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Proton-Neutron Mixed-Symmetry 3} Statein Mo
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We identify a J™ = 37 sate in **Mo. This identification is based on six M1 and E2 strengths
and is the first identification of a 3 state from B(M1) and B(E2) values. The transition strengths
were determined from the measurement of Doppler shifts, branching ratios, and E2/M1 mixing ratios,
obtained from yy directional correlations following the *' Zr(«, n) reaction and the 8+ decay of *+Tc™.
The interacting boson model agrees with the observations, which prove the 2* mixed-symmetry states

to be a building block in nuclear structure.

PACS numbers: 21.10.Re, 21.10.Tg, 23.20.Js, 27.60.+]

Atomic nuclel represent many-body quantum systems
of strongly interacting fermions of two different species:
protons and neutrons. Understanding of the proton-
neutron (pn) symmetry of nuclear eigenstates is one of
the fundamental aspects of nuclear structure physics.
The nuclear shell model represents the theoretical tool to
attack this problem. However, it suffers often from too
large dimension. One way to radically truncate the shell
model problem was suggested in terms of the interacting
boson model.

The pn version of the interacting boson model (IBM-2)
predicted a new class of collective nuclear states [1-4].
These states, described systematically in [5], are low-lying
collective valence shell excitations, which are not symmet-
ric with respect to the pn degree of freedom. Multiphonon
states built on an isovector quadrupole surface excitation
were suggested for vibrational nuclei aready in the six-
ties [6]. However, at that time these states were predicted
a a much higher energy. pn nonsymmetric states act in
the IBM frame as building blocks of collective nuclear
structure able to form multiphonon states. According to
the algebraical approach, the pn symmetry of an IBM-2
wave function is quantified by the F-spin quantum num-
ber [1-3]. F-spin isthe isospin for the elementary proton
and neutron bosons. IBM-2 wave functions with F-spin
quantum numbers F < Fpa COntain at least one pair of
proton and neutron bosons, which is antisymmetric un-
der exchange of nucleon labels. Such states are called
mixed-symmetry (MS) states. It isof great interest to iden-
tify and study such collective states. Their properties and
spreading widths provide benchmarks for microscopic cal-
culations[7] and help to better understand the pn degree of
freedom in heavy nuclei. Information on two-phonon MS
states is complementary to that from other multiphonon
states as, e.g., isoscalar multiquadrupole phonon states
or double-gamma excitations, since they involve another
phonon: the MS quadrupole phonon.

Signatures of M S states, accessible to y spectroscopy,
are low excitation energy, weakly collective E2 tran-
sitions to symmetric states, and strong M1 transitions
to symmetric states with matrix elements of about
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|<J'sfym | M1l Jio)l = 1 uy. Two examples of MS states
could aready be identified from large M1 strengths. the
fundamental J™ = 2/ state and the MSJ™ = 17 state.
The 1" was the first MS state discovered experimentally
[8,9]. The MS 1" sate is called “scissors mode” due
to its geometrical picture in rotors [10]. The 2  state
is the building block of MS structures in near-spherical
nuclei. It can be excited from the ground state by a
weakly collective E2 transition with a few (=0.2-4)
single particle units, eg., [11-13]. A coupling of the
isoscalar quadrupole phonon to the 2,7, state should lead
toa(2; ® 2. )o+.1+2+ 3+ 4+ two-phonon multiplet [2,4—6]
to which the MS 1" state belongs.

Other M S states were not identified from M1 strengths.
One-phonon 2 states were observed [14] at low ener-
gies, where the level density is small and mixing may be
weak. The MS 1* state could not mix with symmetric
1™ configurations because the latter are absent in the IBM
framework. It was still unknown whether M'S multiphonon
structures with J # 1 exist. A clear identification of MS
states with J # 1,2 based on M1 strengths is necessary
to enable the investigation of MS multiphonon structures.
In some cases E2/M1 mixing ratios were used to tenta-
tively assign MS character to nuclear states with J > 2,
eg., [15,16]. However, the M1 strengths were not mea-
sured, rendering the MS assignments uncertain. Besides
the known one-phonon 2 state and the two-phonon 1.
state, the two-phonon 37 state is the most fundamental
MS state. In nuclel of the 100 < A < 200 mass region,
the energy of the two-phonon 1/, state is close to 3 MeV
[17]. An observation of the two-phonon 3 state allows
one to measure the energy splitting of the MS two-phonon
multiplet.

