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Conversion electrons from 2%Bi have been measured using singles and coincidence techniques with the
208Pb(p, n)*®Bi reaction at 9 MeV. The new information on multipolarities and spins complements that available
from recent y-y-coincidence studies with the same reaction [Boutachkov ez al., Nucl. Phys. A768, 22 (2006)].
The results on electromagnetic decays taken together with information on spectroscopic factors from earlier
single-particle transfer reaction measurements represent an extensive data set on the properties of the one-proton
one-neutron-hole states below 3 MeV, a spectrum which is virtually complete. Comparison of the experimental
observables, namely, energies, spectroscopic factors, and y-branching ratios, with those calculated within
the shell model allows extraction of the matrix elements of the shell model residual interaction. More than
100 diagonal and nondiagonal elements can be determined in this way, through a least squares fit to the
experimental data. This adjustment of the interaction significantly affects the calculated properties of the
y-ray transitions. Nevertheless, the matrix elements thus obtained are remarkably similar to those of a realistic

interaction calculated from free-nucleon scattering. Characteristic features of the interaction are discussed.
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I. INTRODUCTION

Understanding the interaction between the nucleons inside
the nucleus is a central theme of nuclear physics. In the shell
model, this translates to characterization of the single-particle
energies and the residual two-body interaction between
the particles, whereas three-body and higher contributions are
usually neglected. Most single-particle energies close to stable
doubly magic nuclei are known from experiment, but relatively
few matrix elements of the two-body residual interaction have
been determined experimentally. This is particularly so for the
nondiagonal elements. The coarse features of the interaction
are well known and can be reproduced, even by schematic
forces like the surface delta interaction (SDI). However, since
the pioneering work of Kuo and Brown [2], the residual
interaction inside the nucleus can also be calculated from
that between free nucleons as measured by scattering. These
calculations have made substantial progress recently through
the use of a low momentum interaction [3]. Also, more
advanced calculations have been performed for the neutrons
above 132Sn, which occupy the same orbitals as treated here [4].

The initial aim of the present work was to obtain new
experimental information on the excited states of 2*®Bi,
principally through conversion electron measurements. This
was followed by a determination of the elements of the
residual interaction by a fit of the calculated properties
to all the available experimental data. Many elements of
the interaction between proton particles and neutron holes,
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particularly nondiagonal ones, were determined in this way.
The analysis included sets of matrix elements for all spins,
involving many combinations of configurations.

The 2%Bi nucleus consists of a proton particle and a
neutron hole relative to the doubly magic 2*®Pb, allowing a
direct determination of the shell model residual interaction
between these valence particles from the observed levels
and their properties. The level scheme and y transitions in
208Bi have been recently studied by Boutachkov et al. [1]
using the 2%®Pb(p, n)*®Bi reaction. We report here on the
measurement of conversion electrons with the same reaction.
The results include the determination of new multipolarities
and mixing ratios and also confirm the conclusions on spins
and multipolarities from the y-ray measurements [1]. The
statistical nature of the compound nuclear reaction should
lead to the population of all levels of low and medium
spin and therefore give a practically complete level scheme.
In contrast, transfer reactions, including 2’Pb(*He,d)**®Bi
[5] and 2P Bi( D, d)*Bi [6], selectively populate states with
specific particle-hole configurations [7]. Taken together, these
reactions give relatively complete, detailed, and reliable
knowledge of the proton-particle neutron-hole states relative
to 298Pb,

The results on level energies, spectroscopic factors, and
y-branching ratios are examined in the second part of this
article in the context of the associated properties predicted
by the shell model with selected residual interactions. With a
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realistic interaction obtained from free-nucleon scattering as a
starting point, the interaction matrix elements are determined
by optimizing the agreement between calculated and measured
values through a nonlinear least-squares fit. Of a total of
about 1000 matrix elements, approximately 150 significantly
affect the experimental observables. The empirical interaction
so determined should allow more meaningful calculations
of the properties of neighboring nuclei and give hints of
improvements of the calculations of the interaction.

II. ELECTRON MEASUREMENTS AND RESULTS

Conversion electrons were measured using a supercon-
ducting solenoidal spectrometer [8,9] to transport electrons to
cooled Si(Li) detectors in several configurations, as described
below. A beam of 9 MeV protons provided by the Australian
National University 14UD Pelletron accelerator struck a
metallic Pb target enriched to 98.5% in 2°*Pb and was stopped
in a Faraday cup 1 m behind the target. The target was tilted
so that its surface was at 30° degrees to the beam direction,
to minimize the effect of straggling on electrons emerging
from the rear of the target. The beam energy was chosen to
match the conditions of the previous y-ray measurement [1].
Simultaneously with the electron measurements, single y rays
were measured with a Compton-suppressed Ge detector at
135° to the beam axis and 25 cm distance from the target [9].
The two electron measurements, with the above common
features, will be further described in the following sections.

A. Electron-electron coincidence measurements

For the electron-electron coincidence measurements, a
cooled Si(Li) detector array [10] was mounted on the long
side of the spectrometer at 43 cm from the target. This array
consists of six independent triangular detectors, each 4.3 mm
thick, which are arranged in a hexagon of 66 mm outer
diameter. There is an inner dead zone of 11 mm in diameter.
Electron-electron coincidences can be measured by requiring
coincidences between any pair of detectors. The solenoid field
was adjusted to guide electrons below 1200 keV onto the
detectors. To suppress low energy atomic electrons reaching
the detectors, rather than using mechanical obstructions, a
hollow cylindrical electrode, charged to —20 kV potential, was
inserted between the target and detector [11]. The resolution
was 2.5 keV full width at half maximum for the 291.6 keV
K line.

An additional magnetic-field-immune Ge detector was
inserted into the spectrometer from the short side to measure
electron-y coincidences simultaneously. The front face of this
detector was about 3 cm from the target. To optimize the
energy resolution of the electron array for the coincidence
measurements involving low energy conversion electrons, a
thin 0.8 mg/cm? target was used. The measuring time with
a 0.4 nA beam was 40 h. Data were taken in event-by-event
mode, the measured parameters being the energies from each
element of the electron array and the Ge (coincidence) detector,
and their time relative to a common reference pulse train.
From these measured times, the relative time between any
two detectors was evaluated. The single y spectrum was also
recorded using the Compton-suppressed Ge detector.
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The data were sorted into E, x E, and E, x E, matrices
of 4k x 4k channels. Both a prompt time window of £140 ns
around the prompt peak and appropriate random background
windows were taken to produce these matrices corrected for
random events for subsequent analysis.

B. Lens mode single-electron measurements

In the second set of measurements, the spectrometer was
operated in the lens mode to measure singles electrons, as
described in Ref. [9]. A beam of ~30 nA of 9 MeV protons
was incident on a 3.3 mg/cm? target. The measuring time was
36 h, and the beam was chopped with periods of 0.5 ms on
and 0.5 ms off. The target was also viewed by a Compton
suppressed Ge detector.

The electrons were measured by a 10 mm thick and
20 mm diameter, cooled Si(Li) detector. At a fixed field, the
lens accepts an electron momentum interval with a width of
12% [9]. The field was swept to accept electrons from 80 to
2200 keV in the center of the acceptance interval, with the
stepping of the field controlled by the integrated current in
the Faraday cup. The energy dependence of the electron effi-
ciency was calculated from the known, momentum-dependent
transmission through the lens [9], taking into account the
energy and angular dependence of the response function of the
Si(Li) detector for electrons. These calculations agreed with
measurements of a '3?Eu radioactive source. The resolution
was 4 keV for the 601 keV K line.

Data were measured in event-by-event mode. Each event
contained, in addition to the electron or y-ray energy, the time
relative to the beam chopping, and the instantaneous magnetic
field. The time information was used to isolate and remove
electrons and y rays arising from long-lived background
radiation, while the magnetic field information was used to
perform momentum matching [9], allowing rejection of events
in the electron detector that arose from backscattering, for
example. There was little long-lived background.

C. Evaluation of conversion coefficients

The bottom panel of Fig. 1 shows the electron spectrum
measured in lens mode in the present work, while the top
panel presents the spectrum of single y rays of Ref. [1].
This y-ray spectrum, recorded with a detector close to a thick
target, was used to deduce the conversion coefficients, since
the y -ray spectrum of the present measurements showed some
impurity peaks, mainly due to neutrons produced by the beam
after passing the target. No significant differences due to the
differences in target thickness have been found for the relative
intensities of the clean lines between the two y measurements.
The measurements of Ref. [1] had also shown that the nuclei
are not significantly aligned, and the angular distributions
of the y rays are correspondingly isotropic. Therefore the
conversion coefficients can be evaluated without uncertainties
due to angular dependence of the intensities. As two different
measurements were used, electron and y-ray intensities had
to be normalized to each other. This was done at the clean K
conversion line (g = 0.544) of the 263 keV transition (see
Fig. 1).
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FIG. 1. Single y (a) and (c) from Ref. [1]
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The electron spectrum is complicated, containing many
overlapping peaks; and for some lines, unambiguous determi-
nation of the background level is difficult. Systematic errors
depending on the choice of fit parameters, such as background
levels and number of peaks, turn out to be more important
than statistics. Therefore the electron spectra were fitted a
number of times with different choices of parameters, and
the difference of the intensities obtained were taken as one
indication of the experimental uncertainties. It is not possible
to determine the uncertainties unambiguously, although the
situation is constrained since the y measurements of Ref. [1]
indicate which lines would be present in the electron spectrum
and therefore where problems from overlapping lines could
occur. The measured K conversion coefficients are shown
in Fig. 2 and compared with theoretical values calculated
with the program BRICC [12]. These values are partly for
known transition multiplets, which can only be separated in
the y-y coincidence spectra [1]. For example, the 275 keV
transition is a doublet of a strong E'1 and a weak M 1 transition.
Nearly all coefficients are compatible with dominant or pure
M1 transitions.

