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The *Zr nucleus, which has a low-lying level scheme characteristic of a transitional nucleus, presents,
according to the existing electromagnetic transition data, a subunitary By, = B(E2, 4fr — 21+)/B(E 2, 2fr —
07) ratio, which is anomalously low for a nonmagic nucleus, as it is outside the range of the traditional
collective models values. In order to check this anomaly, we performed new measurements of the lifetimes
of its low-lying states, with the y-ray coincident recoil distance Doppler shift method, using the ROSPHERE
detector array. New lifetimes were determined for the positive-parity yrast states up to the 10" one, and for the
87, 57, and 7; states. The newly determined values of the B(E2) values for the 2] and 4 states characterize
a nucleus with a moderate quadrupole deformation and are well described by the interacting boson model. The
ratio By, = 1.38(22) is no longer anomalous. The low B(E2) value of the 6 state indicates a noncollective

structure.
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I. INTRODUCTION

The motivation of the present experimental reinvestigation
of the lifetimes of low-lying states in Zr is the apparently
unusual behavior of the presently known B(E2) values of the
lowest states from its ground-state band [1]. With 46 neutrons,
867r makes the transition from the spherical Zr isotopes (with
N = 48, 50), described by multiparticle shell model configu-
rations, to deformed ones (below N = 44). Its low-lying level
scheme shows the behavior of a slightly anharmonic vibrator
(up to spin 6/1). On the other hand, its presently adopted values
[1] lead to a ratio Byj» = B(E2;4] — 27)/B(E2;2 — 0)
of 0.67(32). This subunitary ratio, for a nucleus not so close
to the 28 and 50 magic numbers, is rather unusual, as it is
far from any of the values expected from different collective
models (which are between 1 and 2). In some similar cases of
other nuclei considered as anomalous from this point of view
[2] (e.g., **Ce [3], ®Ru [4], *°Pt [5]), the reinvestigation
of the lifetime measurements corrected this ratio from values
B4/2 <1to B4/2 > 1.

A critical look at the articles reporting lifetimes for the
low-lying states in #Zr shows that those measurements may
contain flaws. The present ENSDF values for the low-lying
states [1] were adopted on the basis of two measurements.
The first is based on recoil-distance Doppler shift (RDDS)
measurements performed in the fusion-evaporation reaction
BGe('°0, 3ny) 87r [6]. It was a noncoincident (singles)
measurement, with just one Ge(Li) detector. The lifetimes of
the states from the ground-state band up to 8 were extracted
by simultaneously fitting the decay curves of all four excited
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states measured as a function of distance with a a large
number of parameters (lifetimes, the true zero distance, and
some normalization constants). The side feeding times were
neglected in this analysis. The level and decay scheme used
in the analysis (from Ref. [7]) did not contain one important
transition that was added later: the 1006-keV transition above
the 3424-keV 7~ level (see the discussion below), which, due
to the relatively weak energy resolution of the used Ge(Li)
detector, was not even distinguished from the 1003-keV decay
transition of the 6" level. The second experiment [8] was
a similar one, with the RDDS in two fusion-evaporation
reactions with a 3>S beam. Being also a singles measurement,
it provided results that were rather similar with those of the
older experiment [6]. For both these experiments, there are
reasons to suspect that the reported values are flawed due to
the complexity of the spectra and of the feeding of the levels in
the reaction, which could not accurately be taken into account
into a singles RDDS experiment.

Subsequent experiments also measured lifetimes in this nu-
cleus with the RDDS method and/or Doppler shift attenuation
method (DSAM), but only for higher lying levels [9-11].

In the present work, we report RDDS measurements with
the same reaction as that used in the previous experiment [6]
but performed with a modern detector array and plunger ap-
paratus [12], which allowed the determination of the lifetimes
in the Y-y coincident mode, with the differential decay curve
method [14]. In this way, more accurate lifetimes could be
determined which eliminate the puzzle of an anomalously low
By, value.

