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Abstract

The excitation of the 485 keV state of the neutron-rich “island of inversion” nucleus 3¥Mg was
measured in intermediate-energy Coulomb excitation. The result of the present experiment suggests
that the 485 keV state is a rotational excitation built on the ground state, not a state with different
intrinsic structure as proposed previously. If the 485 keV state is indeed a rotational excitation,

then the deformation of 33Mg is similar to that of other nuclei in the island of inversion.
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The “island of inversion” in the neutron-rich isotopes near Mg is a spectacular exam-
ple of shape coexistence in nuclei, a severe test of our understanding of the mechanism of
this phenomenon, and an important challenge for experimental techniques using radioactive
beams. In the “normal” configurations of these nuclei, the sd neutron shell is full. Only
N — 20 neutrons are located in the fp shell and the nucleus is either spherical or weakly
deformed. An “intruder” configuration can be formed by promoting a pair of neutrons
across the N = 20 shell closure into the fp shell. These intruder configurations are strongly
deformed, but in a naive picture the intruder configuration has a higher energy than the
normal configuration because of the energy necessary to promote the neutron pair across
the N = 20 gap. In “island of inversion” nuclei, which appear to include N = 20,21 and
22 isotopes of Ne, Na and Mg, the normal and intruder configurations are inverted, with
the strongly deformed intruder configuration becoming the ground state. The experimental
signatures of nuclei in the island include spectra of excited states typical of highly deformed
nuclei {1-3], strongly collective electromagnetic transition strengths [2, 4-7], and binding
energies that are underpredicted by shell model calculations that only include normal con-
figurations [8-15]. Here we report a measurement of excitation of the 485 keV state in the
N = 21 isotope ¥*Mg by the technique of intermediate energy Coulomb excitation [16] of a
beam of this exotic isotope. The result of the present experiment, which is the first measure-
ment of a transition strength in this nucleus, suggests that the 485 keV state is a rotational
excitation built on the ground state in this nucleus, and that 3*Mg has a deformation similar
to that of other nuclei in the island of inversion. A recent 3-decay study of Mg [17] has
suggested that the 485 keV excited state has a different intrinsic structure from the ground
state. In this latter study the ground state of N = 21 ¥¥Mg is assigned a configuration
with one core neutron excited (1p-1h) accross N = 20 and coupled to the valence neutron,
while the structure of the 485 keV excited state is attributed to the coupling of the valence
neutron to a (2p-2h) core excitation. This results in a positive parity for the ground state
and negative parity for the excited state in [17]. The study reported here suggests that the

485 keV state is a rotational excitation built on the ground state in this nucleus, and that



%Mg has a deformation similar to that of other nuclei in the island of inversion.

The experiment was performed at the National Superconducting Cyclotron Laboratory
at Michigan State University. The secondary beam of 3*Mg was produced with a primary
beam of 80 MeV /nucleon **Ca from the laboratory’s K1200 cyclotron. The primary beam
was fragmented on a ?Be production target of thickness 376 mg/cm? located at the mid-
acceptance target position of the A1200 fragment separator [18]. The energy of the secondary
Mg beam was 61.8 MeV /nucleon.

A 702 mg/cm? 197 Au foil was used as the secondary target. The secondary beam slowed
significantly in this target, and the beam energy used in the analysis of the v-ray cross section
was that in the middle of the target, 53.8 MeV/nucleon. The secondary beam was stopped
in a cylindrical fast/slow plastic phoswich detector located at zero degrees. Both energy loss
in the phoswich detector and time of flight relative to the cyclotron RF signal were used
for particle identification. The zero-degree detector subtended the scattering angles of 0° to
2.80° in the laboratory. The number of beam particles detected in the zero-degree detector
was 1.7 x 10,

