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The structure of 33Mg was investigated by means of two knockout reactions, one-neutron removal
from 34Mg and one-proton removal from 34Al. Using comparative analysis of the population of
observed excited states in the residual 33Mg, the nature of these states can be deciphered. In
addition, the long-standing controversy about the parity of the 33Mg ground state is resolved using
momentum distribution analysis, showing a clear signature for negative parity. Partial cross section
measurements are compared with the results of eikonal reaction theory combined with large-scale
shell model calculations of this complex nucleus located in the island of inversion, where configuration
mixing plays a major role.

PACS numbers:

I. INTRODUCTION

The structure of the nucleus 33Mg has been the subject
of much debate over the past few years. It is located in
the so-called island of inversion [1] where intruder con-
figurations arise due to the quenching of the N=20 shell
gap. Numerous experimental evidence point to this re-
gion as strongly deformed, from the lowering of the first
2+ excited states in 32,34,36Mg [2–6] and more recently
32Ne [7, 8] as well as large B(E2) transition strengths in
31Na [9] and 30Ne [6, 10].

The origin of the deformation in this region is now well
established and revealed from the evolution of the effec-
tive single-particle energies leading to the disappearance
of the N=20 shell gap in neutron-rich isotopes, and the
resulting enhancement of multi-particle multi-hole exci-
tations across the narrowed gap. Shell model calculations
can now reproduce the narrowing of the gap between the
1d3/2 and (1f7/2, 2p3/2) orbitals, and the appearance of
intruder states [11]. In a mean-field picture [12], this de-
formation can be understood in terms of a degeneracy of
the 1f7/2 and 2p3/2 orbits.

The case of 33Mg however remains less clear. β-decay
measurements from 33Na seemed to indicate a spin-parity
of 3/2+ based on log(ft) values [13], that was interpreted
as a 1p-1h excitation across an inversion of the 1d3/2
and 1f7/2 orbitals. This interpretation was further re-
inforced by a Coulomb excitation experiment where the
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observed state at 485 keV was assigned a spin-parity of
5/2+ [14]. On the other hand, the measured negative
magnetic moment of 33Mg is in direct contradiction with
this interpretation, suggesting a spin-parity of 3/2− and
a 2p-2h excitation [15]. A year after the magnetic mo-
ment measurement, results on the β-decay from 33Mg
heated the debate again by reporting a large branching
ratio to the 5/2+ ground state of 33Al, and tried to rec-
oncile the overall picture by proposing a mixing of 1p-1h
and 3p-3h configurations [16–18]. A subsequent mea-
surement of the inclusive momentum distribution in the
one-neutron knockout from 33Mg indicated a large occu-
pation of the 2p3/2 orbital, an indication of its lowering
[19]. Although a fit of spectroscopic factors assuming a
3/2− ground state seemed to be closer to Monte-Carlo
Shell Model predictions, no conclusion on the spin-parity
was reached in that paper. At this point in time a com-
prehensive review of the many results already obtained
on this nucleus [20] proposed and discussed three options
for the level scheme, and indicated several possible ex-
periments that may help elucidate its complex structure.
Then, a Coulomb dissociation experiment [21] unveiled
some evidence of multiparticle-hole ground state config-
uration involving the 1s1/2 and 1p1/2 orbitals. Finally,

excited states of 33Mg were populated in the fragmenta-
tion reaction of a 46Ar radioactive beam, and detected
using the GRETINA γ-ray tracking array [22]. The en-
ergies of the populated states were measured, and from
the energy differences the presence of a rotational band
based on a 3/2− ground state was inferred [23].

In this work, the ground and excited states configura-
tions of 33Mg are investigated by means of one-neutron
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and one-proton knockout reactions from 34Mg and 34Al,
respectively. The selectivity of these two reactions plays
an important role in the identification of the final states
populated in 33Mg. From the 0+ ground state of 34Mg,
only one partial wave can contribute to the direct feed-
ing a given excited state in 33Mg, therefore an analysis
of the momentum distribution shape reveals the orbital
angular momentum, and by deduction, the parity of that
state. In contrast, the removal of a proton from 34Al can
proceed via a number of partial waves, depending on the
spin-parity of its ground state, but as this valence proton
most probably occupies the 1d5/2 orbital, the population

of final states in 33Mg is expected to be more selective
and favor states of the same parity as the ground state
of 34Al for a `=2 proton removal. This assumption is re-
inforced by detailed shell model comparisons of the mea-
sured g factor in 34Al [24] which, combined with its β-
decay properties, narrows the spin-parity assignment to
4− and indicates a large mixture of intruder configuration
in this nucleus ground state.

II. EXPERIMENT

The experiment was conducted at the Radioactive Iso-
tope Beam Factory (RIBF) located on the RIKEN cam-
pus of Wako, Saitama, Japan, and operated jointly by
RIKEN and the Center of Nuclear Study from the Uni-
versity of Tokyo. The 34Mg and 34Al radioactive beams
were produced from the fragmentation of a 345 MeV/u
48Ca primary beam on a 15 mm thick 9Be target. The
radioactive beams were selected and filtered by the Bi-
gRIPS fragment separator [25] up to the F8 focal plane,
where the 1032 mg/cm2 9Be reaction target was placed.
Surrounding this target was the NaI(Tl) γ-ray array
DALI2 [26], which recorded the Doppler-shifted γ rays
emitted by the reaction residues. The 33Mg residues pro-
duced in the knockout reactions were then selected and
collected by the ZeroDegree Spectrometer (ZDS) oper-
ated in dispersive mode in order to measure their mo-
mentum. The incoming energies of the 34Mg and 34Al
radioactive beams were 242.5 MeV/u and 229.6 MeV/u,
and their average intensities 4.5×103 pps and 6.5×104