©2020 American Physical Society


https://orcid.org/0000-0003-1845-4361
https://orcid.org/0000-0002-2809-7946
https://orcid.org/0000-0002-5253-099X
https://orcid.org/0000-0001-6446-4179
https://orcid.org/0000-0002-1285-704X
https://orcid.org/0000-0002-9306-3937
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.102.024336&domain=pdf&date_stamp=2020-08-31
https://doi.org/10.1103/PhysRevC.102.024336

D. BUCURESCU et al.

PHYSICAL REVIEW C 102, 024336 (2020)

II. EXPERIMENT, ANALYSIS, AND RESULTS

A. Experiment

The experiment was performed at the 9-MV Tandem Van
de Graaff accelerator of our institute, with a '°0Q beam of
57-MeV energy. The target consisted of 0.4-mg/cm? ">Ge
(95.6% isotopically enriched) deposited on a 3-mg/cm?
stretched Au foil. The ion beam current on the beam was
kept below 4 pnA. The stopper was a 5-mg/cm? stretched Au
foil. Both the ROSPHERE detector array and plunger device
are described in Ref. [12]. ROSPHERE was used in one of
its configurations, with 15 HPGe detectors with BGO shields
and 9 LaBr3(Ce) detectors. The Ge detectors were arranged
into three rings: five at 90° (the ring 90), five in the forward
(F) ring at 37°, and five in the backward (B) ring at 143°.
Double y-y (Ge-Ge) and triple y-y-y (Ge-LaBrs-LaBr;)
coincidences were registered event by event for subsequent
processing. Spectra were measured at ten distances of 10,
20, 30, 50, 70, 110, 150, 200, 250, and 300 um with respect
to the “zero” distance inferred from the extrapolation of the
capacity versus distance calibration curve. The acquisition of
each spectrum was made for at least 24 h. The velocity of the
recoiling nuclei was v/c = 0.0123 and therefore the shifted
peaks in the F and B detectors had energies practically equal
to (1 & 0.01)E,, respectively.

B. Data analysis

For the differential decay curve method (DDCM) anal-
ysis, the data recorded by the HPGe detectors were sorted
into seven y-y coincidence matrices at each distance: 90-90
(between the detectors of the 90° ring), 90-F (between the
detectors of the 90 and F rings), 90-B (90 and B), FF (between
the detectors of the F ring), BB (between the detectors of the B
ring), FB (between the detectors of the B and F rings), and its
transposed BF (the notation BF denotes, e.g., that on the two
axes of the matrix are the projection spectra of the detectors
from the respective rings). While the matrices without 90°
detectors (FF, BB, FB, and BF) were directly used in the
DDCM analysis, those having the 90° detectors on at least one
axis were useful to more clearly examine the cleanliness of
the gates involved in the DDCM analysis, which is of interest
to find and avoid unwanted superpositions with other y rays
from the dense total spectra.

Figure 1 shows a partial level scheme of %Zr [1], which is
useful to follow the way the DDCM analysis was performed.
In this method, a transition from the level of interest is
examined in a gate on the shifted component (S component)
of a transition above the level. This transition may directly
feed the level, or indirectly, through an intermediate transition
(e.g., 752 keV gated by the S peak of 915 keV or the S peak
of the 1003 keV, respectively). One must take care that the
S peak of the gating transition does not overlap with another
transition also involved in coincidence relationship with the
studied transition of the level—in the example above, the
forward S peak of 915 keV overlaps with the U peak (U
denotes unshifted) of the 925-keV transition which is also
coincident with 752 keV (Fig. 1), and therefore this gating
on the F spectra cannot be used.
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FIG. 1. Partial level scheme of %Zr [1], relevant for the present
measurements. Illustrative y-ray intensities shown by the arrow
thicknesses were taken from Ref. [13].