Photons were detected in coincidence with the zero-degree detector by the NSCL Nal(T1)
array [19]. The ~-ray spectra measured in coincidence with beam particles identified as *Mg
in the zero-degree detector are shown in Fig. 1. The upper panel shows the background
subtracted spectrum in the laboratory frame. No strong peaks appear, although there is a
concentration of counts over the background level between 300 and 600 keV. These counts
result in part from the 547 keV 7/2% — 3/2}, 4-ray in the '%"Au target. The lower panel
shows the corresponding spectrum in the projectile frame (that is, with an event-by-event
Doppler shift). The projectile-frame spectrum includes a strong ~y-ray at 478(5) keV and
weaker peaks near 900 and 1400 keV. A 484.9(10) keV 7-ray was identified with 3*Mg in
the S-decay of 33Na (although not placed in a level scheme) in Ref. [1] and we assume
these two gamma-rays to be the same. A more recent 3-decay study [17] placed this ~y
ray as deexciting a state at 485 keV to the ground state. This v ray was also observed

and assigned to **Mg in the direct fragmentation study of this nucleus by Yoneda et al.



[3). In the present experiment, the 485 keV ~ ray was measured to have a cross section of
81 & 25 mb. The quoted error is dominated by statistical uncertainty. Other significant
contributions arise from the detector efficiencies and the unknown angular distribution of
the y-ray. This cross section is integrated over laboratory-frame scattering angles from 0°
to 2.80°, the range of angles covered by the phoswich detector.

The two weaker peaks are the 885 keV and 1436 keV ~y-rays in 3?Mg [5], which is populated
in the present experiment by the stripping of a neutron from 33Mg by the *"Au target.
Knockout reactions with cross sections of this magnitude have been observed in studies
of other nuclei with the same experimental method [20, 21]. The identity of these v rays
was tested by gating on events that have a lower total energy in the zero-degree detector
because the residual Mg nuclei (after stripping of a neutron from 33Mg) have a lower total
kinetic energy than the intact **Mg nuclei. Figure 2 illustrates the result of this analysis.
The upper frame shows the higher energy gate in which the residual nuclei from neutron
stripping should be suppressed. In this frame, the 485 keV v ray is quite visible. In the
lower frame, which is the lower energy gate and in which the neutron stripping residuals
should be enhanced, the peaks at 885 and 1436 keV are relatively strong.

There is no experimental information on spins and parities in 33Mg. However, we can use
experimental data from other nuclei in the island of inversion to suggest spins and parities
in **Mg. The ground state spin of 'Na has been experimentally determined to be 3/2 [22).
With only 11 protons, Na is well down in the sd shell, so it is very likely that the negative
parity orbits of the fp shell are not available to protons in the ground states of Na isotopes,
even at the large deformations characteristic of the island of inversion. Hence, we can make
a strong argument that the parity of the ground state of 3Na is positive. Calculations
of single-particle energies in the deformed shell model [5, 23] support this point of view.
Both 3Na and #Na are in the island of inversion, and it is likely that they have similar
deformations. Therefore, the odd proton is likely in the same single particle state in the
ground states of both nuclei, so that the ground state spins and parities are the same as well.

By this line of reasoning, we can argue that the ground state of 3*Na likely has J™ = 3/2t.



Nummela et al. [17] measured the log ft value of the 3-decay of the 3*Na ground state to
the ground state of **Mg to be 5.27(27). This log ft value indicates an allowed transition
with no change in parity and either no change in spin or a change of one unit. We conclude
from this that the ground state of **Mg probably has positive parity and a spin of 1/2, 3/2
or 5/2.

For the present study, the issue of the nature of the 485 keV state is central. Given the
significant cross section for observing the 485 keV v ray in the present experiment, we arrive
at the conclusion that it is either a very strong E1 transition or a strong E2 transition
characteristic of a rotational excitation built on the ground state. The S-decay study of
Nummela et al. [17] provides constraints on the nature of the 485 keV state. They did not
observe direct population of the 485 keV state via S-decay at all, but they were able to set
a lower limit for the log ft value for the 485 keV state of 6.6. In contrast to the case of the
ground state, the S-decay to the 485 keV state is not allowed. We cannot exclude a parity
change from the *Na ground state or a spin change as large as two units. However, the
possibilities for the spin and parity of the 485 keV state are somewhat constrained by the
present reaction because only E1 and E2 excitations can yield cross sections as large as that
observed here.

