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Properties of 1'>Cd from the (n, n’'y) reaction: Lifetimes and transition rates
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Lifetimes of levels below 4 MeV in ''>Cd have been measured using the Doppler shift attenuation technique
following inelastic scattering of monoenergetic neutrons. Reduced transition rates are determined using the results
of previous studies and the current lifetimes. The electromagnetic properties of ''>Cd are outlined, and together
with results from previous nucleon-transfer studies and inelastic scattering, the levels in ''2Cd are interpreted
in terms of single-particle configurations and collective excitations, assuming a vibrational model with intruder
states. The collective states and their y-ray decays are compared with IBM-2 model calculations that allow for
the mixing between the normal phonon states and intruder configurations. Levels below 1.5 MeV are reproduced
reasonably well, whereas at higher excitation energy the calculations fail to reproduce the data in detail.
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I. INTRODUCTION

Itis of importance to establish benchmark models of nuclear
structure against which nuclei can be compared. In most
cases, these benchmarks are the results of rather idealized
models or calculations since the full nuclear many-body
problem is far too complicated to solve. For example, the rotor
model [1] serves as the benchmark for collective behavior
of well-deformed nuclei and predicts the familiar /(7 + 1)
pattern in the energy sequence for the rotational bands, a
pattern followed extremely well. The successes of such simple
patterns, as well as the deviations from them, provide insights
as to how a strongly-interacting system of fermions organizes.
Other benchmarks of collective nuclear structure include
the harmonic vibrator [2], and the y-soft rotor [3]. With
the introduction of the interacting boson model (IBM) [4],
a new vocabulary was introduced based on the dynamical
symmetries of the underlying U (6) group structure; the SU(3)
limit, corresponding to rotational nuclei, the U(5) limit, for
vibrational nuclei, and the SO(6) limit, corresponding to
y-soft nuclei.

Very early, the Cd isotopes were suggested [5] as paradigms
of the U(5) symmetry. The existence of the expected spin
multiplets and the nearly harmonic spacing of the energy levels
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for the two-phonon, and many of the three-phonon, states
appeared to leave little doubt. Additional levels in the vicinity
of the two-phonon triplet were interpreted [6—8] as intruder
configurations involving proton two-particle, two-hole pairs
excited across the Z =50 closed shell. Over the years,
the modeling [6,9—19] of these states and their interactions
have become increasingly sophisticated. With the successful
description of the normal phonon and intruder states, the Cd
isotopes, especially !'!12Cd, have remained as “among the
best U(5) candidates™ as cited in the survey by Kern et al.
[20]. Since this survey was completed, both ''°Cd and ''>Cd
have been studied [21-23] with the (n, n'y) reaction where
lifetimes for some members of the proposed three-phonon
quintuplet were determined. A series of measurements of
lifetimes for the high-spin states in ''’Cd have also been
reported [24-26]. These studies found that, where measured,
proposed three-phonon states indeed had collective decays to
assigned two-phonon levels. However, there was evidence,
especially in the case of ''?Cd, of collective decays [23] to
the intruder levels as well, indicating that mixing was taking
place. This mixing was taken into account and described within
the context of the IBM. Furthermore, a “good” candidate for
the 2% three-phonon member was lacking, in that decays
to the 0 two-phonon level were observed but none to the
other members of the two-phonon triplet [23]. Even though
deviations from the expected U (5) vibrational structure were
observed, '%112Cd have remained as the paradigms of the
U(5) symmetry in nuclei.

In the present work, a thorough investigation is performed
of the level structure of one of the Cd “paradigms” by con-
sidering all data available, including new lifetimes measured
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using the (n, n’y) reaction, to examine the extent to which it
really satisfies the U(5) limit. Congruent to this is the question
of how high in excitation energy the collective states survive,
especially as they become embedded in a sea of quasiparticle
excitations. ''?Cd is an ideal case for such a study since it is
one of the paradigms of the U(5) symmetry in nuclei, it has
been studied by many complementary means, and it now has
one of the best determined level schemes [27]. In the present
work, level lifetimes as measured with the Doppler-shift
attenuation method (DSAM) following the (n, n’y) reaction
are given. Some results from the (n,n'y) reaction study
focusing on specific nuclear structure questions have already
been published. For example, the investigation of three-phonon
states in Ref. [23], the lowest 2 mixed-symmetry state in
Ref. [28], and the quadrupole-octupole quintuplet in Ref. [29].
The present study thus represents an extension of the previous
(n, n’y) results and is an attempt to incorporate data from all
previous studies to examine the degree to which '>Cd satisfies
the U(5) symmetry limit.

II. EXPERIMENTAL DETAILS

The details of the experiments conducted were given in
Ref. [27], and will be only briefly repeated here, concentrating
on the aspects related to the extraction of the level lifetimes.
The experiments were performed at the 7 MV Van de
Graaff accelerator at the University of Kentucky, where the
3H(p, n)*He reaction was used to produce the fast neutrons.
Approximately 2 uA of pulsed proton beams (1.875 MHz
repetition rate with beam pulses ~ 1 ns in width) impinged
on a gas cell containing the *H gas. The scattering sample
consisted of approximately 52.5 g of CdO enriched to 98.18%
H2¢d, and was suspended at a distance of 5.5 cm from
the end of the gas cell. The full-width-at-half-maximum
(FWHM) energy spread of the neutrons striking the sample was
~100 keV for neutron energies used for the present work. The
y-ray spectra were recorded with either 52% or 57% efficient
HPGe detectors having resolutions of ~ 2.1 keV FWHM at
1332 keV. The sample-to-detector distance was typically 1.1
m. Compton suppression was achieved by utilizing an active
annular BGO shield, and time-of-flight gating of events related
to the beam pulse was used to reduce extraneous background
events.

The y-ray energy calibrations were determined by applying
nonlinearity corrections to the peak positions followed by
least-squares linear fits to energies of several well-known
y rays, from both '">Cd and sources of ®°Co, **Na, or
%Co, in the in-beam spectra. The nonlinearity curve was
determined by using radioactive sources of *°Co and ?*°Ra
placed at the sample position and spectra recorded under
identical conditions as the in-beam spectra. The y-ray angular
distributions were measured for incident neutron energies of
2.5 MeV, 3.4 MeV, and 4.2 MeV. Spectra were recorded at
11 angles from (typically) 37° to 155°. The observed y-ray
energies are

E,(0) = E}”,[l + BF(t)cosf], (1)

where E, (0) is the observed y-ray energy at an angle 0 with
respect to the forward recoil direction, taken to be the beam
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direction, E7 is the unshifted y-ray energy, and g = v/c is
the recoil velocity in the center of mass frame. By examining
the energy of a y ray as a function of angle, the attenuation
factor F(t) can be obtained, and the lifetime 7 of the state
can be determined [30] by a comparison with the F(t) value
calculated using the Winterbon formalism [31].

Shown in Fig. 1 are some typical Doppler shift curves
determined in the present work. As was shown in Ref. [27],
the Doppler shifts are particularly sensitive to the presence
of doublets which often cause deviations from linearity when
plotted as a function of cosf. Some of these effects were
displayed in Fig. 8 of Ref. [27].

III. RESULTS

The level lifetimes extracted from the (n, n'y) reaction can
be compared with those obtained by other means, such as
Coulomb excitation [32—-34] (as compiled in the Nuclear Data
Sheets [35]) and the (y, y’) reaction [36,37]. In the former case,
the comparison is limited to those levels that were populated
with sufficient intensity in the Coulomb excitation process that
the matrix elements could be extracted, generally the lowest-
lying states, whereas the latter reaction is essentially restricted
to spin-1 and 2 excitations. Table I lists the lifetimes extracted
with the (n, n’y) reaction and those available in the literature
obtained by other means. Not included in the (n, n'y) lifetime
uncertainty is an estimated 10% uncertainty in the stopping
powers. In the (y, y’) experiments, the measured quantity is
the scattering intensity to an excited state s, Iy o, given by [36]

hic \? I'2
Io= —) -2 2
0=g (ﬂ Ey) T ()

TABLE 1. Level lifetimes extracted for ''>Cd from the
(n, n'y) reaction compared with those extracted with other
methods, as tabulated in Ref. [35] for Coulomb excitation
or recent (y, ') measurements.

