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Collectivity of the 2p-2h proton intruder band of '*Sn

C. M. Petrache,!*" J.-M. Régis,” C. Andreoiu,® M. Spieker,* C. Michelagnoli,’ P. E. Garrett,® A. Astier,! E. Dupont,’'
F. Garcia,® S. Guo,” G. Hiifner,” J. Jolie,” F. Kandzia,” V. Karayonchev,” Y.-H. Kim,® L. Knafla,> U. Koster,” B. F. Lv,"’
N. Marginean,8 C. Mihai,® P. Mutti,> K. Ortner,> C. Porzio,>’ S. Prill,2 N. Saed-Samii,>2 W. Urban,'°
J.R. Vanhoy,'" K. Whitmore,* J. Wisniewski,'? and S. W. Yates'?
L Centre de Sciences Nucléaires et Sciences de la Matiere, CNRS/IN2P3, Université Paris-Saclay, Bdtiments 104-108, 91405 Orsay, France
2 Institut fiir Kernphysik, Universitit zu Koln, Ziilpicher Strasse 77, 50937 Koln, Germany
3Department of Chemistry, Simon Fraser University, Burnaby, British Colombia, Canada, V5A 156
*National Superconducting Cyclotron Laboratory, Michigan State University, 640 South Shaw Lane, East Lansing, Michigan 48824, USA
S Institut Laue-Langevin, 71 Avenue des Martyrs, F-38042 Grenoble, France
®Department of Physics, University of Guelph, Guelph, Ontario, Canada, NIG 2W1
TInstitute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
8Horia Hulubei National Institute for Physics and Nuclear Engineering, 77125 Bucharest, Romania
°L’Istituto Nazionale di Fisica Nucleare (INFN) Sezione of Milano and Dipartimento di Fisica, Universita di Milano, Milano, Italy
Y Faculty of Physics, University of Warsaw, ulica Pasteura 5, PL-02-093 Warsaw, Poland
" Physics Department, United States Naval Academy, Annapolis, Maryland 21402, USA
12University of Kentucky, Lexington, Kentucky 40506-0055, USA

® (Received 28 September 2018; published 4 February 2019)

The half-life of the 4; state of the 2p-2h proton intruder band of 116Sn has been measured with the fast-
timing technique. The lifetime of Tj,, = 29(10) ps leads to a transition probability B(E2;45 — 27) = 40(13)
Weisskopf units, which is in very good agreement with the large B(E2;25 — 07) value measured previously
and provides strong support for the 0F state as the bandhead of the intruder configuration and for the shape
coexistence in the semimagic ''*Sn nucleus. IBM-2 calculations with mixing reproduce the experimental data
very well, giving insight into the degree of mixing between the different states.
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I. INTRODUCTION

The Sn isotopes played a pivotal role in the development of
our understanding of nuclear structure, particularly because
they are some of the best examples of seniority structures
in nuclei (see, e.g., Ref. [1]). Indeed, the near constancy of
the 2] energies from N =52 (**Sn) to N = 80 (**°Sn) is
remarkable. Another well-documented phenomenon in the Sn
isotopes is shape coexistence (see, e.g., Refs. [2—4]). The mid-
shell nuclei near Z = 50 exhibits shape coexisting phenomena
similar to those of the midshell neutron-deficient nuclei near
Z = 82 (see, e.g., Ref. [3]) which are far from the stability
line and therefore more difficult to study. State-of-the-art ex-
perimental methods were developed and successfully applied
to the study of nuclei near Z = 82 (see, e.g., Refs. [5,6]).

The shape-coexisting bands in the midshell Sn isotopes,
12-1188  were first suggested by Bron et al. [7], based on
the rotational-like structures observed in a series of («, xn)
reactions. Taking into account the observation of enhanced
cross sections to the 01 band heads in (°He, n) reactions,
where they were populated, in some cases, stronger than the
ground states [8], Bron et al. [7] suggested that they were
built on intruding 2p-2h proton excitations across the Z = 50
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closed shell. Subsequent detailed spectroscopy using light-
ion reactions and detecting both the y-ray and conversion
electron decays of the low-lying O and 2% levels, [9-11]
provided firm evidence, summarized by Julin [12], for the
deformed shapes of the intruder bands through the observation
of enhanced EO transitions.

