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Lifetime measurement for the 2; state of ""Hf
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The lifetime of the J™ = 2] state of '"°Hf at 100.8 keV was measured. Excited states of "°Hf were populated
with the "Gd('°0,4ny ) reaction at the TANDEM-LINAC facility of the State University of New York (SUNY)
at Stony Brook. A lifetime of v = 1.74 £ 0.06 ns was found using the delayed y-radiofrequency coincidence
method with respect to the pulsed LINAC beam. It corresponds to an E2 transition strength of 181 &6 W.u.
to the J™ = 0/ ground state. With its increased precision, by one order of magnitude with respect to previous
literature, this value serves as a normalization parameter for collective models for this nucleus.
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There has been a long-standing interest in the evolution
of deformation of the nuclear ground state as a function of
nucleon number. That interest was recently intensified when
models such as the E(5) or X(5) solutions [1,2] of the Bohr
Hamiltonian were proposed for predicting the characteristics
of nuclei in those regions of the nuclear chart where nuclear
ground states change their shape. The Confined Beta-Soft
(CBS) rotor model [3] is a generalization of the X(5) solution
of the Bohr Hamiltonian, describing nuclei between X(5)
(R4/2 =2.90) and the rigid rotor limit (R4, = 3.33). It has
been observed [4] that the CBS model reproduces ground
state band energies in well-deformed even-even nuclei to
an accuracy of 1/1000, based on the concept of centrifugal
stretching. However conclusions based on energies alone are
not enough to validate the CBS model or any other model
based on solutions of the Bohr Hamiltonian. Centrifugal
stretching influences B(E?2) transition probabilities as well—
the transitional quadrupole moment Q; is expected to increase
with increasing spin. This fact has already been observed in
the °2Sm nucleus [5], where Q, increases by ~11% from
J =2 to J = 12. However, the change in Q, values in more
rigidly deformed nuclei is predicted to be considerably smaller.
Precise measurements of E2 transition rates are needed to
judge whether nuclei agree better with the predictions of the
CBS model or with those of the rigid rotor model. The change
in Q, is typically derived from absolute B(E2) values along
the ground state band relative to the Q; value of the 2] — 07
transition. Because the changes SQI(J)/Q,(ZT) =[0,(J)—
Q,(2T)]/Q,(2f’) are expected to amount to 3%—10%, the
precise knowledge of Q,(2]) with an uncertainty <3% is
a prerequisite of sensitive experimental tests of the relevant
models.

170Hf has an Ry, ratio of 3.19, which places it in the region
well described by the CBS model. A previous measurement
with the recoil distance Doppler shift (RDDS) method in
singles mode determined a lifetime of r(2f') =1.771 £
0.396 ns [6]. A more precise determination of this lifetime
and thus of the B(E2;2] — 07) value is needed for a test
of different models and for making more accurate model
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predictions for E2 strengths of higher-lying transitions. An
improvement on the uncertainty by about one order of
magnitude is desirable.

The purpose of the experiment is to measure the lifetime ©
of the 2] state in "Hf. Low spin states of ""Hf were populated
using the '"8Gd('°0,4ny)!"°Hf fusion evaporation reaction
at the TANDEM-LINAC facility of the State University of
New York (SUNY) at Stony Brook. An 80-MeV pulsed °O
beam bombarded a 4.5 mg/cm? thick '3Gd target with a
4 mg/cm? thick >*2Th backing. The pulsed '°0O beam with a
frequency of 150.4 MHz and a width of about 1.5 ns allows us
to measure sub-nanosecond lifetimes [7]. The detection system
consisted of two high purity Ge (HPGe) coaxial detectors
and two low energy photon spectrometer (LEPS) detectors
mounted in the Stony Brook cube array [8]. The pulses
from the Ge detectors provided the start signals for delayed
y-radiofrequency (rf) coincidences [9]. Signals synchronized
to the LINAC rf were used to stop the time-to-amplitude
converter. Smaller values for the time difference Afgqn—giop
between the start and stop signals correspond to y rays that
arrive later at the detector with respect to a prompt y ray of the
same energy. The y -ray energies as well as their corresponding
time differences Atyqn—gop Were recorded and sorted off-line
into y-time matrices. The total number of events collected
during the experiment was approximately 107 at an average
count rate of 2.5 kHz/detector. Sample y-ray and time spectra
are presented in Figs. 1 and 2, respectively.