Level (keV) 1t (n,n'y)(fs) t (Literature) (fs) Method
13124 2200135 2900 400  Coulex
1415.6 10007355° 1300 + 100 Coulex
1468.8 20007439 3900 =+ 700 Coulex
2506.7 64412 53+3 (y,y)
2829.2 3945 40+ 4 (v, y)
2931.4 25+6 17+1 (y,y)
3131.3 39+7 3041 (%)
3231.4 50£6 38+3 v,y
3301.0 1507180 9311 . v"
3375.4 75+12 125+ 19 . v"
3556.8 98 +40 750 & 190 ., y)
3568.0 89+ 14 51+13 (y,y)
3594.5 110+20 221440 (v, y)
3682.8 46+ 12 127420 (y,y)
3703.7 3246 94438 %)
3810.0 14+3 2445 v,y
3846.4 57+13 285 +47 (y,y)
3868.9 19+5 2947 %)
3933.1 18+6 109+ 15 (v, y)
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FIG. 1. Examples of Doppler shifts observed following the ''>Cd(n, n'y) reaction.

where g is the statistical spin factor g = 21, + 1)/Q21p + 1) =
3 in the present context, and I'g and I denote the decay width
to the ground state and the total decay width, respectively. The
level lifetime can be deduced via
(%)
T — )
E;

g(BR)T
Is,O
where the branching fraction BR for the state to decay to
the ground state is BR = I/ I'. Hence, the comparison of
(y, ') results with those from the (n, n'y) reaction rely on the
square of the ground-state branching fraction implying that an
accurate level and decay scheme must be in place. Two obser-
vations from an examination of Table I are immediate: there
is remarkable agreement over two orders of magnitude for
levels up to 3.4 MeV, whereas above 3.4 MeV the agreement
becomes poor. For the low-lying states observed in Coulomb
excitation, only the 1312-keV, 1415-keV, and 1468-keV

3

Ty =

levels have sufficiently short lifetimes to be measurable in the
(n, n’y) reaction. While at the very limit of the technique (the
1312.4-keV y ray has a forward-backward maximum shift
of only 20 eV), the results are nonetheless significant and
indicate that the technique remains valid down to relatively
long lifetimes, and hence very low recoil velocities. At the
other end of the measurement range, lifetimes at the few
tens of fs compare well with those extracted from the results
of (y,y’) experiments [36]. In fact, below 3.4 MeV the
only discrepancies occur for the 3231-keV (7, =38 &
3fs, 7,4, =50+ 6fs) and 3375-keV (1, =125 £ 19 fs,
Tony = 715 & 121s) levels. Lifetimes extracted using the above
procedure from the (y, y’) work that are longer than those
extracted using the (n, n’y) technique may indicate either an
incomplete decay scheme for the particular level, and hence
an incorrect (and larger) branching fraction BR is used, or
an incorrect lifetime determination in the (n, n'y) study. This
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FIG. 2. Summary of B(E2 |) (left) and B(M1 |) (right) transition rates for positive-parity states below 3 MeV in ''">Cd. Upper limits on
transition rates are not shown. Of note are the enhanced transitions, with B(E2) > 5 W.u. or B(M1) > 0.01 u3,.

latter case becomes a possibility whenever the y -ray spectrum
became complex. While care has been taken to ensure that
transitions used to extract the lifetimes are not members of
doublets, the indicators for the presence of doublets (see
Ref. [27] for a discussion) become weaker as the cross sections
for individual levels become smaller, i.e., at higher excitation
energy. Since a comprehensive ''?Cd level scheme is available
below 3.4 MeV, the above discrepancies are likely due to
the unplaced low-energy decay branches, i.e., an incorrect
branching fraction BR. Above 3.4 MeV, the discrepancies can
become quite large, approaching a factor of § for the 3556-keV
level, and with factors of 2—-3 common. This is not surprising
since it is known that the level scheme is not complete above
3.4 MeV [27], and missing a 50% branch would result in an
apparent (y, y') lifetime a factor of 4 times larger than in the
(n, n'y) reaction.

Listed in Table II are the measured F(t) values and the
deduced lifetimes, along with the transition rates for individual
transitions taking into account the level scheme as presented in

Ref. [27]. While it is believed that the lifetimes are generally
accurate, because of the limitations in the building of the
decay scheme as highlighted by the vastly different lifetimes
extracted compared with the (y, y’) technique above 3.4 MeV,
the transition rates above 3.4 MeV should be considered more
as upper limits as they may be overestimated by factors of sev-
eral, and perhaps as much as an order of magnitude. Figure 2
summarizes the results for the B(E2) (left) and B(M 1) (right)
transition rates for positive-parity levels below 3 MeV in
excitation energy. Upper limits on transition rates are not
included. Of interest are the enhanced transitions, namely those
with a B(E?2) value above ~ 5 W.u., or a B(M 1) value above
~0.01 u?.

IV. INTERPRETATIONS

The nucleus ''?Cd has been studied by a wide variety of
probes that can be subdivided into selective and nonselective
processes. Selective processes are those where the population
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TABLE II. Results for lifetimes extracted for '>Cd from the (1, n'y) reaction.

E; F(7) T E, Ey I — I B(E2Z; I — I7)  BWML I — If) BELI — IF)
(keV) (fs) (keV)  (keV) (W) (13) (1073 W.u.)
617.52 617.52 0.0 2+ — 0f 30.2(3)*
1224.41 606.84  617.5 0t — 2f 51(14)*
1312.39  0.015(9) 220013309 1312.39 0.0 2t — 0f 0.6(1)
694.84 6175 —2f 153) 0.027(5)
141556 0.033(17)  1000735%°  798.04  617.5 4t — 2f 61(6)*
143331 815.79 6175 0t — 2f 0.0099(14)*
121.00  1312.4 — 2F 80(12)*
1468.84  0.017(11)* 200075 1468.84 0.0 2t — 0f 0.34(6)
851.27 6175 —2f 0.12(7) 0.0147750032
244.80  1224.4 — 0 44.670 8
2005.19  0.083(1) 380(65) 1387.68 6175 37— 2f 0.335(57)
692.79  1312.4 - 2F 0.60(10)
53631  1468.8 — 2F 0.065(13)
2064.51 0.053(11)  680(190) 1447.00  617.5 3t - 2f 1.8(5) 0.0029(8)
752.14  1312.4 - 2f 63(18) 0.011(3)
64891  1415.6 — 4 25(8) 0.016(5)
2081.72  0.065(18)  500(150) 1464.04 6175 4+ - 2f 0.95(29)
769.36  1312.4 - 2f 60(18)
666.15  1415.6 — 4 25(8) 0.149(45)
612.88  1468.8 - 2f 61(21)
2121.53  0.042(11)  740(200) 2121.49 0.0 2t - 0f 0.017(5)
1504.04 6175 —2f 2.2(6) 0.00600 0032
897.07 12245 - 0F 5.3(14)
808.82 13124 —2F <2.8 <0.004
688.23  1433.1 — 0F 25(7)
2156.18  0.100(11) 310(35)  2156.20 0.0 2+ — 0f 0.136(16)
1538.65  617.5 -2 0.060" 003 0.044(5)
687.41  1468.8 —2f 2276, 0.004" 0004
223120  0.138(12) 220(20) 1613.66  617.5 2t —2f 0.0041000% 0.056(5)
1006.81  1224.5 - 0F 4.14(39)
918.72 13124 —2f 0.19101 0.008070:9012
76241 1468.8 —2f 57433 0.00370.0041
2300.74 >900 168322 6175 0t — 2f <14
831.79  1468.8 - 2f <23
237328 0.055(32) 590750 957.72 14156 57— 4f 0.79%0%
367.90  2005.2 — 37 5873
291.50  2081.7 — 4f 0.321038
2403.03  0.092(26) 34070 178548  617.5 3t —2f 0.011%5509 0.0065(20)
1090.56 13124 - 2f 0.09(6) 0.025(8)
987.89  1415.6 — 4 0.017%3:5% 0.058(17)
934.19  1468.8 —2f 21(6) 0.002510 0005
531.89  1870.7 — 4f 16792 0.029+0:013
2416.00  0.137(28) 220(50)  1798.50  615.7 37— 2f 0.194(44)
1103.58 13124 — 27 0.395(90)
946.92  1468.8 — 2F 0.126(33)
41139 2005.2 — 37 8574 0.25(8)
2454.52  0.069(13) 50075 114221 13124 4t — 2f 21103
1038.93  1415.6 — 4 2.6%39 0.087 0050
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TABLE II. (Continued.)
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E; F(7) T E, E; 1" — IJ’I B(E2; 1" — I}’) BM1; 1T — Iy) B(EL; I] — I}’)
(keV) (fs) (keV) (keV) (W.u.) 3) (1073 W.u.)
2493.16  0.055(26) 6301510 187570 6175 4t = 2f 0.08(4)
1077.60  1415.6 — 4f 0.39104 0.059(30)
102429  1468.8 — 27 4.1(20)
2506.33  0.109(15) 30045) 188879  617.5 2t — 2 0.091097 0.023(4)
1194.00 13124 — 2 0.207941 0.016(3)
2506.73  0.374(42) 64(12)  2506.70 00 1~ —0f 0.356(67)
128229 12244 — 0f 0.146(30)
107332 14333 — 0 0.218(46)
1037.82  1468.8 — 27 0.340(73)
2570.29 >1000 115475 14155 5 — 4 <0.09
699.59  1870.8 — 4f <0.3
565.10  2005.2 — 37 <46 <0.03
197.03  2373.3 — 57 b b
2591.05 >1000 117550 14155 4~ — 4] <0.1
72044  1870.8 — 4f <0.08
585.78  2005.2 — 37 <50 <0.03
526.52  2064.5 — 3 <0.8
2635.00 >1000  2017.50  617.5 3" —2f <0.04 <0.0004
132259 13124 — 27 <13 <0.005
1219.40  1415.6 — 47 e e
629.80  2005.2 — 37 <04
570.50  2064.5 — 3 <26 <0.02
2650.16  0.100(33) 3301580 2032.62 617.5  0F — 2] 1.9(7)
133775 13124 — 25 2.2(8)
2665.61 >300  1250.17 14155 5t — 4] <0.1 <0.024
795.08  1870.7 — 45 <0.8 <0.06
601.01  2064.5 — 37 <250
583.92  2081.7 — 45 <40 <0.3
2668.93  0.105(13) 31045) 205150  617.5 27 — 2 0.0226(34)
1356.52  1312.4 — 27 0.436(63)
663.59  2005.2 — 37 2119 0.0127001
2674.02  0.435(19) 50(4) 205648 6175 2t = 2f 0.131(10) 0.037949
271129 0.092(31) 370770 129574 14155 4+ — 4] 0.11794 0.066(24)
705.95  2005.2 — 37 0.190(75)
2723.88  0.139(20) 230(35) 210631  617.5 2+ —2f 2.4151 0.024(4)
718.89  2005.2 — 37 0.506(81)
276575  0.440(22) 494)  2765.70 00 2 —0f 0.155(14)
214821 6175 —2f 0.037942 0.096(8)
1453.40 13124 —2F 5.8(3)
1296.90  1468.8 —2F ¢ c
895.00 18712 — 0 53(9)
2773.18 >1000  1460.83 13124 0t — 2 <3
541.80 22312 —2F <90
2791.80 >140 786.59 20052 47 — 37 <4 <0.8
2816.90 >600  1401.30 14156 4 — 4] e e
811.30  2005.2 — 37 ¢
73490  2081.7 — 47 ¢ ¢
2829.22  0.498(33) 39(5)  2829.20 00 1==0f 0.209(27)
2211.65  617.5 —2F 0.557(72)
957.40 18712 — 0; ¢
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TABLE II. (Continued.)
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E; F(7) T E, E; 1" — Ij’} B(E2; 1" — I}T) BM1; 1T — Iy) B(EL; I] — I}’)
(keV) (fs) (keV)  (keV) (W) 13 (1073 Wu.)
2834.26 >500 221675  617.5 0 — 2f <0.7
1521.82 13124 — 27 <l1.1
712.68 21215 — 27 <40
2840.29 >700 142473 14155 4% — 4 <4 <0.013
2852.92  0.060(17) 64013%  2852.87 00 2*—0f 0.105(4)
223546 6175 —2f 0.0167054 0.0012(4)
154040 13124 — 27 <1.7 <0.008
1419.60  1433.3 — 0F 0.4219%
2866.86  0.043(25) 8007500 145130 14156 37 — 4 0.0617 003
861.68  2005.2 -3 0.18707 0.061(38)
78491  2081.7 — 45 0.110%5078
45075  2416.0 — 35 <100 0.046(37)
2867.48  0.236(97) 130710 224991 6175 3t —2f <5.4 <0.04
1555.10 13124 — 2F ¢ ¢
1398.64  1468.8 —2F ¢ ¢
2882.70 >1000 157051 13124 0t — 27 <0.46
1413.86  1468.8 —2F <2.7
72679  2156.1 —2f <28
2893.62 >600 227607  617.5 4+ —2f <0.5
811.90  2081.7 — 4F ¢ ¢
77176 2121.2 — 27 <42
2899.09  0.164(35) 190(50)  1483.53 14155  5° — 4] 0.68(18)
2924.83 >200  1509.36 14155 4 — 4]
1054.24  1870.8 — 45
919.58  2005.2 — 37
551.63 23733 — 57
33372 2591.0 — 47
2931.51  0.608(63) 25(6)  2931.42 00 1t —0f 0.045(12)
231412 6175 - 2f <4 <0.06
1618.84 13124 — 2f <28 <0.15
2944.86  0.061(26) 5907150 2944.78 00 2F—0f 0.082(4)
2327.44 6175 -2 0.2479% 0.0015*9:5030
2947.76  0.238(47) 12035) 233022 617.5 3" — 27 2949 0.0027+0 0013
2969.84 1554.28 14155 5% — 4
297248 0.042(28) 83073 1556.80 14155 5T — 4f <35 <0.02
890.77  2081.7 — 37 02579 0.015(10)
804.89  2167.7 — 67 16(11) 0.0037* 00051
2980.82  0.156(31) 200(50) 236327  617.5 27 — 2 0.0001F9006 0.0173(43)
1668.40 13124 — 2F <1 <0.006
1512.13  1468.8 — 2f <2.5 <0.013
3002.13  0.116(42) 280750 2384.54 6175 (3%)—2f 0.54(21) 0.00010(8)
1689.70 13124 —2F ¢ c
1586.57  1415.5 — 4F 0.047 005 0.018(7)
996.75  2005.2 — 37 0.26(11)
3048.95  0.24(12) 1207180 163339 14155 2-6— 4]
967.63  2081.7 — 4F
3066.31 >300 244876 6175 3~ —2f <0.06
1753.80 13124 —2F <0.09
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TABLE II. (Continued.)

