the 28Pb(p, p’)
28Pb(3.469 MeV, 47) near the energy of the gy IAR.

Eplb Az/4o A4/ 4o X
14.650 —0.418 0.076 0.114 0.114 1.14
14.918 —0.364 0.015 —0.040 0.030 2.00
15.150 —0.305 0.045 0.037 0.045 1.50
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the pure f5» 7~ state has the largest cross section of the
pure fs» states and also cannot mix with pye or pap
configurations. One would therefore expect this state
to lie at about 4 MeV and to have an angular distribu-
tion similar to the one given in Table III. 4s/4,
is positive for this state, so that the only state near 4
MeV which satisfies this condition is the 4.032-MeV
doublet. This doublet is resolved only in the spectro-
graph data at forward angles and is plotted in Fig. S.
Since these states are barely resolved, the errors are
rather large. PT predict a 7 state at 4.02 MeV which
is 98% (gos, f527%), and KB predict a 7 state at 4.03
MeV which is 96% (go2, fs27) . However, if the widths
of the state in the doublet at 4.032 MeV are distributed
as the forward cross sections indicate, then the strength
of both falls slightly short of the 6.0 keV expected for
a 7~ state. PT and KB predict a nearly pure 6 state at
4.07 and 4.05 MeV, respectively. In this energy region
the 3.913-MeV state has an As/A4, value of —0.45,
which agrees with the (gop, f52!) 6~ value given in
Table III. The A./A, coefficient is not in good agree-
ment, but does have the correct sign. In addition,
the observed width of 6.5 keV is larger than the pure
configuration value of 5.45 keV (Table III). In con-
clusion, it is not perfectly clear which of these two
states discussed is 7~ or 6.

E. 4.174-4.69-MeV States

The strong states of this group have been assigned
the dominant configuration (gee, p32!) in Table
IV, and the expected value of T, for pure (gos2, p322)
configurations have been given in Table III. On the
basis of these widths, the 4.475-MeV state must have
a spin 6~ or 5~. If we assume it to be a pure (gope,
past) 67, 5, 4~ configuration then, from Eq. (3.10)
and the sp width, we would expect it to have the width
Te- 1/2” 9/2(Ep' = 1037) =19.5 keV or T 1/2” 9/2(Epl =
1037 MeV) = 16.4: MCV or Pq‘ 1/2” 9/2(Ep/ = 1037
MeV) =13.5 keV, as compared with the experimental
value of 15.1 keV. Thus we can rule out the spins 4~
and 3~ for this state. Both KB and PT predict, how-
ever, the 5~ states which have natural parity to be
spread out more or less equally among two or three
other states. Thus none of these 5~ states would have a
width as large as the observed partial width. It seems
reasonable, therefore, to assume that the 4.475-MeV
state has indeed the spin /=6. The angular distribu-
tion of the state is indeed in agreement with a pure
(gor2, P32 configuration, as shown in Fig. 4, but small
amounts of (go2, p12!) could change a (gos2, pa5™?) 5~
distribution very much, and thus one cannot make
this argument rigorous. It would be very desirable
to have a reliable upper estimate on a possible amplitude
(as-12-9/2)? in this state, as could be obtained from
a (d, p) experiment, since this would allow us to make
a unique assignment. The state with the next largest
width is the 4.35-MeV state, which has I',»=12 keV.
Even though we expect the (goe, pss) 5~ strength_to
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be spread out among several states, we do expect that
a (g2, p3t) 4 state which has unnatural parity to
be rather pure, so that we would assign the 4.35-MeV
state the spin 7=4". The expected width for a pure
(gor, pas™) 4~ state is Ty-ap-9p(E,y=10.5) =14
keV, which indeed is compatible with the experimental
width T',»=12 keV. Again we note that the angular
distribution fits rather nicely, as shown in Fig. 4.
Finally, we have four states at E,=4.174, 4.289, and
4.253 MeV (doublet). Since the angular distributions
of the 4.174- and 4.289-MeV states both agree exactly
with a (goje, p32t) 5~ angular distribution (see Fig.
4), it is tempting to think they both have I=35. Further
support for this assignment is based on the fact that the
sum rule for the 5~ states gives for the energy-corrected
widths I',4.174 (E, =10.59)+1',,4.289 (£, =10.59) =
16.85 keV, as compared with a sp limit of 17.8 keV.
If we had made all these assumptions, then we would be
forced to assign one of the 4.25-MeV states the spin 3,
in order to account for the width I',y=9.7 keV. The
distribution of strength between these two states is not
known, however; either one would probably fall short
of the sp limit of 11.1 keV given in Table III. All these
assignments, with the exception of the 6~ assignment
to the 4.475-MeV state, are based on many assumptions
and must be regarded with some suspicion. Recent
investigations® of the *¥T1 (8~) decay supports the
6~ and two 5~ spin assignments.