Located at the neutron midshell, ''°Sn possesses the most
comprehensive level scheme of the Sn isotopes. In addition to
fusion-evaporation reactions [7,13—16], its states were studied
by inelastic hadronic scattering reactions [17-22], electron
scattering [19,23], nuclear resonance fluorescence [24,25],
transfer reactions [8,26-30], and B~ /81 /EC decay [31-34].
The most recent studies [33,34], which included conversion
electron spectroscopy from the S-decay of ''®™'In, suggested
that, while there was considerable mixing, the 0; state was
the head of the intruder band, rather than the 0; state. This
finding has important consequences because it suggests that
the bandheads of the intruder bands of the other Sn isotopes
may be the 07 states as well (see Fig. 1).

While the midshell Sn isotopes have been generally well
studied, there are still significant gaps in our spectroscopic
knowledge of their levels; in particular, the lifetimes of the Oj
and 47 states assigned to the intruder bands are poorly known
or only have limits determined, prohibiting to draw clear
conclusions on the collectivity of the bands and their band-
heads. In the present paper, we report our determination of the
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FIG. 1. Systematics of the Sn isotopes showing the half-lives or the limits of half-lives of the 05 (red), 03+ (blue), and 47 (green) states.

The half-lives are taken from Refs. [36,37] and from this work.

lifetime of the 4;, 2529-keV state of '1°Sn using the Fission
Product Prompt Gamma-Ray Spectrometer (FIPPS) array in
conjunction with LaBr; ancillary detectors [35]. Moreover,
we demonstrate the utility of the (ny,, ¥ ) reactions for probing
the non-yrast states and measuring of their lifetimes that often
are in the range of 1-200 ps. Prior to this study, in which we
report detailed sd IBM-2 calculations including mixing, there
were limited theoretical calculations which could reproduce
the mixing and the transition probabilities in ''®Sn.

II. EXPERIMENTAL DETAILS

The present (ng,, y) measurement was performed using a
10-mg '°Sn target with 50% enrichment, which assured that
over 99% of the neutron capture events led to the isotope of in-
terest ''°Sn. The experiment was conducted at the collimated
neutron guide of the FIPPS setup at the Institut Laue-Langevin
(TILL) in Grenoble, France, with a thermal neutron flux of 108
n/(cm? - s) at the target position. The detection setup consisted
of eight Ge-clover and 16 LaBrj3 scintillator detectors. Similar
to the setup described in Ref. [35], the 8 Ge-clover detectors,
each made of four high-purity Ge crystals, were arranged in
a central ring around the target position, perpendicular to the
beam axis. Forward and backward rings of eight LaBr; detec-
tors each were installed at an angle of 45° relative to the beam
axis. In between each Ge-clover and LaBr; detector, 15-mm-
thick lead slides were installed to constitute a through-going
10-cm large ring of lead to protect the two detector types
from interdetector Compton scattering. No further shielding
was used. The cylindrical LaBrj; crystals all have a diameter
of 3.8 cm. The length of eight crystals is 3.8 cm (installed
in one ring), while the length of the other eight crystals is
5.1 cm. The energy resolutions of the Ge and LaBrj detectors
at 1.332 MeV were 0.19% and 2.7%, respectively. The singles
counting rates achieved in this experiment were ~2kHz and
~1.5kHz, respectively. We collected 1.4 x 10° LaBr;-Ge-Ge

and 4.4 x 108 LaBr;-LaBr;-Ge coincidences in six days. The
projections of triple-yyy coincidences are shown in Fig. 2,
where the energies of the most important y-ray transitions of
11681 are indicated.

Fast-timing setup at FIPPS

To perform subnanosecond lifetime measurements in
neutron-capture reactions, the Ge-gated y-y fast-timing tech-
nique using LaBr; detectors was employed. The excellent
energy resolution of the Ge detectors permits precise se-
lection of a y ray from a specific triple-yyy cascade and
produces clean LaBr; coincidence spectra with few y rays
and reduced Compton background. The LaBr; detectors were
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FIG. 2. The projections of the FIPPS Ge and the fast-
timing LaBr; y-ray spectra from triple-yyy coincidences of the
15Sn(ny, ¥)1%Sn reaction. While the Ge spectrum is generated
using the LaBr;-Ge-Ge events, the LaBr; spectrum is from the
fast-timing LaBr;-LaBr;-Ge events. The Ge spectrum is scaled by
a factor of 0.5 for illustrative comparison with the LaBr; spectrum.
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used for time-difference measurements between the y rays
feeding and deexciting an excited state with analog time-to-
amplitude converters (TACs) as described in Refs. [38,39].
The preamplified detector signals and the TAC output signals
were directly connected to 250 MHz CAEN model 1730
digitizers. Time-stamped data were acquired and sorted offline
to produce Ge-LaBr3;-Ge events for coincidence analysis and
Ge-LaBr3;-LaBr;-TAC events for lifetime determination.