E; F(r) T E, E; 17 — I}’ B(E2; 1" — I}’) BM1; I} — Iy) B(ELI] — I}’)
(keV) (fs) (keV) (keV) (W.u.) 3) (1073 W.u.)
3068.68 >800 175630 13124 4t - 2f <0.27
1653.09  1415.6 — 4f <0.14 <0.002
1599.70  1468.8 — 2F <1
1063.49  2005.2 — 37 <0.26 <0.16
3071.49 >360  1066.28  2005.2 34— 3]
1006.90  2064.5 — 3f
307527 0.081(51) 4107770 1659.70  1415.5 5t > 4 0.0815%9 0.030(20)
3102.15  0.579(62) 308)  3102.10 0.0 1— 0f
3105.61  0.079(49)  4507[5%  2488.14 6175 23— 2F
179277 13124 — 2f
1690.10 14155 — 4f
3109.82  0.170(51) 1907 3110.01 0.0 1— 0f
249224 6175 —2f
1641.14 14689 — 2F
313326 0.513(43) 39(7)  3133.21 0.0 1- 0
3135.84  0.075(32) 48073%  2518.43 617.5 23— 2f
1823.39 13124 —2f
1667.00  1468.9 — 2F
1071.26  2064.5 — 3F
314539  0.171(41) 190170 1729.82  1415.6 4t — 4 1.4(7) 0.049(11)
1063.60  2081.8 — 4f ¢ ¢
3163.03  0.093(28) 370118 3162.98 0.0 2t - 0f 0.22(8)
656.30  2506.7 - 17 ¢
3169.56  0.156(14) 210(20)  2552.01 617.5 2t — 2f 0.2015:08 0.006(1)
1945.14  1224.5 — 0F 1.8(2)
116420 2005.3 — 37 ¢
3178.80  0.202(32) 150(35)  3178.76 0.0 2t - 0f 0.14(3)
256123 617.5 —2f <14 <0.02
3189.87 >510 177430 14156 46— 4f
1022.10  2167.7 — 6F
3190.06  0.561(16) 322) 257251 617.5  2,3) =2/
3194.50  0.203(60) 150(60) 257672 617.5 2+, (3")— 2f
1882.10  1312.4 —2F
1189.41 20053 — 37
3201.42  0.048(22) 760155 1785.80  1415.6 57— 4f ¢
1196.21  2005.3 — 37 <20
3203.26  0.176(65) 1807130 2585.70 617.5 3 2f 0.018(6) 0.012+0:919
3205.75 >160 179020  1415.6 2-4 — 4F
1736.90  1468.8 —2f
3206.45  0.270(57) 110(35)  2588.85 6175 24— 2f
1084.93 21215 - 2F
3206.71  0.065(27) 55011%  1894.30 13124 24— 2F
1792.10 14156 — 4f
323141 0.446(27) 506)  3231.35 0.0 1t — 0f <0.027
2614.02 6175 —2f <1.3 <0.02
1919.40 13124 —2F ¢ ¢
324259  0.111(63) 310110 324249 0.0 2t — 0f 0.056(34)
2625.07 617.5 -2 0.19(13) 0.0008 00010
1161.08  2081.7 — 4F 15(10)
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TABLE II. (Continued.)

E; F(1) T E, E; Il.”—>1}’ B(E2;If—>1}’) BM1; 1T — Iy) B(El;],”—>1}’)
(keV) (fs) (keV) (keV) (W.u.) 3) (1073 W.u.)
3246.88  0.142(23) 23045)  2629.34 6175 23— 2
1778.00  1468.9 — 2F
3251.86  0.132(98) 250180 2634.31 617.5 0t — 2f 0.807075
3254.18  0.099(75) 3500 %% 2636.62 6175 24— 2
194201 1312.4 —2F
3254.46  0.324(65) 82(25)  1838.89 14156 4+ - 4 4.971% 0.00380 005
1248.14 20053 - 37 1.67(51)
3266.61  0.126(29) 270(75)  1851.04 14156 34,5 —> 4
3269.49  0.136(71) 2507310 1854.04 14156 4 4%
1264.25 20053 — 37
3291.16  0.097(63) 360773 187570 1415.6 — 4
1285.95 20053 — 37
1209.40  2081.7 — 4F
3297.01  0.065(24) 550136 2679.46  617.5 3— 2}
1881.50  1415.6 — 4f
3300.99  0.21(10) 150450 3300.94 0.0 1— 0f
330334 0.136(15) 250(35) 268578 6175 23— 2f
3312.19  0.265(42) 11025) 269456 6175 123 — 2]
2000.01 13124 — 2F
1306.97  2005.3 - 37
3319.88  0.133(24) 250(40) 270224 6175 -2
1851.04  1468.9 —2F
3332.05  0.179(37) 180(45) 191672 14156 34,5 — 4
1326.83  2005.3 - 37
333247 0.213(35) 14035) 271491 6175 12327
3336.03  0.205(44) 150(40) 271848 6175 23— 2f
3341.86  0.430(25) 53(6) 272431 617.5 3t 2F 3.14(33) 0.00095%0 00035
335337 0.167(39) 190(55) 273581 617.5 123 -2
3363.59  0.102(29) 3407 3363.67 0.0 2t — 0f 0.064(20)
274586 6175 -2 0.0580 03 0.0041(11)
3364.01  0.15(12) 22011000 909.48  2454.4 — 4f
3369.63  0.441(21) 50(5) 275208 6175 23— 2f
1900.77  1468.9 —2f
3375.47  0.326(32) 75(12)  3375.40 0.0 1— 0f
2758.02 6175 —2f
3378.49  0.061(25) 590t 2761.18 617.5 —2f

1909.63 1468.9 234 — 27
3383.61  0.218(29) 140(25)  2766.05 617.5 1,23 — 2f

122770 2156.2 - 2F
3392.77 >1000  3392.72 0.0 1— 0f
339339 0.002 >1400 277583 6175 123 2]
3393.63  0.133(83) 25010 977.59 24162 — 35
3402.93 >760 278537 6175 3t —2f <0.16 <0.001
3425.61  0.215(49) 140(40)  2113.19 13124 —2F
342632 0.46(10) 47774 280876 6175 —2F
3428.77  0.251(83) 120770 3428.71 0.0 2t - 0f 0.0567 003
281120  617.5 —2f 1.067533 0.018(6)
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TABLE II. (Continued.)