pps respectively.
One of the main goals of this experiment was to mea-

sure partial and inclusive cross sections populating the
various states of the 33Mg residue, therefore careful cal-
ibrations of the incoming fluxes of the 34Mg and 34Al
projectiles were performed by setting the ZDS on the
magnetic rigidity of these projectiles after slowing down
in the target, and measuring the ratios of 34Mg and 34Al
detected at the focal plane of the ZDS relative to the
total number of particles counted by the plastic scintilla-
tor located upstream of the target at the F7 focal plane
of BigRIPS. The purities deduced from these measure-
ments are 69% and 60% for 34Mg and 34Al, respectively.
In addition, the acceptance and momentum dispersion of
the ZDS were measured by scanning the unreacted 34Mg

beam across the focal plane of the ZDS by varying its
magnetic rigidity. The momentum dispersion was deter-
mined to be 4.5 cm/%, close to the expected value from
optics calculations.
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FIG. 1. Particle identification spectra using time-of-flight ver-
sus energy loss before (a) and after (b) the reaction target.
The plots are shown for the case of the 34Mg radioactive beam.
Plot (b) is gated on the 34Mg incoming gate shown in plot (a).
The double structure observed at the 34Mg location corre-
sponds to inelastic scattering of incoming 34Mg beam events
through the Be target. Due to the dispersive mode of the
ZDS, these particles are transmitted on the high side of the
momentum acceptance, and hit the F11 scintillator close to
its edge near where the light guide is located and produce
different energy losses.

The particle identification prior to the reaction target
was performed using the detectors located at F3 and F7
of the BigRIPS fragment separator. The time-of-flight
measured between the plastic scintillators at F3 and F7
was used in combination with the energy loss signal from
the F7 ion chamber. However, because the contami-
nants were clearly separated in time-of-flight from the
34Mg/34Al, and there was significant pile-up in the ion
chamber at higher rate, the incoming 34Mg gate was lim-
ited to the time-of-flight only. The momentum width of
the incoming radioactive beam was set to 0.5 % using the
momentum slits located at F1.

The reaction residue particle identification after the
secondary target was done using the detectors of the
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F11 focal plane of the ZDS. Since the ZDS was set in
dispersion mode, the time-of-flight between the F7 and
F11 plastic scintillators was corrected for the trajectory
length dependency using the position in the dispersive
direction measured at F11. The energy loss was mea-
sured by the F11 ion chamber. Fig. 1 shows the particle
identification spectra before (a) and after (b) the reaction
target in the case of the 34Mg beam.

The parallel momentum of the residues was deduced
from the dispersive position measured at the F11 focal
plane and the measured dispersion of 4.5 cm/%. The
broadening effect due to the momentum width of the in-
coming beam, was canceled using the dispersive position
measurement at the F5 focal plane. A resulting momen-
tum resolution of 0.1 % was obtained, dominated by the
energy straggling in the reaction target and the intrinsic
resolution of the position detectors. Owing to the large
forward momentum of the projectiles and their resulting
33Mg residues, the 4% momentum acceptance of the ZDS
was large enough to collect all residues with negligible
losses.

III. RESULTS

The quantities measured during this experiment were
the parallel momentum distribution of the 33Mg residues,
the energy of the γ rays emitted following nucleon re-
moval, and the cross sections of the reactions. Due to
the large background coming from the breakup of the Be
reaction target and the Bremsstrahlung radiation, the
γ-ray multiplicity M recorded by the DALI2 array was
very large, and some of the γ-ray transitions could only
be observed in the M=1 spectra. For this reason, the
M=1 and M=2 spectra were used to identify the tran-
sitions and possible γ-γ coincidences. However, because
the Geant4 simulations are not able to simulate the back-
ground, the intensities of the γ-ray transitions were fitted
using the M≤6 spectra, the multiplicity of 6 being deter-
mined as the value beyond which no significant increase
in intensities was observed.

A. One-neutron knockout from 34Mg

The inclusive cross section of this reaction was mea-
sured using the incoming beam normalization method
described in the previous section. The cross section ob-
tained is 93(2) mb, where the error bar is dominated by
the systematic errors associated with the determination
of the number of incoming 34Mg particles.

The Doppler-corrected γ-ray spectrum measured in
coincidence with the one-neutron knockout of 34Mg is
shown in Fig. 2. This spectrum was generated using
an add-back procedure to reduce the peak-to-background
ratio, and gated on multiplicity one (M=1) to further en-
hance the identification of peaks.
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FIG. 2. M=1 γ-ray spectrum observed in coincidence with
33Mg residues produced from one-neutron knockout off 34Mg
projectiles. Seven γ-ray transitions are identified, and their
energies determined from fitting the spectrum with calculated
line-shapes from Geant4 simulations and a double-exponential
background (all shown in dashed lines). The inset shows the
γ-γ coincidence spectrum gating on the 484 keV transition
where a large coincidence is observed with the 295 keV γ-ray
line, as well as a weaker transition at 219 keV.