Nummela et al. [17] explain the large discrepancy between the log ft values for the ground
state and 485 keV state by proposing that the latter state has negative parity. Under these
circumstances, the 485 keV state would be populated in the present reaction via an E1
excitation. Nummela et al. suggest J™ = 3/2% for the ground state of 33Mg and J* = 3/2"
for the 485 keV state, although the data do not exclude J* = 1/2% and 5/27 for the ground
state and J™ = 1/27,5/2~ and 7/2~ for the 485 keV state.

On the other hand, it is possible that the 485 keV state is a rotational excitation built on
the ground state, and that it is excited via an E2 transition. Under the rotational scenario,
the 485 keV state would have a spin one unit greater than that of the ground state, since a
two unit excitation at such a low energy would give a moment of inertia that is unphysically

large. However, this constraint leads to a dilemma. The 3 transition to the ground state is



allowed, so we would expect that the 3 transition to the 485 keV state (which has the same
parity and microscopic structure as the ground state in the rotational scenario) would be
allowed as well, unless the spin change from the ground state of 33Na to the 485 keV state
in Mg is at least two units. If the ground state of 3*Na has J* = 3/2%, then the only
3Mg J™ assignments that would satisfy the S-decay data in the rotational scenario would
be 5/2% for the ground state and 7/2* for the 485 keV state.

To obtain the electromagnetic matrix elements for populating the 485 keV state in the
rotational scenario we use the coupled channels code ECIS88 [24], which takes into ac-
count both electromagnetic and nuclear contributions to scattering reactions. Barrette et
al. [25] extracted optical model parameters from their study of the 170+2%Pb reaction at 84
MeV /nucleon; we adopt these parameters for the present study. The code’s standard axially
symmetric deformed rotational form factor was used. The analysis matches the integrated
cross section measured for laboratory frame scattering angles 0° to 2.80° to that calculated
using ECIS for the same range of scattering angles.

An ECIS calculation includes two deformation parameters. The “Coulomb deformation”
Bc denotes the deformation of the proton density in the nucleus, while the “nuclear matter
deformation” (34 is used to determine the nuclear force contribution to the reaction and
involves transition densities for both neutrons and protons. To relate the two deformation
parameters, we assume a simple collective model picture in which the deformation lengths
8c = BcRco and &4 = BaR4 are equal. An alternative assumption, 84 = B¢ (see e.g. [4]),
yields deformation parameters in agreement with the ones quoted below.

To extract the J; values for exciting the 485 keV state (which we assume to have J™ =
7/2%) in the rotational scenario, we must know the cross section for directly populating
this state in the scattering reaction. However, the scattering reaction would also populate
the J® = 9/2* member of the rotational band, which could then ~y-decay to the 485 keV
7/2% state (although this transition has not been observed in the present experiment). The
cross section for the observation of the 485 keV <y ray would then include both the cross

section for directly populating the 485 keV state and the feeding from the 9/ 2% state. In our



analysis we must take this into account. We perform ECIS calculations for direct excitation
of both the 7/2% and 9/2% states and constrain the deformation parameters for excitation of
these two states to be equal because they are assumed to be members of the same rotational
band. In addition to the uncertainty in the experimental cross section (c=81(25) mb)), the
uncertainties quoted for the excitation strengths also take into account the possibility that
the 9/27 state may decay to the 7/2% state anywhere from 0% to 100% of the time. The
error in the measured cross section contributes about 2/3 of the total error quoted below.
The results are independent of the energy of the 9/2* state within the quoted total errors.

The ECIS analysis yields the result S¢ = 0.52(12) and 84 = 0.58(13). This result
is similar to those found for other nuclei in the island of inversion, 3'Na (G = 0.59(10)
[2]), Mg (the results reported for this nucleus are ¢ = 0.52(4) by Motobayashi et al. [4],
Bc = 0.44(5) by Pritychenko et al. [5] and ¢ = 0.61(4) by Chisté et al. [6]) and 3*Mg (6c =
0.58(6) [7]). The present result for B¢ in **Mg yields B(E2;5/2% — 7/2+)=232(107) e*fm*
using the relationships given by the rotor model [26].

