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Search for two-phonon gamma vibrational states in '®‘Dy
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Excited states in %Dy were produced using Coulomb excitation. Rotational properties of
the ground-state and gamma-vibrational band were studied. Angular distribution and band-mixing
parameters were extracted from the data. No evidence was found for a two-phonon gamma vibration
with anharmonicity in the range 1.7 < E(43,)/E(23) < 2.7.

PACS number(s): 21.10.Re, 21.60.Ev, 23.20.—g, 27.70.-+q

I. INTRODUCTION

Rotation and vibration are the two important low
energy collective excitations in nuclei. Rotational mo-
tion has been extensively studied in recent decades in
both theoretical and experimental works. The rotational
alignment of the single particle angular momentum, a
result of the interplay of the rotational with the single-
particle motion, has been the most extensively studied
subject in high-spin spectroscopy. Vibrational excita-
tions, however, are not as well understood as rotational
motion. The interaction of the vibration with the single-
particle motion is expected to produce anharmonicities
which cause the shifting and splitting of the multiphonon
levels and the deviation of the transition matrix element
from the harmonic values. Therefore, the study of the
multiphonon states can provide information on the inter-
action between the vibrational and single-particle degrees
of freedom.

The one-phonon gamma vibrational states are well
known experimentally in the deformed rare-earth région
[1]. They tend to have excitation energies in the range
700-1500 keV. The lowest energies occur near 1®4Dy and
18805, and these can be understood in terms of the ex-
istence near the Fermi level of orbitals which can be
coupled by the r2Y; operator associated with gamma
vibration. In most cases, the F2 matrix elements be-
tween the ground state and the one-phonon states have
been measured [2]. The values of these matrix elements
indicate a collectivity of about ten times that of the
single-particle values. Very little is known about the be-
havior of vibrational states at high rotational frequency,
due to the fact that these states are not strongly pop-
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ulated in fusion reactions commonly used for high-spin
studies. Coulomb excitation can populate these states
and provide information on the rotation-vibration inter-
action at high rotational frequencies. Various theoreti-

. cal approaches have been used to characterize possible

two-phonon vibrational states in deformed nuclei. Us-
ing the quasiparticle-phonon nuclear model, Soloviev [3]
concluded that such states could not exist due to Pauli
blocking effects which push the two-phonon states up-
ward in energy to 3-4 MeV, where the wave functions
become fragmented. Piepenbring and Jammari [4] used
the multiphonon method (MPM) to predict that the 4%
two-phonon gamma vibrational state lies at about 2.6
times the one-phonon excitation energy in '®8Er, with a
transition strength to the one-phonon band comparable
to the one-phonon to ground-band strength. In a subse-
quent paper [5], it was found that the same conclusions
regarding anharmonicity and collectivity apply to other
deformed nuclei, including ¢4Dy.

Several attempts have been made in recent years to

" identify two-phonon vibrational states in rare-earth nu-
_clei. It is of particular importance to measure tran-

sition quadrupole moments, since it is possible for 47
states of a single-particle nature to decay to gamma-
vibrational states [6]. Using a neutron-capture reaction
and a curved-crystal gamma-ray spectrometer, Davidson
et al. [7] identified all levels in '®®Er up to an excita-
tion energy of 2.5 MeV. A K™ = 4% band with a 4%
level at 2055 keV and a 5% level at 2169 keV was ob-
served. The identification of this 4% state in 1%8Er as
a two-phonon gamma vibration was recently made [8]
using the gamma-ray-induced Doppler-broadening tech-
nique to determine the B(E2) values for the 4* and 5%
states. The values obtained indicate a large degree of col-
lectivity and are in good agreement with theories which
treat the 41 state as a two-phonon structure, such as the
MPM. The anharmonicity ratio, R(4) = E(43,)/E(27)
is found to be 2.5 for %8Er, close to the MPM predic-
tion. Oshima and co-workers [9] have investigated this
state using Coulomb excitation, and have also identified
two two-phonon states in 1940s. A 4% state at energy
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1646 keV in the nucleus '5#Gd has also recently been
identified as a two-phonon state [10], on the basis of de-
cay intensities. The anharmonicity ratio in this case is
1.7, somewhat smaller than the ratio for }8Er. At higher
mass, Korten et al. [11] have identified a rotational band
built on a nearly harmonic two-phonon vibration in the
deformed nucleus 232Th. Given these recent experimen-
tal successes, it seemed reasonable to search for a two-
phonon state in 164Dy.