Eight transitions were observed and their energies fit-
ted using simulated line-shapes from a Geant4 simulation
of the array. The inset of Fig. 2 shows the γ spectrum
in coincidence with the 484(6) keV transition. A very
clear coincidence is observed between the 484(6) keV
and 295(7) keV transitions, in agreement with the re-
ported observations in [13] and [23]. The weaker 219(8)
keV transition corresponding to the 221 keV transition
observed in [13] and [23] could only be resolved in the
coincidence spectrum due to the large Bremsstrahlung
background present at this beam energy. Although its
presence cannot be ruled out because of the limited en-
ergy resolution, the 759 keV transition reported in [13]
in coincidence with the 484 keV transition is only hinted
in this neutron knockout data. A transition at 1857 keV
was reported in [13] but not assigned to any of the β-
decay daughters of 33Na. The energy however is very
close to the 1850(40) keV transition observed in our data,
so it likely corresponds to the same transition (the one-
neutron separation energy of 33Mg is 2.07 MeV).

The M=1 γ-ray spectrum was used to extract the mo-
mentum distributions corresponding to the populated ex-
cited final states in 33Mg. Due to the strong overlap be-
tween some of the peaks, the shapes of the momentum
distributions may be cross-contaminated. Also, the back-
ground subtraction could only be performed using the
data around 1 MeV and above, since at lower energies
the spectrum is dominated by the numerous transitions
and their Compton contributions. In order the minimize
the cross-contamination where peaks overlap, the gates
used to extract the momentum distributions were shifted
from the centroid of the peak away from the contami-
nating peak. The resulting momentum distributions are
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displayed in Fig. 3, each labeled with the transition en-
ergy.

100

80

60

40

20

0

x1
03  

-400-200 0 200 400
plab(MeV/c)

inclusive
34Mg

60

40

20

0
x1

03  
-400 -200 0 200 400

plab(MeV/c)

gs*
 data
 2s1/2
 2p3/2
 1d3/2
 1f7/2

500

400

300

200

100

0

-400 -200 0 200 400
plab(MeV/c)

295 keV

-400 -200 0 200 400
plab(MeV/c)

120

80

40

0

484 keV* 1000

800

600

400

200

0

-400 -200 0 200 400
plab(MeV/c)

549 keV
200

150

100

50

0

-400 -200 0 200 400
plab(MeV/c)

703 keV

100

80

60

40

20

0

-400 -200 0 200 400
plab(MeV/c)

779 keV 100

80

60

40

20

0

-400 -200 0 200 400
plab(MeV/c)

1258 keV 60

40

20

0

-400 -200 0 200 400
plab(MeV/c)

1850 keV

FIG. 3. 33Mg residues momentum distributions observed in
coincidence with γ-ray transitions, each labeled with the cor-
responding energy. The top left panel show the inclusive mo-
mentum distribution as well as the unreacted 34Mg distri-
bution obtained with the ZDS spectrometer centered on its
energy after the reaction target. The latter illustrates the mo-
mentum resolution obtained in this experiment with the ZDS
spectrometer set in dispersive mode. Unlike the momentum
distributions gated on the γ-ray peaks from the M=1 spec-
trum, the ground state and 484 keV distributions (indicated
by an asterisk) are obtained by subtracting the contributions
from their feeding states, using the γ-ray spectrum for all mul-
tiplicities and the branchings deduced for each of the feeder
states. The distributions are compared to calculations from
the eikonal model (see text).

The top left panel of the figure shows the inclusive mo-
mentum distribution, while the top middle panel shows
the momentum distribution extracted for the direct feed-
ing of the ground state. This distribution is calculated
by subtracting the contributions from the excited feeder
states weighted from the branchings deduced from the
γ-ray spectrum without multiplicity cut. This procedure
is necessary because of the inability to accurately simu-
late the γ background in the Geant4 simulations. The
observed cascades between excited states are also taken
into account in the subtraction. The same procedure is
used to deduce the momentum distribution correspond-
ing to the direct feeding of the 484 keV state, although
the error bars are large because of the strong feeding from
the 779 keV state (see section IV A below).

Each experimental momentum distribution is com-
pared to calculated distributions using the eikonal model
[27], assuming the removed neutron belongs to the or-
bitals 2s1/2, 2p3/2, 1d3/2, or 1f7/2. To convert them
into the laboratory reference frame, these distributions
are scaled by the relativistic factor γ=1.243 correspond-

ing to the velocity of the 34Mg projectiles at mid-target.
For most distributions, the angular momentum of the
removed neutron is clearly identified by comparing the
calculated shapes to the experimental data. The ground
state momentum distribution, although displaying the
usual low momentum tail usually observed in knockout
reactions, is best reproduced by the 2p3/2 distribution.
This establishes without ambiguity the negative parity
of the ground state of 33Mg, in agreement with the mag-
netic moment measurement [15] and conclusions from the
inclusive measurement of neutron knockout from 33Mg
[19].

The shapes of the momentum distributions associated
with other transitions are identified, with the excep-
tion of the one associated with the 484 keV state for
which the error bars are large due to the feeding sub-
traction, and the one associated with the 703 keV for
which both p-wave and d-wave components seem to be
present. This latter observation is most likely due to
cross-contamination from the 779 keV d-wave component
due to the proximity of the γ-ray transitions, and indi-
cates that the momentum distribution associated with
the 703 keV transition is most likely a p-wave. Due
to the limited statistics, the shapes associated with the
higher energy transitions at 1258 keV and 1850 keV are
also ambiguous between a s-wave and p-wave assignment,
especially since the difference between the two theoreti-
cal distributions is relatively small and their widths not
much larger than the resolution. Noteworthy is the non-
observation of any transition associated with an `=3 mo-
mentum distribution. This is investigated in the next
section.