E; F(7) T E, E; 1" — IJ’I B(E2; 1T — I}T) BM1; 1T — Iy) B(EL; I — I}’)
(keV) (fs) (keV)  (keV) (W) (13) (1073 W.u.)
3433.80  0.200(64) 16035 2018.23 14152 3-5— 4f
3452.89  0.108(68) 320799 283533 617.5 37,(2) — 2/
2037.39 14152 — 4F
345540  0.083(44) 42003%  2837.85 6175 23— 2f
3478.47  0.097(69) 360775 2861.00 6175  1-3— 2]
2166.06  1312.4 — 27
3487.55  0.253(36) 12025)  2869.99  617.5 3t — 2] <13 <0.02
3489.93  0.287(40) 98(19) 287240  617.5 35— 2f
2074.36  1415.2 — 47
1368.12  2121.5 —2F
3500.41  0.150(25) 220(45) 288285 6175 23— 2f
3511.67 >700 113840 23732 — 57
351279 0.205(51) 150(50)  2895.23  617.5 3% — 2] 0.026 1592 0.015(4)
352251 0.457(22) 48(4) 290495 6175 13— 2f
353133 0.266(58) 110(35) 291377 6175 3t —2f <0.076 <0.026
221890 13124 — 25
3540.28  0.658(26) 22(3) 292272 6175 13— 2f
3556.84  0.367(19) 69(6)  2939.77 6175 13— 2]
355733 0.274(78) 98(40)  3556.78 0.0 1- 0
3568.06  0.306(32) 89(14)  3568.00 00 2 —0f 0.138(22)
2950.52 6175 —2f 0.32759% 0.0024 10007
2099.17  1468.9 —2f 0.0003%92,5 0.026(4)
357452 0.21(14) 14035 295696  617.5 23— 2f
3579.25  0.167(35) 190(50)  2961.69  617.5 23— 2]
3594.59  0.257(35) 110(20)  3594.49 0.0 1— 0f
2977.24 6175 —2F
3598.81  0.473(65) 45(12)  2981.25 617.5 3t —2f 0.06070:53 0.047(10)
3608.87  0.181(33) 180(40) 299130  617.5 — 27
3613.41  0.215(72) 14079 299585 6175 3t — 2 0.317977 0.001619547
2143.97  1468.9 —2F
3618.40  0.33(15) 809  3000.83 6175 — 27
3622.18  0.456(71) 48(14)  3004.62 6175 — 27
3646.44  0.098(23) 350712 3028.88 6175 13— 2]
3652.16  0.178(41) 180(55)  3652.07 0.0 1— 0f
3034.60 6175  1-3— 2]
3665.78  0.169(26) 190(35) 304822  617.5 3,2)— 2f
3676.56  0.232(61) 130(45)  3059.00  617.5 23— 2]
3682.82  0.468(66) 46(12)  3682.76 0.0 — 0F
3687.92  0.173(50) 190(70)  3687.86 0.0 1— 0f
3690.68  0.21(10) 14045 307312 6175 23— 2f
3697.69  0.095(75) 370730 3080.13  617.5 2t —2f 0.25%03,
3703.81  0.564(47) 32(6)  3703.74 0.0 1— 0
3707.39  0.435(56) 52(12)  3089.83 6175 — 27
372270 0.65(14) 2317 3105.13 6175 — 2
373195  0.174(66) 18015 311439 6175 13— 2f
3739.56  0.293(61) 95(29) 312199  617.5 3+ — 2 0.08470:2 0.018(5)
374378  0.337(32) 78(11) 312622 6175 3+t —2f 1.08(16) 0.0001615:90020
3754.10 >600  2338.58 14152 — 4F
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TABLE II. (Continued.)

E; F(7) T E, Ey Im — Ij’} B(E2; 1" — I}T) BM1; 1T — Iy) B(EL; I] — I}’)
(keV) (fs) (keV)  (keV) (W) 13 (1073 Wu.)
3755.46  0.498(79) 41(13)  3755.39 0.0 1— 0f

3763.94  0.203(20) 150(20) 314638  617.5 1-3— 2]

377047 0.517(58) 38(9) 315290 6175 23— 2f

378320  0.119(78) 290703 316563  617.5 3" —2f 0.2419% 0.0007573.30%%1
3804.87  0.121(83) 28079 318730 6175 13— 2]

3810.04  0.748(35) 143)  3809.97 0.0 1— 0

3810.88  0.286(71) 98+ 319331  617.5 13— 2F

3832.66  0.559(75) 32(10) 321509  617.5 13— 2f

3844.25  0.031 >380 322668  617.5 —2f

3846.48  0.413(55) 57(13)  3846.41 0.0 1— 0

3869.00  0.692(52) 195)  3868.93 0.0 1- 0

3878.62  0.34(10) 76(35) 326105  617.5 23— 2f

392922 0.16(13) 20011%°  3311.64 6175 —2f

3932.19  0.226(74) 130M%0 331461 6175 - 2f

3933.08  0.696(70) 18(6)  3933.00 0.0 1— 0f

3939.27  0.33(10) 7873 332170 617.5 1-3— 2

395226 0.391(34) 62(9) 333469 6175 1-3—2f

3963.79  0.44(18) 507%  3963.71 00 12— 0

3969.29  0.34(16) 7675 335172 6175 —2f

4033.89  0.31(12) 89711 341631 6175 —2f

2Values obtained from Ref. [35].

"Upper limits could not be determined due to uncertainty in the branching ratio. The branching intensity listed in Ref. [27] is incorrect due

to improperly accounting for a background peak at this energy. The valu
“No branching intensity could be determined in Ref. [27].

of the final state depends on the details of the nuclear
structure of the level, i.e., on the configuration of the wave
function, whereas nonselective processes are those where the
components of the wave function play no role in the population
of the level, i.e., as observed in compound-nucleus reactions.
Selective reactions by their very nature are critical for deter-
mining configuration assignments, and examples include one-
and two-nucleon transfer reactions. Nonselective reactions,
on the other hand, are crucial for building comprehensive
level schemes and include fusion-evaporation reactions and
the present (n, n'y) reaction.

In order to have a successful interpretation of the level
scheme of ''2Cd, data from as many probes as possible will be
considered, beginning with data from selective processes, and
then consideration of the collective y-ray decays. The goal is
to attempt to identify the dominant configurations in levels up
to the pairing gap (at approximately 2.5 MeV) and above, if
possible. Figure 3 presents all levels in ''>Cd up to 3 MeV
with configuration assignments suggested. As a basis for the
interpretations, the language of the vibrational model is used
in as much as it describes the nature of the levels. In some
cases, the level is labeled by only one component of its wave
function, which may not be the dominant one. Further, levels
may be labeled with collective components even if they are
not in agreement with detailed IBM-2 calculations as outlined
in Sec. V, reflecting the limitation of the modeling.

054310-

e listed in Ref. [27] should be used as an upper limit only.

A. Single-nucleon transfer data and two-quasiparticle states

One of the most powerful tools that can be used in nu-
clear spectroscopy is single-nucleon-transfer reactions. Single-
nucleon transfer provides vital information concerning the
microscopic nature of the levels. When starting with an odd-A
target and studying transitions to an even-even system, the
initial state is typically a one quasiparticle state, |j;), with
single-particle angular momentum j, = I, the ground-state
angular momentum, provided that deformation and mixing
effects are small. Since the transfer operator is either a
one-particle creation or annihilation operator, the final-state
components sampled are two-quasiparticle configurations of
the form |j;) ® |jir), with j,,. being the transferred angular
momentum. Levels in ''2Cd have been studied [38,39] via the
M cd(d, p)''?Cd and '"'*Cd(d, t)''?Cd single-neutron transfer
reactions. Shown in Fig. 4 are spectroscopic strengths from
the 113Cd(c? , 1)12Cd reaction obtained with polarized 20 MeV
deuterons [38]. The ''3Cd target ground state has the con-
figuration 0.77|s}’/2) + 0.63[|2;r ® ds”/z)]l/z, where 2? refers
to the first 2+ state in '">Cd [40]. Therefore, the final-
state configurations that may be populated are of the form
[Is{)2) ® [j2)1 and [[[2] ® d2,,)1" ® |j;)1". From Fig. 4
one can immediately see that, below 2.5 MeV, the only strongly
populated states are the ground state and the 617-keV 2%
one-phonon level. One has to then look above ~2.5 MeV,

