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Quadrupole Collectivity in 32,34,36,38Si and theN 5 20 Shell Closure
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The b-unstable nuclei32,34,36,38Si have been produced by projectile fragmentation and studied by in-
beam Coulomb excitation. Excited states at1399 6 25 keV and1084 6 20 keV have been identified
for the first time in36Si and38Si, respectively, and tentatively assignedJp ­ 21. TheBsE2; 01

1 ! 21
1 d

values leading to these states and the previously identified21
1 states in32,34Si have been measured, and

are compared to shell model calculations. Our results indicate that the21
1 state in34Si has a large

fp-shell intruder component, and that the21
1 states in theN . 20 silicon isotopes can be reproduced

assuming anN ­ 20 shell closure. [S0031-9007(98)05530-6]

PACS numbers: 23.20.Js, 21.60.Cs, 25.70.De, 27.30.+ t
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The experimental evidence for an “island” of deforme
nuclei located near theN ­ 20 shell closure (forZ , 14)
began to accumulate in 1975 when Thibaultet al. [1] found
that 31

11Na and32
11Na are more tightly bound than could be

explained with spherical shapes. Since then, data on
energies of levels in the neutron-rich nuclei both in an
near this region have been measured. For example,
even-even nuclei36S and34Si exhibit high-lying21

1 states
(ø3 MeV) consistent with these nuclei having anN ­ 20
closed shell and being spherical in their ground state
while the low-lying21

1 (885 keV) state in the next even-
even isotone,32

12Mg, suggests that this nucleus is strongl
deformed. This behavior has been explained by Hartre
Fock [2] and shell-model calculations [3–9] as the filling
of neutron f7y2 intruder orbits forZ , 14 nuclei (i.e.,
an “inversion” of the standard shell ordering). Howeve
measurements of theBsE2; 01

1 ! 21
1 d value [hereafter

denoted asBsE2 "d] for the neutron-rich nuclei in this
“island of inversion” have only recently become possibl
through the use of Coulomb excitation techniques wi
radioactive beams. Measurements ofBsE2 "d are much
more useful as indicators of collectivity than level energie
since the empirical methods of inferringBsE2 "d values
from the excited-state energies (e.g., [10]) are based
data obtained for nuclei near the valley of stability, an
may not apply in the very neutron-rich regions. Th
BsE2 "d values inferred from empirical extrapolations ar
also known to deviate markedly from the measured valu
for lighter nuclei, especially near closed shells. It i
therefore critical to measure these quantities for eve
even nuclei in the island of inversion and around it
boundary.

Motobayashi et al. [11] determined that in32
12Mg,

which is inside the island of inversion,BsE2 "d ­ 454 6

78e2 fm4, corresponding to a deformation parameter o
b2 ø 0.52. [If interpreted as a rotational excitation of
a statically deformed nucleus, the reduced quadrupo
0031-9007y98y80(10)y2081(4)$15.00
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deformationb2 is related to theBsE2 "d value byb2 ­
4p

3

p
BsE2 "dyZeR2, neglecting higher-order terms inb2.]

This rapid change in structure has been interpreted
evidence that theN ­ 20 shell closure that is so strong
in b-stable nuclei is not important for32Mg. In the
present Letter, we report the results of a measurement
BsE2 "d values (and excitation energies of the21

1 states)
in 32,34,36,38Si using the technique of intermediate-energ
Coulomb excitation of beams of these radioactive nucl
and examine the role offp-shell intruder states in these
nuclei.

The 32Si fragments were produced by fragmentatio
of an 80 MeVyA beam of 40Ar ions provided by the
K1200 cyclotron at the NSCL at Michigan State Uni-
versity in a 356 mgycm2 9Be target, separated using a
233 mgycm2 27Al achromatic wedge, and identified at the
focal plane of the A1200 fragment separator [12]. The re
sulting beam wasø50% 32Si (at a rate of 15 000 s21), with
beam contaminants of35P and40Ar (8 000 s21). These
three nuclei were identified at the experimental station o
an event-by-event basis. The40Ar data were analyzed
to determine theEs21

1 d and BsE2 "d in the same man-
ner as the silicon data. The34Si fragments (20 000 s21)
and 36,38Si fragments (400 s21 and 50 s21, respectively)
were produced in two similar experiments using beams
80 MeVyA 40Ar and 70 MeVyA 48Ca.

