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A number of narrow lines are observed around 20 MeV excitation energy in ~Pb in the
study of Pb( He, n) at 70 MeV. Their excitation energies and relative spacing suggest
that these peaks arise from the neutron pickup from the i»er filled sdhg shell between
magic numbers 82 and 50 with isospin number T = —.In addition, distorted-wave Born-
approximation (DWBA) calculations of the angular distributions agree in shape with the
data. The solution of the Lane coupled-chn»els equations leads to a DWBA cross sec-
tion in reasonable agreement with experiment.

In the past few years a number of experiments
have been carried out in heavy nuclei in order to
locate the T& components of inner hole states us-
ing neutron pickup reactions. ' ' In general, both
the && and the && components of these inner neu-
tron hole states are populated, the latter (&,) ob-
served as sharp peaks at high excitation energy
above a continuous background. "' 'o These
studies are of importance because they provide
quantitative information on the spreading of sim-
ple configurations into the underlying background
in a region of very high level density. A simple
calculation of the Coulomb displacement energy
predicts that these levels are located between 19
and 24 MeV excitation energy in ' 'Pb and the pos-
sibility of observing the 7'& = ~4' states in this nu-
c3.eus is completely dependent upon the concentra-

tion of the single-hole analog strength and the ra-
tio of such cross sections to the physical back-
ground arising from the high level density. Final-
ly, the recent calculations of the form factor of
such inner hole states"' using the Lane coupled-
channels equations" (CC), which have been fairly
successful in reproducing the strength of the &&

hole-analog states in heavy nuclei as compared to
the usual separation-energy method (SE), could
be tested in 'Pb under extreme condition (bind-
ing energy of —30 Me7 and high isospin number

45 )
In order to study these phenomena in more de-

tail, the reaction '"Pb('He, n) "Pb was investi-
gated at 70 MeV incident energy using a 50-cm-
long delay-line counter backed by a plastic scin-
tillator in the focal plane of the Enge spectro-

292 1978 The American Physical Society



QLUME 41, +UMBER $ PHYSICAI. RKVIKW I.KTTKRS SI JUr.v 1978

graph. This arrangement gives very clear iden-
tification of the o. particles and an excitation en-
ergy range of about 28 MeV in '"Pb could be easi-
ly explored. The energy resolution was dominated
by the target thickness (~10 mg/cm') and was
about 200 keV full width at half-maximum (FWHM) ~

The excitation energy calibration of the counter
was obtained by using the known energies of the
first few excited states in 'O'Pb and some strong
lines from the reactions "C('He, o.)"C and
"0('He, c.)"O. The portion of the spectra in the
excitation energy range of interest (18-26 MeV)
recorded at 6' and 12 lab angles is plotted in
Fig. I. Two strong peaks, each of them consist-
ing of a close doublet, are clearly observed at
almost all angles. In addition, a very weak
state is also observed around 23-MeV excitation
energy with a peak cross section occurring near
a laboratory angle of 12'. A simple Coulomb dis-
placement-energy calculation using a semiempiri. -
cal formula indicates that the Ss~, and 243/2
ground and first excited hole-analog configura-
tions in 2c'Pb should lie around 19.4 MeV (0.350
keV apart), The measured excitation energies
listed in Table I for the first doublet agree very
well with this assumption. Furthermore, the
spacing of these two levels, together with the
population l MeV above of the next doublet, re-
producing the level sequence of low-lying states
in'"Tl (see Table I), are believed to be strong
arguments in favor of the identification of these
leve1s as the analog states of the 3s~„3d~„
lh, ~~, and 2d,&, proton hole states in the '"Tl
parent nucleus, respectively. ' The measured
total width of the levels observed here of about
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200 keV is also quite comparable to the total
width of single-particle analog resonances'~ ob-
served in '"Bi at about the same excitation ener-
gy

To test further the assumption that these peaks
arise from pickup of a neutron from the sag

CHANNEL NUMBER

FIG. 1. n-particle spectra from the reaction Pb-
( He, o. ) Pb at. laboratory angles of 6' and 12'. The
arrows indicate the position of the T = 45 deep-hole
configurations in TPb. The symbol 0 refers to a state
arising from (3He, c.') reaction on ~60.

TABLE I. Summary of the results from the reaction 2PBPb(3He, n)2PTPb to hole-analog states.

(MeV}

b

(Parent)
(MeV)

EEc
(MeV)

Expt Calc ' Csn
C2S b

d

2TQ+ 1

19.31+0.04 '

19.69 + 0.04
M.65 + 0.06
21.00 + 0.06
22.89 + 0.08

0.00.
0.38
1.34
1.VV

3.58

0.00
0.351
1.341
1.674
3.474

18.67
18.70
18.67
18.76
18.77

18.71

3s&y2

2d3y2

&~ups
2d 5/2

(lgv(2)

0.38
0.40
1.34
0.46
(1.54)

0.12
0.13
0.58
0.16
(0.45)

0.042
0.10
0.24
0.08
0.07

0.044
0.090
0.27.

0.13
0.1S

'F.
p is the excitation energy of the ground-state analog.

Excitation energies and the O'S& numbers are from Ref. 14. C Sp = C 8/'(2Tp+ 1) where T p is the isospin of the
target.