11
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g ° e obtained with polarized 20 MeV deuterons. Shown is a summary of
Sl S '5- X § &l & 5 the spectroscopic factors for each j transfer as a function of excitation
§ o 5 % energy. The data shown are from Ref. [38].
Q T
ST “
ST . . o : .
O “ in the region where two-quasiparticle states begin to dominate
g «& S over collective states (the pairing gap is ~2.5 MeV) before
2 S gl e observing other strongly-populated levels [38]. The two-
IR g phonon levels at 1312-keV and 1415-keV are only weakly
A=l g _§ populated. This indicates that, while in principle two-phonon
S .
o S|s levels could be populated via the [|2 ® d&,)]'/* component
gl B e L 2 in the target-ground-state wave function, these transitions
= ‘ ~ § do not contribute strongly to the observed spectroscopic
| [« .
& el bl 3 strengths. Strongly populated levels observed in the (d, t) or
A . .
g (d, p) reaction are therefore labeled as the [|s],) ® | Jah
%ﬂ configuration.
é:‘ Since both the d;,, and ds/; neutron states lie relatively

FIG. 3. Interpretation of levels in '>Cd from all available data.
Labels are suggested for the dominant configuration in the wave
function with the assumption that ''>Cd is a vibrational nucleus.
There is a breakdown in the assignment of levels above 1.6 MeV
as multiphonon in nature, with very few levels in agreement with
detailed calculations (see Sec. V).

close to the Fermi surface, both are expected to contribute
to the observed [ =2 transitions in both the (d, p) and
(d, t) reactions. The (d, t) reaction study by Blasi et al. [38]
could differentiate between d3,» and ds , contributions through
an analyzing power analysis, whereas the (d, p) study [39]
could not. However, since the (d, p) reaction predominantly
populates states located above the Fermi level whilst the (d, t)
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reaction favors the population of states below the Fermi level,
those states that are populated strongly with / = 2 transitions
in the (d, p) reaction and weakly in the (d, t) reaction will be
interpreted as involving dj /» transfer.

The coupling of the s/, neutron with the expected low-
lying neutron-hole states, g7/, and ds/,, should give rise to
3+, 4% levels (572 ® g7),) and 2%, 3% levels (51, ®ds,) that
are populated strongly in the (cj , 1) reaction. The sy, ® g7 3t
state is assigned at 2867 keV, with the g7, transfer strength
divided amongst the 4T levels at 2711 and 2894 keV [38].
The ds;, transfer strength is dominantly in the one-phonon
617-keV level, and the 31 and 27" levels at 2635 and 2724 keV,
respectively [38]. These latter levels are therefore assigned
as predominantly the sy, ® ds), configuration. Interestingly,
these levels also appear to be strongly populated in the (d, p)
reaction [39], implying nearly equal U? and V? parameters.
It would be clearly desirable to repeat the (d, p) study with
better resolution and higher deuteron beam energy.

The coupling of the 51> neutron with the expected low-lying
neutron particle states, s1/2, f11/2 and d32, should give rise to
a 0" state (572 ®575), 57 and 6~ levels (s{), ® hY, ), and
1+, 2% levels (sy,, ® d3,) that are populated strongly in the
(d, p) reaction. Much of the sy, ® sy, strength is expected
to be contained in the ground state, as observed [38,39]. The
next most strongly populated 0" state is the level at 2301 keV,
which in the (d, p) reaction is populated nearly as strongly as
the ground state, but much more weakly populated than the
ground state in the (d, ) reaction [38,39]. No/ = 5 transitions
were observed in the (d, p) study [39], presumably due to the
low intrinsic cross section for the low deuteron beam energy of
7.7 MeV used in that work, but strong / = 5 transitions were
observed in the (c? , 1) study [38] to a 5~ level at 2570 keV
and a 6~ level at 2818 keV. These are therefore assigned as the
sy n® hY, P configuration. The (d, p) work [39] observed three
similarly strong / = 2 transitions to the 2 levels at 2507, 2674,
and 2766 keV, none of which were populated strongly in the
(3 , t) study [38], hence these are suggested to have significant
fragments of the sy, ® d3, configuration. The lowest-lying
17 level at 2932 keV was also populated strongly in the (d, p)
reaction, suggesting a large amplitude of the sy, ® dj, com-
ponent in its wave function. Figure 5 summarizes the config-
uration assignments from the single-neutron transfer studies.

B. Inelastic scattering reactions and one-phonon levels

The nucleus ">Cd has been well studied using the inelastic
scattering reactions (p, p’), (J, d"), and (o, «’). Figure 6
displays results from a series of (p, p’) and (d, d’) studies
[45-48], where the data are presented as reduced transition
rates B(XA\; [ j’} — 0;.)- These studies probe collective com-
ponents in the final-state wave functions and are especially
sensitive to one-phonon states since these have large transition
matrix elements to the ground state. Thus, one-phonon states,
such as the 617-keV one-phonon quadrupole state and the
2005-keV one-phonon octupole state are populated strongly.
No other 2" or 3~ states are populated strongly in the reactions,
consistent with very little fragmentation of the one-phonon
quadrupole and octupole strength. On the other hand, there

PHYSICAL REVIEW C 75, 054310 (2007)

Us, Vg
vs, .vh 127272
71/2 112 3+ o867 4 2894 1t 2932
288 o a7g 252766
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0 2301 Vs s
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FIG. 5. Suggested two-quasiparticle configuration assignments
based on the results of single-neutron-transfer reactions from Refs.
[38,39]. In some cases, the transfer strength is fragmented over several
levels.

are three strong transitions [B(E4) ~ 8 W.u.] to 4" levels
between 2.0 and 2.6 MeV, and four other transitions with
B(E4) values larger than 1 W.u. to 47 states below 3 MeV
are observed. These can be interpreted as the fragmentation of
the one-phonon hexadecapole state, with a summed strength
of 37 W.u. below 3 MeV, as shown in Fig. 3. The IBM1-sdg
calculations of Hertenberger et al. [48] reproduced the strong
fragmentation of the one-phonon hexadecapole strength.

The analysis of the data [48] revealed that the 2?, 2;, and
47 levels are nearly pure vibrational states, while the 27 level
is a nearly pure intruder state. In contrast, the 0; and 0;’ wave
functions each contain ~50% of the two-phonon state. This
selective mixing gives evidence of the presence of the O(5)
symmetry in the normal phonon and intruder states [13].

B(E2) (Wu)

B(E3) (Wu
SRR

B(E4) (Wu)

0.1+ s
600 1000 1400 1800 2200 2600
Excitation energy (keV)

FIG. 6. (Color online) Results from the '"’Cd(p, p’) and
"2Cd(d, d’) reactions. For ease of comparison with electromag-
netic transitions, the inelastic scattering transition matrix elements
B(EA J; — Ogs‘) = |M(EX 1)?/(2j + 1) are expressed in W.u.
The data shown are from Refs. [45-48].
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C. Collective electromagnetic transitions and
multiphonon levels

The use of nonselective reactions, like the
10Pd(r, 2ny)!"12Cd [41-43] and '"’Cd(n,n’y) [23,27-29]
reactions, offer the advantage that levels are populated in
a statistical manner, independent of their structure. The
limitation for observation of individual levels in these types
of experiments arises from angular momentum, detector
sensitivity, and resolution considerations. The («,2ny)
reaction is limited, in this particular case, to approximately
I < 14 and levels within ~ 1.5 MeV of the yrast line [43].
The (n, n’y) reaction is limited to levels with I < 6, and while
levels are populated up to very high excitation energy, the
ability to detect them can be limited by the complexity of the
spectra observed in the Ge detector [27]. The combination
of data from both reactions, together with results from
the selective reactions discussed above, has resulted in a
comprehensive level scheme up to 3.4 MeV in excitation
energy [27]. The (n, n’'y) reaction offers the advantage that
level lifetimes can be determined using DSAM where the
level feeding can be controlled by the judicious choice of the
bombarding neutron energy.

1. Multiphonon states

The one-phonon 2% level at 617.5 keV has a measured

B(E2;2{,, — 0f) value of 30.2+0.3 W.u. [35] that sets

the scale for quadrupole collectivity in ''?Cd. The two-phonon
triplet of states, 07,2%, and 4", have been assigned at
1433.3 keV, 1312.4 keV, and 1415.6 keV, respectively, on
the basis of their energies and E?2 transition strengths. While
the 2% and 4" levels have enhanced transitions to the one
phonon level of 154+ 3 W.u. and 61 £ 6 W.u., respectively,
the transition strength of the 0T member is thought to be
reduced due to mixing with the intruder 0" band head. The
p*(E0) strength has been measured for the 0; — Of' tran-
sition to be (0.48 +£0.11) x 1072, and p?(E0;07 — 0) =
(8.1 £ 1.9) x 1073, EO transitions are forbidden in the U(5)
limit of the IBM [50], and thus the small magnitude of
the p>(E0; 0 — 07) value agrees with this expectation. As
mentioned previously, the analysis [48] of inelastic scattering
data indicates strong mixing consistent with the U(5) — O(6)
model [14] expectations (see Fig. 4 in Ref. [23]).

The transitions from the three-phonon states were investi-
gated in Ref. [23] where it was found that the spin 3% and 4"
members of three-phonon quintuplet had decay patterns that
matched well with expectations and calculations. Lifetimes for
the suggested [14,17,23,43,44]0" and 67 members at 1871
keV and 2168 keV, respectively, could not be obtained due
to unresolved transitions in both cases. The possible mixing
of the 0§rph level with an intruder excitation will be discussed
below.

