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FIG. 3. UPR Am = +2 dispersion signal amplitude
versus temperature. Conditions as in Fig. l.

The dispersion signal also shows anomalous
behavior between 10 and 13'K. The dispersion
signal shows no sign of saturation at low tem-
peratures. This agrees with saturation mea-
surements on UPR absorption and dispersion
at 4.2'K. ' No theory has yet been given to
describe the behavior of the UPB dispersion
signal under conditions of saturation. The ex-
perimental behavior of the UPR absorption
and dispersion signals under conditions of sat-
uration is similar to the behavior of the epr
absorption and dispersion signals. In the epr
case also, the absorption signal saturates much

easier than the dispersion signal. " The fact
that the temperature dependence of the absorp-
tion and dispersion signals is qualitatively dif-
ferent suggests that it may be best to use the
dispersion mode when searching for new signals.
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PROTON SINGLE-PARTICLE STATES ABOVE Z =82, AS OBSERVED
WITH THE REACTION Pb(aHe, d)a Bi AT E3He =51 MeV*

B. H. Wildenthal, g B. M. Preedom, f E Newm. an, and M. R. Cates5
Oak Ridge National Laboratory, Oak Ridge, Tennessee

(Heceived 11 September 1967)

The location and identification of the proton
single-particle states above Z =82 is a prob-
lem of basic interest'~' and the subject of re-
cent' ' discussion and investigation. This note
presents the experimental angular distributions
of the six strong transitions observed to bound
states of "'Bi in an investigation of the reac-
tion ' aPb(sHe, d)'aaBi at EaH ——51.26 MeV. An

analysis of these data with local, zero-range
distorted-wave (DW) calculations' yields a pos-
itive identification of the first five of these lev-
els with the 1h»„2f„„ li,s„, 2f»„and 3Pa„
single-particle states, respectively.

The experiment was performed with the Oak
Ridge Isochronous Cyclotron and the associat-

ed broad-range spectrograph facility. The tar-
get was a 0.47-mg/cm' lead foil of isotopic con-
stitution 95% '"Pb, 1.2% "'Pb, and 3.8% "'Pb.'
The experimental energy resolution (full width
at half-maximum) for the aoaBi groups was 60
keV. The major target contaminants mere "C
and "0; the ('He, d) reaction products from
these nuclei obscured the particle groups of
one or two levels of ' 'Bi at several angles.
The absolute cross sections of the ('He, d) tran-
sitions to the levels of '"Bi were established by
reference to the elastic yields of Pb(aHe, aHe)Pb
at OI =14', 16', 18, and 25'. The cross sec-
tions for this elastic scattering were assumed
to be those predicted in an optical-model ca)-
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Table I. Results of DW analysis of angular distribu-
tions of the reaction 208Pb(3He, d)20~Bi, E 3He=51. 26

MeV, and the DW parameters for the calculations upon
which the spectroscopic factors are based.

erties, are listed in Table I. Since the mag-
netic spectrograph is not well calibrated at
the high fields employed in the present inves-
tigation, the small systematic deviations be-
tween our measured energies and the average
values '~"~' found in the literature should not
be considered significant. The ground state
and the 1.60-MeV level are characterized by
l transfers of 5 and 6, respectively, as is il-
lustrated in Fig. 1. The sensitivity with which
the -50 MeV ('He, d) reaction and the associat-
ed DW analysis can distinguish between these
two cases is also shown in Fig. 1 by a compar-
ison of the data to the predicted distributions
for the alternative l transfers, indicated by the
dashed lines. The ground-state spin is known'4

to be -', and the 1.60-MeV level is most like-

3Hea 175 17.5 1.14 1.40 0.723 1.60 1.81 0
Deuteron 111 0 1.05 1.25 0.859 1.24 0."g94 17.7
Bound 1.24 1.25 0.65

state

Ref. 11.
Rev. 8.
The bound-state well depths were adjusted to repro-

duce the respective separation energies of the various
levels. ~=6.
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culation which employed the ~He parameters
in Table I. The optical model predictions at
these angles are insensitive to the exact values
of the parameters used in the calculation as
the Coulomb term predominates.

The experimental differential cross sections
are shown in Figs. 1 and 2. The curves in these
figures are obtained from DW calculations, made
with the code JULIE, ' which employ the param-
eters listed in Table I. The deuteron param-
eters are from an analysis' of 52-MeV elastic
scattering on ' 'Pb. These parameters are sim-
ilar to the values obtained for Bi and from
formulas derived from deuteron elastic scat-
tering at 34.4 MeV. ' The three sets produce
virtually identical DW angular distributions
for the present reaction. The 3He parameters
used are those obtained by Bassel and collab-
orators" from an analysis of scattering on me-
dium-weight nuclei at energies from 30 to 50
MeV. Their results indicate that these param-
eters are stable with respect to changes in ei-
ther the bombarding energy or the target mass.

