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The analog of the ground state of 2*Bi was investigated by both the 2¥Bi(p,r)?"*Po and the
2"9Bi(p, np)?%®Bi reactions. The Coulomb energy difference 209po_209B; wag determined as 18.92
+0.03 MeV, and the relative partial widths for proton decay into the py,3, f52, and py ,channels
were determined. The total width of the analog state was found to be 380+ 80 keV.

1. INTRODUCTION

The nuclei near the magic numbers Z =82 and
N =126 have been the subject of numerous shell-
model studies, and it is generally concluded that
the low-lying states can be described by fairly sim-
ple configurations. For example, various strip-
ping reactions have shown that 2°’Pb has a number
of pure hole states in the ?°®Pb core.’ The low-
lying levels of 2°°Bi have also been treated as quite
pure particle-hole configurations.? Both the posi-
tions of the levels, and stripping and pickup reac-
tions** are consistent with small admixtures be-
tween various multiplets.

In addition, the analog of the ground states of
many of the nuclei in this mass region have been
observed as resonances in proton elastic and in-
elastic scattering, and their positions and widths
have been extracted.’”® Information on the T=T,
+1 analog of the ground state of 2°2Pb has also been
obtained recently from the reaction *°®*Pb(p, np).°

The experiment described in this paper exploits
the (p, np) reaction'® 2 to study the analog of the
209Bi ground state in the nucleus **°Po. This par-
ticular state cannot be readily studied by a reso-
nance method, since the 2°Bi target is unstable,
with a half-life of 3.7x10° yr. Since the p spec-
trum contains a number of peaks due to the multi-
plet structure of 2°®Bi, the direct (p, n) measure-
ment of the analog state was also undertaken to
check its position and width. Additional informa-
tion on the partial widths for proton decay of the
analog state was also obtained.

2. EXPERIMENT

The 2°°Bi( p, np) experiment was carried out using
the extracted beam from the Michigan State Univer-
sity isochronous cyclotron at proton energies from
24 to 30 MeV. The protons were detected in a
counter telescope of cooled silicon surface-barri-

2

er detectors. Protons were separated from other
reaction products using the program TOOTSIE!® in
an XDS Sigma 7 computer. Spectra were taken at
90, 120, and 160° to check the kinematic effects

on the line shape of the protons emitted from the
analog state and to check the isotropy of the emit-
ted protons. Isotropy is expected if the (p, n) reac-
tion goes by simple charge exchange, since the
isospin lowering operator 7~ does not affect the
population of magnetic substates in the nucleus.

A spectrum taken at 160° and at 24.7-MeV bom-
barding energy is shown in Fig. 1. The striking
feature of this spectrum is the three peaks ob-
served at a proton energy of about 11 MeV. These
peaks were shown to remain at about the same ab-
solute energy for a number of bombarding energies
between 24 and 30 MeV.

The energy scale of the detector was calibrated
using the inelastically scattered protons from a
thin carbon foil. Calibration runs were made be-
fore and after each p run. While the energy of the
protons from the decay of the analog state is inde-
pendent of the bombarding energy, the absolute
calibration of the detector depends upon the cali-
bration of the energy-analysis magnets in the
beam transport system. This uncertainty is be-
lieved to be less than 50 keV ** for 25-MeV protons.

The target thickness also contributes to the un-
certainty in the position of the p peak. Fortunately
this could be calculated, since 2°°Bi(p, d)2°®Bi spec-
tra were taken at the same time as the p runs and
so from the width of the deuteron peaks (which was
essentially due to target thickness), the target
thickness for the protons could be calculated to
within +10 keV.

The kinematic corrections are more difficult to
establish since the distribution of the velocities of
the 2°°Po recoil nuclei following the (p, n) reaction
gives rise to both a shift and a broadening of the p
spectrum. The magnitudes of these effects depend
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FIG. 1. Spectrum of protons scattered from 2%9Bi at a laboratory angle of 160°. The suppression of the spectrum below
channel 200 and above channel 600 is instrumental, corresponding to the detector thickness used.

upon the angular distribution of the neutrons and
the p detection angle. There is an additional con-
stant energy shift in the lab system because of the
recoil caused by proton emission.