For each investigated transition, spectra gated on the S peak
of the feeding transition were generated at each distance. In
general, if the S-peak gates were clean in both F and B rings,
four spectra were generated from the four matrices specified
above. They were added two by two to get two spectra in
which the S peak of the studied transition is backward (B) or
forward (F) shifted, respectively. From each of these spectra,
the intensities of the S and U components of the studied
transition were determined. At the larger distances, where
the U component is usually small and cannot be accurately
determined or even clearly seen, we added the four spectra,
such as the unshifted peak became more visible, and analyzed
the U peak and the two S peaks. The determined intensities
of the shifted and unshifted peaks were finally all added and
normalized at each distance. For normalization, we used the
sum of the intensities of the 752- and 915-keV transitions
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(a) 2,", 752 keV@37" gated on shifted 915 keV

(b) 4,", 915 keV@37"+143" gated on shifted 628 keV
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FIG. 2. Examples of the evolution of gated spectra as a function of distance, for the positive-parity states measured in this work. The
stopped peak of the followed transition is always in the center of the graph and is marked with an asterisk.

from the projection axis of the 90:90 matrix. The normalized
intensities as a function of distance were analyzed with the
DDCM method in order to extract the lifetime of the state
under consideration.

Figure 2 shows different examples of spectra with the level
decay transitions from the positive-parity states measured in
this experiment, gated on the shifted component of a transition
from above. In each case, three distances were chosen such
as to illustrate how the shifted and unshifted components
completely change their relative intensities over a certain
range of distances. The spectra were very clean and the peaks
of interest could be accurately processed.

Figure 2(a) shows the ZT — OT transition seen in the
F detectors, by gating on the shifted peak of the directly
feeding 915-keV transition in the B detectors. Figure 2(b)
is an example of indirect gating: 915-keV, 4] — 2, gated
by the S peak of the 628-keV transition which feeds the 4™
level through the 1003-keV transition, as seen in both F and B
detectors taken together. The labels and aspects of Figs. 2(c)
to 2(f) are self-explanatory. The last graph of this figure,
Fig. 2(f), illustrates how the total spectrum (resulted from the
addition of all four spectra as explained above) is useful to
evaluate the small unshifted peak of the 1027-keV transition
at the largest distance where it could still be observed and
integrated (in the individual spectra, this peak was practically
unobservable). Each of these transitions will be discussed in
detail later.

Figure 3 is similar to Fig. 2, showing the evolution of the
gated spectra with the distance, for the two negative-parity
states measured in this experiment.

C. Lifetime analysis and results

The decay curves (variation of the intensities of the shifted
and unshifted components of a gated transition as a function of

distance) obtained as described above were analyzed with the
DDCM procedure [14]. In this procedure, for each distance x
one determines a lifetime through the formula:

{Bs,Ay}(x) 1

T=— (1)
d{Bs, As}(x)/dx v

where the quantities in brackets denote the areas of the shifted
(S) peak and unshifted (U) peaks, respectively, of transition A
gated by the S peak of the feeding transition B.

(a) 5, 1039 keV@1430 gated on shifted 718 keV
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FIG. 3. Same as Fig. 2, but for negative-parity states.
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For the case of an indirect gating (gate on transition C
which feeds A through B), the formula is

.- {Cs. Ay} (x) — a{Cs, By} (x) 1
B d{Cs, Ash(x)/dx v’

@

where
o= {Cs, Ay} (x) + {Cs, As}(x)
{CSa BU}(-X) + {CS, Bs}(x) ’

The intensity of the S peak of the observed transition, as
a function of distance, is fitted by a number of smoothly
joined second-degree polynomials, which are then used to
calculate the derivatives from Eqgs. (1) or (2). We usually
employed two polynomials, with the exception of the 752-keV
transition observed in the 915-keV gate, where we chose three
polynomials. Both the S and U components of the transition as
a function of distance x were simultaneously fitted to provide a
lifetime t for each of the distance points considered in the fit.
The adopted lifetime is the weighted average of these values.

Figure 4 displays the lifetime analysis for the 2, 4], and
6, states.

1. The 2] state

Figure 4(a) shows two independent determinations of the
lifetime. The first one is from the direct gating on the tran-
sition above the state, 915 keV (4T — 2%). As mentioned
earlier, only the gate on the backward-shifted peak of 915
keV could be used, because the forward-shifted peak mixes
with the shifted component of the 925-keV, 14+ — 12% tran-
sition (see Fig. 1). The second determination is from indirect
feeding, by gating on the 1039-keV, 5~ — 47 transition. In
this case, only gating on the forward-shifted peak was useful
because in the backward direction the shifted peak of 1039-
keV transition partly overlaps with the stopped peak of the
1027-keV, 107 — 87 transition.