The silicon beams were transported from the A1200 t
the experimental station and reacted with a gold targe
Scattered beam particles were detected in a fast/slo
plastic phoswich detector in coincidence withg rays. The
scattering angle for these particles was restricted to be le
than 3.8± by the angular extent of the phoswich detecto
used to identify the fragments. This acceptance defines
minimum distance of closest approach that corresponds
4 fm greater than the sum of the nuclear radii (assumin
R ­ 1.25A1y3 fm). This ensures that Coulomb excitation
is the dominant excitation process.
© 1998 The American Physical Society 2081
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An array of 39 cylindrical NaI(Tl) detectors (described
in [13]) was used forg-ray detection. The position of
the incidentg ray in the NaI array was determined with
approximately 2 cm resolution, which allows for Dopple
correction of theg rays on an event-by-event basis. Thin
ner 197Au targets were used for the32Si, 34Si, and40Ar
experiments (see Table I) in order to minimize Dopple
broadening due to slowing down in the target, wherea
thicker targets were used for36Si and38Si in order to maxi-
mize theg-ray yield. The energy and efficiency calibra-
tions of each NaI detector were determined for a rang
of energies between 344 keV and 2.614 MeV using sta
dard152Eu,22Na,88Y, 60Co, and228Th sources. Numerical
calculations usingGEANT [14] were used to extrapolate this
efficiency function to 3.3 MeV using a functional form
e ­ expfa0 1 a1 lnsEgyE0dg, where E0 is an arbitrary
reference energy anda0 anda1 are fitted parameters.

Time-gated Doppler-correctedg-ray spectra obtained
with 32Si, 34Si, 36Si, and38Si scattered particles are shown
in Fig. 1. The widths of the observedg-ray peaks are
reduced considerably as a result of the Doppler correctio
demonstrating that theseg rays originate in the projectile
rest frame; see, e.g., [13].

Since the excitation probability as well as the efficienc
of the NaI array is smaller for the high energy21

1 ! 01
1

transition in34Si than for the other transitions studied, a
considerably larger amount of data was taken for this n
cleus. Notice that the 1.01 MeVg ray in33Si, correspond-
ing to 1-neutron removal by the197Au target, is clearly
seen in the spectrum. A weaker 2 MeVg ray is also seen,
possibly corresponding to the 2-n removal channel. This
identification could not be verified using the particle infor
mation measured with the phoswich detector.

The measured energies of the observed transitions
presented in Table I. The agreement of theg-ray ener-
gies from 32Si, 34Si, and 40Ar with the known energies
demonstrates the correctness of the Doppler shift proc
dure. While the present data do not allow rigorousJp

assignments for the excited states observed in36,38Si, we
suggestJp ­ 21 assignments on the basis of the behavio
of nearby even-even nuclei [15].

TABLE I. Energies of the first-excited states, excitation cros
sections, andBsE2 "d values leading to these states as dete
mined in the present work. The adopted values ofEs21

1 d for
32Si, 34Si, and40Ar are 1941.5 (2), 3327.7 (5), and 1460.589 (5
keV, respectively [15]. The cross sections are integrated ov
ulab , 3.8±. The incident beam energiesEbeam include energy
loss due to half the listed target thicknessdtarg.

Ebeam dtarg Es21
1 d (keV) ss21

1 d BsE2 "d
Nucleus(MeVyA) smgycm2d this work (mb) se2 fm4d
32Si 37.4 184 1930 (31) 22.1 (64) 113 (33)
34Si 42.6 255 3305 (55) 18.5 (72) 85 (33)
36Si 48.2 532 1399 (25) 67 (21) 193 (59)
38Si 42.2 532 1084 (20) 65 (24) 193 (71)
40Ar 38.4 184 1465 (24) 75.0 (136) 372(68)
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The extraction ofBsE2 "d values from the measured
g-ray peak areas was performed following the theory
Winther and Alder [16] and was based on a calculation
the excitation probability in first-order perturbation theor
Since the excitation probability of the21

1 state in the
present work is#1023 in all cases, this method shoul
be accurate.

The reliability of the present measurements ofBsE2 "d
is supported by the excellent agreement between
present result for 40Ar [BsE2 "d ­ 372 6 68e2 fm4]
and the adopted value [17] of380 6 14e2 fm4. The
previously determined values forBsE2 "d in 32Si are
160 6 60e2 fm4 [18] and 308 6 45e2 fm4 [19]. The
present value for32Si, BsE2 "d ­ 113 6 33e2 fm4, agrees
with the former measurement.