The LaBr;-LaBr3;-TAC coincidence data were used to con-
struct a so-called symmetric energy—energy—time-difference
cube, as is commonly done when using Ge detectors. The
energy axes are symmetric under the exchange of E; and E»,
while the time-difference axis is antisymmetric. A precise
alignment of the time-difference spectra of 104 detector-
detector combinations was implemented. Sixteen combina-
tions were excluded from the analysis due to the presence of
interdetector Compton scattering (more details on this phe-
nomenon can be found in Ref. [35]). The time alignment was
performed to optimize the time resolution of the superimposed
data collected by all detectors of the fast-timing array. With
this simple procedure, the total y-y time differences were
incremented twice, in two identical mirror-symmetric time-
difference distributions, with mirror-symmetric mean time-
walk characteristics relative to a constant reference time
[39]. It should be stressed that this procedure is consistent
with the generalized centroid difference method (described in
Refs. [35,40]) which cancels typical systematic shifts related
to the geometry, long-term time drifts and the different in-
dividual timing responses of the detectors, as described and
shown in Ref. [39]. The mean time-walk curve TW(E,),
presented in Fig. 3, was determined using nearly background-
free full-energy peak (FEP) events as obtained from measure-
ments using a '>?Eu y-ray source and the **Ti(ny, y)*Ti
reaction. The accuracy of the time-walk calibration is 3 ps and
corresponds to a 20 standard deviation. A detailed description
of the y-y (FEP vs. FEP) time-walk calibration procedure is
given in Ref. [39].

The time walk is needed for the determination of
subnanosecond lifetimes using the well-known centroid-
shift method [41,42]. The centroid of a time-difference

TW [ps]

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
E [keV]

FIG. 3. The mirror-symmetric mean time-walk characteristics of
the FIPPS fast-timing array with 16 LaBr; detectors.

distribution D(t) is given by the mean value of the time over
the distribution as
Imax
Do tD(t)

CID()] = ’m—D(t) (1)

Tmin

To avoid possibly large systematic errors related to the random
coincidences on the left and the right of the time-difference
distribution, the experimental integration limits, #,;, and fyax,
are set just at the beginning and at the end of the tails of the
time-difference distribution (see also Figs. 5 and 8 in Sec. III).
According to the centroid-shift method, the centroid of the
antisymmetrized time-difference distributions can be written
as [39]

Crep(Er, E) =ty + TW(EL, E) + sgn(Er)z, )

where 7 is the mean lifetime of the nuclear excited state
and sgn(ky) is —1 for B, = Ey, . and +1 for E, = E),_, .
The subscript “FEP” indicates that no time-correlated Comp-
ton background is present. The present fast-timing data are
corrected for the time walk using TW(E|, E;) = TW(E)) —
TW(E,) [39], as derived from the curve shown in Fig. 3.
Also, the reference time is adjusted to #) = 0. Then, the
mean lifetime directly corresponds to the centroid Cpgp(E; =
Eys B2 = Ey).

Vieeder ?

III. LIFETIMES OF EXCITED STATES OF ''°Sn

In total, lifetimes of five nuclear excited states of '°Sn can
be extracted form the experiment and the results are given in
Table I. The results were derived without the subtraction of
background of any kind. This data treatment is made in order
not to possibly falsify the results and also to make it possible
to precisely measure the timing properties of the FEP events as
well as the time-correlated (coincident) Compton background
events. The lifetime results were derived by employing an
analytical Compton-background time correction using relative
values, as proposed in Refs. [43—45]. As a good example
for its application, we first present the lifetime measurement

TABLE 1. Experimental half-lifes of nuclear excited states of
11651 derived using the Ge-gated y-y fast-timing technique from the
15Sn(ny,, ¥)'1%Sn reaction performed at the FIPPS setup of the ILL
in combination with 16 LaBr; scintillator detectors.