Figure 3 shows a fit to the total projection of the electron-
electron coincidence measurement. For a given multipolarity,
the energy separation and intensity ratios for the various
subshell conversion electron lines have been fixed to those
expected from the theoretical conversion coefficients and from
multipolarities deduced from the lens measurements. While
the 263 and 291 keV transitions are pure M1 transitions, the
275 keV transition was assumed to be a doublet of a 93%
E'1 component and a 7% M 1 component, as determined in the
previous y-ray measurement [1]. From the electron spectrum,
since the conversion line is stronger, the energy of the
M 1 component can be better determined [275.6(2) keV] than
that from the y-ray measurements, which gave 275.3(2) keV.
Note that the line shape for the L and M (composite) lines
is sensitive to the subshell ratios, hence the extracted L or M
intensities depend strongly on the assumed multipolarity. For a
263 keV transition, the K /L ratio for E2 is four times smaller
than for M1, and therefore even small £2 admixtures in the
M 1 transitions would be clearly visible.

Table 1 gives the K and L shell conversion co-
efficients measured in lens mode. Multipolarities have
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TABLE 1. Experimental conversion coefficients and transitions in 2 Bi. Transition energies £, and for multiplets
fraction of y intensity I, (in %) from the data of Ref. [1]. The 1st and the 2nd multipoles and their fractions are
deduced from the experimental conversion coefficient aexp. The main multipole is given in boldface. Electron and y
intensities have been normalized at the 262.5 keV line. A 10% uncertainty of this normalization is not included in
the quoted experimental conversion coefficient values.

E, (keV) I, (%) E;, (keV) Transition Shell Clexp Mult. 1 (%) Mult. 2 (%)

262.5 1802.2 17— 2% K =0.544 =Ml

275.3 93 (3) 2077.6 27— 1t { K 0.064(8) M172) E193(2)

275.3 7(3) 2478.4 — 7 L 0.019(7) M117 (9) E183(9)

291.6 924.8 2T — 3% K 0.47(3) M1

337.9 2415.7 ?7— 2" K 0.36(10) M1 E2<10
L 0.056(11) M1 E2<10

435.7 30 (20) 1069.1 3t — 3 { K 0.14(4) M1 E2 <40

435.9 70 (20) 1469.4 5t — 4%

4544 2657.3 — 7 K 0.11(4) M1 E2<50

467.4 70 (20) 1069.1 3t — 4t { K 0.083(20) M1 E2 <60

467.2 30 (20) 2544.8 — 2~

470.1 1539.4 2T — 3% K 0.12(7) M1 E2 <60

492.5 2570.2 — 27 K 0.102(27) M1 E2 <30

495.9 > 90 1529.4 3t — 4+ K 0.085(14) M1

510.2 510.2 6T — 5t K 0.065(15) M1 E2 <60

529.9 > 50 1563.5 4% — 47 K 0.088(11) M1 E2<10

538.2 601.4 4% — 4% K 0.075(6) M1 E2<20
L 0.0110(25) M1 E2 <60

558.5 2478.4 — 3" K 0.058(15) M1 E2 <50

565.1 628.3 5t — 4% K 0.056(7) M1 E2<40
L 0.0110(26) M1 E2<50

569.9 633.1 3t — 4% K 0.0312(22) M129 (4) E271 (4)
L 0.0060(6) M119(8) E2 81 (8)

601.4 601.4 4% — 5% K 0.065(7) M1 E2<1
L 0.0114(12) M1

627.1 1563.5 4% — 3F K 0.059(13) M1 E2<50
L 0.007(4) M1 E2 <100

761.3 2838.9 — 27 K 0.035(12) M1 E2 <40

765.7 2843.3 — 2° K 0.028(11) M1 E2<70

798.4 2718.5 — 3~ K 0.029(6) M1 E2<30

823.2 886.4 5t — 4% K 0.030(7) M1 E2<10

837.7 1870.7 3t — 4* K 0.026(6) M1 E2<30

849.0 1882.1 4% — 4% K 0.025(7) M1 E2 <40

861.8 924.8 2T — 4% K 0.0060(20) M1<10 E2

873.3 936.2 3t — 4* K 0.0205(18) M1 E2<20

877.2 1802.2 1™ — 2% K 0.014(3) M1<70 E2

886.4 > 80 886.4 5t — 5t K 0.023(4) M1

896.0 80 959.0 4% — 4% K 0.0195(25) M1 E2<30

896.2 20 1529.4 3t — 3+ {

906.3 1539.4 2t — 3% K 0.0183(25) M1 E2 <30
L 0.0030(5) M1 E2<50

928.0 > 90 1529.4 3t — 4% K 0.0140(23) M1

934.7 60 (25) 1870.7 3t — 3* { K 0.015(5) M1 E2<70

935.2 40 (25) 1563.5 4% — 5%

959.0 50 (30) 959.0 4t — 5% { K 0.0216(18) M1

959.0 50 (30) 1469.4 57 — 6+

970.2 1033.2 4% — 4* K 0.015(3) M1 E2 <50
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TABLE 1. (Continued.)

E, (keV) 1, (%) Eiy (keV)  Transition Shell exp Mult. 1 (%)  Mult. 2 (%)
983.7 1919.9 3~ — 3+ K <0.004 M1<10 El
996.3 50 (20) 16247 6 — 5* K <0.004 M1<10 El
995.1 50 (20) 1919.9 3~ — 2+
1006.2 > 90 1069.1 3+ — 4+ K 0.0138(16) M1 E2<30
L 0.0024(4) M1 E2 <40
1033.3 10332 4+ — 5* K 0.0138(18) M1 E2<30
L 0.0022(3) M1 E2<40
1095.0 1095.1 6+ — 5+ K 0.01405 M1 E2 <40
1101.6 2903.7 N K 0.009(5) M1 E2 <100
1169.1 1802.2 1+ — 3+ K 0.0062(15) M1<60 E2
1190.8 2126.8 2+ — 3+ K 0.0071(14) M1 E2<70
1239.1 2307.9 4~ — 3+ K 0.00154) El
1466.1 1529.4 3+ — 4+ K 0.0045(10) M1 E2<80
1476.5 1539.4 2+ — 4+ K 0.0019(5) M1<30 E2
1576.8 > 80 2501.6 2+ — 2% K 0.0026(7) M1<40 E2
1640.4 17033 5~ — 4* K <0.0011 E1l

been derived from these as the next

section.

explained in

D. Levels and transition multipolarities

The low lying levels were recently critically reviewed by
Boutachkov et al. [1]. In the following, we present additional
evidence of the spin and parity assignments from the present
conversion coefficient measurements.

In the y-y-coincidence measurements [1], it could be
only indirectly verified that a transition went to the first
excited state at 63 keV, because the 63.1 keV transition was
below the electronic threshold for y-ray detection in those
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FIG. 2. Experimental K shell conversion coefficients of transi-
tions in 2®Bi compared with calculations [12] for E1, M1, and E2
multipolarities.

measurements. Figure 4 shows the y-ray spectrum from the
present measurements, in coincidence with electrons in the
25-65 keV energy range, which contains the L, M, and
N conversion lines of the 63 keV transition. This energy
range also includes events of partial energy deposition due
to backscattering from the Si(Li) detector. A corresponding
sort of the data, projecting the electron spectrum with gates
on y rays that feed directly the 63 keV level shows that this
(electron) window contains little background.

The y spectrum of Fig. 4 essentially verifies the as-
signments of Ref. [1], since it clearly shows the lines that
directly or indirectly proceed to the 63 keV state. The
569.9 keV transition, for example, is strong, while the 510.2
line is relatively reduced, the remaining intensity being largely
from the positron annihilation line. Similarly, the 601.4 keV
transition which is strong in Fig. 1 is essentially absent, leaving
only the 602.9 keV line that feeds the 63 keV state.

T T T T T T
208p; 262.5 M1 e-e total proj.
1500 I LA i
275.3 E1(93%) / M1(7%)

T

LIl

291.6 M1
f m—m

1000

counts

500

160 180 200 220 240 260 280 300
electron energy [keV]

FIG. 3. (Color online) Total projection of e-e coincidences of
208Bi. The experimental data are fitted with the calculated K, L, M
lines for the indicated multipolarities.
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Table I gives the multipolarities and mixing ratios as
determined from the K and L shell conversion coefficients
measured in lens mode. These results have been checked
against the coincidence measurements and the few total
conversion coefficients from Ref. [1]. Only M1 and either
E1 or E2 multipolarity have been considered. Higher mul-
tipolarities are unimportant in the present context, and while
E0 components could be present, there is insufficient evidence
to consider them. Also, only two multipolarities can be
considered for any transition; one is always taken as M1 and
the other E'1 or £2 depending on what is known about parities
or from the magnitude of the measured coefficient. For a
single transition, only pure E1 or mixed M 1/E2 multipolarity
is possible. But for unresolved multiplets, one transition
might be M1 and another E1, as is clearly the case for the
275 keV doublet. For multiplets, column 2 of Table I gives the
partition of the y intensities from the data of Ref. [1]. The last
columns give the multipolarities that result from the measured
conversion coefficients. Usually, only the main multipolarity
and a limit for the strength of the admixed component can be
given. As the K conversion coefficient for E2 is only around
20% of that for M 1, its strength can only be determined with
a large error. It is unclear, why the point for the 1640 keV line
falls below the value for E'1.

The spin-parity of the lowest 14 levels below 1.2 MeV
excitation energy had been firmly assigned before [1]. The
present experimental conversion coefficients (Fig. 2) show
the dominance of M1 transitions, in general agreement with
those assignments. From the measured conversion coefficients,
some M 1/E?2 mixing ratios, notably for the 510 and 570 keV
lines, could be determined. The 565 keV line from the
628 keV, 5T level is also probably a mixed M 1/ E?2 transition.
The 862, 1169, and 1476 keV lines have to be pure E2 from the
assigned spin differences, being nominally 2T — 4%, 17 —
3%, and 2% — 4T, transitions, respectively. The measured
conversion for the 862 keV line agrees with this, but the
experimental values for the 1169 and 1476 keV lines both
fall marginally (outside the quoted error) below the expected
E?2 values, indicating either different assignments or, more
likely, additional systematic error.

