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Gamma-ray transitions in 206Pb studied in the 205Pb„n,g… reaction

S. Raman and J. B. McGrory*
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

E. T. Jurney and J. W. Starner
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Received 26 January 1996!

A study of theg-ray spectrum following thermal-neutron capture by205Pb has revealed 54g rays, which
have been incorporated into a level scheme consisting of 22 excited states in206Pb. This study was carried out
with an;9 mg lead sample enriched to 78.9% in radioactive205Pb. The neutron binding energy of206Pb was
determined to be 8086.6760.06 keV, and the thermal-neutron-capture cross section for206Pb to be 4.560.2 b.
The low-lying portion of the level scheme of206Pb and theg-ray branchings of positive-parity states have bee
compared with shell-model predictions. The overall agreement is excellent for the former and reasonabl
for the latter.@S0556-2813~96!04706-1#

PACS number~s!: 25.40.Lw, 21.60.Cs, 27.80.1w
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I. INTRODUCTION

The domain of applicability of the spherical shell model
restricted to those nuclei with proton and/or neutron numb
that lie close to the magic numbers; that is, to nuclei close
mass to4He, 16O, 40Ca, 56Ni, 88Sr, and208Pb. Of these, the
best closed-shell core nucleus is probably208Pb. Thus, the
lead region is perhaps the best mass region to investi
questions about the effective one- and two-body interactio
Not surprisingly, there have been several shell-model inv
tigations of the structure of nuclei near208Pb. So-called re-
alistic effective two-body shell-model residual interactio
have been constructed for this mass region by Kuo and H
ling @1#. Based on the experimental data available at t
time, it was concluded in Ref.@2# that the structure of low-
lying states in2042207Pb was well described in terms of th
spherical shell model with the Kuo-Herling interaction. Su
sequent shell-model studies in this region@3,4# using a vari-
ety of interactions~surface-d, modified surface-d, Schiffer-
True, Gogny, etc.! have led to similar conclusions. Th
available data used in Ref.@2# include level energies, spec
troscopic factors for one-neutron transfer reactions, and c
sections for two-neutron transfer reactions. The compari
with experiment of electromagnetic observables provide
more stringent test of the wave functions, and while th
were some data available at that time onM1 andE2 transi-
tions in the Pb isotopes, they were not of high precision.

Over the years there has been considerable interest in
effective one-body operators forM1 andE2 observables and
in the information these operators provide on questions
ground-state correlation, effects of theD resonance, core po
larization, etc. The most direct experimental information
the effective one-body operators comes from data on
ments and transitions in the one-particle and one-hole
tems. There is a moderate amount of information on the o
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neutron hole operators from data on207Pb. Given the rather
precise agreement between shell-model theory and exp
ment, as summarized below for the energy levels in206Pb, it
is of interest to extend this comparison to theM1/E2 branch-
ing ratios using as much information~from experiments! as
possible on the one-body operators. This comparison giv
partial answers to questions such as is there any clear e
dence of renormalization of these operators in the tw
particle system, and does the branching ratio data prov
information on those effective one-body operators that ca
not be deduced directly from the207Pb information?

The energy levels in206Pb have been studied by a variety
of techniques@5#. The currently adoptedg-ray branching ra-
tios @5# are mainly from a study of the206Pb(n,n8g) reaction
@6# supplemented by data from a study of206Bi electron-
capture (e) decay@7#. In this work we have made a detailed
study of the205Pb(n,g) reaction and obtained more precis
branching ratios for several low-lying levels in206Pb.