State Ge gate LaBr; gates Ti/» [ps] Ti/> [ps]
J" [keV] E\-E, [keV] exp. lit.
2f 417 818-1293 <6 0.37(2)*
05 1293 2148-463 56(17)

1293 2244463 48(15)

1293 2357463 51(14)

w. average: 51(12) 45(10)°

07 1293 1201-734 164(10) 160(20)°
2F 1293 417-818 <7 1.89(10)¢
4t 2112 467-417 29(10) <100°

*Average of five values [36].
YFrom Ref. [46].
‘From Ref. [36].
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FIG. 4. Doubly gated Ge and LaBr; coincidence spectra gener-
ated using gates as indicated and illustration of the determination
of the relative full-energy peak to Compton-background ratio, P/B.
The spectra were derived from triple Ge-LaBr;-Ge and respective
Ge-LaBr;-LaBr; coincidences with a coincidence window of 250 ns.

of the 0], 2027-keV state. This level lifetime has already
been measured to be 231(29) ps [46]. Subsequently, also the
determination of the 4] level lifetime will be presented.

A. Lifetime of the 07, 2027-keV state

As can be seen in Fig. 2, the y-ray spectrum of ''°Sn
is too complex for y-y time-difference measurements using
LaBr;-LaBrj; coincidences only. Therefore, the Ge detectors
are used in coincidence for precise selection of a y ray
to considerably clean the LaBr; coincidence spectra, in our
case, the 2] — 0, 1293-keV ground-state transition. An
additional LaBr; gate set on Yfeeder OF Vdecay allows us to
investigate possible y rays which may contaminate the peaks
of interest. This procedure is performed with Ge-LaBr;-Ge
coincidences. Figure 4 (upper panel) shows the result of this
analysis for the deexciting 07 — 2, 734-keV y-ray transi-
tion. In this case, the resulting doubly gated y-ray spectrum
is extremely clean and the FEP at 734 keV is well separated
from other peaks. A similar result has been obtained for the
feeding 2% — Oj, 1201-keV y ray, as shown in the lower
panel of Fig. 4. Thus, the Ge(1293)-triggered 1201-734-keV
time-difference spectrum could be generated and the result is
presented in Fig. 5. First, a significant exponential decay of the

T T
100 L ~<—— Cexp = 148(6) ps
3 statistics: 2032 counts

§ convolution:
5 T =213(15) ps
=Y
2 10F E
g C
© [ £ min Imax

\H | | ﬁﬂ |

-0.5 0 0.5 1 1.5
dt[ns]

FIG. 5. The experimental time distribution of the 0f state of
16Sn using the 1201-734-keV y-y cascade and the following
1293-keV y ray employing the FIPPS Ge detectors as a trigger. The
data are time-walk corrected and the reference time is ¢y = 0. The
experimental centroid is determined using Eq. (1) and is indicated by
the vertical line. The results are discussed in the text.

1201-734-keV time distribution is observed. A convolution
fit assuming a Gaussian prompt time distribution has been
performed, as well as a centroid determination. We would
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FIG. 6. Interpolation of the time response Cpg of the Comp-
ton background at Eg.c.y = 734 keV (upper panel) and at Efeeqer =
1201 keV (lower panel). The data are corrected for the time walk as
derived from Fig. 3 and are fitted using a second-order polynomial.
The green lines represent the 1 o uncertainty bands obtained by
analyzing the correlation matrices.
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FIG. 7. Doubly gated coincidence y-ray spectra generated to
investigate the quality of the spectrum around the 467-keV FEP and
the peak-to-background ratio (P/B) of the LaBr; spectrum.

like to point out that the lifetime determination via the cen-
troid measurement is most precise, but also most sensitive
to Compton-background contributions to the experimental
time distribution. As the results using the two methods are
not consistent, this clearly indicates nonnegligible Compton-
background contributions.

To properly remove the time contributions of the Compton
background, we used an analytical background time correc-
tion, which has been shown to be most reliable [43—45]:

Crep = CCXP + %[tcor (Eteeder) + fcor (Edecay)], ?3)
with
Cex - C G
3500 - Ex [keV]
(a) Experiment
3000 -  cwr--
54(4)
2500 -
| Iy
2000 44( 6)1
1500 22(4)
2
¢4q 2 .
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12.4(4
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0 01+
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T T T
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—
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T
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FIG. 8. The Ge(2112 keV)-triggered time-difference distribution
between the 467- and 417-keV transitions feeding and and deexciting
the 4] state of ''®Sn. The result is time-walk-corrected relative to
to = 0.