PHYSICAL REVIEW C 76, 064304 (2007)
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FIG. 5. Measured and calculated 1p-1h states in 2% Bi. The levels
are grouped by their main configuration as indicated. Calculations
have been performed with experimental single-particle energies
and the H7B residual interaction. Filled (open) symbols indicate
experimental (calculated) energies. Some symbols are used for two
different configurations and are, however, clearly distinguished.

Up to an excitation energy of 1200 keV, only positive
parity states could be reasonably expected, but according to
the shell model calculations, between 1400 and 2200 keV
states of either parity will be present in the spectrum. In
this energy range, the negative parity states are populated
by transfer reactions, but positive parity states are not (see
Fig. 5). The two strong transitions at 436 and 959 keV from the
1469 keV level are both unresolved doublets in the experimen-
tal spectrum, but the large measured electron intensity for both
transitions rules out either component of the doublet being an
E1 and fixes the spin and parity of the 1469 keV as 5T. Also,
M1 components in some of the decays from the 1529,
1539, and 1564 keV levels determine their parity as positive.
Similarly, from the observation of M1 decays, the 1802 keV
level is 1T, the 1871 keV level is 37T, and the 1882 keV level is
47, Because the 996 keV line to the 5% level from the 1625 keV
state is E'1, this state can be associated with the 6~ member
of the mij30vp1/» configuration, and the 1667 keV level is
then 77. The ho,vi 3/, decuplet has been seen in the pickup
reaction [7]. The 1703 keV 5~ state decays by the 1640 keV
E1 transition to a 4" state in agreement with the parity from
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the [ = 6 pickup. The 1715.5 and 1716.2 keV doublet agrees
with the 67, 7~ assignment from transfer, but it is not possible
to decide on the specific order.

For the eight known states of the 7hg >V f7/> configuration,
the multipolarity of the 1576 keV line from the 2501 keV
level has been measured as M 1/E2 or pure E2, in agreement
with its 2T — 2% assignment. The M1/E2 assignment for
the 1101 keV transition means that the 2904 keV level is
(0-3)*. The only expected positive parity state, which has
not yet been identified around this energy, is the lowest 1p-1h
07 level. Negative parity can be assigned to the levels at 2308.0,
2478.4,2570.2,2657.3, 2718.5, 2838.9, and 2843.3 ke V.

III. THE SHELL MODEL RESIDUAL INTERACTION

A. Data for determining the interaction

From the analysis of the level scheme by Boutachkov et al.
[1] and the confirmation of spins and parities by the present
conversion electron measurement, the one-particle one-hole
states shown in Fig. 5 can be identified. All states belonging
to 11 configurations are known, with two exceptions: only
one experimental level has been seen that might be either
from the (7 f7,2vp3)2; 5%) configuration or much more likely
from the (7w f7,2vf5/2; 67) configuration, and the 17 level of
the vp3,»vp1 > configuration is missing. Also the 12 and 137
states of the 7wi13/2vi13/> configuration are known [13]. These
51 states are listed in Table II. The level energies comprise
one set of data, which has to be fitted in the comparison with
theory.

Measured states have been taken to be of 1p-1h structure
on the following considerations: (i) strong population occurs
in transfer reactions, (ii) no 2p-2h levels are expected below
2 MeV excitation energy, and (iii) 2p-2h states with positive
parity will only occur above 3 MeV. These requirements
clearly distinguish between 1p-1h and 2p-2h states.

1. Spectroscopic factors

The proton stripping reaction 2’Pb(*He,d)**®Bi and the
neutron pickup reactions 2Bi(p, d)**Bi and 2“Bi(d, t) have
been thoroughly studied [5,6]. The results of the two neutron
pickup studies agree very well. The measured spectroscopic
factors are presented in Table II. Unresolved doublets had
been claimed for some cases in these transfer reactions,
because the measured strength was too large for a single
state. These doublets have now been resolved in the y-ray
measurements, and their assigned spins agree with the summed
strength for approximately pure configurations. Unfortunately,
no uncertainties on the spectroscopic factors were given in the
original publications, forcing us to estimate the errors, judging
from the published data, as they are needed to give weights for
the fitting.

The transfer reaction measurements were extensive and
essentially complete, therefore if levels that have now been
identified had not been observed in transfer, it can be concluded
that the corresponding spectroscopic factors are small or
vanish. They have been set to zero in the present fits with
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an error of 10% of the full possible strength. In effect, this
adds many more data points. For instance, a 4 level can be
populated byl = 3 and/ = 5 proton transfer to the pl_/l2 ground
state of 2’Pb and neutron pickup from the hy,, ground state of
209Bj with ! = 1 and/ = 3. If this state is not observed, all four
spectroscopic factors are zero, meaning that the probabilities
of the corresponding six configurations in this state are all
small; its main configuration is therefore restricted to the two
remaining possibilities: 7 f72vp3,2 or 7 f7,2Vf55.

2. M1 and E2 matrix elements

To calculate the strength of y transitions, the M1 and E2
matrix elements for single particles are needed. Transitions
of other multipolarities are rare and cannot be calculated.
Table I1I shows the elements for all orbitals of the Kuo-Herling
space that have been used. It is an updated version of the data
from Ref. [14] including some more recent measurements.
Measured elements are used where available, and this is
the case for the most important moments of the low lying
orbitals. Where these are not available, calculated [15,16]
values have been used. As we treat the states simply as 1p-1h,
the electromagnetic moments must contain contributions from
core polarization and mesonic effects. This is trivially fulfilled
for measured moments, but it is also the case that calculations
include them to some extent. Seven specific elements were
not known well, but they have a significant influence on
the y transitions in 2Bi. They have been fitted once to the
present data and then kept constant for the fit of the residual
interaction. It is a distinctive feature of the 2*®Pb region that
many electromagnetic moments have been precisely measured,
and consequently y transitions can be calculated reliably.

3. y-branching ratios

A selection of the measured y-branching ratios from
Boutachkov et al. [1] are presented in Table IV. This table
contains only states that are assigned as 1p-1h excitations and
the y-ray transitions between them, the 2p-2h states being
irrelevant for the present analysis. A few corrections have been
made to erroneous values of Ref. [1] as marked in the table.
As is the case for the spectroscopic factors, the measurement
of y-ray transitions is considered to be complete. Therefore
unobserved transitions are taken to have branching ratios of
zero, with an error of 10% of the strongest transition from the
particular level. Also, in Ref. [1] the primary concern was to
list only safely assigned transitions, but in the present case a
few examples of candidate lines that are only seen in single ?
(and could only be observed in singles) have also been placed
and included.

B. Proton neutron hole interaction

1. Procedure for determining the interaction

The states of 2*®Bi are described as a superposition of
proton-particle, neutron-hole configurations, that is,

v => alpn). (1
i=1
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TABLE II. Measured energies, spins, main configurations, and spectroscopic factors of one-proton
one-neutron-hole states in 2 Bi as used to fit the residual interaction. S.y. has been calculated with the
fitted interaction. (See text for more explanation.)

E (keV) JT Configuration Proton transfer Neutron pickup
[ value Sexp Scale [ value Sexp Scale
0.0 5t Thopvpyh 5 525(25) 537 1 1.07(7) 1.076
63.1 4+ Thopvpih 5 4.1(3) 4.473 1 0.87(5) 0.898
510.2 6+ Thopvfs), 3 1.3(1) 1.28
601.4 4+ Thopvfs) 3 0.8(1) 0.825
628.3 5t Thopvfs) 5 0.4(4) 0.097 3 1.1(1) 1.044
633.1 3+ Thopvfs) 3 0.11(11)  0.10 3 0.7(1) 0.64
650.5 7t Thopvfs), 3 1.4(1) 1.497
886.4 5t Thojvpyh 1 1.02(10)  1.057
924.8 2+ Thopvfs, 3 0.48(5) 0.467
936.2 3+ 7 f2/29P7 s 3 3.4(1) 3.286
959.0 4+ Tho/vpyh 1 0.79(11)  0.765
1033.2 4+ 7 f1/29P7 s 3 3.9(6) 3.606 1 0.11(6) 0.067
1069.1 3+ Thojvpy)h 1 0.64(6) 0.653
1095.1 6" Thojavps)h 1 1.19(11)  1.279
1469.4 5t T fr2vfe
1529.4 3+ T foavfen 3 0.0(1) 0.024
1539.4 2+ T fr2vfsn 3 0.0(2) 0.001
1563.5 4+ T fravfes 3 0.18(5) 0.177
1570.8 107 7whopvigy), 6 2.1(2) 2.089
1624.7 6~ Tit3vpih 6 5.9(5) 6.221 6 0.1(1) 0.041
1657.4 8 Thopviss), 6 1.7(2) 1.684
1666.5 7" Tizpvpih 6 5.6(5) 6.088
1703.3 5 Thopviys), 6 1.1(1) 1.052
1715.5 6~ Thopviss), 6 1.1(11) 0.170 6 1.3(2) 1.235
1716.2 7" Thopviss), 6 1.1(11) 0.756 6 1.5(2) 1.265
1787° 9= Thopviss), 6 1.9(2) 1.870
1802.2 1" T fravfen 1 0.0(2) 0.04
1824.3 6" T fr2vfsn 3 0.0(2) 0.001
1838.9 4- Thopviss), 6 0.9(2) 0.856
1842° 5+ T f220P3)h 5 0.0(4) 0.003
1870.7 3t nf7/2vp3_/12
1882.1 4+ T f229P3)5 3 0.3(1) 0.194
1919.9 3- Thopviss), 6 0.7(1) 0.674
2126.8 2+ T f220P3)h 1 0.08(4) 0.074
2340.0 7* Thopvfin 3 1.44(10)  1.424
2383.8 4+ Thopvfy) 3 1.02) 0.787
2386.0 5% Thopvfys 3 1.0(2) 0.899
2409.0 6" Thopvfy, 3 1.3(1) 1.277
2413 9- Tizpvfss 6 0.00(95)  0.012
2427° 117 whopviyy), 6 2.3(2) 2.297
2457.3 3+ Thopvfy 3 0.17(10)  0.103 3 0.7(1) 0.546
2475 9- T fr2vits) 6 0.0095)  0.009
2501.6 2+ Thopvfy)s 3 0.45(5) 0.423
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TABLE II. (Continued.)