II. EXPERIMENT

A. Sample preparation

To our best knowledge, the first attempt@8# to produce
macroscopic amounts of205Pb (T1/251.523107 y) was
made by J. M. Wampler, J. B. Siberts, and R. W. Fink of th
Georgia Institute of Technology with the assistance of P.
Gray of Savannah River Laboratory. These authors irradia
;1 mg of 99.8% enriched204Pb for over a year as part of
the Savannah River High Flux Demonstration@9#. They pro-
duced not only;18.6 mg of 205Pb ~as expected! from
single-neutron capture but also;1.5 mg of 206Pb ~which
was totally unexpected! from double-neutron capture. The
inference was made that the cross section for the205Pb
(n,g) reaction was about eight times the cross section for t
204Pb(n,g) reaction. Based on the known value of 661670
mb @10# for the latter, these results implied a cross section f
the 205Pb(n,g) reaction of;5 b, a value which was adopted
by Holden@11#. These results remained unpublished becau
~i! the authors lacked a detailed knowledge of the reac
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neutron spectrum and~ii ! the epithermal contribution~reso-
nance integral! of the 204Pb(n,g) reaction was unknown.

The current sample was prepared more than two deca
ago. An;10 g sample of PbO enriched to 70.9% in204Pb
was irradiated over a three-year period with a flux
;831014 n/cm2 s at the Oak Ridge High Flux Isotope Re
actor. Upon removal from the reactor, the sample was tak
to a hot cell and chemically purified. Most of the radioactiv
impurities were removed during the process of~i! dissolution
in nitric acid and~ii ! precipitation of lead as sulfate and
oxalate. The latter compound was then ignited to oxide. T
sample could then be removed and handled outside the
cell. At this stage, the isotopic abundance of205Pb in the
sample was 2.7%. The sample was then enriched to 78.9%
205Pb by passing it through a calutron. This procedure w
accomplished by inserting the lead oxide into the vacuu
system of the separator in a graphite charge bottle. Car
tetrachloride was passed over the heated lead oxide to p
duce lead chloride vapor. This vapor was ionized and pas
through a magnetic field to separate the lead isotopes.
enriched 205Pb was collected in a water-cooled coppe
pocket. This material was dissolved off the copper with nitr
acid, and the solution was boiled down and filtered. The le
was electrolyzed onto a platinum anode from;2M nitric
acid solution, dissolved off the anode with nitric oxide an
hydrogen peroxide, and precipitated as lead carbonate
means of ammonium carbonate. The precipitate was cen
fuged and dried at 110 °C. The total yield of205Pb was
;17 mg. About 40% of this material was available for th
current study.
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The 12.25-mg PbCO3 sample that we used was analyzed
for isotopic composition, but the usual analysis~spark-source
spectrography! for chemical impurities was not performed. A
preliminary (n,g) measurement showed the presence of se
eral impurities~Table I! that could potentially interfere with
the 205Pb(n,g) measurements. At about the same time, w
had built up a detailed library ofg-ray energies and intensi-
ties resulting from thermal-neutron capture for a large num
ber of elements including those listed in Table I. Because t
cross section for the205Pb(n,g) is quite large, we decided
that the degree of interference was not serious enough
warrant further chemical separations. Another series of me
surements followed, and the final results are presented in t
paper.

B. Measurements

The neutron captureg-ray spectrum from the 12.25-mg
PbCO3 target and a 100.0-mg CH2 standard was measured
at the internal target facility located at the Los Alamo
Omega West reactor. The experimental arrangement h
been described in Refs.@12# and@13#. Briefly, the target was
placed in a graphite holder which was inside an evacuat
bismuth channel. The target position was 1.5 m from th
edge of the reactor core, and at this position the therm
neutron flux was nominally 631011 n/cm2 s. Theg rays
were studied with a 30-cm3 coaxial Ge~Li ! detector posi-
tioned inside a 20-cm-diam3 30-cm-long NaI~Tl! annulus.
This detector was located 6.3 m from the target and wa

