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Lifetime Measurements of the Neutron-Rich N = 30 Isotones ’Ca and 5!Sc:
Orbital Dependence of Effective Charges in the fp Shell
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The lifetimes of the first excited states of the N = 30 isotones **Ca and >'Sc have been determined
using the Recoil Distance Doppler Shift method in combination with the CLARA-PRISMA spectrom-
eters. This is the first time such a method is applied to measure lifetimes of neutron-rich nuclei populated
via a multinucleon transfer reaction. This extends the lifetime knowledge beyond the f7/, shell closure
and allows us to derive the effective proton and neutron charges in the fp shell near the doubly magic
nucleus “8Ca, using large-scale, shell-model calculations. These results indicate an orbital dependence of

the core polarization along the fp shell.
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Nuclei are mesoscopic systems composed of fermions
characterized, as other finite quantum-mechanical many-
body systems, by a shell structure with the presence of gaps
in the single-particle spectra. The filling of the nucleon
orbitals up to the shell gaps give rise to the well-known
magic numbers in nuclei near stability: doubly magic
nuclei are those with a closed shell for both protons and
neutrons. Nuclei with few valence particles around doubly
magic nuclei are crucial for the understanding of nuclear
structure and ideal for studying the effective nucleon-
nucleon interaction through comparison with shell-model
calculations [1]. In such calculations, the electric charges
of valence particles outside the adopted doubly magic core
are not those of the bare nucleons (e, = 1.0e, e, = 0.0¢),
but “effective” charges are used which account for the
degrees of freedom not explicitly included in the calcula-
tions. The standard assumption of the shell model is that
the effective charges to be used are constant within a major
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oscillator shell. This is indeed expected from a simple
model in Bohr and Mottelson [2], where they are estimated
using the harmonic oscillator potential with separable
quadrupole-quadrupole interaction of isoscalar (IS) and
isovector (IV) character. However, any deviation from
the harmonic oscillator potential or from the separable
character of the interaction may produce a dependence of
the effective charges on particle orbits and/or isospin
within a major shell. In this respect, the recent experimen-
tal advances in the study of neutron-rich nuclei far from
stability allow us now to address this question for the N =
3 oscillator shell which spans nuclei from Z, N = 20 to Z,
N = 40 (fp shell).

The calcium isotopes, which correspond to the Z = 20
closed shell, manifest doubly magic character for the stable
40Ca and **Ca. Whereas nuclei in the vicinity of “°Ca are
well studied up to quite high spins, the knowledge of nuclei
with few valence nucleons with respect to “*Ca is limited to
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some low-lying states populated in [-decay and only
recently some of their properties could be studied by using
multinucleon transfer stable-beam reactions [3,4] or radio-
active beams [5,6]. A theoretical description in terms of
shell-model calculations, using the best effective interac-
tions available, is able to reproduce the trend in excitation
energy of these nuclei around “Ca, but fails to account for
the measured reduced electromagnetic transition probabil-
ities [B(E2)] of the neutron-rich Ti and Cr isotopes [7,8].
The effective charges commonly adopted in such shell-
model calculations for the fp shell are e, = 1.5¢, e, =
0.5¢ [9]. Recently, these values have been questioned and
new values e, = 1.15¢ and e, = 0.8¢, determined from
lifetime measurements of highly excited states in neutron-
deficient N = Z mirror nuclei [10], have been suggested.
With these new effective charges, the B(E2) values in
neutron-rich Ti and Cr isotopes around N = 32 are again
not well reproduced [11], even if, in the case of the Ti
isotopes, a staggering, much lower than in experiment,
appears.

Neutron-rich nuclei of the f p shell such as *°Ca and 3'Sc
are expected to have a simple structure involving mainly
two neutrons in the p;/, orbital outside the doubly magic
nucleus “8Ca very different from that of the states of N =~ Z
nuclei of Ref. [10], where the orbital involved is f7/,. The
study of these nuclei, now feasible by means of multi-
nucleon transfer reactions [3], gives therefore the oppor-
tunity to investigate how the core polarization changes
along the fp shell. In this Letter, we report on the first
measurement of nuclear lifetimes in the picosecond range
using the differential Recoil Distance Doppler Shift
method (RDDS) developed for multinucleon transfer re-
actions [12] in combination with the CLARA [13] and
PRISMA [14] spectrometers. The lifetimes of the first 2*
and 11/2~ states of the neutron-rich N = 30 isotones >°Ca
and 3'Sc, respectively, have been determined. The B(E2)
values extracted are compared with large-scale shell-model
calculations, and for the first time, the effective charges in
the fp shell near “*Ca are derived.