A summary of these effects, assuming three dif-
ferent neutron distributions (labeled 1, 2, and 3),
is shown in Fig., 2, When the protons are detected
at 90°, the centroid of the p peak is the same as
E, the lab energy obtained if the **°Po nucleus de-
cayed at rest, regardless of the neutron angular
distribution. The decay energy was therefore cal-
culated from the spectra measured at 90°. The ob-
served difference in energy between the 90 and 160°
spectra, shown also in Fig. 2 implies that the (p, n)
angular distribution for the analog state is forward
peaked, although the detailed distribution cannot be
uniquely determined.

Figure 3 gives a comparison of the calculated p
line shapes at 90 and 160° for the three (p, n) angu-
lar distributions shown in Fig. 2. The curves are
normalized to have the same area. A very narrow
intrinsic width for the analog state of 10 keV was
chosen in the calculation so that the details of the
line shape could be seen. The extreme distribu-
tions 1 and 3 give line shapes with essentially the
same width at both angles. Distribution 2, which
resembles most measured angular distributions,
gives a full width at half maximum or 80 keV at 90°
and 35 keV at 160°. The width is 2 maximum near
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FIG. 2. Dependence of the proton centroid energy E on
the detection angle calculated for the three (p,n) angular
distributions shown. E.=208/209 E, (c.m.), where E,
(c.m,) is defined in Eq, (1).
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90° for any moderately forward-peaked distribu-
tion. However, the magnitude of the effect is small
compared to the observed width of the peaks, and
only introduces a small error in the width of the
analog state.

It should be noted that the curves in Fig. 3 were
calculated for a Coulomb energy difference of 19.18
MeV, which is higher than the value observed.
These curves therefore peak at correspondingly
higher energies than the experimental spectra,

The determination of the energy of the analog
state is further complicated by the fact that the
proton decay proceeds to closely spaced multi-
plets in 2®®Bi, Even the ground-state multiplet
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consists of two states 60 keV apart.? Therefore,
as an independent check on the position and width
of the analog state, the direct (p, ) measurement
was made.

Neutrons were detected in a 5-in. plastic scintil-
lator about 5 m from the Bi target. y-ray discrim-
ination was improved by displaying the pulse-shape-
discriminator output versus light output as a two-
dimensional display in the Sigma 7 computer and
using the program TOOTSIE'? to allow for curva-
ture in the y-ray and neutron lines. The neutron
time-of-flight spectrum was taken using a time-to-
amplitude converter. The intrinsic time resolu-
tion of the system was 1.5 nsec. The **Bi(p, n)
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spectrum showed only one large neutron peak at
the energy of the analog state. The energy calibra-
tion was obtained from the '2C(p, n)'N reaction.
The results were quite consistent with the p data.

3. COULOMB ENERGY DIFFERENCES

The energy of the delayed protons to the ground
state of 2°®Bi was determined as 11.409 MeV with
an error of 30 keV due to the finite width of the
state and the effect of the 60-keV doublet in 2°Bi,
The Coulomb energy difference between *°°Po and
209Bj is then obtained from the equation

AE;=E,(c.m.)+B, (*°Bi) , (1)

where B, is the binding energy of the last neutron
in 20°Bi,'* After making the c.m. correction, the
Coulomb energy difference was obtained as 18.917
MeV + 33 keV, While this is the first measurement
of the Po-Bi Coulomb energy difference, it is in-
teresting to compare it with the 2*®°Bi-2*°Pb values
obtained previously. These results are shown in
Table 1. Although the effect of the extra proton is
to increase the Coulomb energy by 110+ 40 keV,
one might have expected an increase of nearly 300
keV from the formula's

AE;=1,443Z /A3 -1.12 MeV. (2)

However, even a simple model of the states which
includes the Coulomb interaction of particles in
shells outside the 2°°Pd core indicates that this val-
ue could easily be much smaller than 300 keV, A
discussion of the many effects which arise in a
more accurate calculation has been given by Auer-
bach et al.'”

4. THEORY AND DISCUSSION

The low-lying states in 2°°Bi arise from particle-
hole couplings which form closely spaced multi-
plets, and it is assumed that there are no admix-

TABLE I. Coulomb energy differences for
A=209 in keV.