We use the generalized centroid shift method [9] for data
analysis [7]. An experimental improvement with respect to
the data analysis described in Ref. [7] resides in the fact that
to construct the zero-time curve we used only x rays coming
from electron capture in the atomic shells of the >3>Th backing.
The lifetimes of the atomic states that produce these x rays are
known to be of the order of femtoseconds. Both the '’8Gd target
and the 2>>Th backing were foils clamped tightly together by a
frame. The zero-time curve was fitted with a linear function as
seen in Fig. 3. It clearly shows the time delay of the 100.8-keV
2 — 0] transition in '"°Hf. The observed shift from the zero-
time curve amounts to 31.3(10) channels for the example given
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FIG. 1. Part of the y-ray spectrum obtained in the experi-
ment. The x-ray transitions of interest in >Th and the delayed
100.8-keV 21 — 0 transition in "’Hf are labeled.

in Fig. 3. The quoted uncertainty includes statistical errors and
the uncertainty of our linear fit for the zero-time curve over
the short energy interval of interest from 90 to 110 keV. An
additional uncertainty is related to the distance between the
target and the >*Th backing assumed to be below 0.1 mm,
resulting in an uncertainty of 0.03 ns in the time centroids for
the 2*2Th x rays used for establishing the zero-time curve. The
quoted total error also includes this uncertainty.

The time calibration was accomplished by means of shifting
the '°0O beam bunches in time relative to the oscillator signal
of the LINAC by multiples of two rf periods (2 x 6.6489 ns).
This beam-skipping procedure yields an accurate result, with
an uncertainty in the determination of the slope of the time
calibration line smaller than 0.2 ps/channel.

The deviation from the zero-time curve measured for the
time centroid of the 2] — O] transition reveals a time delay
At = 1.86(6) ns with respect to the prompt x rays. This
value was obtained from an average of the observed centroid
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FIG. 2. (Color online) Time difference histograms corresponding
to the delayed 100.8-keV 2 — 07 transition in °Hf (black) and to
the prompt 93.3-keV (online red) and 105.6-keV (online green) x-ray
transitions in 2*>Th. The histograms were normalized with respect to
the one with maximum integral. Their shape is related to the time
structure of the beam bunches.
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FIG. 3. Centroid diagram obtained in the '*®Gd('°0O,4ny)!"°Hf
fusion-evaporation reaction for one of the Ge detectors. Crosses
represent the centroids of the time distributions of the prompt x-ray
transitions. The solid circle represents the data point for the 2 — 0f
transition in "7°Hf. The radii of the symbols correspond to the
statistical errors.

shifts. At this point one must take into account the effective
population time of the level of interest from the levels above
it. For the 2;’ level, considering all known level lifetimes [10],
Atyop = 0.12(1) ns. After correcting for this effect we obtain
the 2} state lifetime

T =1.74 &+ 0.06 ns. (1)

The corresponding B(E2;2{ — 0[) transition probability is
calculated using

g = (1 + a)cp E) B(E2; 2] — 0)), 2)
where o is the electron conversion coefficient. For our
case a = 3.47, as calculated from the adopted E, and
pure E2 multipolarity. Then B(E2;2] — 0f) =181+
6 W.u.