The spin 27 member, suggested [23,43,44] to be at
2121.6 keV, had serious discrepancies from expectations in
that it had enhanced transition rates to the O; and 0;' levels
only [23]. In an harmonic vibrator interpretation, the 27
three-phonon level should have a B(E2; 23, — 03,,) value of

42.8 W.u., and B(E2; Zgrph — erph) and B(E2; 2;ph — 4;”1,,1)
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values of 17.5 W.u. and 31.5 W.u., respectively. With the
increased knowledge of decay of higher-excited 27 states now
available, the “missing” 2" state B(E?2) strength can be sought.
Extracted from Table II are the B(E2;2" — I}“) values for
decays from all the 27" states below 3 MeV into the assigned
two-phonon levels, as well as the 0T and 2™ members of
the intruder band, and displayed in Fig. 7. The transitions
are labeled by their B(E?2) values; dashed lines represent
transitions where only upper limits could be determined.
Since the two-phonon 0 state and O™ intruder band head are
strongly mixed according to IBM calculations, the sum of the
strength into both levels can be compared to the expectations.
The observed X B(E2;2" — 03’, O;’) value is 81 £ 17 W.u.,
including the 27 — 0F transition, or 35 =9 W.u. excluding
the 2] — 05 transition. This latter amount is in reasonable
agreement with the harmonic oscillator value. The observed
strength into the 2 two-phonon level (the nearby intruder 2+
is not included since the mixing should be minimal in this case
according to the IBM [13,14,17,23]) is only 6.2f8:; W.u., far
less than the 17.5 W.u. for the harmonic oscillator. No strength
is observed into the 4™ level of the two-phonon triplet. The
latter is particularly interesting since it is not due to a lack
of experimental sensitivity — transitions to the 2% states at
1312 keV and 1469 keV are clearly observed — rather, it is the
apparent lack of even weakly-collective transitions from 2+
levels into the 4% two-phonon level.

As shown in Fig. 3, possible candidates for four-phonon
levels include the 2666-keV 57, 2881-keV 8T, and 2922-keV
67 levels. Unfortunately, lifetimes are not available for these
levels and thus their absolute transition rates are unknown. No
other four-phonon candidates could be identified.

2. Intruder states

It is well established [6—8] in nuclei near Z = 50 that the
promotion of a pair of particles below the Z = 50 shell into
levels above the shell gap results in an excitation with a degree
of deformation greater than that possessed by the ground state
due to the increase in the number of p-n interactions. These
excitations, labeled as intruder states, have energies relative to
the ground state that vary as a function of the valence neutron
number and approach a minimum near midshell. In the Cd
isotopes, the midshell nucleus is }é“Cdm and thus the intruding
proton 2p4h configuration 0] will be near a minimum in
excitation energy in ''2Cd. The intruder band, which is a
manifestation of a pairing excitation, has an enhanced two-
proton-transfer cross section for population of the 0" band
head [49], consistent with this interpretation. The low-lying
members of the intruder band have been well-documented in
many publications, and are delineated in ''>Cd in the (o, 2n)
reaction work [41-43], where it was observed up to spin 8*.

The intruder band has been described [12,14,17,23,43]
in the O(6) limit with two additional proton bosons. The
“ground state” of the intruder configuration is shifted upward
in energy relative to the normal ground state by the amount
A+ (Q - Q) where A is the pairing energy correction and
(Q - Q) is the relative energy gained due to the quadrupole
proton-neutron interactions [12,17]. The O(6) limit is chosen
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because the energy ratio E4+/E,+ for the intruder band is
~2.6, very close to the value expected (of 2.5) for a y-soft
vibrator. The degree of deformation is greater than that of
the ground state, as evidenced by a moderately strong EQO
transition between the intruder band head and the ground state
of p?(E0) = (37 £ 11) x 1073, and between the 2, and 2}
levels of p?(E0) = (31 £ 20) x 1073 [50]. Using the O(6)
limit, an intruder excitation spectrum as shown in Fig. 8 is
expected. As will be seen below, IBM-2 calculations taking
into account mixing between the normal phonon and intruder
states perturb the decay patterns somewhat, but many features
in Fig. 8 will still be recognizable.

It is clear from examining Fig. 8 that, apart from the
energies of the low-lying members of the intruder yrast band,
the intruder configuration is not well represented by the pure
0(6) limit of the IBM. Deviations appear immediately when
examining the nonyrast intruder states. However, it should
be noted that in Fig. 8 the theoretical values assume a pure
0(6) structure without mixing with the normal phonon or
quasiparticle states. It is known that such mixings occur that
perturb both the level energies and decay transition rates
(see, e.g., Refs. [13,14]), as will be outlined in Sec. V.
The lowest energy 2" state that could possibly be assigned
as the (0,4, T = 2) state is the level at 2156 keV, nearly
300 keV above the 1871-keV 4F level. The B(E2;2156 —
2;“) value is ~1/3 of its expected value of 62 W.u.; in fact,
the sum of the B(E2;27 — 2;') strength for all 2" levels
below 3 MeV is <30 W.u. Unfortunately, the lifetimes of
the higher-spin members of the intruder yrast band could
not be determined in the present (n,n'y) study. The only
other reasonable candidates for nonyrast (0., T) states are
the 37 level at 2403 keV and the 0" levels at 1871 keV
and 2301 keV. The 2403-keV level has B(E2) values that
do not match the expected O(6) selection rules, however.
While there is an enhanced B(E2;3" — 4;r) value, there is
a large B(E2;3" — 27) value of 21 W.u. for this forbidden
transition. Even the assigned 4T member of the intruder yrast
band may have serious departures from an intruder character in
its decay. The branching ratios for the decay of the 1871-keV
4% level could not be determined in the present study, due
to the proximity of the 1871-keV 0% level. However, the
assumption can be made that the intensities of the decaying y
rays in the (¢, 2n) study by Déleze et al. [43] are unlikely
to be perturbed by decays from the 0" level as it would
be extremely weakly populated in the reaction. Therefore,
the branching intensities for the 47 — 27,47 — 41,4] —
27, and 47 — 27 are 0.163 £ 0.001, 0.087 & 0.001, 0.502 =+
0.002, and 0.249 £ 0.002, respectively. Using these values,
“relative B(E2)’s” for the respective decays are 100, 25.1 &+
0.4,59.5+£0.5, and 0.52 £ 0.01. While it is gratifying that
the 47 — 2 transition dominates, the large value for the
47 — 23, transition of ~60% of the B(E2; 4] — 27) value
implies that a significant degree of mixing must occur.

Using a similar argument needed for the 1871-keV 4%
level, it is possible to extract the relative B(E2) values
from the data for the 0" level at 1871 keV. In the (ny, y)
reaction on '''Cd, with a ground state spin of %+, the spin 47
level at 1871 keV should not be populated to an appreciable
extent. The intensities of the 402-keV, 558-keV and 1253-keV
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y rays from that reaction [44] can therefore be used to
determine the branching ratios for decays from the 1871-keV
0" level. Adopting these intensities, branching intensities
for the 07 — 23+, 0t — 2;, and 0t — ZT transitions are
determined to be 0.190 4= 0.029, 0.338 £ 0.020, and 0.472 +
0.025, respectively. These yield “relative B(E2)” values of
290 £ 47, 100, and 2.5 + 0.2 for the respective transitions.
If these data are correct, it implies that the suggested 0"
member of the three-phonon quintuplet has a very perturbed
decay pattern in that the strongest B(E?2) value is for the
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decay into the 2* member of the intruder band. In fact,
from these considerations, one might be tempted to assign
the 1871-keV 07 level as an excitation based on the intruder
configuration, and there may be strong mixing between the
Ogrph and intruder excitations as expected in the U(5) — O(6)
model [14] (see Fig. 4 in Ref. [23]). This intruder excitation
cannot be identified as the (0,4, T = 3) level as expected
from the O(6) representation, however, since this level should
have an enhanced decay into the (0,4, T =2) 2 state.
The 0" level at 2301 keV, which has a significant (vs; /2)2
component, has a B(E2; 0" — 27)/B(E2;0" — 2) ratio of
~16; unfortunately, a lifetime measurement for this level was
not possible. It may, however, represent another fragment of the
excited intruder configuration that is present in the 1871-keV
level.

The conclusion to be reached at this point is that, while the
higher-spin members of the three-phonon multiplet continue
to display not only a collective character, but also the degree of
E?2 collectivity expected, the lower-spin members encounter
serious deficiencies with the expectations of the harmonic
oscillator. As will be discussed below, full calculations taking
into account the mixing between the normal phonon and
intruder states can only partially explain the discrepancies.