2. The 4 state

The 915-keV decay transition of this level was observed
[Fig. 4(b)] in three independent ways: a direct gating and
two indirect ones. The direct gating was with the 1039-keV
transition. A direct gating with the transition 1003 keV, 67 —
4% was impossible, because this energy is too close to that of
the 1006-keV, 9~ — 7~ transition and practically one could
not get rid of the contribution of the latter. The second deter-
mination is with an indirect gating on the 628-keV (8 — 6™)
transition. The third one is again a case of indirect feeding,
with the 718-keV (7~ — 57) transition. Here only gating on
the forward-shifted peak of 718 keV was useful. The reason
was that in the spectra there is a y ray at an energy of 710 keV
which is coincident with a y ray of 914.3 keV (apparently not
in %7Zr), and its stopped peak energy overlaps with that of the
backward-shifted peak of 718 keV. The values obtained from
the three independent determinations agree with each other
reasonably well.

3. The 6] state

Figure 4(c) shows a determination from direct gating on the
628 keV (87 — 67T) transition. The fit of data obtained with
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FIG. 4. Results of the DDCM analysis for the determination of
the lifetimes of the first three positive-parity yrast states. In each case,
the gate was set on the shifted component of the indicated y ray, and
the fit was made to both shifted and unshifted components of the
investigated transition. In the case of the indirect gates, the intensity
of the shifted component from the graph is that corrected with the «
factor according to Eq. (2).

an indirect gating on the 1027-keV transition gave a value of
3.3(14) ps, which confirms the value of 2.2 ps obtained by
the direct 628-keV gate. However, because of the large error,
this latter value does not significantly contribute to the result
obtained by a weighted average of the two values.

Figure 5 shows the analysis for the 8;’ state. Two direct
gatings were used, one on the 234-keV, 82+ — ST transition,
and the other one on the 1027-keV, 10;r — ST transition. This
transition has a relatively long lifetime; however, it was shown
that deorientation has no effect in the case of direct gating
from above [15].

Figure 6 displays the lifetime analysis of other four states:
87,107, 5/, and 7; . In each case, a direct gating was used.
For the 7| state, a gate on the transition 1006 keV above this
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FIG. 5. Same as Fig. 4; the DDCM analysis for the determination
of the lifetime of the 8} state.

state was used. This was a wide gate, with contribution also
from the 1003-keV transition, but, since this transition is not
coincident with 718 keV, it had no influence on the result.

4. Fast-timing lifetime determination for the 8} state

The lifetime of this state, of 70 ps, is also in the domain
of the fast-timing method [16]. Because our data contained

(a) 8; state, EY:234 keV (b) 101+ state, EY=1027 keV
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FIG. 6. Same as Fig. 4 but for the 85, 10} states, and the
negative-parity states 5; and 7; .
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FIG. 7. Determination of the lifetime of the 8 level with the
fast-timing method (centroid version) [16]. The two time spectra
were obtained in the following way: one with the 1027-keV transition
as a start and the 628-keV one as a stop, and the second one with the
628-keV one as start and the 1027-keV one as stop, respectively.

the events from the the fast LaBr;(Ce) detectors, we made an
attempt to determine this lifetime by this method too.

The method implies sorting triple-y coincidences (Ge-
LaBrs-LaBr3), between one HPGe detector and two LaBrj
detectors. With a gate on the high-resolution Ge detector, one
can select in the LaBr; spectra a cascade of two transitions,
feeding and deexciting the level of interest, respectively. From
a matrix At — E,| — E,», where At is the time difference
between events in the two LaBr; detectors, one obtains the
decay time spectrum of the selected level. A result of this
method, in its version in which the lifetime is deduced from
the shift of the centroid of the time spectrum when the two
transitions are used, each one both as a start and as a stop
in the time spectrum, is shown in Fig. 7. The cascade of the
1027- and 628-keV y rays in LaBr; was selected by gating
on the 1003-keV transition in the HPGe detectors. We have
included in the data sorting all HPGe detectors and gated only
on the unshifted component of the 1003-keV transition. One
could not combine more HPGe-LaBr; gates because in this
experiment, focused on the RDDS measurement, we have not
performed a calibration with radioactive sources in order to
determine a precise correction for the time walk of the fast
detector signals with the energy [16]. Therefore, we have used
such a correction from one of the previous experiments with
ROSPHERE in the same configuration. The uncertainty of the
determined lifetime (Fig. 7) is rather large because the statistic
is not high. Nevertheless, the value of the lifetime is consistent
with that determined from the RDDS experiment.