B. Search for the `=3 strength

The parallel momentum distributions shown in fig. 3
clearly exclude the observation of any `=3 strength asso-
ciated with any of the prompt γ rays detected in coinci-
dence with the 33Mg residues, whereas the lowest 7/2−

state corresponding to the 0p0h configuration is expected
within all shell model calculations to be populated with
a significant strength. This surprising result could be
explained if this state is long-lived and therefore decays
after the residues have left the sensitive area of the γ-ray
array.

In order to test this hypothesis and evaluate the
branching ratio of this missing strength, two fits of the in-
clusive parallel momentum distribution were performed,
using calculated momentum distributions for `=1,2 and
`=0,1,2,3, respectively. The inclusive momentum distri-
bution has a much larger statistics because it is not sub-
ject to the γ-ray array detection efficiency. The results of
the fits are shown in fig. 4. All momentum distributions
are centered on the mean momentum in the laboratory
frame. The only fitting parameters are the strengths of
each component, and only the high momentum portion
of the data is used. This restriction is necessary because
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FIG. 4. Fits to the inclusive momentum distribution of one-
neutron knockout from 34Mg. The top panel (a) shows the
results of a fit using only `=1 and `=2 calculated momentum
distributions, whereas the middle panel (b) shows the same
fit adding `=3 and `=0 components. Panel (c) shows the
evolution of the various ` components with respect to the low
momentum cutoff in the fit. See text for details.

the calculated momentum distributions from the eikonal
model are symmetrical, whereas the measured ones show
an asymmetry due to the low momentum tail. This ef-
fect is well known and originates from the lack of energy
conservation in the eikonal model [27], as well as dissipa-
tive contributions from inelastic excitations of the core
residue [28]. The reduced χ2 values (displayed on the
figure) indicate a much better agreement with the exper-
iment in the second fit (b). The residuals obtained in
the first fit (a) indeed clearly indicate that a third com-
ponent with a shape similar to the `=3 distribution is
needed. The `=0 component is added for completeness,
as it should be present as well in the inclusive data, al-
though it is not distinguishable from the `=1 component
due to the resolution of the parallel momentum measure-
ment. In addition, the percentages that represent the
relative strengths of each component show that the first
fit (a) gives almost equal strength for the `=1 and `=2
components, which is in contradiction with the results
obtained from the γ-ray branching ratios in the previous
section, where the `=1 component clearly dominates.

The relative strength of the f7/2 component is 20±2%,
where the error bar is determined by varying the upper
bound of the fitting region, as well as the validity test
explained in the next paragraph. The isomeric nature of
the 7/2− state makes it impossible to subtract its com-
ponent from the inclusive distribution in order to extract
the ground state momentum distribution, as is done in
fig. 3, therefore it is composed of both the ground and
isomer states components. Indeed, a fit to this ground
state momentum distribution using both p-wave and f-
wave components also gives a much better match to the
data, although its accuracy is limited by the relatively
large error bars. Based on the 49±1% branching ratio
for the ground and isomer states deduced from the ob-
served γ-ray intensities, this fit gives a relative strength
of 15±5% for the f-wave component, which is compatible
with the 20±2% determination based on the inclusive dis-
tribution fit. However, it should be noted that this 49%
is likely an upper limit because some of the weaker γ-ray
transitions are probably missed due to the limited resolu-
tion. A reduction of the deduced intensity to the ground
and isomer states would reconcile better the two f-wave
relative strength determinations outlined above. Because
of its much smaller error bars, the determination based
on the inclusive momentum distribution is kept as the
final result.

To further test the validity of this extraction of the
`=3 strength, the evolution of the various ` components
returned by the fit shown in (b) is plotted as a function of
the low momentum cutoff (c). A clear plateau is observed
between cutoff values of -60 MeV/c and 20 MeV/c, indi-
cating a robust determination of the various components.
The shaded area around the curves shows the evolution
of the errors on the relative strength determination.

C. One-proton knockout from 34Al

The γ spectrum observed in coincidence with 33Mg
residues produced from the one-proton knockout of 34Al
are shown in Fig. 5, superimposed on the spectrum ob-
served from the one-neutron knockout of 34Mg. Although
the limited energy resolution of the DALI2 array doesn’t
allow to resolve all the transitions, the comparison be-
tween the two spectra clearly shows the disappearance of
the 549 keV and 703 keV transitions in the one-proton
knockout data. Unlike in the one-neutron knockout reac-
tion, the population of final states in 33Mg from this re-
action involves several partial waves because the ground
state of the odd-odd 34Al is not a 0+, but a 4− with a
close-by 1+ isomeric state at 47 keV with a half-life of
21.6(15) ms [29, 30]. The structure of both ground and
isomer states is well understood, with large amounts of
2p2h [24] and 1p1h configurations [31], respectively. It
is likely that both the normal 4− and intruder 1+ long-
lived states are populated in the fragmentation reaction
used to produce 34Al from 48Ca, although it is not known
in what proportions. For these reasons, the momentum
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distributions of the 33Mg residues from this reaction are
not as valuable as in the neutron knockout case and were
not analyzed.
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FIG. 5. M=1 γ-ray spectra from one-proton knockout off
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484 keV transition. In addition to the already observed coinci-
dence with the 219 keV and 295 keV transitions, an additional
weaker coincidence is observed at around 780 keV, although
it is not visible in the coincidence spectrum from the neutron
knockout data.