D. Proton and neutron content

The well-known relation [51] for the quadrupole deforma-
tion parameters 8 observed in inelastic scattering is

_ vanﬂn + ZVppIBp

)= , 4
Pov NV + ZV,, )

where B, is the deformation parameter observed in (p, p’)
scattering and V), and V,, are nucleon-nucleon interaction
potentials. Together with the relation Bgy = B, (Where only
electric transitions are considered) and with the approximation
[51] that the interaction potentials satisfy V,, ~ 3V,,, the
expression

b= (142 ) By — 2 )
" 3N )P 3N
is obtained. The isoscalar deformation parameter is defined as
NB, + ZB
Bo = Tp (6)

and the isovector deformation parameter, which contains
important structure information as it reflects the difference
between neutron and proton contributions to the collective
excitations, is

AM% _'Zﬂp-

bi=—"V—7

(7
Thus, if the transition rates are known from (p, p’) inelas-
tic scattering and from a purely electromagnetic process,
the isoscalar and isovector deformation parameters can be
determined. Since "2Cd has 64 neutrons and 48 protons,
one would expect that most levels would have a greater
neutron than proton contribution, i.e., N, > Zf, [which also
leads to B(E2 : pp’) > B(E2 : EM]), or a positive isovector
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deformation parameter ;. While strictly valid only for one-
step reactions to collective states, this kind of analysis can
be extended to higher excited states provided that indirect
excitations in the (p, p’) data are considered. Using the values
of B,y from de Leo et al. [45] (the first-order transition
deformation parameter is used) the isoscalar and isovector
deformation parameters are extracted as shown in Fig. 9. As
can be seen, the isovector parameters are positive, except for
the case of the 25 level, the intruder state at 1469 keV. The
negative value for the isovector B; implies a greater role for
the protons in that excitation, as expected.

V. IBM-2 CALCULATIONS

The results of the present work are compared with IBM-2
calculations similar to those in the work of Déleze et al. [42].
The computer codes NPBOS and NPEM [52] were modified to
enlarge the number of states calculated so that the experimental
results could be compared to detailed calculations to higher
excitation energy. The normal states and intruder states were
calculated separately using the Hamiltonian

H = E(did;, + d‘IJu) + ‘77'[71 + Vvv + KQJT Qv + Mﬂ!}ﬂ (8)

where
N 1 (L)  ~ ~
V,, = Z ECLF«/ZL—i—l[(d;d;) d,d,)™1? (9

L=0,2,4

is the interaction between like bosons,

A 3 @ +3\@
Qp = (s;dﬁ + dzsﬂ) + %o (d}dy) (10)
: .
0.2 r o (3, isoscalar B
: = @, isovector
3
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FIG. 9. (Color online) Extraction of the isoscalar (circles) and
isovector (squares) deformation parameters for 2* states in ''>Cd.
The data are extracted from the (p, p") deformation parameters given
in Ref. [45] and from the electromagnetic transition rates (see text for
details).
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represents the quadrupole-quadrupole interaction between
proton and neutron bosons, and

Mey = = Y 26 (djd)) (@-d.)"
k=1,3
+& (dish —stdl)® (des, —s2d)® A1)

is the Majorana interaction that acts on states that are not fully
symmetric under the interchange of the proton and neutron
degrees of freedom. The two separate configurations were then
allowed to mix using the interaction

) (©0)

@

+ B (did} + dyd;
An energy gap, A, is added to the intruder configuration to
shift its energy relative to the normal ground state before diag-
onalization takes place. With the wave functions determined,
the electromagnetic transition rates are calculated via

(©0)

)P a2

Flmix =« (s:;sjr + S8z

T(E0) = ¢ (eVd] d, +e(d] d,)
~ ~ (0
e (0dl, dr, + e0d},d,,)”

i Ty Iy

13)

for EO transitions,

. 30 - ;
tonn) = | (8 (gn.dl,dn, +0,0,d,) "

t 3 5\
+ g (e0dl,d, + gudld) ") (14)

1

for M1 transitions, and

T(E2) = ¢ (2 0x + P 0,) + ¢ (2 0x + 2 0,)
15)

TABLE III. Values of parameters used in the Hamiltonian and for
the computation of the transition rates. The values listed are taken
from Ref. [42]. Minor adjustments of the effective £2 boson charges
(in eb) and the effective boson g factors (in py) have been made
in order to reproduce the B(E2;2 — 0;,) and B(M1; 17— 0%)
values. All values are in MeV except x which is dimensionless. The
EOQ effective charges are in e fim?.

Normal configuration Intruder configuration Mixing parameters

Parameter Value Parameter Value Parameter Value
€4 0.88 €y 0.50 o 0.16
K —0.15 K —0.18 B 0.08
Xv —-0.10 Xv —0.10 A 4.0
X —0.90 X 0.40 ePse® 135
Cov —0.25 Cov —0.25 g1/8&n 1
Ca, —0.12 Ca, —0.12 e /e© 1
Cy, 0.0 Cy, 0.04

& 0.24 & 0.24

& 0.04 & 0.04

& 0.24 & 0.24

efi) 0.0793 el()zl) 0.0793

effn) 0.1360 eﬁfl) 0.1360

8, —0.0836 &v; —0.0836

8, 1.0868 8 1.0868

e(u(:) 0.25 ei?) 0.25

e 0.10 e 0.10
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for E2 transitions where the operator Q is defined in
Eq. (10). For the calculations, the same value for the y param-
eters are used in the Hamiltonian as for the electromagnetic
transition rates (the consistent Q formalism). The parameters
used, taken from Ref. [42] where they were determined
both phenomenologically and also using an OAI mapping
procedure [53,54], are listed in Table III.

The effective charges used in the calculation of the
transition rates are determined by normalizing to selected
transitions in ''?Cd (M1, E2) or by adopting previously used
values (E0). Minor adjustments of the E2 effective charges
and boson g factors from the work by Déleze et al. [42]
were made so that the experimental B(E2;2] — 0y) and
B(M1; 1] — 0F ) values were reproduced. The EO effective
charges were taken from the work of Giannatiempo et al. [55]
where fits were performed to the ''%112.114Cd isotopes. The
results of the calculations for the states below 1.5 MeV, i.e.,
the two-phonon states and the first two members of the intruder
band, are shown in Fig. 10 compared with the experimental
values. As can be seen, there is very good agreement with the

EOQ rates. For the E2 transitions, the B(E?2; 2; — 2?') value
is observed to be much less, (15 £ 3 W.u.) than predicted,
(41 W.u.) while the B(E2;07 — 27) value is observed to
be much larger (80 4= 12 W.u.) than predicted (48 W.u.). The
calculated B(M 1;27 — 2{) value is nearly a factor of 3 larger
than the B(M 1, 22+ — ZT) value, whereas experimentally the
reverse is true. Thus, already at the two-phonon level, dis-
crepancies between experiment and calculation emerge. The
vanishing of the 03 — 2| transition can only be reproduced
by a destructive interference between the two-phonon and
intruder transition amplitudes; even a slight change in the
parameters results in a collective O;L — 2;“ transition contrary
to experiment. A similar vanishing of the 0 — 2] transition
in other Cd isotopes (see, e.g., Ref. [56]) remains one of the
outstanding problems with the phonon-intruder picture.

The results of the calculation for all levels below 3 MeV
are given in Figs. 11 and 12, where the arrows are labeled
by the B(E2) values in W.u. for the transition (only those >
5.0 W.u. are shown). As expected, collective transitions persist
up to high energies. Although mixing causes the strength to
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FIG. 13. Results of IBM-2 calculations (described in the text) for
2+ states below 3 MeV in '2Cd. Only transitions with B(E2) values
greater than 0.1 W.u. into the 0" and 2™ members of the intruder band
and the two-phonon triplet are shown.

be shared amongst many levels, it is not diminished by a
substantial amount. Figure 13 displays in detail the predicted
decay of the 27 states into the 0T and 2% members of
the intruder band, and into members of two-phonon triplet.
The total calculated E2 strengths for decays from 2% levels
into the 27 and 4% two-phonon states, excluding decays
that experimentally correspond to transition energies less
than 100 keV, i.e., the 03 — 27 and 2] — 4] decays, are
13.9 W.u. and 1.2 W.u., in reasonable agreement with the
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experimental values of 6.2757 W.u. and no strength observed,

respectively. While the IBM-2 calculations yield a similar
number for the X B(E2; 2T — 2; ph) value as obtained in the
harmonic oscillator limit, the ¥ B(E2;2" — 4; ph) value is
more than an order of magnitude smaller than the harmonic
oscillator. This arises because in the IBM-2 calculation the
first 2% intruder state strongly mixes with the three-phonon
2% state such that a constructive interference occurs for the
matrix elements for the (unobserved) 2;“ — 4;“ decay, whilst
destructive interference occurs, resulting in a nearly complete
cancellation of the matrix elements, for the 2] — 4] decay.
For the calculated decays into the 05 and 05 states, using the
same restriction as above, the summed B(E2) values amount
to 57.7 W.u. and 13.9 W.u. giving a total of 71.6 W.u., in good
agreement with the observed amount of 81 + 17 W.u. Since
the calculated and observed B(E2) value for the 2; — O;
transition are in excellent agreement, the conclusions are not
altered significantly by removing this transition from the sum.
Thus, the summed E2 strength for decays into the low-lying
0T,2", and 4% states are reproduced well by the IBM-2
calculations.

Having found that the summed strength into the low-lying
states compares favorably, attention can be focused on the
states at higher excitation energy and their individual decays.
From Figs. 11 and 12, it is apparent that there are predicted
to be a large number of very collective transitions occurring
at high excitation energy. Experimentally, it becomes more
difficult to observe these types of transitions due to the in-
creased competition with noncollective, high-energy branches.
A much more restricted view is therefore taken in compar-
ing the calculated and observed B(E2) values. Shown in
Fig. 14 are the calculated (left) and experimental (right) levels
with selected E2 decay branches. Experimentally, the selection
criteria are that the levels have, or that may be reasonably
expected to have, collective y decays above several W.u. For
the calculated level scheme, an approximate correspondence is
attempted to match the experimental levels, and the low-energy
transitions, likely to be below the observational threshold, are
removed.