E (keV) J Configuration Proton transfer Neutron pickup

[ value Sexp Seale [ value Sexp Sealc
2660.6 8+t ﬂhg/zvf7_/21 3 1.55(15) 1.550
2884.0 1t ﬂh9/2Uf77é 3 0.30(5) 0.273
2888.5 3t nfs/zvpf/lz 3 3.4(3) 3.216
2893.7 2- whoy vif_gl/2 6 0.23(5)  0.466
2942.9 2+ 7rf5/2vpl_/12 3 2.8(3) 2.149
3201° 12+ Tiy3vis),
3285.0 2+ np3/2vpf/12 1 1.68(20) 1.682
3449 137 mippvin),

“State has not been seen in the present study or Ref. [1].
>“Dummy” level, only one level has been observed at 1824.3 keV, which might be the 6+ as assumed

here or the 5.

where pn; stands for the combination of any of the proton
orbitals of the major shell between 82 and 126 and of the
neutron holes in the same range. This encompasses the space
of hop, f1/2. f5)2, P3j2s P1j2s and i1352 orbitals. The 2p-2h
components are not considered.

The number of possible particle-hole components m has a
maximum of m = 21 for the 3" state. A level is completely
described by the set of amplitudes a; and its energy. Of course,
the wave functions for all levels of /™ have to be orthonormal.
All observable properties can be calculated from the wave
functions and the operators corresponding to the observables.
These involve the M 1 and E?2 operators defined by their matrix
elements in Sec. III A, while the energies and spectroscopic
factors are easily calculated.

The wave functions can be calculated by diagonalizing the
Hamilton operator given by the single-particle energies and
the residual two-body interaction. The single-particle energies
are taken from experiment [1], while the residual interaction
can be calculated from the various parametrizations of the
measured interaction between free nucleons. Here we take an
interaction based on the H7B parametrization [20] as a starting
point. It has been converted to a particle-hole interaction by the
Pandya transformation [21] from the primary particle-particle
scheme. The goal is to determine as many elements of the
residual interaction as possible from a fit to the experimental
data of 2®®Bi. These fitted elements are then substituted for the
original H7B elements, while those H7B elements that are not
sensitive to the experimental data are retained.

In previous work [14,22], the amplitudes of the wave
functions were adjusted by trial and error to fit the measured
y decay. This procedure for the determination of the wave
functions has the advantage that the dependence of the
y decay on the wave functions is sufficiently transparent that
the appropriate direction of variation of the wave function
amplitudes is intuitive and a reasonable fit can be achieved
by trial and error. Once the energies and wave functions,
the amplitudes, of the states are determined in this way, the
Hamiltonian can be calculated straightforwardly from a set
of linear equations. However, the trial and error approach
becomes impractical for larger data sets. Also, after each

change of one wave function, the complete set for one /™
has to be orthonormalized, which might change properties in
an unexpected manner, rendering the approach difficult.

In the present study, we have used an automatic nonlinear
least-squares fit to handle the large set of data. Fitting of the
amplitudes of the wave functions is still difficult because of
the orthonormality constraint. However, the orthonormality
requirement of the wave functions is equivalent to the
symmetry requirement of the Hamiltonian H;; = Hy;, which
is trivial to obey. Therefore it is easier to start directly
from the Hamiltonian and optimize its matrix elements. The
nuclear properties that are to be compared with experiment are
calculated from the Hamiltonian, with the wave functions as an
intermediate step, and the elements of the residual interaction
varied for the best fit.

Only positive parity states have been treated. There are
few low lying negative parity states, and they decay primarily
by E1 transitions, which are forbidden in the configura-
tion space considered and therefore cannot be calculated.
Fitting of the interaction is helped by the fact that one
configuration tends to dominate for each state, and mixing
with much higher lying levels is small. Therefore, if m
levels were known from experiment for a given I, then the
[(m + 1)(m + 2)/2 — 1] elements of the submatrix for the
corresponding m configurations and the next higher were
fitted; the diagonal element of the highest configuration was
left unchanged. In total, 150 elements out of 976 for spin 1" to
8™ have been fitted. There is insufficient information to fit the
interaction with still higher lying configurations, and so the
original, unchanged H7B elements have been used for these.

Up to 80 parameters were optimized simultaneously with
the nonlinear least-squares fitting routine FIT77. The data to
be reproduced were the level energies, spectroscopic factors,
nd y-branching ratios. Of course, the interaction is diagonal in
spin and parity, and the level energies and spectroscopic factors
depend only on the elements of the interaction for this spin and
parity. However, M 1 transitions proceed to neighboring spins,
and E2 transitions connect states differing by up to 2 units of
spin. Obviously, parity does not change for these transitions,
and it turns out that M1 transitions are much more important
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TABLE III. Reduced M1 (nm) and E2 (efm?) single-
particle elements used in the present calculations. The
elements for holes are with the signs for holes, meaning
for E2 the sign is reversed from that for particles. If initial
and final orbitals are reversed, there is a sign (—1)ii~/in)
for all elements.

From To (IM1]) (1E2])
wlg wlgipn 4.694 43,14
m2ds)> 0.23¢ 13.8¢
7T2d3/2 5]8d

ﬂ2d5/2 T[ZdS/z 5.931¢ 40.112
72d3), 1.901* —20.51*
7T3S1/2 37.11%

7T2d3/2 7T2d3/2 0.961* 29.61%
381 0.301? 33.51%

ﬂlh“/z ﬂlh]]/z 12.714 6702b

ﬂlhg/z ﬂlhg/z 6.971* —55.91?
w2 f1 0.181? —15.51¢
72 f5p —71.0¢

T2 f1 w2 f1 8.08" —61.4f
77.'2f5/2 —1.90¢ —199d
T3p3p 54.44

ﬂ2f5/2 7T2fs/2 2.424 —46.54
T3p3p 20.0¢
3pip 38.7¢

713[73/2 7T3p3/2 3.95¢ —32.4¢4
7T3p1/2 715111 7332‘1

7T3p1/2 7T3p1/2 —010d

ﬂ1i13/2 7T1i13/2 15.711* —68.01*

l)lhg/z l)lhg/z 118d 304d
V2f7/2 024d —8.4d
V2 fsp —44 34

l)2]“7/2 V2f7/2 —2.011% 48.51?
v2fsp —2.01# —11.9¢
v3psp 26.6'

V2 fs) v2 5 1.081% 25.91%
v3p3p —0.441* 11.21*
1)3171/2 20.612

v3p3p v3p3p —1.48" 35.6"
V3p1 —1.281° —15.61°

U3p1/2 1)3]]1/2 0.711%

l)lill/z V1i11/2 1.0712 —39.31*
v2g9/2 —0.351*% —6.912
v2g87/2 —40.0¢

V2892 V289> —2.52¢ —39.012
V2872 —1.961% 11.7¢
v3ds) —32.91*

V2872 V2872 1.491¢ —31.31*
U3d5/2 —6.91*
U3d3/2 —23.21*

v3ds v3ds) —1.901* —18.11°
v3ds), —1.631° 9.41%
U4S1/2 —17.71*%
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TABLE III. (Continued.)

From To (IM1]) (IE2])

l)3d3/2 l)3d3/2 1.121* —14.11*
I)4S1/2 —031d _1411a

vljisp vljis —2.681* —64.01*

2From Ref. [14].

"From Ref. [17].

°From Ref. [18].

dCalculated for M1 by R. Bauer et al. [16] and for E2 by
P. Ring et al. [15].

¢(fs2 | E2 || hoy,) has been adjusted by a factor of 1.13
and (fsp || M1 || f72) by 1/1.13 to fit the branching
ratio from the 2826 keV f5, level in 2Bi [19].

‘M1 element changed to 8.08 from 8.01, and E2
element from —53.5 to —61.4 in fit of present data.

€M1 element changed to —2.01 from —1.98, and E2
element from —11.7 to —11.9 in fit of present data.

"M1 element changed to —1.48 from —1.60 and E2
element from 16.9 to 35.6 in fit of present data.

'E2 element changed to 26.6 from 27.7 in fit of present
data.

than E2 ones. Interaction elements from different spins were
fitted simultaneously.

In detail, the fit procedure was as follows. The quantity to
be minimized was

2
10000 x Y5z~ B+ Y (255
exp
2
+ Z( eXZBy calc) , (2)

calc

with the level energies E* in MeV, the spectroscopic factors §
as in Table II, and the y branches (B") as a percentage. The
sums extended over all clearly assigned experimental levels
and their y-ray decays. The very small experimental errors of
excited state energies would weight them too heavily, hence
the chosen weight of 10 000, corresponding to a 10 keV error,
with which the energies are easily fitted to 1 keV accuracy.
The spectroscopic factors include j =1 +1/2 for [ =1, 3.
Weighting of the y -branching ratios by the experimental errors
emphasizes the role of weak branches with often small errors.
This might not be appropriate in all cases, because it could
be unrealistic to expect that very weak branches would be
calculated precisely.

The calculations started with initial values from the H7B
interaction matrix. The fit routine was told which elements
to vary. In an iterative sequence, the fitted elements were
used together with the unchanged terms as the starting
point for the next optimization. This procedure was repeated
with varied combinations of elements to be fitted until no
further significant improvement was possible. First the wave
functions and energies were calculated by diagonalizing the
full interaction matrix. The M1 and E2 elements connecting
the particle-hole configurations were calculated by standard
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TABLE IV. Comparison of measured (B,

PHYSICAL REVIEW C 76, 064304 (2007)

14

) y-branching ratios and calculated ones (B(,,.) obtained using

the fitted interaction. Transitions between 1p-1h states with measured or calculated y -branching ratios >0.1%
are listed, normalized to 100 for the strongest transition. Only M1, E2, or mixed M1 + E2 multipolarities
are considered. In the latter case, the calculated values for the M1 and E2 components are given separately.
Erroneous branching ratios of Ref. [1] that have been corrected for the levels at 628.3, 1563.5, 2386.0, 2457.3,
and 2884.0 keV by areevaluation of the data of Ref. [1] are indicated by italics. The total calculated y -transition
rates from the levels are also given.