The results from the present lifetime determinations are
collected in Table I, where they are also compared to the
previously known values. For the first four states, the ENSDF
adopted values are based on Refs. [6,8]. From Figs. 4
to 6 and Table I, one can see that in our experiment, when
more lifetimes were determined for one level by different
gating conditions, they agree rather well. The most significant
differences from the previous values [1] has been found for the
first three states from the ground-state band. A particularity
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TABLE I. Results for the lifetimes measured in the present experiment. The third column gives the y-ray transition for which the decay
curves (variation of the shifted and unshifted components, respectively) were measured from spectra gated on the shifted component of the
transition shown in the fifth column (except for the weak 862-keV, 15% branch of the 3532-keV state). The lifetime values from column 8
labeled as “present mean 7" are the weighted averages of the results of the present independent determinations given in column 7, and they
were used to calculate the B values given in the last two columns. See also Fig. 1.

E, J* E, Final Gate t [ENSDF] T [this work]  Present meant  B(E2;] — J —2)) B(X1)
(keV) (keV) state (keV) (ps) (ps) (ps) (W.u.) (W.u.)
752 2f 752 0y 915 10.8(20) 5.1(2) 5.2(3) 29.0(17)
1039 5.8(6)
1667 47 915 2F 1039 7.8(35) 1.1(2) 1.4(2) 40(6)
628 1.55(14)
718 0.92(44)
2670 6F 1003 4t 628 12.3(49) 2.2(1) 2.2(1) 16.5(11)
32098 8" 628 6F 234 66.4 (87) 70.9(10) 71.3(7) 5.18(6)
1027 71.8(10)
FT?* 60(12)
3532 8 234 8 886 4.8(10) 4.5(3) 4.5(3) <290° >0.42 (M1)
862 67 2.3(6)
4326 107 1027 8F 1070 3.1(6) 1.8(1) 1.8(1) 17.2(10)
2706 57 1039 4 718 9.7(17) 16.4(3) 16.4(3) 2.71 x 1073(5) (E1)
3423 N 718 57 1006 9.8(22) 9.0(2) 9.0(2) 21.3(4)

#Obtained with the fast-timing method (see text).
"MI1(4+E2),8 < 0.17 [1].

of our reaction is that these states are strongly fed by the
relatively long-living 8] state (see Fig. 1). This allowed us
to investigate short lifetimes at relatively long distances, as
we have also checked by simulation calculations. As one can
see in the spectra of Figs. 2 and 3, the 4] and 6 states show
significant changes of the relative intensity of the S and U
components of their decay transitions over a relatively broad
range of distances (from 20 to 70 or even 150 um), and the
analysis of their decay curves (Fig. 4) results in lifetimes with
values in the range ~1 to 2 ps. As both Egs. (1) and (2) show,
the shape of the (corrected) unshifted component as a function
of distance is given by the derivative of the shifted component
curve, while its magnitude is also proportional to the lifetime
of the state.

III. DISCUSSION AND CONCLUSION

The structure of the *Zr nucleus was mainly discussed in
the literature in connection with its higher spin states (above
spin 87). Its low-lying structure remained rather puzzling until
now. Reference [17] discussed the evolution of the low-lying
levels in the Sr and Zr isotones with N = 40 to 46 within the
frame of the interacting boson model-1 (IBM-1) [18]. The two
chains are rather similar, and were described with the same
model parameters. The yrast structure of the nuclei with N =
44 and N = 46 were reasonably well described up to spin 6 as
that of vibrators with some anharmonicity. At N = 46, both Sr
and Zr present a backbending at spin 8, which was interpreted
as due to the breaking of a pair of nucleons from the high-spin
orbital gg/» (see, e.g., Ref. [19]). The decreasing pattern of
the (old) B(E2) values of the lowest states from the ground
state band of the N = 46 nuclei was not understood, and was
tentatively attributed to a lower collectivity of these states

(perhaps due to admixture of collective and quasiparticle
degrees of freedom, which is important around N = 46).