FIG. 1. Selected portions ofg-ray spectra from thermal-neutron
capture by205Pb. The Ge~Li ! detector was operated either in the
Compton-suppression mode~a! or in the pair-spectrometer mode
~b!. All energies are in keV. A detailed list ofg rays observed in
206Pb is given in Table II. The prominent 1262- and 4945-keV
peaks arise mainly from the graphite holder which contained th
205Pb sample. The 1294-keV peak is caused by argon present as
ambient background. See also Table I.
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operated in either a Compton-suppression or pair spectro
eter mode. The system resolution~full width at half maxi-
mum! in the latter mode was typically 2.5, 3.3, 4.0, and 4
keV, respectively, forg-ray energies of 3, 5, 7, and 9 MeV
Measured spectra are shown in Fig. 1. Theg-ray energies
quoted in this paper are based on the energy of the annih
tion radiation (511.00060.002) keV and on the neutron
separation energies~in keV! for 2H, 13C, and 3T
(2224.57060.004, 4946.31260.030, and 6257.24660.009,
respectively! given in Ref.@14#. The capture cross sections
are normalized to the recommended value
sg(2200 m/s)5332.660.7 mb @15# for 1H present in the
CH2 standard.

C. Results

The energies and intensities of 54g rays assigned to
206Pb are given in Table II. All of theseg rays have been
incorporated into the level scheme given in Table III. A
levels listed in the latter are previously known, and the plac
m-
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ments of transitions are consistent with both existing da
and the results of new206Pb(n,n8g) measurements carried
out at the University of Kentucky@16#. The level energies
listed in Table III were obtained through an overall leas
squares fit involving all transitions. Nuclear recoil was take
into account. Each measured photon intensity (I g) was con-
verted to transition intensity (I tr) by taking the correspond-
ing internal conversion intensity into account. For this co
version, we used the multipolarities and mixing ratios give
in Ref. @5#. The total transition intensity out of the capturin
state is only (876 2)% of the total intensity feeding the
ground state. The missing 13% intensity is ascribed to we
and therefore unobserved primary transitions. This miss
intensity is also reflected in the slight intensity imbalanc
for most levels~see Table III!.

The neutron separation energy (Sn) of
206Pb was deter-

mined as 8086.6760.06 keV where the uncertainty include
the uncertainty in the calibration energies. This value is s
nificantly different from theSn value of 8088.160.4 keV
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ti-
given in the 1993 Atomic Mass adjustment@18# based
mainly on the measured value ofQ521831.260.5 keV for
the 206Pb(d,t) reaction @17#. Our Sn(

206Pb) value implies
Q521829.4260.07 keV for this reaction. OurSn(

206Pb)
value and Sn(

205Pb)56731.5760.15 keV measured a
Grenoble@19#, both using the (n,g) reaction, can be com-
bined to predict a value of 4072.460.2 keV for the
t

206Pb35Cl2204Pb37Cl mass doublet. This value is in good
agreement with the directly measured value of 4071.860.8
keV @20#.

Because the level scheme is incomplete, the three quan
ties(Itr ~primary!, (EgItr /Sn , and(Itr ~secondary to ground
state! are not the same. The numerical values~in units of b!
for these three quantities are 3.9060.06, 4.0360.05, and
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4.4660.04, respectively. We recommend a value of
4.560.2 b for the thermal205Pb(n,g) cross section where
the generously assigned uncertainty takes into account th
possibility that some weak secondary transitions feeding th
ground state may have escaped detection.

III. SHELL-MODEL CALCULATIONS

There are currently 34 experimentally known excited
states in206Pb ~see Table IV! below 3.30 MeV, and 24 of
these 34 states have firm spin and parity (Jp) assignments
@5#. Sixteen of these 34 states are populated measurably
the 205Pb(n,g) reaction. The states at 2960, 3033, and 3139
keV have been reported only in the (p,p8) reaction@21#. We
found no evidence for these three levels in the current work
The 2984-keV,Jp521 state, reported in the (p,p8) @21# and
(p,t) @22,23# reactions, is not populated measurably in the
~thermaln,g) reaction. Between 3.30 and 4.03 MeV,;34
levels are known, but only 13 of these have definiteJp as-
signments@5#.