Ewi (keV)  JT Eg(keV)  JE E, (keV)  Multi-polarity B/, B,
63.1 4+ 0.0 5+ 63.1 M1 99.96 100
E2 0.04
Total rate: 0.867E+08 s~!
510.2 6+ 0.0 5+ 510.2 M1 41.1 100 (9)
E2 58.9
63.1 4+ 447.1 E2 6.11 7.2 (18)
Total rate: 0.680E+10 s~!
601.4 4+ 0.0 5+ 601.4 M1 98.44 100 (9)
E2 1.56
63.1 4+ 538.3 M1 51.7 54 (5)
E2 1.72
Total rate: 0.170E+12 s~!
628.3 5+ 0.0 5+ 628.3 M1 21.1
E2 7.77
63.1 4+ 565.3 M1 87.7 100 (7)
E2 12.3
510.2 6+ 118.2 M1 32.2 4.2 (12)
E2 0.03
601.4 4+ 27.0 M1 0.46 041(5)
E2 0.00
Total rate: 0.354E+11 s~!
633.1 3+ 0.0 5+ 633.1 E2 1.88 1.3 (2)
63.1 4+ 570.0 M1 91.7 100 (6)
E2 8.27
601.4 4+ 31.7 M1 0.26 2.4 (6)
E2 0.00
Total rate: 0.519E+11 s~!
650.5 7 0.0 5+ 650.5 E2 100. 100 (20)
510.2 6+ 140.3 M1 59.2 51(13)
E2 0.13
Total rate: 0.153E+11 s~
886.4 5t 0.0 5+ 886.4 M1 99.07 100 (20)
E2 0.93
63.1 4+ 823.3 M1 64.2 78 (17)
E2 0.40
510.2 6+ 376.2 M1 3.16
Total rate: 0.519E+13 s~!
924.8 2+ 63.1 4+ 862.6 E2 32.3 32.3(6)
633.1 3+ 292.6 M1 99.96 100 (10)
E2 0.04
Total rate: 0.201E+12 s~!
936.2 3+ 0.0 5+ 936.2 E2 1.18 1.6 (4)
63.1 4+ 873.1 M1 31.9 100 (6)
E2 68.1
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TABLE IV. (Continued.)

E; (keV) Jo Eg, (keV) Ji E, (keV) Multi-polarity ch,dlc Be"XP
601.4 4+ 334.8 M1 12.2
633.1 3+ 303.1 M1 1.14 1.3(2)
E2 0.00
Total rate: 0.187E+11 s7!
959.0 4+ 0.0 5+ 959.0 M1 44.6 40 (5)
E2 1.47
63.1 4+ 895.9 M1 99.32 100 (10)
E2 0.68
628.3 5+ 330.6 M1 1.32 2.9 (10)
E2 0.01
633.1 3+ 325.9 M1 4.67 9.1 (15)
E2 0.00
Total rate: 0.481E+13 s~!
1033.2 4+ 0.0 5+ 1033.2 M1 97.34 100 (6)
E2 2.66
63.1 4+ 970.1 M1 76.4 45 (3)
E2 0.82
601.4 4+ 431.8 M1 0.00 1.2 (3)
E2 0.00
633.1 3+ 400.1 M1 0.37 2.3(3)
E2 0.01
886.4 5+ 146.8 M1 0.54 1.0 (2)
E2 0.00
Total rate: 0.1284E+13 s7!
1069.1 3+ 0.0 5+ 1069.1 E2 0.37 2.8(4)
63.1 4+ 1006.0 M1 99.86 100 (6)
E2 0.14
601.4 4+ 467.7 M1 6.65 9.0 (7)
E2 0.00
633.1 3+ 436.0 M1 0.07 2.4 (3)
E2 0.00
959.0 4+ 110.1 M1 0.43 0.6 (2)
E2 0.00
Total rate: 0.572E+13 s~!
1095.1 6" 0.0 5+ 1095.1 M1 99.71 100 (10)
E2 0.29
886.4 5+ 208.7 M1 1.34
Total rate: 0.916E+13 s~
1469.4 5+ 510.2 6+ 959.2 M1 94.90 100 (14)
E2 5.10
601.4 4+ 868.0 M1 1.56
628.3 5+ 841.0 M1 7.64 9 (6)
E2 1.65
959.0 4+ 510.4 M1 4.49
1033.2 4+ 436.2 M1 17.0 18 (4)
E2 1.13
Total rate: 0.423E+12 s~!
15294 3+ 0.0 5+ 1529.4 E2 17.5 19 (5)
63.1 4+ 1466.3 M1 39.5 49 (7)
E2 3.15
601.4 4+ 928.0 M1 99.93 105 (11)
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TABLE IV. (Continued.)
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Eii (keV) Jo Eg, (keV) Ji E, (keV) Multi-polarity ch,dlc Bg’xp
E2 0.07
628.3 5+ 901.0 E2 4.90
633.1 3+ 896.3 M1 38.7 44 (8)
E2 3.20
924.8 2+ 603.7 M1 4.31
936.2 3+ 593.2 M1 13.7 17 (6)
E2 2.03
959.0 4+ 570.4 M1 5.94
1033.2 4+ 496.2 M1 95.6 100 (12)
E2 0.10
1069.1 3+ 460.3 M1 11.4
Total rate: 0.976E+12 s~!
15394 2+ 63.1 4+ 1476.3 E2 12.0 12.0 (8)
601.4 4+ 938.0 E2 2.98 3.0(2)
633.1 3+ 906.3 M1 95.0 100 (6)
E2 5.0
924.8 2+ 613.7 M1 5.68 7.4 (5)
E2 0.33
936.2 3+ 603.2 M1 18.4 20.3 (12)
E2 2.33
1069.1 3+ 470.3 M1 3.0 3.0(2)
E2 0.00
Total rate: 0.283E+12 s~ !
1563.5 4+ 0.0 5+ 1563.5 M1 23.0
510.2 6" 1053.4 E2 1.70
601.4 4+ 962.2 M1 2.13
628.3 5+ 935.2 M1 62.9 67 (14)
E2 2.86
633.1 3+ 930.5 M1 5.10
886.4 5+ 677.2 M1 3.75 3(1)
E2 0.35
936.2 3+ 627.4 M1 99.02 100 (20)
E2 0.98
1033.2 4+ 530.4 M1 12.46 25(8)
E2 0.11
1069.1 3+ 494.5 M1 1.56 1.7 (10)
E2 0.00
Total rate: 0.166E+13 5!
1657.4 8~ 1570.8 10~ 86.6 E2 100.
Total rate: 0.142E+05 s~!
1666.5 7" 1624.7 6~ 41.8 M1 100.
1657.4 8~ 9.1 M1 6.66
Total rate: 0.555E+08 s~!
1703.3 5- 1624.7 6~ 78.6 M1 100.
Total rate: 0.923E+09 s~!
1715.5 6~ 1624.7 6~ 90.8 M1 100.
1666.5 7~ 49.0 M1 9.73
1703.3 5- 12.2 M1 1.19

Total rate: 0.714E+10 s~!
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TABLE IV. (Continued.)
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E; (keV) Jo Eg, (keV) Ji E, (keV) Multi-polarity ch,dlc Be"XP
1716.2 7" 1624.7 6~ 91.5 M1 159
1657.4 8~ 58.8 M1 100.
Total rate: 0.722E+10 s~!
1787 9~ 1570.8 10~ 216.2 M1 99.9
1657.4 8~ 129.6 M1 37.3
Total rate: 0.185E+12 s~!
1802.2 1+ 633.1 3+ 1169.0 E2 10.0 6.8 (4)
924.8 2+ 876.4 M1 17.7 17.3 (10)
E2 0.06
936.2 3+ 865.9 E2 19.1 16.3 (10)
1539.4 2+ 262.7 M1 99.97 100 (5)
E2 0.03
Total rate: 0.645E+12 s7!
1824.3 6" 0.0 5+ 1824.3 E2 1.88
510.2 6+ 1314.1 M1 9.68
E2 7.22
650.5 7+ 1173.8 M1 16.4
E2 21.0
886.4 5+ 937.9 M1 1.57
1033.2 4+ 791.1 E2 4.99
1095.1 6" 729.2 M1 5.80
1469.4 5+ 354.9 M1 99.41 100 (8)
354.9 E2 0.59
Total rate: 0.553E+12 s7!
1838.9 4= 1703.3 5- 135.6 M1 99.99 100 (26)
E2 0.01
Total rate: 0.136E+12 s~!
1842 5+t 0.0 5+ 1842.0 M1 3.66
63.1 4+ 1778.9 M1 22.5
E2 1.72
510.2 6+ 1331.8 M1 1.58
628.3 5+ 1213.6 M1 10.8
959.0 4+ 883.0 M1 14.0
1033.2 4+ 808.8 M1 99.98
1563.5 4+ 278.4 M1 5.95
Total rate: 0.523E+13 s~!
1870.7 3+ 0.0 5+ 1870.7 E2 7.27
63.1 4+ 1807.6 M1 11.1
E2 1.73
601.4 4+ 1269.3 E2 1.43
633.1 3+ 1237.6 M1 8.59
924.8 2+ 945.0 M1 15.8 153)
E2 0.00
936.2 3+ 934.5 M1 112. 70 (30)
E2 0.19
1033.2 4+ 837.5 M1 99.84 100 (10)
E2 0.16
1539.4 2+ 331.3 M1 2.08 5.5(17)
E2 0.00
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Eii (keV) Jo Eg, (keV) Ji E, (keV) Multi-polarity ch,dlc Bg’xp
1563.5 4+ 307.1 M1 7.51 7.5 (18)
E2 0.01
Total rate: 0.110E+14 s~!
1882.1 4+ 0.0 5+ 1882.1 M1 2.57
63.1 4+ 1819.0 M1 16.8
510.2 6+ 1371.9 E2 2.12
601.4 4+ 1280.7 M1 26.9
628.3 5+ 1253.7 M1 1.19
633.1 3+ 1249.0 M1 5.10
936.2 3+ 945.9 M1 99.76 100 (10)
E2 0.24
959.0 4+ 923.1 M1 10.6 6(2)
E2 0.07
1033.2 4+ 848.9 M1 28.2 3.6 (18)
E2 0.23
1069.1 3+ 813.0 M1 9.37 18.2 (11)
E2 0.00
1469.4 5+ 412.7 M1 26.2 25 (4)
E2 0.10
1529.4 3+ 352.7 M1 4.41
Total rate: 0.928E+13 s7!
1919.9 3~ 1838.9 4= 81.0 M1 100. 5@2)
E2 0.00
Total rate: 0.3221E+11 s7!
2126.8 2+ 63.1 4+ 2063.7 E2 28.8
601.4 4+ 1525.4 E2 4.15
633.1 3+ 1493.7 M1 18.9 16.3 (13)
E2 0.00
924.8 2+ 1201.1 M1 15.3 13.9(11)
E2 0.00
936.2 3+ 1190.6 M1 98.25 100 (7)
E2 1.75
1033.2 4+ 1093.6 E2 4.73 4.4 (8)
1069.1 3+ 1057.7 M1 003  35(7)
E2 0.38
1529.4 3+ 597.4 M1 19.4 13 (2)
E2 0.09
1539.4 2+ 587.4 M1 11.5
1802.2 1+ 324.7 M1 1.95
1870.7 3+ 256.1 M1 14.0 13.7 (11)
E2 0.00
Total rate: 0.818E+13 s~!
2340.0 7t 510.2 6+ 1830.2 M1 99.94 100
E2 0.06
650.5 7t 1689.9 M1 21.84
Total rate: 0.578E+14 s~!
2383.8 4+ 601.4 4+ 1782.4 M1 91.2 190 (90)
E2 0.28
628.3 5+ 1755.4 M1 5.09 31 (13)
E2 0.42
633.1 3+ 1750.7 M1 98.54 100 (6)
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TABLE IV. (Continued.)