II. EXPERIMENTAL PROCEDURE

In order to maximize the likelihood of detecting two-
phonon vibrational states in a Coulomb excitation reac-
tion, gammas were detected in coincidence with backscat-
tered beam particles. The beam, energy, and angle of
the particle detectors were chosen to maximize the yield
of vibrational states with respect to ground-band states,
based on the results of calculations using the Winther-
deBoer Coulomb excitation program [12].

The experiment was performed at the Holifield Heavy-
Ion Research Facility (HHIRF) at Oak Ridge National
Laboratory. Excited states in 64Dy were populated us-
ing Coulomb excitation induced with a 250 MeV 58Ni
beam from the HHIRF tandem. Heavier beams were
not used because they would have excited the ground-
state band to higher spins, complicating the identifica-
tion of transitions involving vibrational states. The self-
supporting 184Dy target had a thickness of 0.91 mg/cm?.
Gammas were detected with an array of 18 Compton-
supressed high-purity germanium (HPGe) detectors and
52 Nal elements of the spin spectrometer. Backscattered
beam particles were detected with an array of six surface-
barrier silicon detectors centered at 150° with respect to
the beam in the laboratory frame and located 32 mm
from the target. Total coverage of the Si detectors was
7% of 4m.

Events were defined by the firing of one silicon detec-
tor in coincidence with at least one germanium detec-
tor. Energy and timing information of these detectors
and any other detectors, such as an Nal detector from

the spin spectrometer fired in coincidence, were stored in
event-by-event mode on tape. Approximately 150 million
events were recorded, including 1.2 million in which two
or more germanium detectors fired. Energy calibration
of the germanium detectors was carried out with %Y,
207Bi, "5Se, and '52Eu sources. The 152Eu source was
also used for relative efficiency calibration of the germa-
nium detectors. The Nal detectors were calibrated using
the 88Y, 297Bi, and "®Se sources. Detailed Doppler-shift
correction of the gamma energy was made for each event
based on the recoil velocity and the angle between the re-
coiling nucleus and the emitted gamma. The angle and
speed of the recoiling nucleus were derived from the angle
and energy of the backscattered 58Ni.

III. RESULTS

The combination of the clean reaction and detailed
Doppler-shift correction allowed the creation of excep-
tionally clean spectra. The gamma-gamma coincidence
data were sorted into a symmetrized two-dimensional
(2D) matrix. A projection of the F.,— E., matrix is shown
in Fig. 1. Along with transitions within the ground-state
band and transitions between the gamma-vibrational and
ground-state bands in 64Dy, several transitions from the
nucleus 183Dy are visible. These were the result of tar-
get impurities. A number of previously unobserved tran-
sitions were observed in coincidence with known 64Dy
lines, and it was possible to assign several new levels to
both the ground-state band and the gamma-vibrational
band. Assignments were made on the basis of coincidence
data and, when possible, angular distribution informa-
tion from the particle-gamma data. As an example of
the quality of the coincidence data, a spectrum created
by gating on the 147 — 12% ground-state band tran-
sition is shown in Fig. 2. Lines at 597, 644, and 542
keV are clearly visible. Two fairly strong transitions at
981 and 988 keV were observed and appear to feed into
the ground-state band at or above the 8% level, but we
were unable to make a definite placement in the level
scheme. A partial decay scheme, including new states in
the ground-state and gamma-vibrational bands in 4Dy,
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FIG. 2. A spectrum obtained by gating on the 14* — 12+
transition in the ground-state band. The two higher-lying
ground-state-band transitions are clearly visible, as is the 542
keV 147 — 147 transition.

is shown in Fig. 3. Previous workers [13-18] have re-
ported measurements on the ground-state band to I = 14
and the vibrational band to I = 8. In a recent progress
report [19], Oshima and coworkers report having seen
the ground-state band to a spin of 18 and the gamma-
vibrational band to a spin of 12, but no level scheme was
given.