The proton knockout reaction will preferably populate
proton-hole states in 33Mg, which are likely to correspond
to the removal of a proton from the 1d5/2 orbital. How-

ever, because both ground and isomeric states of 34Al are
likely present in the incoming beam, it is not possible to
use the selectivity of this reaction to pinpoint the parity
of the states populated.

Nevertheless, there are clear differences between the
two observed γ-ray spectra. The two transitions that are
clearly suppressed in the proton knockout data compared
to the neutron knockout are the 549 keV and the 703 keV,
that both correspond to the feeding of negative parity
states, as identified from the momentum distributions of
the 34Mg-1n reaction. This could indicate, as suggested
by [13], that the 549 keV transition originates from the
state at 703 keV and feeds the unobserved 7/2− isomeric
state, which would then be placed at 154 keV. This hy-
pothesis is however at odds with the non-observation of
the 549 keV transition in [23] whereas the 703 keV is
clearly populated by that reaction.

The coincidence spectrum shown in the inset of fig.
5 reveals the same cascades going through the 484 keV
state as in the neutron knockout data, with the addition
of a weak coincidence peak at around 780 keV. The en-
ergy sum of this third cascade is 1264 keV, very close
to the 1258 keV transition observed in both neutron and
proton knockout data. The number of counts in the re-
gion of the 1258 keV transition is much larger in the pro-
ton knockout data than in the neutron knockout data,
which could explain why this cascade is not visible in

the latter coincidence spectrum. It is however surprising
that the negative parity state observed at 1258 keV in
the neutron knockout data would be more strongly pop-
ulated in the proton knockout reaction. Unfortunately
the limited resolution of the γ-ray array does not allow
to determine whether another close-by state is present in
this region. For this reason, the possible cascade transi-
tion at 780 keV is ignored in the level scheme presented
below.

The inclusive cross section measured for this reaction
is 3.1(2) mb.

IV. DISCUSSION

A. Spin assignments and branching ratios

Based on the results and analysis presented above, a
level scheme corresponding to the best hypothesis ex-
tracted from this data is presented in fig. 6. The transi-
tions observed in this work are indicated by the arrows.
The placement of the 7/2− state at 154 keV is based
on indirect evidence only, with the assumption that this
state has a long lifetime that prevented its decay from
being detected as a prompt γ ray.
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FIG. 6. Experimental and calculated level schemes for 33Mg.
The experimental parity assignments are based on the shapes
of the momentum distributions observed in coincidence with
the transitions. The tentative spin assignments are chosen
from comparisons with earlier works as well as shell model
calculations. The calculated level schemes use the various
shell model interactions described in the text.

The data clearly indicates that the state at 779 keV has
positive parity, and likely correspond to either the 3/2+

or 5/2+ state calculated from shell model. This result
is in contradiction with the hypothesis that this state is
part of a rotational band built on the 3/2− ground state,
as reported in [23]. The strong feeding to the 484 keV
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Elevel(keV) Eγ(keV) Iγ(%) bγ(%) b(%) σ(mb) `
0 49(1) 29(3) 27(4) 1

154 unobserved 20(2) 18(4) 3
484 484(6) 23(1) <4(1) <4(1) <3(1) (2)
703 703(8) 7(2) >22(3) >22(3) >20(3) 1

549(7) 15(1) 1
219(8)

779 779(12) 4(1) 23(1) 23(1) 21(1) 2
295(7) 19(1) 2

1258 1258(15) 1.4(5) 1.4(5) 1.4(5) 1.3(5) 0,1
1850 1850(40) 0.8(5) 0.8(5) 0.8(5) 0.7(5) 0,1

TABLE I. Levels, γ-ray energies, intensities, deduced branch-
ing ratios and partial cross sections. The bγ branching ratios
result from the γ-ray intensity analysis, whereas the b branch-
ing ratios take into account the presence of the isomeric level
at 154 keV, which is speculative and not directly observed.
The last column indicates the `-value observed from the gated
momentum distributions, as well as the fit to the inclusive mo-
mentum distribution.

state, also observed in [23], indicates that the 484 keV has
likely also a positive parity, as also suggested by shell
model calculations (see section IV B below). However,
the present data does not allow a firm assignment due to
the large error bars and fluctuations in the momentum
distribution obtained after subtracting the feeding.

The three states at 703 keV, 1258 keV and 1850 keV
that have negative parity from their associated momen-
tum distributions, could correspond to the negative par-
ity states calculated from the shell model, although it
is not possible from the low level of statistics to firmly
assign an angular momentum of either `=0 or 1 from
the momentum distributions in coincidence with the 1258
keV and 1850 keV transitions.

The results showing intensities, branching ratios and
partial cross sections are summarized in Tab. I. The
table is ordered by increasing level energy, with feeding
transitions from each level listed immediately below the
ground state transition. One complication arises from
the non-observation of the isomeric state in the γ-ray
branching ratio analysis, for which the branching ratio
is included in the ground state. For this reason the col-
umn labeled bγ differs from the final branching ratio b for
transitions involving the isomeric and ground states.