Po-Bi 18.917 £33 Present

Bi-Pb 18.841 +102 b
18.84 +20 c
18,789+ 7 d
18.80 +20 e

2A previous result from Rutgers [D. J. Brendin,
O. Hausen, G. Lenz, and G. M. Temmer, Phys. Letters
21, 677 (1966)] gave a value of 18.98 MeV, but it is as-
sumed that the more recent value is more accurate.

bG. H. Lenz and G. M. Temmer, Nucl. Phys, A112,
625 (1968). )

°See Ref. 6.

dSee Ref. 18.

®See Ref. 7.
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tures between multiplets.>'* If such possible ad-
mixtures are neglected, the wave functions for the
208Bj gtates of interest here may be written as

Wi =(nlrjr, vl ey, (3)

where 1’j’ refers to the kg, proton, and lj to the
various neutron hole states, and | ¢) refers to the
208ph core. Similarly, if the ground state of *°°Bi
is taken as a h,,, proton outside the ***Pb core, its
analog in 2*°Po is

1AS _ 2j+1 1\
¥ —Z < 3 (M1, vlj V) ghg 5l €)

i#9/2

+6;, 9/2(%)1/2('”%; Vl%_l)oﬂ'hs/zlc) . (4)

According to a simple resonance theory of the
nuclear reaction, the other nucleons are not af-
fected by the emission of a proton from the ana-
log resonance. The partial width for the decay of
the analog resonance to a given excited state is ex-
pressed as a sum of terms, each being the prod-
uct of a spectroscopic factor and a single-particle
width for the emitted proton. The single-particle
width is strongly dependent on the energy and an-
gular momentum of the outgoing proton, because
of the Coulomb and centrifugal barriers.

An analysis based on this theory has been used
to obtain structure information in the lead re-
gion.'® The single-particle widths were extracted
from elastic and inelastic proton scattering from
207pp,19:20 1 the 2°°Pb ground state is a doubly
closed shell, and the low-lying states (,j) in 2°"Pb
are single-neutron holes in the (I, j) orbit, the ob-
served partial widths are given by

Ty;=(2j+1/44) TP . (5)

In the experiment reported here the simple shell-
model estimates of the partial widths are

’; 2J +1
r{ljz 43(2j' +1) if ;92 - (6)
The p cross section was then calculated using the
expression

_‘iq s Fi ) (7)
aa FP) “Z E-E) i1
where the sum extends over all states in the mul-
tiplets (U, ;) Thg g (Vfs.2) Thoys aNd (VD) 5) "' Mhg e
The energies and spins of the states in 2°*Bi are
taken from the 2°°Bi(d, t) experiment.®

In order to make the extracted single-particle
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FIG. 4. A comparison of the theoretical fits to the data
with background subtracted. Two curves calculated with
different total widths are shown to illustrate the stability
of the relative partial widths extracted.

widths directly comparable to the single-particle
widths from the 2°"Pb proton scattering experi-
ment, penetrability corrections have been made to
the I';’s appearing in Eq. (7). We replace T'; by
I,[P(E)/P(E})], where E! is the energy of the out-
going proton in the 2*"Pb (in) elastic scattering ex-
periment at resonance, and P(E) is the penetra-
bility calculated in the WKB approximation.

The procedure then was to subtract a smooth
background from the experimental spectrum and
do a least-squares fit to the remaining peaks,

TABLE II. Proton single-particle widths I';; (keV).

Present %Pb(p,np)®  NTPb(p,p)° 2TPh(p,p)
s 602 60.5 +3.0 6115 66
fore 4345 21 +2.4 17+ 4 19
DPys  67%5 69.2 £2.1 50 +11 44

4Normalized to 60 keV.

bSee Ref. 9.

°G. M. Temmer, G. H. Lenz, and G. T. Garvey, in
Proceedings of Intevnational Confevence on Nuclear
Physics, Gatlingbuvg Tennessee, 12~17 September,
1966, edited by R. L. Beeker and A. Zucker (Academic
Press Inc., New York, 1967), p. 225.

dSee Ref. 19.
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varying the relative partial widths and gridding on
the total width. The final widths were then ob-
tained by normalizing P;lf’/z to 60 keV. Acceptable
fits to the data for two different total widths are
shown in Fig. 4. The relative partial widths are
quite stable for different backgrounds and for a
variation of the total width of up to 100 keV. How-
ever, for total widths smaller than 350 keV there
is an excess of p strength between the ground (hgy 2
D12 ") and the (g, f5,,~") multiplet. The values
for the proton widths extracted are shown in Table
II. The errors quoted reflect the uncertainties as-
sociated with background subtraction and with the
fitting procedure. The total width is not deter-
mined as accurately and, allowing for kinematic
broadening, is given as 380+ 80 keV.