In the excitation energy region expected for the three-
phonon states, near 2 MeV, a candidate 0™ member is the level
observed at 1871 keV. Assuming that the above determined
branching ratios are correct, the 1871-keV 0% level has a
relative B(E2;0" — 2f) value that is nearly a factor of 3
larger than the B(E2;0T — 27 »n) Value, effectively ruling
out its identification as the 0" three-phonon level that is
calculated to have a B(E2;0" — ZZPh) approximately 50%
larger than the B(E2;0" — 2f) value. The 4% level observed
at 1871 keV, also for which the branching ratios were suggested
above, has its favored decay to the 2;“ level indicative of an
intruder character. The calculated decay pattern for the 45
level, however, has more enhanced decays into the 2% and 4"
two-phonon states, despite the fact that its wave function is
slightly more than 50% intruder in origin. The calculated 4;
level, on the other hand, decays nearly exclusively into the 2;
level, despite the nearly 50% three-phonon content in its wave
function. The strong mixing between the 4;‘” , ‘normal” state
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and 4f intruder state, combined with the mixing between the
23+ph level and 2] intruder state, strongly perturbs the decay
patterns in a nonintuitive way. Constructive interference occurs
in the transition matrix elements for decay from the 4;“ level,
whereas for the 47 level destructive interference occurs. In
fact, the calculated decay pattern of the 47 state lead to its
assignment [23] to the experimental 4;’ level that decays with
60 W.u. to both the 2;ph and 2 levels and 25 W.u. into the 4; oh
state. However, reversing the order of the levels in such a way is
not realistic since the perturbed decay pattern arises because of
the details of the mixings; as in a two-level-mixing the higher-
excitation energy state has destructive interference, whereas
the lower-energy state undergoes constructive interference.
(This situation is analogous to that of the 07 levels in ''°Cd
[56].) Thus, in contrast to earlier conclusions concerning the
nature of the three-phonon levels [23], the more extensive data
now available implies that the description of the 43 and 47
levels is, in fact, unsatisfactory, and cannot be reproduced by
the current model calculations.

As discussed above, none of the observed 27 levels near
2 MeV have decay patterns matching that expected for the
2% member of the three-phonon multiplet. The results of the
calculations, as displayed in Fig. 14, are not in good agreement
with the experimental results displayed in Fig. 7. The 2 level
is predicted nearly 360 keV too low, and is calculated to have an
enhanced decay into the 0; state and the 2;“ intruder level. No
experimental level matches this decay pattern. The calculated
25+ and 22 states are predicted to have enhanced decays to the
05, and 05 and 27 levels, respectively, of 12 W.u., and 10
and 48 W.u., respectively. These decay patterns approximately
match those of the experimentally observed [28] 2] and 2;
levels. The wave functions of these latter levels are not,
however, dominated by three-phonon components. As outlined
above, there are no suitable candidates for the 27" three-phonon
member. In fact, of the three-phonon candidates [23], only the
37 level at 2065 keV (no lifetime is available for the 6 level)
is in good agreement with the calculations.

Candidates for higher-phonon “normal” vibrational mem-
bers, the 57 state at 2666 keV, the 6 level at 2922 keV, and the
81 level at 2881 keV, have no lifetime information available,
and thus is it impossible to assess their collectivity. In fact,
the only measurable collective decay is the 27 (2766 keV) —
07 (1871 keV) transition of 53 & 9 W.u. This enhanced decay
is not accompanied by other enhanced decays, however, and
since the nature of the 0 at 1871 keV is uncertain, the origin
of the collectivity in the 2% 2766-keV level is unknown,
but, given the issues concerning the low-spin three-phonon
states, is unlikely to be four-phonon in origin. Possible
candidates for non-yrast intruder excitations are the 2" level at
2156 keV, with a B(E2; 2" — Z;r) value of 22J_r?9 W.u. This
level, however, also has an enhanced B(M 1) for its decay into
the 2] level leading to its identification as a fragment of the
2+ state [28]. The 3% level at 2403 keV also has enhanced
decays into the 2% and 4" members of the intruder band,
with the B(E2; 3" — 2,*) value being the largest, whereas
the calculations predict that the 3" intruder level retains its
0(6) character to a large degree and thus the corresponding
transition should be very weak.
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Figure 15 displays the results of the calculations for the
B(M1) values for levels up to 3 MeV and for transition
strengths above 0.01 u%. The parameters used are those of
Déleze et al. [42], but the values for the g-factors have been
slightly adjusted, keeping the same ratio of g,/g,, in order
to reproduce the experimental B(M1;1% — 0F ) value of

0.045 p3 - The main fragments of the lowest mixed-symmetry
state, experimentally identified as the 2;” and 2;’ states at
2156 keV and 2231 keV, are calculated to be located in
the 27,27, and 2! levels. The calculated strength in the
2;“ intruder state arises because of the proximity of the
2" three-phonon level and 2" mixed-symmetry state. The
calculated Y°0_, B(M1;2; — 21) value of 0.130 43 is in
very good agreement with the corresponding experimental sum
of 0.1441’8:8{2 1% The calculated 2} ® 2 pn quintuplet, the
main source of M1 strength, can be observed in Fig. 15 to be
located in a series of states in the vicinity of 2.8 MeV. The 1
member, calculated at 2838 keV, is experimentally observed
at 2932 keV. Unfortunately, the only firm B(M1) value is for
the ground-state transition since the other transitions involve
mixing ratios that could not be determined — thus only upper
limits can be given.

An examination of the experimental data shown in
Fig. 16 reveals a number of enhanced M 1 transitions between
low-lying levels that cannot be accounted for in the IBM-2
calculations. In addition, a number of levels that are populated
strongly in single-nucleon transfer reactions and identified as
two-quasiparticle states also possess significant M 1 strengths,
and are clearly outside the IBM-2 model space. Much of this
strength may arise from the d3;, — ds;, spin-flip transition
involving the two-quasiparticle states and the ds;» component
in the 2;“ one-phonon wave function. Since experimen-
tally, mixed-symmetry states can only be identified by their
enhanced M1 decays, which in the Cd nuclei are expected to
be rather weak since the M1 transition rates are proportional
to N, NV/N2 and the N, and N, boson numbers are 1 and 7,
respectively, this “background” of quasiparticle contributions
makes the assignment of mixed-symmetry states difficult,
especially for the 2], o ® 2, quintuplet. These quasiparticle
contributions, however, should not overly influence the transi-
tion strength of the 1} — OJr transition, since the dominant
microscopic components 1nvolved would necessitate an [-
forbidden transition of the form (si» ® d32)" — (slz/z)(o).
Thus, the use of the 1} — OF transition to extract the
effective boson g factors should not be unduly influenced by
quasiparticle amplitudes. Further, the assigned 2} states [28]
should also not be affected by this quasrpartrcle background
since no significant d3,, components have been identified in
the levels [38,39].

Figure 17 displays the results of the calculations for the
p*(E0) values using the parameters of Déleze et al. [42],
and the effective monopole charges recommended by Gian-
natiempo et al. [55] that were fitted to the ''%112:11*Cd isotopes.
As already noted, the experimental p*(EO) values from the
low-lying levels are reproduced well by the calculations.
Unfortunately, EO strengths for levels at higher excitation
energy are not available, and thus detailed comparisons cannot
be made.
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VI. CONCLUSIONS

Levels in '">Cd have been investigated with the (n, n'y)
reaction, and level lifetimes have been determined using the
Doppler shift attenuation technique. Transition rates have been
extracted for y-ray decays, and levels have been interpreted
using the vibrational model with intruding proton 2 p4h states
and two-quasiparticle states. Calculations for the levels and
transition rates based on the IBM-2 including mixing between
phonon and intruder states have been performed. While there
is reasonable agreement at the two-phonon level, whether they
are two quadrupole phonons or octupole-quadrupole coupled
states as investigated in Ref. [29], the lack of agreement
for the higher-phonon levels for all but the yrast states
implies that '">Cd should not be used as a paradigm for
the U(5) symmetry up to high excitation energy. While the
intruder picture is able to describe many features, some subtle
cancellations needed, i.e., in the decay of the 03+ and 4; levels,
indicate that some physics is missing. Considered in isolation,
the deviations from the vibrational expectations might be
explained by incorporating degrees of freedom not taken
into account in the present study. Clearly, hexadecapole or
g-boson effects must be included, as well as two-quasiparticle
degrees of freedom. When taken together with results of
detailed Coulomb excitation studies on the Pd isotopes [57,58],
it may be suggested that there are no ‘“clean” examples

PHYSICAL REVIEW C 75, 054310 (2007)

of robust vibrational behavior in the Z =46 or Z =48
nuclei, although the low-lying levels give the appearance of
vibrational degrees of freedom. Detailed systematic studies of
the Cd isotopes that may shed light on their true natures are in
progress.

Future experimental work must concentrate on the extrac-
tion of the low-energy decay branches from levels at high-
excitation energy to search for additional collective transitions.
This could be achieved through detailed S-decay studies of
2Ag and '"’In that are planned for the TRIUMF-ISAC
facility. Further, a sensitive Coulomb excitation experiment
is clearly called for to both verify the reduced transition rates
determined in the present study, and also to extract transition
matrix elements that could not be determined. In addition,
a detailed Coulomb excitation measurement could yield the
shape invariants [58] that would allow for an unprecedented
view of a collective “vibrational” nucleus.
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