~The Coulomb displacement energy was calculated using the semiempiricsl formula b,Z, = 1430g/A~~~ —9M of
Ref, 13,

(2j+ 1)/(2Tp+ 1) are the expected values for the strength of hole-analog configurations in a. pure shell-modeI.
pictux'e
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shell, angular distributions were measured from
6' to 25' lab angle in 3' steps. In order to deter-
mine the angular momentum transfers and the
strengths of the transitions observed, a number
of calculations were carried out using the code
DWUCK. " The 'He optical parameters were orig-
inally determined from the study of elastic scat-
tering of He on "Pb at 47.5 MeV,"whereas the
n optical potential was that used previously by
Goldberg e~ al. l7 in their analysis of o. elastic
scattering on the lead isotopes. These param-
eters were found to reproduce quite well the
shape and the strengths of the well-known low-
lying f5~„ i„~» and f,~, hole states in "'Pb."
A normalization constant of N = 23 was used in
the calculations and no finite range or nonlocal
corrections were employed. Special care was
taken to describe correctly the form factor of
the deeply bound states populated in this experi-
ment. The binding energy of the neutron is about
—30 MeV and it is well known that in this case
the usual separation energy procedure (SE) gives
too low DWBA cross sections. " A more realis-
tic way to compute such form factors is to use
the Lane coupled-channels equations. " As point-
ed out a number of years ago by Stock and Tamu-
ra,"a surface-peaked Woods-Saxon potential
—4{V,/A)f' Tdf(x)/dx where x =x —r,A"' and

V] 142 MeV was added to the usual binding po-
tential. V, is related to the usual isospin coup-
ling strength U, = 25 MeV by the expression Ul
= 2aV, /r, A'~' The .coupled-channels equations
were solved using the computer code DNUM. "
The geometrical parameters of the nuclear well
used in both calculations (SE and CC) were
z= 1.25 fm, a= 0.65 fm, and A. = 25. This ap-
proach has been shown to give realistic DWBA
(distorted-wave Born-approximation) cross
sections in good agreement with experiment for
highly excited hole-analog states in Zr and Sn
isotopes"' for levels with isospin ranging from—to —.ll 21

2 2
The results of the CC calculations for the reac-

tion "'Pb('He, a)2o'Pb are shown in Fig. 2 to-
gether with the experimental angular distribu-
tions. In extracting the experimental cross sec-
tion for the narrow peaks, a straight-line back-
ground was assumed which passed through the
nonenhanced regions of the spectrum. For each
level the DWBA predictions assuming a single
E transfer are plotted. Clearly the shape of the
angular distributions for each final state assum-
ing an l transfer equal to that for the known par-
ent configuration (see Table I) is well repro-
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FIG. 2. Angular distributions for the reaction 2 Pb-
(He, n) ~Pb leading to hole-analog states. The nl j
value of the neutron-hole configuration is indicated
for each final state. Error bars arise mainly from
the uncertainties in the background determination.
Solid lines are DWBA calculations for the listed quan-
tum numbers (see text).

duced by the DWBA calculation. In all cases,
the shape of the angular distribution is independ-
ent of the method used to compute the neutron
form factor.

In Table I the deduced strengths C2S„are com-
pared with the shell-model sum-rule limit equal
to (2j + 1)/{2T,+ l), where j is the spin of the
hole state and T, the isospin of the target, and
with the proton-hole strengths of their parent
states. This analysis shows that the SE method
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gives spectroscopic factors which are larger by
a factor of 5 to 10 than the ones deduced for the
parent states or expected from the sum-rule
limit. These discrepancies cannot be explained
by the dependence of the cross sections on the
optical-model parameter s. A quite remarkable
improvement is obtained by using the Lane
coupled-channels form factor. Although the re-
sulting values (see Table I) are still large, they
are within 20 to 40/o for the well-matched / val-
ues (I = 2 at 8„=20 MeV) which can be explained
by the uncertainties in extracting the peak cross
section (10-20)% and by the dependence of the
DWBA cross sections upon the optical param-
eters (20 to 40%). For the I = 0, 5, and 4 transi-
tions which are badly matched at an excitation
energy of 20 MeV, the poorer agreement could
be due partially to this additional effect. How-
ever, one cannot exclude completely the possibil-
ity that a fraction of the observed cross section
for the deep-hole analog states could arise from
the mixing of the T& configuration with the high
density of T, levels in the vicinity, which would
not be explained by the present DWBA calcula-
tions.

In summary, five narrow states (I'- 300 keV)
have been observed around 20 MeV in "'Pb using
the reaction "'Pb('He, n). The measured excita-
tion energies and the shapes of the angular dis-
tributions support strongly the assumption that
the levels arise from the pickup of a neutron
from the sag shell with isospin component
T = 45/2. This is the highest isospin value ever
observed in a transfer reaction to an analog
state. For a comparison of the measured
strengths with the DWBA predictions, one can
clearly see that the solution of the coupled-
channels equations gives a reasonable descrip-
tion of the deeply bound state but does not com-
pletely reproduce the expected values for the
shell-model sum-rule limit. It is remarkable
that the full strength of the analog states is still
concentrated in a very narrow range of excita-
tion energy. Finally, a better description of the

highly excited T, levels can only be obtained by
a correct treatment of the mixing of the doorway
state with the surrounding T, levels.
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