P/B is the peak-to-background ratio and Cgg is the centroid
of the background time distribution at the considered y-ray
energy. As Cpg cannot be measured directly, it is interpolated
from centroid measurements of several background time spec-
tra, generated at different energies around the FEP of interest.
The possible systematic error of the determination of Cgg
is derived from the lo uncertainty band by analyzing the
correlation matrix. The background time response analyses
are presented in Fig. 6, where the derived Compton time walk
is shown to be smooth. As can be seen in Fig. 4, no sudden
increase of the Compton background is observed over a large
energy region around the FEPs of interest, which explains the
smoothness of the Compton time walk. It should be noted that
the time response (Cgg) and the full width at half maximum

3500  EBe lkeV]

(b) sd IBM-2 with mixing 4F
3000
2500 +
2000 +
1500
1000 - “intruder” configuration
12
500 -

0f
“normal” configuration

FIG. 9. Comparison of the absolute B(E2) transition probabilities of the normal and intruder configurations identified experimentally in
1168 with the predictions of the sd IBM-2 with mixing. Additional low-spin states are shown up to 3 MeV. The experimental data were
taken from Refs. [33,34,36]. The transitions deexciting the experimental 6] state are drawn with gray color to emphasize that only the y-ray
branching ratio is measured, not the absolute B(E?2) values as in the case of the other transitions.
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(FWHM) of the two background components are dependent
on the energy and are generally different.

In summary, the values given in Fig. 6 are inserted to
Egs. (2), (3), and (4) (with tp =0 and TW = 0) and the
lifetime for the 2027-keV, 07 state of ''®Sn of v = 236(14)
ps is obtained. The experimental uncertainty follows from
error propagation and includes possible systematic errors. Our
final result confirms the experimental result given in Ref. [46]
while the precision has been improved by factor of 2.

B. Lifetime of the 47, 2529-keV state

For the determination of the lifetime of the 4;, 2529-keV
state of '1%Sn, we investigated its decay by the 417-keV,
4;’ — 2; y ray. The most intense y ray directly feeding
the 4] state is the 467-keV y ray from the 2996-keV, 37
state. However, this y ray is in coincidence with the 463-keV,
0 — 2 transition, which has an intensity more than 50
times larger. Such close-lying y rays cannot be resolved with
LaBr; detectors, which have limited energy resolution. As can
be seen in Fig. 7, the 463-keV y-ray peak has been completely
eliminated by gating on the parallel 2 — 0/, 2112-keV y
ray using the FIPPS clover detectors. The resulting doubly
gated coincidence spectrum, using an additional LaBr; gate
set On Ygecay» 18 clean and the peaks are well separated. Note
that (ny,, y) reactions always produce a 511-keV annihilation
line due to the presence of coincident “primary” y rays with
energies of a few MeV depopulating the neutron-capture state
at about 8 MeV.

The experimental time-difference distribution of the 467-
417-KeV Vreeder-Ydecay cascade triggered by the 2112-keV y
ray using the clover detectors, is presented in Fig. 8. The time
peak corresponds to the total statistics and includes Compton-
background events. In this case, only a small analytical time
correction of +7(10) ps for the total Compton-background
contributions has been derived as described before. The final
result for the lifetime of the 2529-keV, 47 state of ''°Sn
is T = 42(14) ps [half-life T;,» = 29(10) ps]. The relatively
large experimental uncertainty is mainly determined by the
statistics. One should note that the value obtained for the
47 state of ''°Sn is significantly larger than that of the 47
state, which has been measured by Coulomb excitation as
Ti» = 0.47(9) ps, while the value adopted by National Nu-
clear Data Center (NNDC) is 71, = 0.28(14) ps [36], which
leads to a B(E2;4] — 2) value of 38(9) W. u., nearly twice
the 22(4) W. u. value deduced from the Coulomb excitation
measurement. The B(E2;4fr — 21+) value of 22(4) W. u. is
closer to the adopted values of 17(3) W. u. and 5.9(5) W. u.
for the neighboring nuclei ''®Sn and '*Sn, respectively. We
therefore adopt the 7;,, = 0.47(9) ps half-life for the 4] state
of '1Sn, which better fits the systematics in the sequence of
Sn nuclei.

Further known half-lives can be measured and the results
are listed in Table I. For the cases with 7, S 50 ps, the total
background time correction was smaller than 10 ps. This is
in agreement with the observations reported in Refs. [43—45].
The given experimental uncertainty includes the statistical er-
ror and the uncertainties of the time-walk and the background-
time corrections. In many cases, the major contribution is

TABLEII. Comparison of the normal and intruder configurations
identified experimentally with the predictions of the sd IBM-2
calculations with mixing in ''*Sn. If not specified otherwise, the
experimentally determined y-decay branching ratios have been taken
from Ref. [33], the electron conversion coefficients from Ref. [34],
and the level lifetimes from Ref. [36]. Multipole-mixing ratios have
been taken from Refs. [34,36]. To calculate the upper limits for the
27 — 07,27 transitions, the y-decay intensities of Ref. [36] were
used. The new lifetime of the 4; level was determined in this work.