The 4.692-MeV state is observed to resonate at the
o9, 1172, and dss single-neutron TAR?? and is observed
in the ?®"Ph(d, p) reaction® From Figs. 6 and 7, we
see that both PT and KB predict a 3~ state near this
energy, and we thus make a spin assignment based on
this comparison. The state has a large degree of col-
lectivity, since it has a large off-resonance cross section.
This alone indicates the state is probably a natural-
parity state with =2+ or 3=, Further evidence for the
validity of the 3~ assignment will be given in a future
publication, which deals with the dss through ds»
single-neutron analog resonance.®

F. 4.703-6.000-MeV States

The 2%Pb states in this region of excitation are ex-
pected to have small cross sections in the (p, ) re-
action and to be closely spaced in energy. The neutron
particle-hole strength (gos2, 771) is expected to be mainly
due to j =132 and j=fr)s, which have very small single-
particle widths at the channel energies of 9.787 and
9.077 MeV, respectively. The excitation energies in
28Ph in the absence of residual interactions are 5.06
and 5.77 MeV for the 4152 and fvjs, respectively. Table
VI contains the results of the forward-angle (p, p’)
data in this excitation region taken with the spec-
trograph. Many states with small cross sections are

20 A, Pokkanen, J. Kantele, and P. Suominen, Z. Physik 218,

273 (1969); H. Ostertag and K. H. Lauterjung, ¢bid. 199, 25

(1967).
30 P. von Brentano, P. Richard, and W. R. Wharton (un-

published).
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TABLE VI. 28Ph(p, p’) 28Pb*(4.5-6.0 MeV) cross sections on the gz IAR (cross sections in ub/sr). Errors are total uncertainties.

Eex 20° 40° 60° 90° 90°s
4.475 232423 225.4
4.692 (37) 174420 121415 7716 779 93.6
4.703 18418 14+£5 23410
4.835 20£5 4347 1542 2143
4.857 2446 343 242
4.928 1344 contaminant 342 8+2
4.967 144 contaminant 942 1842 29.0
5.030 (37) 58412 1946 1244 541
5.071 846 9+3 1442 61
5.121 14+4 3+2 72 8+1
5.205 176 8+3 1042 1742 15.1
5.238 (37) 57418 1814 1443 61
5.284 387 10+5 1843 2042 26.6
5.338 3446 1043 128 1446
5.373 104 10+3 contaminant 174 (9.4)
5.474 4749 9+3 contaminant 18-+4 25.0
5.505 160418 89420 55414 4146 55.0
5.536 165 21-+6 86 1143
5.554 1448 34410 62 1042 18.7
5.646 138 1414 17£S5 15+£3 23.0
5.679 3648 1948 34410 2745 42.5
5.769 1146 4014 042 1+£2
5.804 417 contaminant 102 1443
5.827 56=£14 contaminant 103 1243
6.000 2646 contaminant 164 1242

2 Cross section taken from Ref. 11.

observed, and no analysis is attempted. The states at
4.692, 5.030, 5.238, and 5.505 MeV show strong for-
ward-angle peaking. The 5.03-MeV state is observed
to resonate at the ds;2 resonance and is also observed
in the *Pb(d, p) reaction with a characteristic ds;
angular distribution which restricts the spin to 3~ or
2-. The forward-angle peaking of this state in this
low-energy (p, p') reaction indicates that it is a
natural-parity state and is thus a 3~ state. This spin
assignment implies a (ds, pry2!) spectroscopic factor
of 0.37% The same argument can be made for the
5.238-MeV state.!® An assignment of 3~ for this
state implies a (dss, p157') spectroscopic factor of
0.198. From Table VI, note that the 4.692-MeV (3™)
state shows the expected forward-angle peaking. A
state at 5.505 MeV has previously been assigned a
spin 1= on the basis of its ground-state vy-decay
strength 3

317, G. Cramer, P. von Brentano, G. W. Phillips, H. Ejiri,
S. M. Ferguson, and W. J. Braithwaite, Phys. Rev. Letters 21,
297 (1968).

G. i12 Isobaric-Analog Resonance

The states excited in the inelastic proton scattering
at the 452 IAR have small cross sections (~150
ub/sr) due to the angular momentum barrier for the
i-wave protons in the entrance channel. Four states
have cross sections large enough to allow extraction
of an excitation function.”* These states are the 4.200-,
4.692- (37), 4.928-, and 5.071-MeV states listed in
Table II. Of these states, only the 4.200-MeV state is
observed in the 27Pb(d, p) reaction with an iupe
neutron transfer. This state, perhaps a doublet, is
likely to be mainly (4112, p12) on the basis of the
single-particle energies which predict in the absence
of residual interactions a 5~ 6~ doublet near 4.22 MeV.