This Letter reports on the identification of a 3} state
from M1 strengths. We investigated the nucleus®*Mo, for
which the most complete data on MS 1 and 2/ states
are known from a combination of photon scattering and
v y-coincidence studies following 8 decay [18].

In order to populate medium-spin states well above
the yrast line in **Mo, we used—besides the 8" decay
of the (2)* low-spin isomer *Tc” [18] —the “complete”
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FIG. 1. Relevant parts of the yy-coincidence spectra from the
B decay of **Tc” [(a@)—(c)] and from the °'Zr(a, n) reaction
[(d)—(F)] gated with the 702.6 keV 47 — 2 transition [(a),(d)],
with the 993.2 keV 25 — 2 transition [(b),(e)], and with the
1196.7 keV 25 — 2 transition [(c),(f)]. The arrows mark the
decays of the 3" state at 2965.4(2) keV.

cold (e, n) fusion reaction on °! Zr at the Coulomb barrier.
A 15 MeV “He beam was supplied by the Cologne FN
Tandem Van De Graaff accelerator. A beam current of
about 3 pnA was used on a 11 mg/cm? zirconium target,
enriched in °'1Zr to 64%, on a 60 mg/cm? thick bismuth
backing. The spin and parity quantum numbers
J™ =5/2% of the °'Zr target nuclei favored the
population of 3" states in the (a,n) reaction. The
NZr(a;s mev, n)**Mo reaction leads to a maximum
excitation energy of EM™ = 9.2 MeV for **Mo and a
grazing angular momentum of L., = 4h. We used the
OSIRIS spectrometer equipped with ten HPGe y detectors.
Six detectors were mounted perpendicular to the beam
axis, two detectors were positioned at 45° and two at
135° with respect to the beam. 7y-singles spectra and

TABLE I.

vy-coincidence events were recorded. Figure 1 shows
v y-coincidence spectra observed in the®! Zr(a, n) reaction
and in the B8 decay of **Tc”. These spectra show three
out of four observed y transitions, which depopulate a3+
state at 2965.4 keV (the 3" — 2 transitions are visible
in the less clean 2 — 0; coincidence spectra and are
omitted in Fig. 1). These y lines were observed in both
experiments with aimost equal relative intensities showing
that the 3% state is no doublet. The measured properties
of the four transitions are shown in Table |. Below we
assign MS character to the 3* state at 2965.4(2) keV.

We first discuss the spin-parity assignment J7 = 37.
Because of fast y transitions to states with spin and par-
ity JT = 27%,4", the level at 2965.4 keV must have spin
and parity quantum numbers 2%, 3%, 4%, or 37, if we
consider only M1, E2, or E1 multipolarities. J™ = 37
is favored by the measurement of the logft = 7.28(16)
value [19,20] in the B decay of the (2)* low-spin isomer
%Tc™ ruling out J™ = 4%, The measured [ = 0 transfer
[21] to the level at 2.966 MeV in the®>Mo(d, 1)**Mo neu-
tron pickup reaction leaves the spin and parity assignments
J™ = 2%,3" asthe only possibilities, while J7 = 37 is
favored [21]. (The energies of levels around 2.9 MeV are
systematically overestimated in Ref. [21] by about 6 keV
with respect to high-resolution y spectroscopy. Since the
level at 2.972 MeV from Ref. [21] is the only level with
J < 4 ever observed at this energy, we can identify it with
the level at 2965.4 keV.) We use the yy angular cor-
relations to assign J™ = 3*. Figure 2 shows the decid-
ing angular correlations. The hypothesis J7 = 27 for the
2965.4 keV level cannot account for the observations for
any M3/E2 mixing ratio of the4, — 2| transition while
the alternative hypothesis J7 = 3* with apure4; — 2;
E2 transition describes the data well. The best agree-
ment isobtained for asmall £2/M 1 multipole mixing ratio
8 = —0.08(6) for the 3* — 4] transition used in Fig. 2.
The 3t — 4,27 transitions are approximately pure M1
transitions (see Table I) and the 3% — 2,27 transitions
have considerable E2 admixtures.