ST = JF E, E\ Bm B(E2)exp. B(E2)m
[MeV] [MeV] [W.u.] [W.u.]
Normal configuration
2F — of 1.29 1.29 12.4(4) 12
44 - 2f 2.39 242 22(4) 18
- 27 47(9) 56
05 — 2f 1.76 1.82 18(3) 23
25 - 0f 2.23 247 0.04(3) 0.002
- 2f 5(3) 12
— 0F 1.5(8) 0.10
— 0F <3 0.12
— 2f <6 93
Intruder configuration
07 — 2f 2.03 1.91 0.49(7) 0.85
25 - 0f 2.11 2.20 0.12 0.16
- 27 7.9(12) 0.06
— 0F 44(6) 31
— 0F 100(10) 62
4F — 2f 2.53 2.60 0.00034(12) 4
— 2F 38(13) 83
— 2F 0.8(3) 0.07
- 47 2213 2
65 — 4f 3.03 2.81 75
— 47 90
— 47 0.07

determined by the statistics. For the lifetime determination of
the 0 state, the weighted average value of the results using
three different Efecqer gates is given in Table 1.

IV. DISCUSSION
A. Details of the calculation

To test the mixing hypothesis between the normal and
intruder configurations, we performed sd IBM-2 calculations
using the computer code NPBOS [47]. As has been recently
done for '"Sn [37], we chose the IBM-2 parameters de-
termined for the N = 66 isotone ''?Pd to describe the pro-
ton 2p-2h intruder configuration in ''®Sn using the same
Hamiltonian for our calculations. However, we adjusted the
Cy4, parameter of the residual nucleon-nucleon interaction in
the Hamiltonian [48] to —0.15 as compared to 0.10 [49].
This change is one possible way to move the intruder 4;
state closer to the 4] state of the normal configuration. We
note that changing this parameter to a smaller value than
the one previously determined also improves the position of
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TABLE III. The mixed sd IBM-2 wave functions for the states shown in Tables IT and IV. |i) and |i) correspond to the ith state with a given
J™ of the normal (N, = 0) and intruder (N, = 2) configurations, respectively.

JT N, =0 N, =2
1) 12) 13) 4) IT) 12) 13) |4)

of 0.9984 —0.0004 0.0000 0.0001 —0.0538 0.0158 —0.0058 0.0000
0f —0.0281 0.8416 0.0000 —0.0070 —0.5351 —0.0613 0.0285 0.0002
0F —0.0459 —0.5341 —0.0006 —0.0048 —0.8430 0.0390 —0.0184 —0.0001
0F 0.0001 —0.0009 1.0000 —0.0008 —0.0005 —0.0065 0.0026 0.0002
0f 0.0155 —0.0719 —0.0066 —0.2696 0.0012 —0.9596 0.0314 0.0004
2f 0.9948 0.0000 —0.0016 0.0001 —0.1000 —0.0086 0.0142 —0.0065
25 —0.0998 0.0184 —0.0618 —0.0011 —0.9892 0.0046 —0.0050 0.0028
2F 0.0084 0.5474 0.0122 0.0001 0.0113 0.8365 0.0029 —0.0022
25 0.0034 —0.8365 0.0127 —0.0001 —0.0148 0.5473 —0.0022 0.0024
2F —0.0085 0.0039 0.9672 0.0078 —0.0588 —0.0164 0.2182 —0.1115
3f 0.0822 0.0064 —0.0219 0.0005 —0.9964 0.0008 —0.0011 0.0010
47 0.7769 —0.0007 —0.0195 —0.0035 0.6288 —0.0243 0.0012 —0.0071
45 —0.6282 —0.00011 —0.0286 —0.0051 0.7767 0.0340 —0.0013 0.0084
45 —0.0402 —0.0005 —0.0068 —0.0010 0.0109 —0.9991 —0.0002 0.0010
45 0.0017 0.0006 0.0001 —0.0001 —0.0003 0.0001 —1.0000 —0.0001
4% 0.0000 —0.9998 0.0006 0.0002 —0.0012 0.0004 —0.0006 —0.0177
6F 0.1061 0.0078 —0.0255 0.0445 0.9930 —0.0076 0.0004 —0.0010