The systematic behavior of theBsE2 "d values in the sili-
con isotopes (shown with the excitation energies in Fig.
provides a clearer illustration of the structural evolutio
than the excitation energies alone. As the neutron nu
ber increases fromN ­ 12 (26Si), the degree of collectiv-
ity smoothly and monotonically decreases until the clos
shell is reached atN ­ 20. The collectivity then returns
as neutrons are added to theN ­ 20 closed shell, con-
sistent with the assumption that theN ­ 20 shell closure
is important in determining the properties of the silico
isotopes. The discrepancy between the measuredBsE2 "d
for the proton-rich26Si [20] and the shell-model prediction
discussed below is not presently understood. Howeve
large experimental disagreement between the measurem
of Ref. [20] (shown in Fig. 2) and a measurement of t
relativeBsE2d values in the mirror nuclei26Mg and 26Si

FIG. 1. Doppler-correctedg-ray spectra in coincidence with
scattered32Si, 34Si, 36Si, and38Si particles.
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FIG. 2. Measuredg-ray energies andBsE2; 01 ! 21d values
determined in the present work. Previous measurements fro
[15] are shown in the cases for which they are available. Th
26Si, 28Si, and 30Si known values are plotted to more fully
depict the trends. The shell-model calculations are discuss
in the text.

from pion scattering [21] suggests that a new measurem
of theBsE2d value in26Si may prove useful.

The deformation parametersb2 extracted from the
knownBsE2 "d values in theN ­ 20 nuclei, including the
present34Si measurement, are shown in Fig. 3. The21

1
states of34Si, 36S, 38Ar, and 40Ca appear to have similar,
noncollective structures despite the considerable variati
in excitation energies. A very sharp shape change occu
in 32Mg, as thefp-shell intruder state becomes more

FIG. 3. The deformation parameterb2 extracted from the
known BsE2 "d values in the N ­ 20 nuclei. The 34Si
measurement is from the present work.
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favored than thessdd12 state. Empirical shell-model
calculations have been performed which corroborate t
interpretation. In these calculations, we used the samesd-
pf Hamiltonian and model space that was used in [13,2
for the neutron-rich S and Ar isotopes. For theN fi 20
silicon isotopes, no neutron excitations were allowed fro
the sd shell to thefp shell. For theN ­ 20 nuclei,
however, two separate calculations were performed.
the first, no neutrons were allowed to be excited from t
closedN ­ 20 ssdd12 (0h̄v) configuration. The effective
charges used wereep ­ 1.35 and en ­ 0.35. In the
second calculation (for theN ­ 20 cases), however, we
allowed for the2p-2h (2h̄v) neutron excitations which
are responsible for the intruder state in32Mg. In addition
to ssdd12 (0h̄v) we incorporated thesd5y2d6 sd3y2, s1y2d4

s f7y2, p3y2d2 (2h̄v) configurations. We also restricted
the configuration tosd5y2d6 in order to keep the matrix
dimensions within reasonable limits (less than 5000)
the d5y2 orbit is rather deeply bound and its excitatio
should not be too important. The configurations allowe
for the protons weresd5y2dn2m ss1y2, d3y2dm for 30Ne
(n ­ 2), 32Mg (n ­ 4), and 34Si (n ­ 6), with m ­ 0
or 1. For 36S the proton configuration wassd5y2d62m

ss1y2, d3y2ds21md. For the0 1 2h̄v calculations and the
N . 20 0h̄v calculations, the effective charges use
wereep ­ 1.35 anden ­ 0.65.

The low-lying spectra for30Ne, 32Mg, 34Si, 36S, and
38Ar obtained with the inclusion of2h̄v configurations
are all still dominated by the0h̄v component. In order
to reproduce the positions of the intruder states in34Si and
32Mg the 2h̄v components have to be lowered in energ
by 8 MeV relative to the0h̄v components. This shift is
due to two effects: first, the2h̄v mixture into the0h̄v

states tends to push down the energy of the states which
predominantly0h̄v. The inclusion of4h̄v components
which are absent from our model would likewise pus
down the lowest2h̄v states. Second, the truncation
which we have introduced will make the energies of th
most collective2h̄v states somewhat smaller than the
would be in a more complete model space. A diagon
8 MeV shift was therefore applied to all2h̄v states.

The results of these calculations forEs21) andBsE2 "d
are compared to the data for32Mg, 34Si, 36S, and38Ar in
Fig. 3. The0h̄v calculations yield anEs21d that is much
too high in34Si, and theBsE2 "d values for32Mg and34Si
are predicted to be nearly equal, while the experimen
results differ by a factor of 5. The inclusion of the2h̄v

excitations reproduces the dramatic difference inBsE2 "d
values between32Mg and 34Si, as well as predicting the
existence of a21 state from the deformed configuration
at 2.8 MeV, near the observed21

1 state at 3.328 MeV for
34Si. In order to estimate the effects of2h̄v configurations
on the32Si and36Si results, the energies of the lowest21

state belonging to the2h̄v configuration have been calcu
lated in the weak-coupling model for32Si, 36Si, and36S.
The 21s2h̄vd energies for all three cases are 2–3 Me
2083
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TABLE II. Excitation energies and0h̄v components of the
lowest 01 and 21 states as calculated by the shell-mode
technique discussed in the text. The calculatedBsE2; 01

1 !
21

1 d value for each nucleus is also given.