Under the assumption that the first 7/2− state is
mostly populated and isomeric, the relative strength de-
duced in sec. III B corresponds to unobserved strength
in the branching ratios deduced from the γ-ray analysis
presented in Tab. I, where it is assigned to the ground
state. Based on that assumption, the branching ratios
for the ground state and the 7/2− state are revised to
29±3% and 20±2%, corresponding to partial cross sec-
tions of 27(4) mb and 18(4) mb, respectively.

Due to the large background at low energy and its rel-
ative low intensity, the 219 keV transition observed in
coincidence with the 484 keV transition is not visible in
the singles spectrum and could not be included in the
global fit of γ-ray intensities, therefore its intensity is

unknown. Since this transition originates from the 703
keV level, the resulting branching ratios and partial cross
sections for the 484 keV and 703 keV levels are taken as
lower and upper limits, respectively. Therefore, only the
largest feeding contribution from the 295 keV transition
has been subtracted to obtain the momentum distribu-
tion corresponding to the 484 keV level displayed in fig.
3.

It is interesting to compare the level scheme deduced
from this data to the proposed 3 scenarios discussed in
[20]. The closest match to the level scheme proposed here
is option 3, with an inferred isomeric state at around 159
keV, based on the strong 546 keV transition observed in
β-decay from 33Na [13]. However, the parity assignment,
based on logft arguments, deduced in [20] and [13] for
the 703 keV state that feeds the isomer is in contradic-
tion with our conclusion. Since the positive parity of
the 779 keV state is firmly established from the shapes
of the momentum distributions in coincidence with the
779 keV and 295 keV transitions, the narrower shape
of the 703 keV momentum distribution is the main in-
dication of a negative parity for this state as well as the
isomer. A similar contradiction is observed for the parity
of the 484 keV excited state. Our conclusion of a positive
parity is based on the clear assignment of a `=2 shape
for the momentum distribution associated with the 295
keV transition and the observed strong feeding to the
484 keV state. The 3p2h (removal of a fp-shell neu-
tron) and 4p3h (removal of a sd-shell neutron) config-
urations described in [20] correspond to the population
of negative and positive parity levels, respectively, from
an assumed dominant 4p2h ground state configuration
in 34Mg. The assignment of the 484 keV transition to
a negative parity level was based on the relative intensi-
ties observed in β-decay [13] and neutron knockout [32],
however in our result the 484 keV state sees very little,
if any, direct feeding from the one-neutron knockout re-
action. This observation invalidates the argument made
in [20] on the parity assignment of this state. Finally,
the deduction to reject option 3 in [20] was based on the
non-observation of the 703 keV transition in [32]. How-
ever, this non-observation was likely due to the limited
statistics achieved in that experiment, since this transi-
tion is clearly visible in our one-neutron knockout data.
The fact that this and the 549 keV transitions both dis-
appear in the one-proton knockout data is an indication
that they may originate from the same level. Likewise,
the isomer study [33] evaluated in [20] had likely too lit-
tle statistics on 33Mg to observe the proposed 154 keV
isomer.

B. Comparison to shell model

The partial cross sections are compared to calcu-
lated ones using spectroscopic factors from different shell
model interactions. The single-particle cross sections are
calculated using the eikonal model [27] relevant at these
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energies. The usual prescriptions for the sizes of the bod-
ies used in these calculations are followed: the 9Be target
nucleus is modeled with a Gaussian density distribution
of width 2.36 fm, while the projectile and residue nuclei
densities are calculated from Hartree-Fock calculations
using the SkX force.

The shell model interactions used to calculate the spec-
troscopic factors are a IMSRG-derived interaction with
an 20O core, and three interactions (SDPF-MU, SDPF-
U-SI and SDPF-U-MIX) using an 16O core with 0-5~ω
excitations from sd to pf shell for valence neutrons. Va-
lence protons are constrained in the sd shell only, be-
cause their cross-shell excitations are less important in
the neutron-rich Mg isotopes. Also, the inclusion of such
excitations demands much larger calculation resource.
Note that of these three last interactions, only SDPF-U-
MIX was designed including different N~ω configurations
in the fitting of sd-pf off-diagonal elements [34], whereas
the other two were confined to 0~ω configurations.

The IMSRG interaction was generated by the VS-
IMSRG method with ensemble normal ordering, as de-
scribed in [35], using the Magnus formulation [36]. The
input Hamiltonian is the 1.8/2.0(EM) interaction de-
scribed in [37], evaluated in an oscillator basis energy
~ω=16 MeV, with truncations e ≡ 2n + ` ≤ emax = 12
and e1 +e2 +e3 ≤ E3max = 14. A Gloeckner-Lawson [38]
center-of-mass term βcm(Hcm− 3/2~ω) is added to push
spurious states out of the spectrum. For more details on
the treatment of the center of mass in this context, see
[39]. The resulting valence space interactions were diag-
onalized using the code NuShellX [40]. To compute the
spectroscopic factors, we do not consistently-evolve the
a† operator, (work on implementing this is in progress).
Since the spectroscopic factors are only used for a qual-
itative comparison, we expect this to be sufficient in the
present context. When computing the spectroscopic fac-
tor, we perform all calculations using the interaction de-
rived with the 34Mg reference.

The SDPF-MU [41] and SDPF-U-SI [42] interac-
tions are widely used Hamiltonians for the sdpf region.
They are both constructed to describe the properties of
neutron-rich Si isotopes. It is therefore reasonable to use
them to study 33Mg and nearby nuclei. The SDPF-U-
MIX interaction [34] is based on SDPF-U-SI and espe-
cially designed to allow for the mixing among different
particle-hole neutron configurations across N=20.