the 6?’ state of "?Pd, which was not known at the time
of the IBM-2 study of Ref. [49]. To find a suitable set
of parameters for the normal configuration in 116gn  we
used the parameters determined in our previous study of
114Sn as a basis [37]. The following parameters were deter-
mined for ''°Sn: ¢, = 1.30MeV, Cy, = —0.75MeV, Gy, =
0MeV, Gy, = —0.11 MeV, k,,,,; = —0.0002, x,; = —0.005
(see Ref. [48] for a description of the sd IMB-2 Hamiltonian
and its parameters). The two configurations, intruder and
normal, are calculated separately, and subsequently admixed
by the mixing operator as defined in Refs. [S0-52]. The
two parameters of this mixing operator were set to ¢ = 8 =
0.08 MeV, i.e., similar to those found for the Cd isotopes
in Ref. [52], and the relative energy shift A between the
normal and intruder configurations was chosen as 2.45 MeV.
After mixing, electromagnetic transitions rates can be cal-
culated. We obtained good agreement with known absolute
E?2 transition strengths and B(E2) y-ray branching ratios
using the following parameters for the E2 transition operator
[50-52]: e, = 0.07eb?, e, = 0.161¢eb?, and e,/ey = 1.436.
These parameters are also similar to what was found in ''*Sn
[37] and the Cd isotopes [52].

B. Discussion of the results

From the experimental data, it can be concluded that there
is strong mixing between the normal and intruder configura-
tions of ''®Sn. This conclusion is based on the observation
of enhanced B(E2;27 — 03,) and B(E2;4{, — 27), with
each having a value of several tens of Weisskopf units. The
present calculations can describe these experimental observa-
tions fairly well (see Fig. 9 and Table II). From the mixed

wave functions predicted by the present calculations, strong
mixing between the 05 and 0 states and for the 4] and 4;
states, is indeed observed. Large amplitudes of normal |2) and
intruder |1) components for the 05 and 05 states, and of |1)
and |1) components for the 47 and 47 states, respectively (see
Table I1I). The 0 and 4 states have dominant contributions
from the corresponding normal configuration, i.e., eigenstates
|2) and |1) of the corresponding spin, respectively, but also
significant admixtures from the first intruder state of the same
spin, i.e., the intruder wave function |1). On the contrary,
the intruder eigenstate |1) constitutes the dominant part of
the O;F wave function, but also a significant admixture of the
first excited 0" state of the normal configuration, i.e., |2),
is observed. All other contributions are negligible for those
states.

In contrast to the J* = 0T and J* = 47 states, there is little
mixing between the 25 and 27 states in the present model
calculations. This shows that the corresponding selection rules
for states to mix [53,54] remain valid for the chosen param-
eters, i.e., AL =0 and v = t. Here, no mixing between the
2 e, (=1 and 25 (v = 2) states is possible. Instead,

2,norm.
it is the 23, (v =2) and 27 (v =2) corresponding

2,norm.
to the 27 and 2] states which will mix (see Table III).
The large B(E2;2) — 2)=7.7(8) W.u. of the 819-keV
transition, which cannot be reproduced by the present cal-
culations, implies that some mixing between the underlying
configurations of the 2% states is missing. We do, however,
note that good agreement was achieved for most of the other
absolute B(E2;2] — J7) and B(E2; 27 — J7) values, see
Table II. The complexity of the calculations still requires a
more thorough test of the predicted wave functions. As can be
seen in Fig. 9, the agreement for higher-lying excited states of
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TABLE IV. Comparison of experimentally determined B(E2)
y-ray branching ratios for states not shown in Table II with the
predictions of the sd IBM-2. The 6] state has been added to
the comparison as well. The experimental data were taken from
Refs. [33,36].

ST =I5 07, E, E.1BM R(E2)exp. R(E2)1BM
[MeV]  [MeV]

0 — 2F,2f 2.44 2.55 0.17(6) 0.14

25— 2F,2f 2.66 2.65 0.35(7) 0.24

(0F) — 21, 2F 271 2.79 0.028(3) 5.7 %1074
— 27, 2F 0.055(8) 8.9 x 1074
— 2f,2F 2.04) 1.6

4f - 2F,2f 2.80 2.82 1.12(7) 0.0003
— 4F, 4% 0.069(4) 0.69
— 27, 4f 6.2(3) 1.1 x 1073
— 2f,4f 0.112(7) 0.03

2F —0f,2f 2.84 2.73 0.07(2) 0.78

3 —2f,2f 3.00 2.81 0.044(7) 32x10°¢
— 4F, 4% 0.25(8) 0.81
— 2t 4t 0.025(6) 1.7 x 1075
— 27,4 0.15(4) 44