E; (keV) Jo Eg, (keV) Ji E, (keV) Multi-polarity ch,dlc Be"XP
E2 1.46
886.4 5+ 1497 .4 M1 1.73
936.2 3+ 1447.6 M1 2.45
1033.2 4+ 1350.6 M1 13.5
1069.1 3+ 1314.7 M1 3.67
1870.7 3+ 513.1 M1 1.34
1882.1 4+ 501.7 M1 1.63
Total rate: 0.609E+14 s~!
2386.0 5+ 63.1 4+ 2322.9 M1 4.88
510.2 6" 1875.8 M1 16.2
601.4 4+ 1784.6 M1 173. 90(130)
E2 0.01
628.3 5t 1757.6 M1 99.73 100 (9)
E2 0.27
633.1 3+ 1752.9 E2 0.97 50 (50)
886.4 5t 1499.6 M1 6.28
E2 1.49
959.0 4+ 1427.0 M1 5.09
E2 2.11
1095.1 6+ 1290.9 M1 1.79
1529.4 3+ 856.6 E2 0.00 15 (5)
1563.5 4+ 822.4 M1 4.93
1842 5+ 544.0 M1 1.25
1882.1 4+ 503.9 M1 1.14
Total rate: 0.499E+14 s~!
2409.0 6" 0.0 5+ 2409.0 M1 4.19
510.2 6% 1898.9 M1 40.3
628.3 5+ 1780.7 M1 99.70 100 (6)
E2 0.30
650.5 7 1758.6 M1 6.49
886.4 5+ 1522.7 E2 1.43
Total rate: 0.685E+14 s~!
2413 9~ 1570.8 10~ 842.2 M1 94.44
E2 5.56
1657.4 8~ 755.6 M1 90.6
1787 9~ 626.0 M1 1.46
Total rate: 0.207E+12 s~!
2457.3 3+ 63.1 4+ 2394.2 M1 1.26
601.4 4+ 1855.9 M1 71.3 73 (6)
E2 0.45
633.1 3+ 1824.2 M1 99.75 100 (8)
E2 0.25
924.8 2+ 1532.6 M1 51.1 50 (4)
E2 0.38
936.2 3+ 1521.1 M1 2.23
959.0 4+ 1498.3 M1 1.66
1033.2 4+ 1424.1 M1 1.35
1069.1 3+ 1388.2 M1 4.62 6.6(17)
E2 0.47
15394 2+ 917.9 M1 24.2 27 (2)
E2 0.07
1563.5 4+ 893.7 M1 1.68
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TABLE IV. (Continued.)

Eiyi (keV) Jo Eg, (keV) Ji E, (keV) Multi-polarity B!, B,
1882.1 4+ 575.2 M1 5.21
Total rate: 0.625E+14 s~!
2475 9~ 1570.8 10~ 904.2 M1 90.34
E2 9.66
1657.4 8~ 817.6 M1 87.0
1787 9~ 688.0 M1 40.2
2413 9~ 62.0 M1 1.89
Total rate: 0.404E+12 s~!
2501.6 2+ 63.1 4+ 2438.4 E2 9.30
601.4 4+ 1900.1 E2 6.19
633.1 3+ 1868.4 M1 108. 90 (20)
E2 0.03
924.8 2+ 1575.8 M1 99.4 100 (20)
E2 0.60
936.2 3+ 1565.3 M1 4.52
959.0 4+ 1542.5 E2 5.63
1069.1 3+ 1432.4 M1 5.35 20 (6)
E2 8.20
1870.7 3+ 630.8 M1 4.61
Total rate: 0.227E+14 s~!
2660.6 8" 650.5 7t 2010.1 M1 98.63 100
E2 1.37
1095.1 6+ 1565.5 E2 1.78
Total rate: 0.572E+14 s~!
2884.0 1t 633.1 3+ 2250.9 E2 11.9
924.8 2+ 1958.3 M1 103. 100(40)
E2 0.00
936.2 3+ 1947.8 E2 2.72
1069.1 3+ 1814.9 E2 165. 140(30)
2501.6 2+ 382.5 M1 100. 100(10)
E2 0.00
Total rate: 0.136E+14 s~!
2888.5 3+ 0.0 5+ 2888.5 E2 100. 100
63.1 4+ 2825.4 E2 6.23
601.4 4+ 2287.1 M1 2.05
924.8 2+ 1962.8 M1 1.38
936.2 3+ 1952.3 M1 1.07
959.0 4+ 1929.5 M1 3.37
1033.2 4+ 1855.3 M1 15.9
Total rate: 0.259E+15 s~!
2893.7 2- 1919.9 3~ 973.8 M1 99.98 100 (60)
E2 0.02
Total rate: 0.521E+14 s~!
2942.9 2+ 63.1 4+ 2879.8 E2 100. 100
633.1 3+ 2309.8 M1 2.00
936.2 3+ 2006.7 M1 39.2

Total rate: 0.258E+15 s7!
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TABLE IV. (Continued.)

E; (keV) Jo Eg, (keV) Ji E, (keV) Multi-polarity ch,dlc Be"XP
3285.0 2F 601.4 4+ 2683.6 E2 4.88
633.1 3+ 2651.9 M1 8.06
924.8 2+ 2359.3 M1 16.3
936.2 3" 2348.8 M1 6.87
E2 10.60
959.0 4+ 2326.0 E2 22.1
1033.2 4+ 2251.8 E2 100.
1069.1 3+ 22159 M1 7.96
E2 1.17
1529.4 3+ 1755.6 M1 52.8
E2 1.24
1802.2 1" 1482.9 M1 1.31
1870.7 3+ 1414.3 M1 11.1
1882.1 4+ 1402.9 E2 1.08
2126.8 2+ 1158.2 M1 4.89
2457.3 3+ 827.7 M1 5.76
Total rate: 0.625E+14 s~!
3449 13+ 3201 12+ 248.2 M1 99.95
E2 0.05

Total rate: 0.100E+12 s~ !

Racah algebra from the single-particle elements. With these
electromagnetic matrix elements then, the transition matrix
element between two states was calculated; for this only
the first 12 configurations were used, higher ones being
unimportant. The y-ray transition rate was computed with
the experimental y-ray energy. This is a convenience in the
fit, because the y-decay is essentially independent of the
calculated energy from the first iteration on.

C. Results

1. Results of the fit

The fit procedure reproduces level energies and spectro-
scopic factors well and easily. Since each level energy is
mainly influenced by the diagonal element of its dominant
configuration, the fit procedure could, roughly speaking, just
involve adjustment of this one matrix element after the mixing
has been handled. Indeed, the fitted interaction reproduces the
level energies to 1 keV accuracy. Nevertheless, configuration
mixing also contributes significantly to the energies. The
diagonal elements cannot be separately determined just from
the level energies; it is necessary to also fit the nondiagonal
elements to obtain the energy shift from mixing.

Since the spectroscopic factors are given by the squared
amplitude of the contributing configurations, small admixed
components are nearly always insignificant, and the spectro-
scopic factors are also easily fitted within their estimated error
of about 10% (see Table II). While only the transferred orbital
angular momentum can be determined in the transfer reaction,
spin-orbit splitting is so large that there is little mixing between
the p1/, and p3; or f5,5 and f7; orbitals. The worst agreement

is for one of the highest states, the 27 level at 2.943 MeV; its
spectroscopic factor for [ = 3 transfer in (*He,d) is calculated
as 2.15 and measured as 2.8(3). In only six other of the 51 cases,
disagreement was found to be just outside the quoted errors,
but the errors are in any case, only estimates. The table lists
only measured factors; for the many additional spectroscopic
factors that have not been measured because they are too small,
the calculations also give negligible values. The spectroscopic
factors determine very clearly, or at least severely restrict, the
main configurations of the states. On this firm basis, even small
configuration mixing can then be determined from the y-ray
information.