v decays of the 3" state at 2965.4 keV. Shown are the fina states, the transition

energies, and relative y intensities from the y+y-coincidence studies following the B8 decay
of *Tc¢” and from the °'Zr(a, n) reaction and the adopted E2/M1 multipole mixing ratios
from both measurements. Besides the unique yy-coincidence relations, the equality of the y
intensities from the two different reactions prove that the four y transitions stem from the same
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level.
E, (keV) 1, (%)

J7 B decay (a,n) B decay (a, n) 8

27 2094.25(10) 2093.5(10) 36.9(14) 32(6) 05703

47 1391.58(10) 1391.2(3) 63.0(24) 59(12) —0.08(6)

2 1101.08(10) 1101.0(3) 100.0(23) 100(8) —0.09(6)

a

27 898.10(10) 897.8(5) 23.0(12) 25(5) { 02'3332 )
J-0.6

0; 2965.3(2) <0.5

@The data agree with both mixing ratios.
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FIG. 2. Measurement of the spin quantum number J = 3 for
the level at 2965.4 keV. The solid squares show the measured
relative mtensutles of the 703—-1391 keV y+y coincidence from
the J3o65 kev — 41 — 2] vy cascade for five geometrically in-
dependent coincidence groups of our spectrometer. The coin-
cidence groups are labeled by three integers, which denote in
units of 77 /4 the two angles between the observational directions
and the beam and between the planes defined by the beam and
by the y directions. The lines represent the |east-squares fits for
the spin hypotheses J = 3 and J = 2. The Gaussian width o
of the m-substate distribution and the J3g6s v — 41 multipole
mixing ratio § were treated as free parameters.

We extracted the lifetime of the 3* state from the line
shapes of the 33965 — 25 and 33965 — 4, transitions. Fig-
ure 3 shows the 1101 keV line from the decay of the
35065 State to the 25 state observed under forward and
backward angles and perpendicular to the beam axis in
coincidence with the 25 — 2| transition. The y transi-
tions depopulating the 35965 State are almost completely
Doppler shifted. The mean recoil velocity of the **Mo
nuclei is v = 0.38% c. The average stopping time in the
917 target is about 700 fs. We use the parameters [22]
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FIG. 3. Doppler shift of the 1101 keV 3355 — 25 transition
observed in coincidence with the (unshifted) 993 keV 2; — 2
transition at the angles of 45° and 135° compared to the unshifted
transition measured at 90°. The upper spectra are vertically
displaced by 1800 counts (135°) and 2800 counts (45°). The
dashed line marks the unshifted peak position. The curves show
calculated line shapes using the observed 5% long-lived discrete
feeding, 95% sidefeeding with a finite sidefeeding time 7sg =
80 fs, and a level lifetime 7(3%) = 80 fs.

f» = 0.7 for the nuclear stopping and f, = 1.03(0.81)
and a = 0.579(0.611) for the electronic stopping in ' Zr
(>"Bi), where f., a were fitted to the semiempirical stop-
ping powers from Ref. [23] with dlight modifications as
described in detail in Ref. [22]. The line shape analy-
sis of the 3595 — 25,4 transitions yields a short effec-
tive lifetime 7.¢;; = 200(30) fs. This effective lifetime is
obtained consistently from the Doppler shifts of both the
1101 keV and the 1391 keV transitions. The effective life-
time represents an upper limit for the lifetime of the 3*
state, while 7(3") and 7. would coincide in the limit of
prompt sidefeeding. The measured Doppler shifts of the
1196.7 keV 27 — 2 transition show that the assumption
of a prompt sidefeeding cannot hold. The short lifetime
7(23) = 60(9) fsof the 25 state was independently mea-
sured in arecent photon scattering experiment [18]. From
its known lifetime we can estimate a sidefeeding time of
rsr = 80(20) fsfor the 27 statein the present reaction by
considering the observed 20% long-lived feeding through
discrete transitions and an 80% sidefeeding with the time
constant 7sg. In the line shape analysis for the 3% state,
we used the conservative assumption of an equal sidefeed-
ing time of 7sg = 80(20) fs for the 27 state and for the
33065 State. The measured line shapes are consistent with
the 37 lifetime:

80(30) fs. )

Calculated line shapes are shown in Fig. 3. The error
quoted in Eq. (1) represents the statistical error. Not con-
sidered here is the uncertainty in the stopping power of
20%, which affects all M1 and E2 transitions from the
3. state by the same factor and is not given in Tables I
and 111, because relative values are not affected.

Using this lifetime, the branching ratios, and the
E2/M1 mixing ratios, we obtain the transition strengths,
which are listed in Table Il. Indeed, the M1 matrix
elements of the 3" — 47,25 transitions are of the order

+ _
7(32965 kev) =

TABLE Il. Measured decay transition strengths of the 3* state
of **Mo at 2965.4(2) keV excitation energy.

Observable Unit Expt.
B(M1;3} —2() (%) 0.01070012
B(M1;3) — 47) (%) 0.07470.04
BM1;3} —2;) (%) 0.241044

N ) 0.097507 “
B(M1;3}, — 23ms) () {0-021t818?451
B(E2; 3}, ms = 20) (W.u) 0.478%
B(E2;3} — 4]) (W.u.) <0.7
B(E2;3} — 27) (W.u.) <4.0

10+12 a

B(E2;3% — 23ms) (W.u.) { 5

' 60-2;
B(M3;3, — 0f) (i b?) <330

aFor E2/M1 mixing ratio 8(3* — 23) = 0.39(25) (top) and
83" — 27) = 2.0742 (bottom).

3777



VOLUME 84, NUMBER 17

PHYSICAL REVIEW LETTERS

24 AprriL 2000

TABLE Ill. Comparison of analytical IBM-2 predictions for
M1 strengths (in %) of MS states with data on Mo (1+,2*
data from Ref. [18]). Orbital values, g, = 1l uy and g, =
0wy, are used for the boson g factors. Two different “cores’
were assumed: *°Zr with proton boson number N, = 1 and
105n with N, = 4.

IBM core 07zr 100gn

Observable UG) o’ UB) Of) Expt.
BM1;1;,—0f) 0 008 0 0.16 0.16(1)
B(M1;1} —2;) 084 084 033 036 0435
B(M1;2} —2{) 036 036 023 030 0.48(6)
B(M1;35 —27) 041 041 016 018 024704
BM1;3: —4f) 031 031 012 013 0.074°001%

of one nuclear magneton: [(4] || M1 || 33065 ev )| =
0.725010 e and 125 Il M1 1| 33065 rev)l = 1.305037 s
The E2 transition to the 2, state may be weakly collec-
tive with a strength of about one Weisskopf unit. The
33065 kev — 25 transition is consistent with a collective
E2 strength with tens of Weisskopf units. The uncertain-
ties of the mixing ratios in both cases prevent definite
numbers. As can be seen from Fig. 4, all decays are
consistent with a MS two-phonon interpretation of the
3" state at 2965 keV, to which we, therefore, assign MS
character. Table IIl compares the measured enhanced
B(M1) values for MS states of **Mo with the analytical
predictions of the IBM-2. The IBM-2 predictions [5,24]
for the 3! . state agree reasonably with the observations for
the 3" state of **Mo at 2965.4 keV. The qualitative MS
assignment is obtained for both reasonable assumptions
for the IBM core: *°Zr or '°°Sn. Moreover, the data on
the 3,7, state are consistent with those on the previously
identified 1* and 27 MS states of **Mo.

In conclusion, the decay transition strengths of the 3*
state of **Mo at 2965.4 keV were measured, and we pro-

5| Mo

MeV| 2g(10)

o) of L £
FIG. 4. Partial level scheme of “*Mo. The numbers denote

measured B(E2) values in Weisskopf units (see Ref. [18]). For
B(M1) values, see Table Ill.
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pose this state as a realization of the 3! state predicted by
the IBM.
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