The relative widths extracted for the p,,, and
ps,. channels agree reasonably well with the pre-
vious values obtained from other nuclei in this re-
gion, as shown in Table II. However the width for
the f,,, channel is considerably larger than pre-
viously observed.?’ Our results seem quite un-
ambiguous, and in fact, a comparison with the »
spectrum from ***Pb(p, np) shows that the f;,, peak
shown here is much stronger than the one extract-
ed by Igo et al.® However, a recent preliminary
result®? on *®*Pb(p, np) confirms the larger £, ,,
width, The value of the total width of the analog
state is also larger for 2°°Bi than for 2°°Pb, but
this may only reflect a difference in the mixing
with the background levels.

A calculation is currently in progress taking into
account the effect of the residual interaction on the
partial widths.?

5. 2Bj(p, d)*®Bi

The 2°°Bi( p, d)2°®Bi reaction was measured si-
multaneously with the (p, np) experiment, and it
also reaches the same final states in 2°°Bi. The
thick-target spectrum shown in Fig. 5 shows the
multiplet structure extending up to the (kg ok ,,™")
multiplet. A thin-target spectrum with good reso-
lution is also shown in Fig. 5. The angular distri-
butions are in good agreement with the / assign-
ments from the (d, ¢) reaction.?

6. CONCLUSIONS

The proton reduced widths extracted from the
209Bi( p, np) experiment agree with the values ex-
tracted both from resonance experiments and the
25Pb(p, np) experiment for the p,,, and p,,, shells.
However, there is a marked disagreement for the
fs,2 shell. A total width of 380 keV was also ob-
tained for the analog state, and the 2°°Pb-209Bj
Coulomb energy difference was 18.92+0.03 MeV.
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FIG. 5. (a) *®Bi(p, d)2%®Bi spectrum with a thin target and (b) 2°Bi(p, d)**®*Bi with a thick target. The close multiplet
structure of 2°®Bi up to (hgohy /2"1) is clearly seen in the thick-target spectrum.
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Experimental Studies of Neutron-Deficient Gadolinium Isotopes.

I. The Electron-Capture Decay of Gd'*
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y rays emitted in 9.4-day Gd!? have been studied with Ge(Li) and NaI(T1) detectors. 25y
rays have been attributed to the decay of Gd¥® with energies and relative intensities of 149.6
(233), 214.5 (0.81), 252.3 (1.1), 260.5 (5.8), 272.0 (15), 298.5 (127), 346.5 (=100), 405.5 (3.7),
430 (0.33), 459.9 (2.4), 478.7 (0.95), 496.4 (7.2), 516.4 (11), 534.2 (13), 645.2 (5.9), 663.3
(1.1), 666.2 (3.9), 748.2 (35), 788.6 (30), 812.4 (0.55), 863 (0.32), 875.8 (0.90), 933.3 (2.2),
939.1 (9.0), and 947.7 keV (3.7). On the basis of coincidence and anticoincidence experiments,
relative intensities, and energy sums, states in Eu'*® have been placed at 0, 149.6, 459.9,
496.2, 534.2, 666.0, 748.2, 794.8, 812.4, 875.8, 933.3, 939.1, and 1097.3 keV. The Eul®®
x-ray intensity has also been measured. From our y-transition intensities and published con-
version-electron intensities, conversion coefficients were obtained for most of the electro-
magnetic transitions, thus allowing multipolarity assignments to be made for these transitions.
These assignments, together with the logft values, were then used for the placement of limits
on the spins of the deduced levels. Our proposed decay scheme is compared with previously
published decay schemes and is discussed in terms of current models.

I. INTRODUCTION

Neutron-deficient Gd isotopes lie in a region of
special interest for the testing of nuclear models.

They and their Eu daughters range from nuclei
that have large quadrupole moments, suggesting
permanently deformed nuclei, through closed-shell
nuclei that can be described by an extreme single-