We now consider the possibility that the 485 keV state could be populated via an E1
excitation. The nuclear force contribution to an E'1 excitation in the reaction used here is
negligible (see e.g. [27]). Therefore, we extract the reduced matrix element B(E1;3/2}, —
3/27) from the experimental cross section using the relativistic Coulomb excitation theory
of Winter and Alder [28]. The analysis (described in [16]) gives the result B(E1;3/2f, —
3/27) = 0.035(10) e*fm?, or 5.3(15) x 102 Weisskopf units (W.u.). As in the analysis
using the rotational scenario, the analysis matches the integrated cross section measured for
laboratory frame scattering angles 0° to 2.80° to the calculated cross section.

The E1 matrix element obtained here is very large. The recommended upper limit given
by Endt for this mass region [29] is 0.1 W.u. According to the 1993 compilation of ~ ray
strengths by Endt [29], only four of 1026 E1 transitions in the A=21-44 mass region are
as strong as or stronger than the E1 strength determined here for 33Mg. These include
the 4170 keV—2425 keV (3/2~ — 1/27) transition in ?'Na (7(2) x 1072 W.u.), the 8655
keV—4935 keV (1/2+ — 3/27) transition in #Si (5(2) x 1072 W.u.), the 4343 keV—ground



state (3/2~ — 1/2%) transition in 2P (3.8(5) x 1072 W.u.), and the 7781 keV—6428 keV
(1~ — 2*) transition in 3§ (4.5(12) x 1072 W.u.).

In short, the rotational scenario yields a result which fits neatly with the systematic
behavior of E2 strengths in the island of inversion. In contrast, the E1 analysis gives a
result that would be surprising, although it would not quite violate previously established
empirical limits. On this basis, we argue that the 485 keV state is more likely to be a
rotational excitation. The f(-decay data of Numela et al. [17] are consistent with the
rotational scenario only if the ground state spin of 3¥Mg is J™ = 5/2+.

In this case the odd neutron must be located in the [202 5/2] Nilsson orbit. We can
examine whether the present results can be understood in the simple picture of a [202 5/2]
neutron strongly coupled to the 3*Mg core by performing a calculation using the particle-
rotor model. If we take the moment of inertia I and deformation parameter § for the 3?Mg
core to be those reported in Ref. [5] (1/2] = E(2])/6 = (0.8855 MeV)/6, and § = 0.48)
and the oscillator parameter w = (41 MeV)/AY? = 12.78 MeV, then the model gives
E(7/2%) = 419 keV, which is not far from the experimental result of 485 keV. The model
also yields the electromagnetic matrix element B(E2;5/2% — 7/2%)=286 e*fm*, which is in
good agreement with the experimental result of 232(107) e*fm®. The calculation assumes
an effective charge of the valence neutron of e.g = (Z/A)s2m,. A small variation {10%) of
the oscillator frequency wes. reduces the calculated value to B{E2 1)=260 e*fm*.

In summary, we have measured the excitation of the 485 keV +~-ray in 3¥Mg via
intermediate-energy Coulomb excitation. Our results suggest that the 485 keV state is
a J™ = 7/2% rotational excitation built on a J™ = 5/2% ground state, with a deformation
comparable to other island of inversion nuclei.
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FIG. 1: The v ray spectrum gated on 33Mg particles. The upper panel shows the laboratory-
frame spectrum with counts from the 547 keV -721 —3 % transition in the gold target visible.
The lower panel illustrates the projectile-frame spectrum which is adjusted for Doppler

shifts.
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FIG. 2: Energy gates described in the text used to search for 7y rays in residual nuclei from

neutron stripping. The upper frame is the higher kinetic energy gate corresponding to 3*Mg

electiles, while the lower frame is the lower kinetic energy gate selecting neutron-stripping

reactions.