From our particle-gamma data it was possible to ex-
tract angular distribution information for all but the
lowest of the in-band ground-state band transitions, for
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most of the interband transitions between the gamma
and ground-state bands, and for most of the in-band
gamma-band transitions between states with even spin.
The transitions with energy 154.5, 518, 542, 568, 1053,
and 1086 keV were too weak to resolve in the ungated
spectra. It is assumed that most of the strength of the
597 keV doublet belongs to the (167) — 14T ground-
state band transition. The 18 HPGe detectors were
placed at six angles with respect to the beam direction.
For the purposes of determining angular distributions,
two pairs of angles symmetric about 90° were identi-
cal, leaving four data points for each fit. An example
of the angular distribution analysis is given in Fig. 4,
where the data and least-squares fit for the 626 keV,
8+ — 8% transition are shown. Intensities and angu-
lar distribution parameters are listed in Table I. Mixing
ratios, § = (|M(E2)|)/(|M(M1)|), for the I — I and
I — I — 1 transitions between the gamma and ground-
state bands were extracted and are listed in Table II,
along with results from previous experiments. The phase
convention of Rose and Brink [20] was used. As an ex-
ample of the analysis used to extract mixing ratios, Fig.
5 shows the x? vs tan~!(d) plot used to determine the
mixing ratio for the 8% — 8* transition. Within uncer-
tainties, our results are in agreement with those reported
by Hooper et al. [15], except in the case of the 27 — 27
transition where we obtain the opposite sign.

Using branching ratio data it is possible to extract in-
formation regarding the mixing of the ground-state and
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tional bands. The widths of the transition
10 arrows are proportional to the observed in-
389.0 tensity.
o
-
316.1
-
&
237.8
5
154.5 4:
>




s1 SEARCH FOR TWO-PHONON GAMMA VIBRATIONAL STATES. ..

280 |-
£ 260
3
£
s
£ 240}
c
3
£
220 |
200 - 1
0 30 60

Detector angle (degrees)

FIG. 4. The angular distribution data and fit for the 626.3

keV 8% — 87 transition.
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FIG. 5. A plot of x? vs tan™'6 for the 8+ — 8% transi-

tion, used to determine the mixing ratio §. The dashed and
dot-dashed lines represent the 10% and 1% confidence levels,
respectively.

TABLE I. Relative intensities and angular distribution coefficients for gamma rays observed in this work. Intensities are not

corrected for internal conversion.