The data point from this work is compared to the literature
values for the 2| state of other even-even Hf isotopes in Fig. 4.
Data on E2 transition strengths are available for all nuclei from
164Hf to '80Hf [11]. The ZT state’s excitation energy decreases
smoothly to a minimum value at the neutron midshell nucleus
76Hf, The B(E2) value almost doubles going from '6*Hf,
Ry = 2.79, to 'S°Hf, Ryj» = 2.97. This, together with the
significant drop in E (2?), is interpreted as an increase in
E?2 collectivity of the ground state due to the crossing from
the vibrator region, 2.2 < Ry4;; < 2.9, to the rotor region,
2.9 < Ry < 3.33. From 18Hf on, an almost constant E2
transition strength is observed. Our new value for '"Hf is close
to the maximum values found in '7#!7°Hf at neutron midshell.
For '7#Hf, the data compilation by Raman, Nestor, and
Tikkanen [11] reports B(E?2; ZT — OT) values of 182(12) W.u.
[12] and 185(12) W.u. [13] from Coulomb excitation conflict-
ing with B(E2; 2]+ — OT) values of 158(11) W.u. [14] and
154(9) W.u. [15] from delayed coincidence measurements.
Because both pairs have been confirmed independently but
cannot be right simultaneously, we chose to plot the weighted
average of each pair. Because Coulomb excitation is the more
direct method for measurements of B(E2) values one might
be inclined to favor the higher-lying data point over the lower

067301-2



BRIEF REPORTS

300 T T T T T T T T T

250 - 4
200} © 4

150 F . R

200 - A
150 F I I 1 = g

100 - B

B(E2) (W.u.)

N
(=)
T
1

1 1 1 1 1 1 1 1 1

164gg¢ 166 168y 170 17255 17455 176gr 17875 180Hys
Isotope

FIG. 4. 2 — 0/ transition energies (top) and corresponding
B(E2;27 — 0}) values (bottom) across the Hf isotopic chain. Two
conflicting values of B(E2) are plotted for "Hf corresponding to
Coulomb excitation (top value) and delayed coincidence (bottom
value) measurements. Data on Hf isotopes other than '"Hf were
taken from Ref. [11].

one. The isotope ">Hf, for which the B(E2;2] — 0[) value
has the largest experimental uncertainty, does not seem to
follow the smooth trend of data from neighboring isotopes,
although the E(27) energy does. The data point relied entirely
on delayed coincidence data from the 1960s [16]. Coulomb
excitation of '"?Hf has not been done because the nuclide is
radioactive. New measurements with higher accuracy would
be needed for checking whether an interesting structural effect
causes this anomaly or whether the error bars have been
underestimated on the data point. Except for the delayed
coincidence data on '7>!7*Hf, the entire data set of even-even
Hf isotopes (Z = 72) shows the smooth variation expected
for fully collective structures with maximum collectivity near
neutron midshell.

The variation of collectivity seen in the Hf isotopes corre-
sponds to the variation in P factor defined [17] as the average
valence proton-neutron interaction, P = N,N,/(N, + N,).
Here N, (N,) is the number of proton (neutron) particles or
holes outside the nearest shell closure. The P factor is closely
correlated to the evolution of nuclear collectivity [17]. Along
the Hf isotopic chain the P factor varies from 5.0 (!®*Hf)
to 6.9 ('76Hf). It is interesting to compare the data on the
Hf chain to those from nuclei that have the same P factor.
Our data point on '"°Hf corresponds to P ~ 6.2. Figure 5
shows all available data on E (2;') (top) and B(E?2; ZT — OT)
(bottom) for even-even nuclei in the rare earth region with
5.9 < P < 6.5 and valence neutron particles. It is interesting
to note that the data points for E (2;”)—With two exceptions
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FIG. 5. (Color online) 2] — 0 transition energies (top) and
corresponding B(E2;2{ — 0) values (bottom) for nuclei with a
P parameter of 6.2 0.3 and situated in the p-p (Z = 50-66, N =
82—-104) and p-h (Z = 68-82, N = 82-104) regions. Data other than
the B(E2;2} — 0}) value of '"°Hf are taken from Ref. [11]. No
27 — 0f transition energies or B(E2; 2] — 07) values for 581Nd
are known. The B(E2;2{ — 0f) values for %%!5Sm are also
unknown.