Also, configuration mixing of the wave functions depends
not only on the mixing matrix elements of the Hamiltonian, but
also on the diagonal elements; this is evident in perturbation
theory, as they determine the energy denominators.

The y decay can be very sensitive to small admixtures of
the wave functions and therefore the nondiagonal interaction
elements. The transition matrix elements between two states
described by their wave functions as

¥ =Y alv) 3)
i=1
and !
¢ = bilw) “)
i=1
are
(@IM1or E2[y) = Y asbe{m| M1 or E2[vi),  (5)

ik

where v; and ;. are pure particle-hole configurations.
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FIG. 6. Measured (squares with error bars) and calculated (x)
branching ratios for the decay from the (a) 1802.2 keV 17,
(b) 1069.1 keV 37", (c) 628.3 keV 57, and (d) 1563.5 keV 47" levels
in 2 Bj to the indicated states. The strongest transition is normalized
to 100.

The sum contains many elements that might interfere
constructively or destructively. Three extreme situations are
presented in the following. One is if the transition between
the main configurations is weak or even forbidden, and then
small admixtures might be most important. Another is when
two or three of the largest transition elements nearly cancel
out. Finally, if a strong matrix element connects the main
configurations of the initial and final states, this dominates, and
smaller components become of little importance. The decay of
the 5T state presented below illustrates these three extremes.

Table IV compares the measured branching ratios with
those calculated by the fitted interaction. Only M1 and E2
transitions between 1p-1h states are included. Also, transitions
are only shown if either they have been measured or the

PHYSICAL REVIEW C 76, 064304 (2007)

calculated branch is greater than 0.1%. This leaves out many
transitions that are unobserved and, accordingly, calculated
to be of negligible intensity; they are, however, included in
the fit. As an overall result indicating the value of the fit, the
minimized quantity

(6)

)3 (Bexp chdlc>
AB Zalc

is lowered by a factor of 500, from 64 000 when the original

H7B interaction is used, to 120 by the fit. This sum is over all

positive parity states. The remaining summed-square error of

120 is mainly due to a few transitions that deviate significantly.

Table IV gives also the total calculated y-transition rate
from the levels. It indicates if the transitions are strong and
therefore rather easy to reproduce, or weak and likely to be
influenced by small components of the wave functions. A few
cases are presented in more detail in Fig. 6. Five branches
from the first 17 state at 1802 keV [Fig. 6(a)] are quite well
reproduced, although the branches to the 37 levels at 633 and
936 keV are not within errors (Table IV). Similarly, the main
features of the decay from the 1069 keV 3% level [Fig. 6(b)] are
well fitted, but some small branches do not agree quantitatively.
Of the 12 transitions from the 4* 1563 keV level, only one is
clearly not reproduced [Fig. 6(d)].

The decay of the 5, 628 keV level [Fig. 6(c)] is an
example in which good agreement would not be expected,
as explained schematically in Fig. 7. The main contributions
for the M1 transition to the ground state are from the main
hosa f5/2 component of the excited state to the same weak
component of the ground state, and between the hg,p1/o
configurations, which is weak in the initial level but strong
in the ground state. These two matrix elements nearly cancel
each other (Fig. 7), and a small change of either one would give

628 keV 5" to 0keV 5T 628 keV 51 to 63 keV4+ 628 keV 5" to 510keV6+
2
= & « o from 1 E=565 keV _ | ° . |
| = @ A i B 1 = ~ \ ~ X
_ o o« o _ —_ B(M1)=0.003 Wu 15 & g = -
gos- ¢ Sl 8 § AFosk IS O T
R s - = 8 1= L ° X 12 £ £ 5 8
L m_ N I . el - = * m
o &ox L e e ! A
: T 18 S Q S 1= E=118 keV
=05+ E=628 keV — —-05F = Q. a, _ 4 Vo5 BM1)=0.13 W
VoL BMI1)=0.006 Wu | ¥ L g Q o E i L (M1)=0. u
- ([ ] | - = =i e + _ | 0b——— _f_____
2
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FIG. 7. M1 transition elements for the y decays from the first excited 57 level at 628.3 keV in 2 Bi. The three configurations that contribute
most to the transition are shown in the upper panels for the decaying state and in the lower panels for the populated level. The bars show
the amplitude of the indicated configuration, the round dots the contribution to the transition element from this configuration, and X the total

transition element.
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a vastly different result. Because of this cancellation also, the
small contributions from the other weak components become
very important. The very small calculated B(M 1) value of
0.006 W.u. means that minute details of the structure can be
decisive. In the second decay to the 4% state, the dominant
hoys f5> configuration of the 5% level contributes negligibly
(less than the three very small components that are shown)
to the decay, and the calculated B(M 1) is even smaller than
that to the ground state. In contrast, the initial 5% state and the
6™ level fed in the third decay both have hy, f5,, as the main
configuration, that also dominate the transition. Therefore the
calculated value should be reliable. Figure 6 shows that if
theory and experiment had been normalized to this line instead
of to the strongest, the branches to the 57 ground state and
601 keV 4" level would roughly agree. Only the weakest
transition to the 63 keV 47 state with a calculated B(M1) =
0.003 W.u. would be badly reproduced.

2. Results for the interaction

The fitted interaction elements are compared with those
from H7B in Table V. Figure 8§ compares the diagonal elements
with the proton in the &g/, orbital; while in Fig. 9, the proton
is in the f7/, orbital. The trend as a function of spin shows the
characteristic U shape in agreement between calculated and
fitted elements [23]. For the highest spin coupling, the rise is
pronounced if spin and orbital angular momentum are parallel
for the proton and antiparallel for the neutron hole or vice
versa. The magnitude of the elements agrees also quite well.

There is a clear discrepancy for the 3" level of the diagonal
ho,2 f7/2 interaction where the fitted value is 250 keV larger
than the H7B value. There is no obvious explanation for this,
although these high lying configurations could be influenced
by still higher lying unobserved configurations.

Figures 10-12 show the off-diagonal (mixing) elements.
Again, calculated and fitted values agree reasonably well,
although the mixing elements are quite small. As the range

0.8 -
‘ ‘ ‘ ‘ ‘ G © hy,t;, HTB

@@ h,,f;, fit
& £ hyf;, HTB
B h,f , fit

& © hy,p;, HTB B
& by, fit

A Ah,,p,, HTB
A—A b, fit

o
=
I

-

Diagonal element [MeV]
(=]
S
I

o
)
I

FIG. 8. Diagonal matrix elements of the interaction for configu-
rations involving the 7 Ay, orbital. The open symbols mark the H7B
interaction, the filled are from the fit.
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TABLE V. Comparison of fitted and H7B interaction elements

(MeV).
Matrix element J H7B Fit
<7T1h9/21)2f7/2|H|T[1h9/21)2f7/2> 1 0.621 0.762
2 0.304 0.279
3 0.182 0.422
4 0.191 0.099
5 0.138 0.198
6 0.200 0.179
7 0.121 0.139
8 0.429 0.479
<7T 1h9/2U2f7/2|H|7T 1h9/21)2f5/2) 2 —0.361 —0.460
3 —0.003 —0.411
4 —0.147 —0.094
5 0.008 —0.173
6 —0.114 —0.046
7 0.049 0.104
(ﬂ1h9/2V2f7/2|H|7T 1]’[9/21)3]73/2) 3 0.115 —0.099
4 0.088 0.111
5 0.056 0.143
6 0.217 0.055
<7T 1h9/21)2f7/2|H|7Tlh9/2\)3p]/2> 4 —0.142 —0.053
5 0.067 0.055
(JT 1h9/2V2f7/2|H|7T2f7/2l)2f7/2) 2 —0.035 —0.295
3 —0.015 0.557
4 —0.034 0.013
5 0.001 —0.324
6 —0.031 0.028
7 0.004 -0.214
<7T1h9/21)2f7/2|H|7T2f7/21)2f5/2> 1 —0.041 0.179
2 0.058 0.188
3 —0.027 0.038
4 0.030 —0.063
5 —0.015 —0.010
6 0.016 0.007
(JT1h9/2V2f7/2|H|7T2f7/2U3p3/2> 2 0.081 —0.085
3 0.048 —0.168
4 —0.020 —0.109
5 0.080 —0.141
<7T1h9/21)2f7/2|H|7T2f7/2l)3pl/2> 3 —0.091 —0.164
4 0.041 —0.187
(JT1h9/2V2f7/2|H|7T2f5/2l)3pl/2> 2 —0.147 0.052
3 0.087 —0.051
<71’1h9/21)2f7/2|H|7T3p3/2113p1/2> 1 —0.025 —0.021
2 0.034 —0.044
<7T1]’19/2V2f7/2|H|7T1i13/2V1i13/2> 8 —0.129 —0.208
(JT 1h9/2V2f5/2|H|7T 1]’[9/2V2f5/2> 2 0.742 0.714
3 0.258 0.381
4 0.194 0.201
5 0.133 0.186
6 0.075 0.062
7 0.141 0.184
<7T 1h9/21)2f5/2|H|7T1h9/21)3p3/2) 3 0.093 0.178
4 —0.106 —0.081
5 0.057 0.029
6 —0.131 —0.063
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TABLE V. (Continued.)
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TABLE V. (Continued.)