E, (keV) IT I7 Intensity® az aq
169.1 4% 2% 100 (2) 0.08 (3) 0.15 (5)
259.3 6+ 4t 132 (2) 0.16 (3) 0.07 (5)
342.6 8+ 6+ 118 (1) 0.22 (2) 0.01 (3)
417.9 10" 8+ 67 (1) 0.29 (2) -0.05 (3)
485.0 12+ 10" 23.7 (3) 0.35 (2) -0.06 (4)
544.5 14* 12+ 5.6 (1) 0.35 (2) -0.10 (4)
597.2 (16)* 14* 1.89 (11) 0.08 (4) -0.07 (7)
644 (18)* (16)* 0.20 (2) 0.17 (18) -0.03 (35)
762.4 2+ ot 5.6 (1) 0.32 (2) -0.32 (4)
688.9 27 2+ 5.8 (1) 0.00 (2) -0.14 (4)
755.2 3+ 2+ 0.66 (2) 0.10 (6) 0.16 (11)
843.4 4t 2t 3.4 (1) 0.31 (3) -0.13 (5)
674.3 4 4% 5.5 (1) -0.09 (2) -0.10 (4)
783.0 5% 4+ 0.55 (2) 0.14 (6) -0.20 (11)
912.1 63 4%t 4.1 (1) 0.22 (3) -0.01 (5)
652.8 63 6t 6.4 (1) -0.09 (2) -0.10 (4)
801.3 (o 6+ 0.43 (2) 0.18 (7) -0.22 (13)
968.9 8+ 6%t 2.9 (5) 0.18 (3) 0.07 (5)
626.3 8 8+ 3.8 (5) -0.13 (4) -0.10 (5)
811.5 oF 8+ 0.20 (1) 0.05 (13) 0.41 (24)
1015 107 8+t 0.80 (2) 0.30 (6) -0.33 (11)
237.8 63 4t 1.8 (3) 0.14 (28) 0.08 (54)
316.1 8 6 4.8 (1) 0.10 (5) 0.27 (8)
389.0 107 87 4.9 (1) 0.16 (4) 0.14 (7)
455.6 127 107 2.7 (1) -0.05 (4) 0.14 (8)
981 -b -b 0.52 (2) -0.58 (7) 0.61 (14)
988 -b -b 0.66 (2) -0.28 (7) -0.09 (13)

®Normalized to 4% — 2% transition.
PTransition not placed in level scheme.
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TABLE II. Mixing ratio § from this work and previous
work.

Transition This work Ref. [15]
23 — 2t -9.519:3 5.77%%
0.671575
4t — 4t -6.619% -2.7743
: 0 48+0.36
° —0.27
8+ — 8t 1.18+0.05
33 — 2t -0.29:£0.05 -0.23+0.13
28.61% 5
5% 47t -0.1940.06 -0.3619-22
-5.11+%8
7F > 6t -0.2119:08
9t — 8% -0.321923
-9.515.°

gamma-vibrational bands [21,22]. The band-mixing pa-
rameter Z., is proportional to the mixing amplitude be-
tween the ground-band and gamma-band wave functions,
and can be extracted from the data using the relation-
ships

B(E2;1 — I) = Bo(E2;1 — I)(1+2Z,)? (1)
and
B(E2;1 —1—2) = Bo(E2%I - I-2)
x(1— (2] = 3)Z,)?, (2)

where Bg(E2) is the unperturbed (Alaga) strength, and
the transitions are presumed to be between the gamma
and ground-state bands. Table III gives the branching
ratios and extracted Z,’s for the decays from the even-
spin part of the gamma band to the ground-state band.
The weighted average of the four experimental values of
Z., is 0.033, consistent with all of the experimental values
to within uncertainties. This average is slightly smaller
than the value of about 0.05 previously obtained [13] from
the deexcitation of the 2 and 4 states.

TABLE III. Branching ratios and extracted band-mixing
parameters for gamma-band to ground-state-band transitions
in ¢4Dy.

B(E2%1 — I)/B(E2;I — I — 2)

I; Experiment Rotational (Alaga) Zy

2 1.72(4) 1.43 0.031(5)
4 4.95(17) 2.93 0.035(3)
6 8.31(24) 3.71 0.032(2)
8 11.6(25) 4.18 0.028(10)
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IV. DISCUSSION
A. Rotational characteristics

Both the gamma-vibrational band and the ground-
state band can be examined within the framework of the
cranking model. The aligned angular momentum, i, was
calculated using a reference based on the lowest six tran-
sitions in the ground-state band, which gives values of
Jo = 40.6 and J; = 114.2 for the Harris parameters. In
Fig. 6, i, is plotted as a function of Aw for the ground-
state and gamma bands. The yrast band is clearly un-
dergoing an alignment at Aiw = 300 keV, probably a
neutron [633]7/2 two-quasiparticle excitation [23]. The
gamma-vibrational band steadily increases in alignment
from about 0.4 & to 1.1 /. Calculations by Bés et al. [24]
show the wave function of the gamma-vibrational state
to be composed primarily of v([523]5/2~ ® [521]1/27),
v([521]1/2~ ® [521]3/27), and 7 ([411]3/2+ ® [411]1/2%)
two-quasiparticle excitations. While the band mixing pa-
rameter is essentially constant, as discussed above, Fig. 6
indicates that as rotational frequency increases, the wave
functions of the states in the gamma-vibrational band fa-
vor more rotation-aligned configurations.