A spin-parity assignment of 3/2+ of the 484 keV state
would imply that the Coulex experiment [14] performed
on 33Mg measured an E1 transition. In this paper how-
ever, the assumptions were that the Jπ of the gs and 484
keV state are reversed. The B(E1) they deduced from
the Coulex cross section is 0.035(10) e2fm2 using that
assumption. Even though the parity assignment used
in [14] is incorrect, the deduced B(E1) is unchanged by
swapping the parities of the two states, because the spins
of both inital and final states are the same, and the cor-
rection factor for a transition going in the opposite direc-
tion is (2J+1)/(2J’+1). This large value of the B(E1) is
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FIG. 7. Comparison between the measured and deduced par-
tial cross sections and calculations, for the one-neutron knock-
out reaction from 34Mg. The calculated cross sections are
deduced from the shell model spectroscopic factors using var-
ious interactions, and the eikonal model single-particle cross
sections. Spectroscopic factors using the SDPF-U-MIX inter-
action were obtained from [43].

similar to the one observed in 27Ne [44], and could indi-
cate similar effects of core excitation and deformation as
the source of this large dipole strength. The shell model
calculation based on the SDPF-MU interaction gives a
much smaller value of 5.06e-6 e2 fm2, but it is normally
difficult for shell model to reproduce B(E1) values in a
limited model space.

The SDPF-MU and IMSRG calculations seem to best
match the data, with the correct level ordering and qual-
itative reproduction of partial cross sections. It is clear
however that the low-lying levels of 33Mg and nearby nu-
clei in the island of inversion are very sensitive to the
local single particle energies, namely, the effective single
particle energies (ESPE). These were recently explored in
nearby isotopes using a newly developed interaction [45],
that showed the extent of ph mixing in the configuration
of 31Mg low-lying states, and the role that three-nucleon
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and tensor forces play in the evolution of the ESPE. It
would be interesting to compare calculations using this
new interaction to the results presented here.

The non-observation of a 154 keV γ-ray in this experi-
ment corresponding to the decay from the inferred 7/2−

state to the ground state is likely due to two factors: the
high background at low energy due to Bremsstrahlung
radiation, and the possible isomeric nature of this state.
Some estimates of the lifetime from shell model calcula-
tions follow. The 7/2− is not a very pure 0h0p state, es-
pecially in SDPF-MU. In SDPF-U-SI, the probability of
pure π(d5/2)4 ν(f7/2)1 configuration is 32.44%, while in
SDPF-MU, it is just 12.82%, where several 2p2h ν(f7/2)1

configurations contribute. The B(E2) values are 88.4 and
74.5 e2 fm4 (effective charges ep=1.5, en=0.5) for SDPF-
MU and SDPF-U-SI, respectively, and the corresponding
half-lives are 100 and 119 ns. With the IMSRG interac-
tion, the prediction gives a lifetime of 180 ns assuming
an energy of 150 keV and B(E2) of 10 Weisskopf units,
which is close to the value obtained for 31Mg [46]. These
estimates indicate that it would be impossible to detect
this transition as a prompt γ ray, and challenging as a
delayed one because the lifetime is similar to the time-of-
flight from the reaction target to a possible decay station
at the end of the ZDS.

Finally the inclusive cross sections measured for both
one-neutron and one-proton knockout reactions allow to
determine the so-called reduction factor [47] that relate
them to theoretical cross sections calculated from shell
model spectroscopic factors and single-particle cross sec-
tions from the eikonal model. The interaction used in
the shell model calculations is SDPF-MU, which seems
to match the present experimental data the best. The
34Mg to 33Mg asymmetry energy is ∆S = Sn-Sp = -18.19
MeV. A theoretical cross section of 135.6 mb is obtained
by summing all partial cross sections to individual states
calculated in the shell model. With the inclusive cross
section of 93(2) mb measured in this experiment, the re-
duction factor obtained is 0.69(2). For the one-proton
knockout the situation is complicated by the fact that the
relative population of the 1+ isomer in the 34Al beam is
unknown. Nevertheless, the theoretical cross sections cal-
culated using either the 4− or 1+ are very close, 11.61 mb
and 12.54 mb, respectively. The 34Al to 33Mg asymmetry
energy is ∆S = Sp-Sn = 12.65 MeV. From the measured
inclusive cross section of 3.1(2) mb, a reduction factor
of 0.26(2) in obtained where the average value of the
theoretical cross section is used, and the error bar takes
into account the experimental error and difference be-
tween the theoretical values. These two reduction factor
determinations fall within the systematics presented in
[47], although somewhat on the low side of the observed
band. They show once again a strong reduction of the
cross section when a deeply bound nucleon is removed,
compared to a calculation using an independent-particle
model.

V. CONCLUSION

In this work we have studied the structure of 33Mg by
means of one-neutron and one-proton removal reactions
from radioactive beams of 34Mg and 34Al, respectively.
Momentum distributions in coincidence with prompt γ
rays recorded at the reaction target were analyzed and re-
vealed the parity assignment of the populated final states
in 33Mg. The ground state momentum distribution ob-
tained by subtraction from the inclusive momentum dis-
tribution is compatible with a p-wave shape, thereby con-
firming the 3/2− spin assignment of the 33Mg ground
state without ambiguity.