We have studied the structure of206Pb in terms of the
spherical shell model in which we assume that the208Pb core
is closed and neutron holes are ‘‘occupied’’ in the six lowes
single-neutron-hole orbits (2p1/2, 2p3/2, 1f 5/2, 1f 7/2, 0h9/2,
and 0i 13/2). In the calculations reported here, the neutron
single-hole energies are the same as those used previou
@2#. These energies are consistent with the observed spe
trum of states in the single-hole nucleus207Pb. In our calcu-
lations, we used a variant of the one-parameter Kuo-Herlin
residual interaction@1#. We included the first two terms of
this interaction; namely, the bare interaction and the core
polarization~or bubble! diagram. In addition, we multiplied
the bubble diagram matrix elements by the single empirica
constant 0.75. With this change, the calculated energies fo
25 excited states below 3.30 MeV~see Table IV! are in
virtually exact agreement with experiment, with the average
deviation ~absolute value! between theory and experiment
being only 8 keV, and the root mean square deviation only
12 keV. An inspection of the wave functions for these state
shows that there is large configuration mixing for the ground
state and the first-excitedJp521 state. Most of the rest of
the even-parity states are rather pure, simple, single config
ration, two-hole states.

We have also calculated theM1 andE2 branching ratios
for the low-lying states in206Pb. In calculations ofE2 ob-
servables, we used the single-particle wave functions of
harmonic oscillator with shell spacing given by
\v541A21/3 MeV. Further, we assumed a state-
independent effective chargeen50.84e for all the neutron
single-particle transition matrix elements—a parameter cho
sen so that the calculated lifetime of the first-excited
Jp521 state agreed with experiment. TheM1 operator was
specified by eight single-hole transition matrix elements
Five of these were determined from the three measured ma
netic moments and twoM1 transition rates in207Pb ~see
Table 2 of Ref.@2#, except that we used the latest experimen-
tal values!. Thus, there were three free parameters. We
formed theM1 operator by using the experimental values for
the five matrix elements, and we used the free nucleo
magnetic-moment operator for the remaining three matrix
elements.



53 2737GAMMA-RAY TRANSITIONS IN 206Pb STUDIED IN THE . . .



b
s

a
h

e

n
in
vel
We
w-

-
tal
for

f

-
gy
d

2738 53RAMAN, McGRORY, JURNEY, AND STARNER
The calculated branching ratios are summarized in Ta
V, in which the measured values for the ratios are al
shown. We give only those branchings that differ signifi
cantly from zero. Thus, the total branchings in this table d
not always sum to 100%.

In general, the calculations and observations are in go
agreement. The most significant discrepancies are for the
cay of the second and fifthJp521 states. We have made a
preliminary attempt to see if any simple modifications of th
effectiveM1 operator can reduce these discrepancies. B
cause of the simple nature of many of the wave function
the branching ratios in a number of cases should depe
sensitively on only one or two of the effective operator m
trix elements. We looked for such behavior by repeating t
calculations a number of times while setting one of the e
fectiveM1 matrix elements to zero each time. The calculat
branching ratios that are in most serious disagreement w
the measurements were not found to be sensitive to any
the three bare matrix elements. Thus in spite of the simplic
of the wave functions, we have, to date, found no simp
‘‘fix’’ to settle these few discrepancies that do exist for th
branching ratios.
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IV. SUMMARY

Using;7 mg of radioactive205Pb, we have studied the
205Pb(n,g) reaction with thermal neutrons. This reactio
was found to measurably populate 22 excited states
206Pb. For these states we have determined accurate le
energies and, whenever possible, good branching ratios.
have calculated the energies and branching ratios of lo
lying levels in 206Pb within the framework of the conven-
tional shell model with the Kuo-Herling residual interac
tions. Excellent agreement is obtained with the experimen
level scheme. The branching ratios are in good agreement
most, but not all, low-lying positive-parity states in206Pb.
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