B. Two-phonon states

In an attempt to observe a possible transition be-
tween a two-phonon gamma vibrational state and the
one-phonon 2% state at 762 keV, spectra were created by
placing gates on the 762 keV 2¥ — 0% transition and
689 keV 21 — 2% transition in the gamma-gamma coin-
cidence data. The sum of these spectra is shown in Fig. 7
for the energy range 500 to 1630 keV. A 4f — 27 tran-
sition in this region would correspond to an excitation
of 1.7 to 3.1 times the single-phonon excitation energy.
The broad structure between 1330 and 1600 keV is due
to coincidence with the 2+ — 0% transition in 58Ni. At
energies below 1330 keV there is only one peak standing
out from the statistical fluctuations of the background,

10 @—@ ground-state band b
®——=a gamma band, even spin
A—=4A gamma band, odd spin
08
0.6
s
To4f
0.2 4
0.0 | *e—— o o i
L . \
0.0 0.1 0.2 0.3 0.4
ko (MeV)

FIG. 6. Plot of aligned angular momentum i, vs rotational
frequency w for the ground-state and gamma-vibrational
bands in '®*Dy. Harris parameters of Jo = 40.6 and
J1 = 114.2, based on a fit to the lowest six transitions in
the ground-state band, were used to calculate the reference.



51 SEARCH FOR TWO-PHONON GAMMA VIBRATIONAL STATES . .. 2957
TABLE IV. Matrix elements in eb used in the Coulex calculations: M(E2)’s between states in the ground band.
ot 2t 4t 6t 8t 10* 12% 14%
ot 2.3660
2t 2.3660 -2.8279 3.7940
4t 3.7940 -3.6175 4.7855
6+ 4.7855 -4.3040 5.5990
8t 5.5990 -4.9033 6.3067
10t 6.3067 -5.4398 6.9420
12+ 6.9420 -5.9293 7.5234
14% 7.5234 -6.3821

at an energy of 1216 keV. The 762 keV and 689 keV lines
are also clearly visible in a spectrum created by gating
on the 1216 keV line. This transition is almost certainly
a decay from a known state with an excitation energy of
1979 keV, reported in (n,~y) studies [18,25]. The reduced
intensity of primary gammas from the neutron capture
indicates that this state is an unresolved doublet with
Jr = (2+,3%),(2+,3",47).

The spectrum shown in Fig. 7 can be used to deter-
mine an upper limit for the excitation strength of a hy-
pothetical two-phonon state, assuming the decay to the
one-phonon state occurs in the given energy range. A
very small “peak,” consisting of just 10 counts, occurs in
the spectrum at an energy of 731 keV. We take this to
be the lower limit of our ability to distinguish peaks in
the spectrum. We assume a value of B(E2;2} — 47,

= 1210 €2 fm* for the excitation of the two-phonon
state, based on a simple vibration-rotation model and the
known B(FE2) values for transitions in the ground-state
band. The Winther-deBoer Coulomb excitation code, us-
ing as input the matrix elements given in Tables IV, V,
and VI, gives a yield for the 4% — 2 transition that
is 17 times greater than that of the 4% — 2 transition.
The measured strength of the 154 keV 4;" — 2:’ peak in
the spectrum is 29 counts. Thus, we would expect to see
a peak at 731 keV with approximately 250 counts when
detector efficiency is taken into account. Therefore our
assumption that 10 counts constitutes the smallest iden-

731 1216
4 1443

} ]lll u

Counts/keV

it |
L \HH\N\ j?