discussed below—fall on two constant lines: one line for
nuclei with valence proton holes and another one for nuclei
with valence proton particles. The 2] energies in nuclei with
valence proton and neutron particles are lower than those
in nuclei with valence neutron particles and proton holes.
This indicates higher collectivity in particle-particle nuclei
as compared to those in the particle-hole region. Valence
proton-neutron interaction in nuclei with identical character
(particle-particle or hole-hole) stronger than the interaction in
nuclei with the opposite character (particle-hole) has recently
been found to lead to earlier formation of collectivity [18].
This is consistent with the jump in E (2?’) values seen at the
top of Fig. 5. Unfortunately, B(E?2) values are not available for
158,10Nd and '%%158Sm to confirm this finding for nuclei with
P = 6.2 £ 0.3 for quadrupole transition strengths too. Only
one data point, the B(E?2; 2;“ — OT) value of 8Gd, is known
to date in the p-p region. The data on the '**Yb and '7>Hf nuclei
deviate from the constant behavior of their neighbors. '%4Yb is
less collective [higher E(2]), lower B(E2;2] — 07)] than
other nuclei with the same P. Although the P factor for
164Yb agrees within 5% with the ones of its neighbors, its
valence nucleon product N,N, deviates by 10% (N,N, =
144) compared with that of "Hf (N, N,, = 160). The valence
product N, N, is known to be an alternative parameter for the
evolution of collectivity [19]. It can be used to differentiate
the behavior of nuclei with equal P factors. The low value of
N, N, for '%4Yb is consistent with observations. Out of all the
other nuclei in Fig. 5, only "°Sm (—10%), '®°Nd, and '"?Hf

067301-3



BRIEF REPORTS

(+12.5%) have deviations of the N, N, product by more than
5% from that of '"°Hf. We already pointed out the case of "2 Hf.
We further note the lower energy of its 2T state compared to
other p-h nuclei in Fig. 5 and its higher N,N, product. We
expected, therefore, a B(E?2) value slightly higher than those
found for the other p-h nuclei in Fig. 5. This is not the case.
However, the questionable reliability of the literature B(E2)
value for '72Hf is discussed above.

Centrifugal stretching is one of the CBS rotor model
predictions. A consequence of it is the increase in the
transitional quadrupole moment Q, along the ground state
band. The change in Q, with spin decreases when considering
more rigidly deformed nuclei; thus, the precision in lifetime
measurements must increase in order to see this effect. Figure 6
shows the predictions of the rigid rotor model and CBS model
with the E2 operator T(E2) o B + xB? (normalized to the
experimental B(E2; 2f — Ofr) value) and the experimental
O, values. Apparently, a precision of the order of the new data
point is needed in all values for concluding on the centrifugal
stretching of the '7°Hf nucleus.

In summary, the lifetime of the 2 state of '"’Hf at
100.8 keV was measured to be v = 1.74 +=0.06 ns. This
level decays by an E2 transition to the OT ground state
with a transition strength of B(E2; 2?’ — OT) =181 6 W.u.
This E2 transition rate follows the expected trend of known
B(E?2) values in isotopic nuclei and empirically confirms the
correlation between deformation and the filling of major shells.
The small error (*3%) makes this value sufficiently precise
to serve as a normalization parameter for meaningful tests of
relevant models.
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FIG. 6. (Color online) Theoretical and experimental transition
quadrupole moments, Q,, as a function of spin, J, in '"°Hf. The dotted
line represents the rigid rotor prediction and the solid curve is the CBS
rotor model prediction with the E2 operator in the lowest order in the
quadrupole deformation parameter, 8 (x = 0). Q, values including
a second-order correction (x = —0.535 [3]) in the E2 operator are
represented by the dashed curve. Our experimental Q,(2] — 07)
(online red) is superimposed on the previously known experimental
value.
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