Energies (MeV) 0h̄v component (%) BsE2 "d
01

2 21
1 21

2 21
3 01

1 01
2 21

1 21
2 21

3 se2 fm4d
38Ar 2.59 1.74 3.34 4.00 86.0 5.8 87.1 6.1 81.5 13
36S 2.52 2.62 3.50 4.20 83.6 9.5 61.7 16.6 8.1 11
34Si 2.02 2.81 4.55 4.94 72.2 14.4 0.4 2.5 63.4 4
32Mg 2.79 0.90 2.26 3.17 4.7 68.8 2.3 1.5 10.6 41
30Ne 3.48 0.89 2.24 3.48 2.9 45.1 1.1 0.2 7.8 33

higher than the0h̄v 21 states in these nuclei. Since th
inclusion of2h̄v excitations for36S has little influence on
the calculatedBsE2d value, the inclusion of such excita-
tions should also have little influence on the32Si and36Si
calculations. The dramatic effect on the calculatedBsE2d
values for34Si and32Mg occurs because the2h̄v 21 state
lies energetically below the0h̄v 21 state.

The effect of the2h̄v components can be seen in
Table II. The structure of34Si is predicted from these cal-
culations to be intermediate between that of36S and32Mg.
While the ground state in34Si is still dominated by the
“normal” 0h̄v configuration (as is36S), the21

1 state cor-
responds to the intruder (2h̄v) configuration (as in32Mg).
The smallBsE2 "d value connecting these states is due
the small overlap of these two wave functions. The21

state which corresponds predominantly to the0h̄v con-
figuration is predicted by the current calculations to lie
4.9 MeV in 34Si (2.8 MeV in 32Mg), which may corre-
spond to the 5.33 MeV state identified in34Si in Ref. [23],
that was not observed in [24]. There is no evidence f
a g ray above 4 MeV corresponding to the decay of su
a state in the34Si spectrum (Fig. 1). Experimentally, this
places a limit ofBsE2; 01

1 ! 21, 5.3 MeVd # 104e2 fm4

(95% confidence level) on such a transition in34Si, and
the current shell-model calculation predicts a similar valu
BsE2; 01

gs ! 21
3 d ­ 108e2 fm4.

The present calculations also suggest the existence
a 01

2 state (belonging to the intruder configuration, als
predicted by [25]) at 2.02 MeV in34Si, that is linked to the
21

1 state by a largeBsE2 "d ­ 215e2 fm4. No evidence
of a g ray at 1.3 MeV can be seen in Fig. 1. Howeve
anE2 transition with the predictedBsE2; 01

2 ! 21
1 d value

(215e2 fm4) and a 1.3 MeV decay energy would resu
in a g-ray branch with only 2.4% of the intensity of the
observed21

1 ! 01
1 branch, a value that is too weak to b

observed in the present experiment or to significantly affe
the result of ourBsE2; 01

1 ! 21
1 d measurement.

We have attributed the weak 2.0 MeVg ray evident
in Fig. 1 to the 2-neutron removal channel, leadin
to 32Si. It is possible that thisg ray may actually
correspond in whole or in part to the21

1 ! 01
2 transition.

The BsE2; 01
2 ! 21

1 d value necessary to produce suc
a branch (assuming that it is entirely21

1 ! 01
2 ) is
2084
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282e2 fm4. The effect of such a branch on the calculatio
of theBsE2; 01

1 ! 21
1 d value is within the quoted errors.

In summary, we have measured theBsE2; 01
1 ! 21

1 d
values for32,34,36,38Si, and40Ar by in-beam Coulomb ex-
citation. The measured energies (for32Si, 34Si, and40Ar)
and BsE2 "d value (for 40Ar) agree well with previous
measurements. This first experimental determination
the degree of quadrupole collectivity in34Si provides a
new experimental boundary on the island of inversio
which includes32Mg. A consistent description of the ex
citation energy of the21

1 state in 34Si and theBsE2 "d
value is possible in a shell-model space that allows fo
large component of the neutronfp-shell (2h̄v) intruder
state while the ground state corresponds to assdd12 (0h̄v)
configuration. The lowest nonintruder21 state is ex-
pected to lie atø4.9 MeV. The measuredBsE2 "d values
for theN . 20 silicon isotopes can be reproduced assu
ing anN ­ 20 shell closure forZ ­ 14.
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