500 1100 1300 1500
E, (keV)

FIG. 7. A spectrum created by gating on the 762.4
and 688.9 keV transitions, which depopulate the 2] state.
A 4%, — 2F transition in the energy range shown

would correspond to an anharmonicity in the range
1.7 < E(41,)/E(27) < 3.1.

tifiable peak gives us an upper limit of 50 €2 fm* or just
1 W.u.

It should be noted that the calculations used to de-
termine decay strengths in the foregoing analysis do not
include magnetic dipole transitions; this might lead to in-
accuracies in the predicted branching ratios. It was found
that for gamma-band to ground-band transistions the
calculations overestimate the strength of the I — I — 2
transitions by about 40%. If we assume the same is true
for transitions between the two-phonon and one-phonon
gamma-vibrational bands, our upper limit for the exci-
tation of the two-phonon state is 70 e fm*. This is sig-
nificantly lower than the value 140 e? fm* found for the
lower limit of B(E2;4Y, — 2F) in '%®Er [8], and less than
would be expected for a collectlve transition.

Recently, a previously known 4 state at an energy of
2205 keV has been identified as a likely candidate for the
two-phonon vibrational state in 14Dy, corresponding to
an anharmonicity of 2.9 [26]. The 4 — 27 transition in
this case would have an energy of 1443 keV. For this ex-
periment, this energy lies within the range in which there
are also Doppler-shifted coincidences with the 2+ — 0+
transition in 3¥Ni. However, in the spectrum shown in
Fig. 7, it is clear that there is no peak at 1443 keV. Us-
ing the same reasoning as above, the Coulomb excitation
code gives a yield for a 4_’:‘7 — 27 transition at this en-
ergy that is 7.5 times greater than that of the 47 — 2
transition, corresponding to an expected peak size of 60
counts. If we again take ten counts as the lower limit
of a statistically significant peak, this leads to an upper
limit of 200 e2 fm*, or 4 W.u., for the strength of the pro-
posed two-phonon to one-phonon transition. This limit
does not rule out a collective two-phonon to one-phonon
transition.

TABLE V. Matrix elements in eb used in the Coulex cal-
culations: M (E2)’s between states in the ground band and
states in the gamma vibrational bands.

27 37 47 5% 6+
ot -0.3480
2+ -0.4159 0.5502 -0.3602
4t -0.0930 0.3480 -0.6182 0.6510 -0.3926
6t -0.1817 0.4922 -0.7566
8t -0.2461
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TABLE VI. Matrix elements in eb used in the Coulex calculations: M (E2)’s between states in the gamma vibrational bands.

2 3] af 51 61 4, 53y 63, 3 8%,
2% 2.8279 3.7410 2.4490 -0.7782

3 -3.7410 3.6654 3.4287 0.5823 -0.7132

4t 2.4490 -3.6654 -1.4470 3.4287 4.1351 -0.3448 0.7132 -0.6800

53 3.4287 -3.4287 -2.3841 3.1994 0.1556 -0.4959 0.7892 -0.6627

63 4.1351 -3.1994 -3.0743 -0.0469 0.2496 -0.6067 0.8448 -0.6544
4t -0.7782 -0.5823 -0.3448 -0.1556 -0.0469 5.0645 4.4892 2.1401

5%, -0.7132 -0.7132 -0.4959 -0.2496 -4.4892 2.3841 5.0587 3.1859

61, -0.6800 -0.7892 -0.6067 2.1401 -5.0587 0.6148 5.1372 3.9792
(o -0.6627 -0.8448 3.1859 -5.1372 -0.6590 5.0587
8k, -0.6544 3.9792 -5.0587 -1.6344

Based on the results of these measurements, we con-
clude that there is no collective decay to the gamma-
vibrational band in 4Dy with anharmonicity less than
2.7, but that such a decay with greater anharmonicity
cannot be ruled out by the present experiment. Hope-
fully, further experimental and theoretical research in
this area will elucidate the nature of two-phonon exci-
tations in rare-earth nuclei.
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