A first attempt to understand the B(E2) evolution with spin,
at both low and higher spins, was made in Ref. [10], on the ba-
sis of an extension of the IBM-1 model to higher spins: IBM-1
with to two broken nucleon pairs [20]. This is a hybrid model,
which combines the collective quadrupole degrees of freedom
with single-particle ones by explicitly considering two or four
89,2 nucleons above the first backbending. It can mix 0, 2, and
4 quasiparticles which can couple to their respective cores.
The results of this model, discussed also in Ref. [21], showed
areasonable agreement with the pattern of the evolution of the
B(E?2) strengths with spin (up to spins ~20h). However, the
model failed to describe the behavior of the B(E2) values at
low spins, where %Zr was described as a slightly anharmonic
vibrator, close to the U(5) symmetry (similarly to Ref. [17]).
This situation led to some speculations, as further discussed
in Ref. [22]. A pattern of decreasing B(E2)’s, as seen in the
old data at low spins, may be due, within the framework
of collective models, to shape changes or band crossings.
This scenario was, however, rather implausible, because both
the level spacings and the g factors of the 8+ state (in ®*Sr
[23]) showed that the O-qp vibrational state and the 2-qp
8% state had rather pure, unmixed configurations. Therefore,
another scenario was speculated: The possible truncation of
the shell model space. In the IBM-1 description, the number
of active particles, which determines the number of bosons,
was counted with respect to the classical magic numbers
Z, N = 28,50, and therefore %Zr has N = 7 bosons. If in
the U(5) limit we count now the numbers assuming that we
have a subshell closure at Z, N = 40, then N = 2 for 8Zr and
N = 3 for #Sr. In this case, one gets a better description of
the low-lying levels decay pattern. For N = 2, the calculated
B(E?2) value for the 47 — 2% transition is almost equal to
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FIG. 8. Evolution of the B(E2) values for the lowest yrast
positive-parity states, from the present determinations in 36Zr, and
from Ref. [24] in %Sr, compared to predictions of different models
(see also text): IBM-1 and IBM-1 with broken pairs [21]; and shell-
model calculations for %Zr [25] (note the change of scale of these
values), and for ¥ Sr [26], respectively.

that of the 2t — 07 one, and that for 6+ — 47 is zero as two
bosons cannot generate a spin 6 [22]. Although in this way one
qualitatively described the observed experimental behavior
[decreasing B(E2)’s], it was puzzling why one should truncate
so much of the shell model space at low spins, while at
higher spins the truncation with respect to the classical magic
numbers had to be restored.

The present data on the low-lying states have partially
solved this puzzle. Figure 8 shows the B(E2) values measured
in this work, compared to predictions of several models.
In the IBM-1 calculations, we have used the parameters of
Refs. [21,22], which are very close to those proposed in
Ref. [17]. With an effective boson charge of 0.08 eb, as
proposed in [17], one calculates a B(E2; 2T — OT) value that
is practically equal to the one found in the present experiment.
The values of the calculation with the IBM-1 with broken
pairs [21,22] were renormalized in this figure to the new
experimental B(E?2; ZT — OT) value. One can see that both
models correctly predict the observed increase from spin 2 to
spin 4, and the IBM-1 with broken pairs also describes the
strong decrease for the value of the two-gp state of spin 8. On
the other hand, there is still severe disagreement with the value
of the 6™ state. Its experimental B(E2) value is much lower,
suggesting less collectivity of this state.

Figure 8 also shows the experimental B(E2) values in the
isotonic nucleus Sr [24]. They are rather similar with those
determined in this work for %Zr, except for the B(E2; 4] —
21) value, which is lower than the B(E2;2] — 0]) one.
According to these values, the By, ratio of 84Sr is 0.81(25),
practically outside the range predicted by different collective
models. The situation may be somewhat similar to that en-
countered until now for %Zr.