The outgoing proton spin in the (p, ') excitation
of the 4.692-MeV (3™) state at the 4532 TAR cannot
be py2 or ps2, but can be fy2. It is somewhat surprising
that this cross section is observable when the single-
particle widths are considered. This state is observed
in the (d, p) reaction, but only through the ds neutron
transfer.



1018
208 208 _, *
Pb(p,p’)  Pb
- Ep = 1572 MeV, i}, TAS
“ 300 P*l f.| -1
3 172 5/2 P3/2
= | | I
blc', 200 |-
oo
100 |-
1 ] 1 1
4.0 4.5 5.0
Egox(Mev)

F16. 9. Cross sections and energies for the states observed at
the 72 IAR are given here, together with the energy of the
three lowest neutron holes. 90° cross sections are given for the
5.071- and 4.20-MeV states, whereas 158° cross sections are given

for the 4.928-MeV state.

The remaining two observed states at 4.928 and
5.071 MeV lie near the zero energy (5.114 MeV)
for (4w, pse') configurations. These states are not
observed in the (d, p) reaction, indicating very little
mixing of pys hole strength. The 5.071-MeV state has
the largest cross section of these states and is probably
a high-spin member of the (i, p35) quartet, due to
statistical factors.

Figure 9 displays the differential cross section at
some angle for each of the four observed states and
also compares the energies of these states with the
three lowest single-neutron-hole energies. The proton
partial widths were not analyzed, because of the large
uncertainty in the elastic width for the 412 TAR.

H. jis/2 Isobaric-Analog Resonance

At the energy of the j152 IAR, two states are observed
to resonate with an extremely small cross section. The
off-resonance cross section is ~15 ub/sr, compared
with ~30 ub/sr on resonance. As in the case of 4112 TAR,
this small cross section is due to the small value of the
elastic width T, The resonance is observed in the
4.602-MeV state and 4.835-4.857-MeV doublet. The
same states are observed as L=7 neutron transfer
states in the 2Pb(d, p) reaction.? From this fact and
also from the excitation energies of these states, which
lie close to the unperturbed energy (4.84 MeV) of the
(Jiss2, puzt) configuration, we assume that these states
indeed contain a ( jiss, pyz!) configuration and thus
have one of the spins 7+ or 8+, The state observed at
4.602 MeV has previously been assigned as an &
state.®? No other states are observed in the spectra in
the ji52 IAR, which is reasonable because of the small
cross sections one expects for states with pss! and
fs;2~* configurations.

3 J. Sandinos, G. Vallois, O. Beer, M. Gendrot, and P. Lopato,
Phys. Letters 22, 492 (1966).

RICHARD et

183

al.

V. CONCLUSION

The low-lying states of 2®Pb which have a gyp,
11172, OF 152 neutron coupled to various neutron holes
(P12, forr, and ps) have been investigated in the
WPh(p, 9')*Pb excitation function and angular
distributions in the vicinity of the single-neutron
TIAR. The comparison of the observed decay widths
with the theoretically calculated widths obtained from
shell-model wave functions’® gives fair agreement,
but indicates that much more theoretical work is
needed to describe these low-lying states correctly.

From the experimental angular distributions at the
g2 TAR and the partial widths obtained there from,
the states with dominant (go, p127Y), (g2 fo2 ),
and (g2, p327%) neutron configurations are determined.
For states with known spins, such as the 3.469 MeV
(47) and 3.702 MeV (57), an analysis of the angular
distributions has yielded the wave-function coef-
ficients for the various neutron-hole configurations.
For the states with dominant (go2, p3s) configura-
tions which lie between 4.15- and 4.8-MeV excitation,
several spin assignments are suggested. The spin
assignments are not completely unique, but are con-
sistent with the expected sp widths given in Table III
and the expected angular distributions.

For the 412 IAR, no final-state spins are assigned.
Two states are observed in the (p, p’) reaction, how-
ever, which are not observed in the *"Pb(d, p) re-
action. These two states are likely to consist mainly
of (iu/z, P3/2—1) conﬁgurations. At the j15/2 IAR, the
same states are observed as in the *"Pb(d, p) reaction.

Work which still remains to be done on these states
is (1) to make spin assignments for the several un-
assigned states and to confirm the present spin assign-
ments [the on-resonance (p, p’y) correlated and un-
correlated angular distributions measured with Ge(Li)
v detectors may give this information] and (2) to
obtain accurate calculations of the single-particle
widths, their exact energy dependence, and accurate
calculations of the mixing phases. Several authors®:
are presently working on this problem. Zaidi, Dyer,
and Coker have recently calculated wave functions
for the IAR and the final 28Pb states, using the same
residual interaction, and are attempting to fit the
measured angular distributions which are presented
here.
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