Matrix element J H7B Fit
<7T1]’19/2U2f5/2|H|77,'1h9/21)3p1/2> 4 0.112 0.011
5 0.076 0.078
<7T1h9/21)2f1§/2|H|7T2f7/21)2f7/2> 2 0.098 —0.076
3 —0.076 —0.498
4 0.044 —0.268
5 —0.051 0.234
6 0.024 0.251
7 —0.032 —0.097
<7T1]’!9/2V2f5/2|H|7T2f7/2])2f5/2> 2 —0.015 0.007
3 0.008 0.008
4 0.017 —0.011
5 —0.002 —0.013
6 0.027 0.029
(77,'1h9/21)2f5/2|H|7t2f7/2113p3/2) 2 0.115 0.222
3 —0.042 0.034
4 0.075 0.038
5 0.007 —0.071
(T(1]’!9/2U2f5/2|H|7l’2f7/21)3pl/2> 3 0.039 0.056
4 0.057 0.008
<7T1h9/21)2f1§/2|H|7T2f5/2])3pl/2> 2 0.269 0.178
3 0.098 —0.315
<7T1h9/21)2f5/2|H|7T3p3/21)3p1/2) 2 0.009 0.094
<7T1h9/2U3p3/2|H|7T1h9/21)3p3/2> 3 0.175 0.317
4 0.086 0.162
5 0.074 0.096
6 0.366 0.312
<7T1h9/zl)3p3/2|H|7T1h9/21)3p]/2> 4 —0.143 —0.061
5 0.081 0.037
<7T1]19/21)3])3/2|H|7{2f7/2v2f7/2) 3 —0.049 —0.347
4 —0.016 —0.136
5 —0.013 0.077
6 —0.029 —0.204
<7T1h9/21)3p3/2|H|ﬂ2_f7/2U2f5/2> 3 0.017 —0.027
4 —0.004 0.069
5 —0.001 —0.032
6 —0.018 —0.035
(n1h9/2v3p3/2|H|7t2f7/2v3p3/2) 3 —0.024 0.036
4 —0.011 0.040
5 —0.003 0.039
<7T1/’l9/21)3p3/2|H|7l’2f7/21)3pl/2> 3 0.000 —0.012
4 —0.005 0.022
<7T1h9/2V3p3/2|H|71’2f5/21)3p1/2) 3 0.059 —0.136
<7T1h9/2U3p1/2|H|JT1]’19/21)3]71/2) 4 0.168 0.165
5 0.090 0.113
(7‘(1/’!9/2U3p1/2|H|71’2f7/21)2f7/2> 4 0.027 0.031
5 —0.048 —0.113
<TL’1]’!9/2U3p1/2|H|7T2f7/2U2f5/2> 4 —0.001 —0.004
5 0.009 —0.049
<7T1h9/21)3p1/2|H|7T2f7/21)3p3/2> 4 0.011 —0.045

Matrix element J H7B Fit
5 —0.030 0.031
(n1h9/2v3p1/2|H|7t2f7/2v3p1/2) 4 0.008 —-0.014
(T2 f12v2 fr2| H |2 f72V2 f5)2) 2 0.097 —0.334
3 —0.112 0.104
4 0.143 —0.390
5 —0.046 —0.047
6 0.207 0.202
(2 f72V2 f1,2| H|72 f7/2v3 p3/2) 2 0.196 0.530
3 0.131 —0.487
4 0.071 0.240
5 0.147 —0.012
(2 f72v2 f12| HI72 f7/203p1)2) 3 —0.160 0.152
4 0.130 0.113
<71'2f7/21)2f7/2|H|7T2f5/2!)3p1/2> 2 0.172 0.075
3 —0.062 —0.008
(2 f7)2v2 f1,2| H|7w3 p32v3p1j2) 2 0.245 0.360
<77,’2f7/2v2f5/2|H|7T2f7/21)2f5/2> 1 1.219 0.918
2 0.462 0.511
3 0.340 0.217
4 0.323 0.434
5 0.210 0.114
6 0.585 0.500
<7T2f7/21)2f5/2|H|7T2f7/2\)3[73/2) 2 0.177 0.265
3 —0.088 0.019
4 0.121 0.136
5 —0.085 —0.080
<71’2f7/21)2f5/2|H|7T2f7/2!)3p1/2> 3 0.088 —0.007
4 0.174 0.260
<7T2f7/21)2f5/2|H|7T2f5/2!)3p1/2> 2 —0.042 —0.001
3 —0.055 0.160
<7T2f7/21)2f5/2|H|7T3p3/2\)3p1/2) 1 0.518 0.478
2 0.266 0.224
(2 f72v3p32| H|2 f7203 p3)2) 2 0.561 0.475
3 0.193 0.339
4 0.140 0.073
5 0.252 0.161
<71’2f7/21)3p3/2|H|7T2f7/2!)3[71/2> 3 —0.178 —0.209
4 0.231 0.119
(2 f72v3p3p2| H|7w2 f5203 p1)2) 2 0.180 0.077
3 —0.005 0.057
(2 f12v3p3 2| H|w3p32v3p12) 2 0.215 0.294
(7t2f7/2v3p1/2|H|7t2f7/2v3p1/2) 3 0.266 0.217
4 0.398 0.363
(7r2f7/2v3p1/2|H|n2f5/2v3p1/2) 3 0.032 —0.049
<772f5/21)3p1/2|H|7T2f5/2U3p1/2> 2 0.297 0.320
3 0.131 0.098
(2 f5/2v3p1 2| H| 3 p3jav3pis) 2 0.020 —0.037
<7T3p3/21)3p1/2|H|7T3p3/21)3p1/2> 2 0.405 0.535
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FIG. 9. Same as Fig. 8, but for the 7 f7,, orbital.
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FIG. 10. Nondiagonal interaction elements for the indicated
configurations.
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FIG. 11. Nondiagonal interaction elements for the indicated
configurations.
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FIG. 12. Nondiagonal interaction elements for the indicated
configurations.

of spins is very limited, to at most 47, discerning a trend is
difficult. Two cases show a pronounced odd-even staggering
(not predicted by the H7B calculation), but for one case, the
even spins are high, whereas the odd spin states are high for
the other. For elements that involve the high lying ho/ f7/2
configuration, the agreement is worse (Table V), but they are
also not so well determined from the experimental data.

Errors cannot be stated for the fitted nondiagonal elements;
the correlations between the values for different elements are
too strong to assign unique errors to individual elements.
An overall estimate of the errors is, however, indicated as
follows. The small differences between fitted and calculated
elements change the y-decay properties drastically. Therefore,
in general, the differences between calculated and fitted values
should be an upper limit for the errors. For very small elements,
the error might accommodate a change in sign. It has been
pointed out above, however, that the sensitivity of the data
is vastly different for the various elements. The errors of the
diagonal elements are small, estimated to be below 10 keV.
The level energies are known to <1 keV and resemble
closely the matrix element of the dominant configuration,
as admixtures of other configurations contribute only with
the square of their amplitudes. These amplitudes are quite
well determined and mostly small. But only the sums of
the single-particle energies and the diagonal elements are
really measured. Therefore the elements for all spins of a
given configuration will shift by a common amount, if the
single-particle energies are changed. The calculations of the
interaction elements do not give any uncertainties either.
Therefore it is not clear how good an agreement between
experiment and theory might be expected.

IV. SUMMARY AND CONCLUSIONS

Conversion electrons have been measured for the decay of
excited states in 28Bi, populated in the 208pp( p, n) reaction,
using both singles and coincidence techniques. The conversion
coefficients extracted largely confirm the spin assignments
for low- to medium-spin states, and electron-y coincidences
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have defined unambiguously decays to the 63 keV excited
state. The measurements have confirmed the level scheme and
multipolarity assignments from previous y spectroscopy [1].

The firm assignments and relative completeness of the level
scheme and the associated y-ray transitions have allowed a
detailed comparison with one-particle one-hole excitations in
the context of the shell model.

The aim of testing the shell model was twofold. First, to
address the adequacy of the model in terms of reproducing a
broad range of experimental results, in this case, the measured
energies, spectroscopic factors, electromagnetic decays, and
y-ray branching ratios, of states in 2%Bi, in detail and
with empirical parameters. Second, to examine the matrix
elements of the residual interaction that could be constrained
experimentally, allowing a comparison with those calculated
from the measured interaction between free nucleons.

In the calculations, the Kuo-Herling space of single-
particle orbitals was used, meaning all orbitals between
83< Z, N <126. Only one-particle one-hole states were
considered with the implicit assumption that there is no mixing
with two-particle two-hole and more complicated states. More
precisely, small admixtures were treated by using effective
operators. Thus, single-particle energies include contributions
from the octupole excitation of the 208pp core, notably 73,
is mixed with f7/2 ® 3~ and f7/2 with i13/2 ®3~. The M1
and E2 matrix elements include the effects of magnetic and
quadrupole core polarization. Most of these parameters have
been taken from experiment and include therefore these, and
possibly other effects, automatically. These effects of core
excitations are specific for 2%Pb and their influence might
change for nuclei more remote from this core.

The matrix elements of the residual interaction were fitted
by a least-squares procedure to the experimental data. As an
intermediate step, diagonalization of the Hamiltonian gave
the wave functions from which energies and spectroscopic
factors follow directly. M1 and E2 y-decay strengths were
calculated by angular momentum coupling from the single-
particle elements. Fitting of the interaction elements rather
than the wave functions as an initial step has the advantage

PHYSICAL REVIEW C 76, 064304 (2007)

that the symmetry condition of the Hamiltonian simplifies the
fit, while the equivalent orthonormality requirement for the
wave functions would otherwise pose a major complication.
Energies and spectroscopic factors were easily reproduced, but
also nearly all measured y -branching ratios were successfully
reproduced, despite their sensitivity to small admixtures of the
wave functions and therefore the mixing matrix elements. In
conclusion, the shell model with the specified restrictions was
able to give the wave functions in sufficient detail to reproduce
arange of very sensitive y-decay properties.

In the process, 150 elements of the residual interaction
have been fitted. About 100 of these that involve only lower
lying configurations are very reliably determined, as there
is an abundance of data and the results depend very little
on the less well-known properties of high lying states. The
uncertainty of the matrix elements increases when proceeding
to energetically higher configurations. This extensive set
of experimental interaction elements, including nondiagonal
ones, is new and can be used to test calculations of the
interaction. It might be noted that nondiagonal elements are
unambiguously determined and therefore more meaningful.
Diagonal elements in contrast depend on the choice of single-
particle energies as only their sum can be measured. It might be
noted that experimental single-particle energies have been used
that are influenced by core excitations. The agreement with
the realistic interaction derived from the H7B parametrization
is, overall, very good. The comparison may also be useful
in showing how to improve the calculations, and the results
could be valuable for recent calculations with low momentum
interactions [3] that can be applied to a much wider range of
nuclei.
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