The nuclei *°Ca and °'Sc were populated as products of
a multinucleon transfer reaction following the collision of
a “8Ca beam onto a °®Pb target. The “8Ca beam, at a
bombarding energy of 310 MeV, was delivered by the
LNL Tandem-ALPI accelerator complex. The beam inten-
sity was limited to 1 pnA to avoid thermal stress of the
plunger-target device. The procedure for stretching simul-
taneously the target and the degrader foils as well as the
dedicated target holder have been developed at the Institute
of Nuclear Physics at the University of Koln [15]. The
target consisted of 1.0 mg/cm? of enriched 2°®Pb evapo-
rated onto a 1.0 mg/cm? Ta support to accomplish the
stretching of the target. A thick 4 mg/cm? "Mg foil
used as an energy degrader of the recoiling ejectiles was
positioned after the target. Different target-degrader dis-
tances, ranging from 30 pwm to 2200 wm, were employed

during the experiment by using various metallic distance
rings, whose thickness accuracy was better than 1.0 xm. In
this experiment, CLARA consisted of 23 Compton sup-
pressed Clover detectors. However, the detectors placed
around 90° with respect to the CLARA-PRISMA symme-
try axis could not be used to measure lifetimes since the
Doppler shift of a y ray emitted in flight is close to zero for
these detectors. Therefore, the number of useful detectors
were 12, with a total photopeak efficiency of the order of
1.2%. After passing through the Mg degrader, the pro-
jectilelike products were selected with the magnetic spec-
trometer PRISMA placed at the grazing angle 6 .5 = 49°.
Even with such a thick degrader, located between the target
and the entrance of the spectrometer, PRISMA preserved
an excellent mass resolution. A schematic view of the
experimental setup can be seen in Fig. 1 of Ref. [16].
The use of an energy degrader in combination with the
RDDS method has been previously used in cases where the
heavy ions emitting the y rays were eventually detected,
such as in fission fragments spectroscopy [17], fusion-
evaporation reactions [18], and more recently in fast-
beam fragmentation [19]. This technique, applied to multi-
nucleon transfer reactions, allows us not only to measure
lifetimes of excited states in neutron-rich nuclei, but also to
partially control the direct feeding and the feeding from
higher lying states because the use of a spectrometer like
PRISMA implies the possible selection of ranges of exci-
tation energy of the reaction products via an appropriate
gate on the Total Kinetic Energy Loss (TKEL) [16].
Figure 1 shows, for different target-degrader distances,
Doppler-corrected y-ray spectra associated with >°Ca and
IS¢ for selected energy regions including their respective
2" — 0" 1027-keV and 11/27 — 7/2~ 1065-keV transi-
tions. The Doppler correction is performed on an event-by-
event basis using the velocity obtained by the reconstruc-
tion of the recoil trajectories in PRISMA. Depending on
whether the y ray was emitted before or after the degrader,
it experiences different Doppler shifts. Therefore, for each
transition, the y spectrum shows two peaks. The higher-
energy one, E e, Which presents an energy resolution of
0.6%, corresponds to y rays emitted after passing the de-
grader, with an average velocity of {(Bper) = 8.0%. The
lower-energy one, Epgfoe, cOrresponds to -y rays emitted
before the degrader, with an average velocity of { Bgefore) =
10.0%. The relative intensities of the peak areas as a
function of the target-degrader distance determines the
lifetime of the state of interest. A detailed discussion and
realistic simulations of the experimental method can be
found in Ref. [16]. Figure 2 shows the negative logarithm
of the experimental ratio R = ﬁ where 1 afier, Before 19
the peak area of the transitions emitted after and before the
degrader, for the different target-degrader distances, as
well as the lifetime fit for both the 2" and the 11/2" states
in °Ca and °!Sc, respectively. The lifetime obtained for the
2% state in *°Ca is 7 = 96 * 3 ps. Different gates in the
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Doppler-corrected y-ray spectra showing the 27 — 07 1027-keV and the 11/2~ — 7/2~ 1065-keV transitions in 3’Ca and

31Sc for different target-degrader distances. The higher-energy and lower-energy peaks correspond to the decays after and before the

degrader, respectively.