61 — 47, 4% 3.03 2.81 0.54(4) 0.78

4f - 2F,4F 3.05 3.04 2.29(9) 0.0007
— 2f,4f 0.33(3) 0.002
— 2f,2f 0.26(2) 0.0003
— 2F,4f 8.7(6) 3.5
— 27, 4f 1.3(2) 12.2
— 2F.4F 0.035(2) 0.003
— 47,47 0.14(2) 3.5
— 47,47 0.0040(2) 0.0009

4% — 4f, 4 3.10 3.08 2.7(2) 0.0003
— 4F, 4% 0.72(9) 6.2 x 107°
— 4F,4f 0.27(13) 0.22
— 2f,2f 0.14(2) 23

a given spin is fairly good in terms of excitation energy. Many
B(E?2) y-ray branching ratios are known for those states and
have been compiled in Table IV, where they are compared
with the model predictions. The experimental y -ray branching
ratios observed for the 0] and 2 states are in very good
agreement with the IBM-2 predictions. Both states correspond
to excited states of the normal configuration, see Table III.
Also, the agreement for the tentatively assigned 03 state is
fairly good; small experimental ratios are also small in the
model and its decay is stronger to the 2; state than to the 2;L
state. The OgL state corresponds to an intrinsic excitation of the
intruder configuration.

The B(E2) y-ray branching ratios calculated for the 47
state in comparison to the experimental quantities suggest that
certain parts of the wave function are missing. Especially the
decay intensities to the 2] and 2] are underestimated. In the
model, the 4] state corresponds to the second eigenstate with
J™ = 4% of the intruder configuration and has only negligi-
ble admixtures of other components. As already mentioned

earlier, the intruder configuration with an R4/, ratio of 2.4
seems to obey mixing and E2 selection rules of the O(6)
symmetry. Within this symmetry E2 decays to the first 2%
state are forbidden while decays to the first 41 state are
allowed due to the Ac =0 and At £ 1 E2 selection rule.
The small experimental R(E2),: 4+ ratio might support this
interpretation. However, the calculated R(E2)4+ 4+ ratio could

indicate that the mixing between the two lowest 4T states is
overestimated, while mixing between the two lowest-lying 2+
states is missing.

The comparison between the experimental and calculated
branching ratios for the 3}, 61, 47, and 47 basically follows
this discussion, and the quantities and discrepancies can be
understood by considering the B(E2) selection rules of the
O(6) symmetry as well. We note that despite the absolute
values and some exceptions, i.e., for the 3| and 4;4,5 states
(see Table IV), the present calculations describe the general
B(E?2) trends. Still, it needs to be mentioned that a different
choice of x,; for the normal and intruder configurations in the
Hamiltonian and of the B(E?2) operator can probably improve
the overall agreement. A y, ; value of —0.63 in contrast to the
chosen —0.005 value for the normal configuration improves
the agreement for the 2¢ and 41 branching ratios, which were
mentioned above. At the same time, the calculated B(E2)
branching ratio for the 0 state would be off by a factor of
10. The variation of x, ; has little impact on the excitation
energies due to the small value of k), ;.

Altogether, the comparison of the experimental data with
the IBM-2 results seems to imply that besides the states of the
normal and intruder configurations, which are normally dis-
cussed, intrinsic excitations of both configurations coexist at
comparably low excitation energies in ''°Sn. The agreement
with experimental data is fairly good considering the proton
magicity of ''*Sn. One should, however, be very careful when
considering the “normal” and “intruder” states in ''°Sn. Even
though the states as arranged in Fig. 9 might have dominant
contributions of the stated configuration, the real eigenstates
of the individual Hamiltonians are strongly mixed with the
other configuration as shown in Table III. Still, as noted in
Ref. [33] and predicted by the present calculations, the 07
state corresponds to the bandhead of the “intruder” structure
in 1'°Sn. Similar conclusions were drawn for ''*Sn [37]. More
data on the Z;Ir_ — OZTL transitions are needed in the other Sn
isotopes for a better understanding of the intruder bands and to
draw a firmer conclusion. The preliminary, but tempting, trend
of an increasing A from 2.45 MeV for 1%Sn to 2.78 MeV for
11481 [37] should not be interpreted as a clear signature that
the bandheads of the intruder bands are the 03+ states, as long
as the B(E2;2} ~— 0F) values are not known in other Sn
nuclei. Future experiments are needed to clarify the mixing
and the nature of the excited 0%, 27, 4%, and 67 states in the
magic Sn isotopes.
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