The excitation energies of the states of ' 'Bi
studied, and their assigned spectroscopic prop-
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FIG. 1. The experimental angular distributions of
the ground state and 1.60-MeV level of 9Bi, excited
by the reaction Pb( He, d) SBi at 51.26-MeV incident
energy. The solid curves represent DW calculations
for the two states, using the parameters of Table I,
with l =5 assumed for the ground state and l =6 as-
sumed for the 1.60-MeV level. The dashed curves rep-
resent calculations in which the opposite l values are
assumed,
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FIG. 2. The experimental angular distributions of
the 0.89-, 2.81-, 3.10-, and 3.61-MeV levels of Bi,
excited by the reaction Pb( He, d} ~Bi at 51.26-MeV
incident energy. The curves represent DW calcula-
tions for the l transfers of 3, 3, 1, and 1, respectively.
The parameters of Table I are employed.

ly 13/2 . The basis of identification of three
other low-lying levels is illustrated in Fig. 2.
An inspection of the experimental points and

DW curves shows that the states at 0.89 and

2.81 MeV are characterized by l =3 transfers
and that the 3.10-MeV state is excited with an
/ = 1 transfer.

The absolute magnitudes of the angular dis-
tributions calculated in the distorted-wave Born
approximation for the present reaction, though
not their shapes, are quite sensitive to the imag-
inary well strengths of the optical potentials
and to the radius parameter y, of the bound-

state potential well. Since the 3He potential
that is employed lacks the direct experimen-
tal verification of the deuteron potential, there
is some ambiguity in the absolute values of
the predicted cross sections which results from
the uncertainty in W~ (3He). The best value

of W, appears" to be approximately 17.5 MeV.
A Coulomb-stripping study" on ' Pb suggests
that x0=1.24 F gives the optimum value for
the radius of the bound-state well. The spec-
troscopic factors for the states of ' Bi that
are extracted with calculations which use these
parameters are listed in Table I. The normal-
izing factor" for ('He, d) reactions of 4.42 was
assumed.

The magnitudes of the predicted cross sec-
tions of high l transfers are also sensitive to
the strength A, of the spin-orbit component of
the bound-state potential. From a study of the
l = 5 and 6 transitions, where the spin-orbit
effects are most important, it was found that
the usual value, X =25, was too large. This
finding is consistent with the accepted hypoth-
esis" that the radius of the spin-orbit poten-
tial is smaller than the radius of the central
parts of the potential well. A value ~ = 6 was
found to give spectroscopic factors with =10%%d

scatter about unity.
The spin-orbit term in the bound-state well

increases the cross sections for j=l+-,' tran-
sitions and decreases those of j=l--,'. Since
the effects of this term on the cross sections
are in the same direction as the 2j+1 weight-
ing factor, the predicted cross sections for
all / values are significantly j dependent for
any strength of ~ reasonably larger than 0.
Thus, under the reasonable assumption that
the states of "'Bi which are strongly populat-
ed in the present reaction are essentially pure
single-particle states and hence should have
spectroscopic factors about equal to one, the
spins of the observed levels of Bi, as well
as the / values, can be assigned. This is shown
in Table I where the spectroscopic factors for
the opposite assumptions of j are compared
with those resulting from the chosen assignments.

A recently published study' of the proton sin-
gle-particle states of "'Bi failed to detect the
previously observed, ' strong, 3.1-MeV level
because of an unfortunate positioning of the edg-
es of the emulsion plates. The 3.6-MeV lev-
el was consequently assumed to be the p», state
and the unbound level' at 4.4 MeV the p, &2 state,
with attendant difficulties in interpreting the
cross sections. While the present work shows
that the 3.1-MeV level should be identified with
the p„, state, it opens the question of the iden-
tities of the 3.6- and 4.4-MeV levels. The yield
from the 3.6-MeV level is unfortunately masked
by the yield from the oxygen target contaminant
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at 5.0' and 7.5', the angles which are needed
to provide a definite positive or negative iden-
tification of an / = I state. The existing exper-
imental points are in best agreement with an
l =1 calculation, and the spectroscopic factor
resulting from an assumed p„, character for
this state is listed in Table I. However, such
an assignment, on the basis of the present da-
ta, is only tentative. The experimental data
for the unbound 4.4-MeV level are also frag-
mentary because of the same, but more severe,
sort of interference from the light-element
contaminants. There is some evidence of peak-
ing at forward angles, similar to an / = 1 shape,
but none of the bound-state calculations provides
a good fit. The cross sections for the 4.4-MeV
level are slightly smaller than those for the
3.6-MeV level at the same angles.
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