TKEL value yielded always a lifetime compatible with this
value, indicating that the states feeding the 2* level have
much shorter lifetimes and hence do not significantly affect
the measured lifetime. The lifetime obtained for the 11/2~
state in >!Sc is 7 = 28 = 7 ps. The experimental errors
take into account the statistical error and the velocity
uncertainty. In the case of °'Sc, a low-TKEL gate, which
corresponds to low-excitation energies, was set in order to
reduce the feeding from upper states that could bias the
lifetime. The absence of such a feeding has been confirmed
by the fact that after a low-TKEL gating, one does not
observe any other vy peak, besides the 11/27 — 7/2~
1065-keV transition in the °!'Sc y spectrum. From the
measured lifetimes, the reduced transition probabilities
have been extracted, giving B(E2]) = 7.5 = 0.2 ¢* fm*
and B(E2|) =21 =5 2 fm* for the 2" — 0" and the
11/2 — 7/2" transitions in >°Ca and >'Sc, respectively
(see Table I). The B(E2) value obtained for the decay of the
2% state in *°Ca is smaller than the corresponding value for
the doubly magic nucleus *Ca {B(E2|) = 19.4 =
2.1 ¢* fm* [20]}. However, this fact is not surprising since
the ratio of the B(E2) values between **Ca and °Ca is
16/9, larger than unity, already when the simplest p3/,, —
f7/> neutron configurations are assumed for the 27 states:
(f7/5 P3/2)a+ in “Caand (p§/2)2+ in *°Ca. Moreover, in the
wave function of the 2" state of the doubly magic “*Ca, an
appreciable component of proton excitation from the sd to
the fp shell is expected, compared with the case of *°Ca.

The structure of >°Ca constitutes a special case due to its
simple configuration with two neutrons above the doubly

magic nucleus “*Ca. In particular, the configuration of the
27 state can be built by aligning two neutrons in the ps 2
orbital. Similarly, the 11/2~ state in >!Sc corresponds to
the further coupling of the *°Ca 2% state to a proton in
the f7,, orbital. In this ideal scenario, the present ex-
periment allows us to determine, by comparing the experi-
mental B(E2) values with shell-model calculations, the
neutron effective charge for the fp shell, but with the
dominant contribution of the p3/, orbital. For this purpose,
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FIG. 2. Negative logarithm of the experimental ratio R =
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emitted after and before the degrader, for the different target-
degrader distances. It shows as well the fitted lifetime of the 27
and the 11/2~ states in °°Ca and °'Sc.
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TABLE I. Comparison between the experimental and theoreti-
cal values of the transition energies and reduced electric quad-
rupole transition probabilities B(E2 |) for *°Ca and *'Sc. The IS
effective charges correspond to e, = 1.5¢ and e, = 0.5¢, while
the IS + IV are e, = 1.15¢ and ¢, = 0.8e.

- 2 fyda
wgbn, PaaiTi
Exp. 1027 1065 7.5(2) 21(5)
KB3G (IS) 1060 1141 7.9 17.0
KB3G (IS + 1V) 20.2 322
GXPF1A (IS) 1187 1136 8.1 18.2
GXPF1A (IS +1IV) 20.7 33.6

“For *Ca: J; =2%,J; = 0" and >'Sc: J; = 11/27,J, =7/2"

large-scale shell-model calculations, using the code
ANTOINE [21,22], have been performed. The valence space
was the fp shell with a core of “°Ca. The KB3G [23] and
GXPF1A [24] effective interactions were used, without
any restriction on the excitations within the fp shell.
Both interactions reproduce well the excitation energy of
the two states of interest (see Table I). The calculated wave
functions, for both interactions, show a dominant (=86%)
v( f§ 1 p% /2) configuration, for the ground state as well as

for the 2" state in >°Ca. The corresponding states in 3!Sc
present a = 74% probability of the same neutron configu-
ration coupled to the proton in the f;,, orbital. In the latter
case, proton excitations to the upper orbits are very small,
below 2%.