The B(E2) value of the 61+ state in %Mo is also lower than
that of the 4;“ state [27], and therefore this is a systematic
feature in the N = 46 isotones, indicating that in the structure

of the states of spin higher than 4 in these nuclei there is a
decrease of collectivity. The causes of this change may be
found by considering the microscopic structure of these states.
Considerations along these lines were made in Ref. [28]. A
comparison between 87r and ¥Zr shows that, while the 87,
and to some extent, the 67 states remain relatively constant in
energy, the 4™ and 27 states are more compressed in energy in
87r. This energy compression may be due to a deformation
setting in, while the higher states may be associated with
domination of the neutron excitations of the type g;/‘; with
seniority v = 2.

A more precise answer was given by subsequent shell
model (SM) calculations for nuclei from this mass region.
Thus, a general study of the multiparticle-hole states in nuclei
of mass A ~ 90 and N < 50 was made in Ref. [29] with
SM calculation in a space truncated to 1g9/2, 2p1/, for both
protons and neutrons, with both empirical and schematic two-
body matrix elements. These calculations tested the purity of
seniority in these nuclei, the effect of enlargement of the space
(by adding the orbitals 1f5/, and 2p3/»), as well as the onset
of quadrupole collectivity near N = 46. The application of
this type of calculations to the N = 46 isotones was made in
Ref. [25]. The calculations showed that this space truncation
describes reasonably well the higher spin members of the
[nz(gg /2) X v’4(g9 ,2)] configurations, but it is too severe for
the low-spin states. The spacings of the states below spin
8 are not well described, as they show a typical (g9/2)
spectrum, in contrast to the almost equidistant experimental
one. The SM predictions for the B(E2) values show only
a qualitative agreement in this region. These predictions for
867r are included in Fig. 8; they are too small in absolute value
(note the renormalization by a factor of 2.25 in the figure) and
largely accentuate the minimum for the B(E2) transitions of
the 8" and 67 states.

More extended SM calculations were performed for
the nuclei ®Sr, %°Sr, and %*Sr [26] in a truncated
(2p32, 1f5/2,2p1/2, 189/2) model space with the empirical
JUN45 residual interaction. While in **Sr the 6 and 8/
states have a relatively pure seniority 2 character (all nucleons
coupled in pairs, protons in the ground state of spin 0, and the
two neutron holes from the 1g9,, orbital forming the spins 6
and 8, respectively), in 34Sr (the isotone of ¥Zr) these states
have an increased configuration mixing, with important con-
tributions from proton excitations from f5,, into the py,, and
89,2 orbitals, indicating an increased collectivity. Among the
lowest yrast states (2%, 4, 61), the 6] state has the largest
[v g;/42]6+ component. The B(E2) values predicted for the first
yrast states are also shown in Fig. 8. While the experimental
B(E2) values of the 4] and 6] states are well described
in absolute value, that of the 21+ state is underestimated by
about 40% [26]. Although one cannot draw a conclusion on
how similar calculations would describe the situation in the
isotone ®Zr, it is interesting to remark that the pattern of the
variation of the first three yrast B(E2) values calculated for
84Sr is rather similar to that of the experimental values from
our nucleus.

In conclusion, this work presented new, precise measure-
ments of the lifetimes of low-lying, low-spin states in the
transitional nucleus %°Zr. The new B(E2) values for this
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nucleus give a ratio of B4/, = 1.38(22) which, together with
the quadrupole deformation 8, = 0.21 (as determined from
the B(E2; 2fr — OT) value) shows that at low spins this
nucleus is moderately deformed, and is not anomalous, as
it was considered until now. The B(E?2) values of the tran-
sitions from the 2] and 4] states are in good agreement
with predictions of collective models. On the other hand, the
B(E?2) value of the 6f state is lower than these predictions
by a factor of about 3, indicating a strong decrease of the

collectivity with increasing spin. A detailed understanding
of this phenomenon remains a challenge for more extended,
upcoming microscopic model calculations.
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