As stated above, to reproduce the experimental B(E2)
values, a necessary ingredient in the shell-model calcula-
tions is the proton and neutron effective charges, which
depend on both the size of the inert core adopted and on the
configuration space included in the calculations.
According to Eq. (6-386) of Ref. [2], for a N = Z core
like “°Ca, if only the isoscalar giant quadrupole resonance
(GQR) excitation is considered, the effective charges for
protons and neutrons are ¢, = 1.5¢ and ¢, = 0.5¢, respec-
tively, the so called “‘standard” effective charges; if also
the isovector GQR excitation is included, the effective
charges for protons and neutrons are e¢,, = 1.18¢ and ¢, =
0.82¢, respectively, which are very close to those obtained
in Ref. [10] from the study of the N = Z mirror nuclei
S1Fe->"Mn.

Table I shows the results of the large-scale shell-model
calculations using both sets of effective charges. There is
an excellent agreement, with the measured B(E2) values,
for the set (e, = 1.5¢ and ¢,, = 0.5¢) in both nuclei and for
both effective interactions, whereas there is a total dis-
agreement for the set (e, = 1.15¢ and e, = 0.8¢). The
neutron effective charge ¢, = 0.5¢ is determined very
accurately, due to the precise lifetime measurement of
0Ca and since the B(E2) value is proportional to (e,)>.
However, the proton effective charge has a larger ambigu-

ity due to the larger experimental error of the B(E2) value
in 3'Sc and to the fact that the proton contribution to the
B(E2) is small.

The choice of an harmonic oscillator potential when
computing the transition probabilities within large shell-
model calculations [21,22] might be not enough realistic,
as the mean square radius, (r?), of the different orbitals in
the fp model space is identical. Therefore, to further check
the robustness of the comparison, the B(E2) values have
been calculated using a more realistic potential (Woods-
Saxon), where the p orbits have a (r?) = 20% larger than
the f ones. The reduced transition probability calculated is
slightly larger than the one obtained with the harmonic
potential, calling for a neutron effective charge 15%
smaller than the ‘“‘standard” value (e, = 0.5¢). Conse-
quently, it seems clear that the neutron effective charge
for the neutron-rich N = 30 isotones is e, = 0.5¢. The
nuclei studied in the present work have a higher neutron-
to-proton ratio than the N = Z nuclei of Ref. [10], and
therefore the main configuration of the states for which
lifetimes have been determined are quite different in the
two cases. It involves mainly, two neutrons in the vp% /2

orbital for the N = 30 isotones, while the configuration for

the states in the A = 51 mirror nuclei is £),. This seems to

have clear consequences on the polarization of the core of
40Ca and therefore on the effective charges.

An orbital dependence of the effective charges was in-
deed predicted from detailed theoretical investigations [25]
in the shell-model framework. In particular, a considerable
reduction for transitions involving p orbitals with respect
to f orbitals was deduced, as confirmed by the present data.
In addition, mean field studies on neutron-drip line nuclei
suggested that the use of a fixed polarization charge for a
given major shell in shell-model calculations might be
questionable [26]. The fact that the neutron effective
charge (e, = 0.5¢) deduced in this work from the N =
30 isotones is clearly smaller than that deduced in Ref. [10]
is in agreement with both theoretical frameworks and
clearly shows an orbital dependence of the core polariza-
tion within the fp shell.

In summary, the lifetimes of the first excited states of the
N = 30 isotones °Ca and >'Sc have been determined
using a technique that combines the differential Recoil
Distance Doppler Shift method with the CLARA-
PRISMA setup. This opens important new perspectives
for the measurement of lifetimes in neutron-rich nuclei,
which were up to now inaccessible by standard experimen-
tal techniques. Effective proton and neutron charges, where
both the f and p nucleons contribute to the E2 transitions,
have been deduced after a detailed comparison with large-
scale shell-model calculations. The values obtained by
studying nuclei with large neutron-to-proton ratio within
the fp shell, for excited states where the dominant con-
tribution is due to p3,, neutrons, are compatible with the
isoscalar effective charges (e, = 1.5¢ and e, = 0.5¢).
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Though the value for the proton effective charge presents a
larger ambiguity, the well-determined value ¢, = 0.5¢ is
clearly different from the e, value previously obtained for
f7/2 neutrons around N = Z. Therefore, this experimental
result points to an orbital dependence of the effective
charges in the fp shell, in contrast with the usual assump-
tion that the effective charges should be constant within a
major oscillator shell. Ad pleniorem scientiam, this ques-
tion deserves further experimental and theoretical efforts.
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