The state at 779 keV previously assigned as part of a
rotational band built on top of the 3/2− ground state
[23] has a positive parity, an observation in contradic-
tion with this hypothesis. The strong feeding to the 484
keV state points to a similar parity, and comparison with
shell model calculations give tentative spin assignments
of 3/2+ and 5/2+. The states observed at 703 keV, 1258
keV and 1850 keV on the other hand have negative parity.
The spin assignments for those states becomes more diffi-
cult in part due to the limited resolution of the Doppler-
reconstructed γ-ray measurements, and the inability to
distinguish between `=0 and `=1 shapes due to the finite
resolution of the momentum reconstruction.

With a spin-parity assignment of the 484 keV state
to 3/2+, the strength measured in the Coulomb excita-
tion experiment [9] would correspond to an E1 transition,
with a B(E1) of 0.035(10) e2fm2. This large electric
dipole strength is similar to the one observed in 27Ne
[44], although the weak binding and low angular momen-
tum conditions are not as extreme as in the case of 33Mg.
This may indicate that strong deformation and core ex-
citations play an important role in this nucleus.

The absence of observation of any `=3 momentum dis-
tribution in coincidence with prompt γ rays, which would
reveal the feeding of the normal 0p0h configuration 7/2−

state, is surprising. This likely indicates that this state
has an isomeric nature, and therefore decayed too far
from the γ-ray detection array. This assumption is fur-
ther reinforced by the fitting of the inclusive momentum
distribution which indicate that an `=3 component is
needed. A fit including the `=3 component, combined
with the deduced ground state branching, allows to indi-
rectly determine the partial cross section for this elusive
7/2− state.

A possible indication of the location of the 7/2− state
is provided by the comparison of the populated states
in 33Mg from the one-neutron and one-proton removal
reactions. The differences observed in the one-proton re-
moval reaction can reveal the composition of the states
not populated in that reaction. The most important dif-
ference is the disappearance of both 549 keV and 703 keV
transitions. Since the removal of a d5/2 proton from 34Al
is expected to populate mainly positive parity states in
34Al, the disappearance of both transitions could indicate
that the 549 keV transitions corresponds to the popula-
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tion of the unobserved 7/2− isomeric state from the 703
keV state, which would place this state at around 154
keV, reaching a similar conclusion to the work in [13]
where the presence of this isomer was also inferred.

Partial cross sections are compared to theoretical ones
based on the eikonal reaction model and shell model cal-
culations using 4 modern interactions (IMSRG, SDPF-
MU, SDPF-U-SI and SDPF-U-MIX). They reveal the
complicated nature of the states in 33Mg where large
configuration mixing with p-h excitations play a very im-
portant role. Both the IMSRG and SDPF-MU reproduce
the observed cross sections rather well, especially when
taking into account the strength feeding the indirectly
observed 7/2− state at 154 keV.

Clearly additional data is needed on the spectroscopy
of this nucleus. The one-neutron removal reaction from
34Mg would be advantageously performed using a high-
resolution γ-ray tracking array, in order to better resolve
the numerous transitions and γ-γ coincidences. How-
ever, the non-observation of the prompt decay from the
inferred isomeric 7/2− state would remain in such an
improved experiment. From the estimates of shell model
calculations, the delayed 154 keV γ-ray from the decay of
the isomer could be detected in a setup with γ-ray detec-
tion around the implantation site of the 33Mg residues. A
direct search for this isomer could also be performed from

a decay experiment using a beam of 33Mg produced via
projectile fragmentation. Another possibly more promis-
ing venue would be using a (d,p) transfer reaction on a
32Mg beam in inverse kinematics, that would be able to
measure and identify the `=3 strength directly, as well
as to other populated states. The parity of the 484 keV
state in particular, could not be determined in this ex-
periment, but would be easily identified in a transfer re-
action study. Such a 32Mg beam will be available in the
early days of FRIB operations, produced via projectile
fragmentation and re-accelerated by the ReA6 linac to
energies close to 10 MeV/u.

VI. ACKNOWLEDGEMENTS

The authors would like to thank the RIKEN Nishina
RIBF accelerator staff and the BigRIPS team for pro-
viding the high intensity 48Ca primary beam and the
resulting high quality 34Mg and 34Al radioactive beams.
DB acknowledges fruitful discussions with A. Gade. This
work is supported in part by the U.S. National Science
Foundation under grant PHY-0606007 and the U.S. De-
partment of Energy, Office of Science, Office of Nuclear
Physics under grant DE-SC0020451. SRS is supported
by the U. S. Department of Energy under Contract DE-
FG02-97ER41014.

[1] E. K. Warburton, J. A. Becker, and B. A. Brown, Phys.
Rev. C 41, 1147 (1990).

[2] C. Détraz, D. Guillemaud, G. Huber, R. Klapisch,
M. Langevin, F. Naulin, C. Thibault, L. C. Carraz, and
F. Touchard, Phys. Rev. C 19, 164 (1979).

[3] K. Yoneda, H. Sakurai, T. Gomi, T. Motobayashi,
N. Aoi, N. Fukuda, U. Futakami, Z. Gacsi, Y. Higurashi,
N. Imai, N. Iwasa, H. Iwasaki, T. Kubo, M. Kunibu,
M. Kurokawa, Z. Liu, T. Minemura, A. Saito, M. Ser-
ata, S. Shimoura, S. Takeuchi, Y. Watanabe, K. Yamada,
Y. Yanagisawa, K. Yogo, A. Yoshida, and M. Ishihara,
Physics Letters B 499, 233 (2001).

[4] A. Gade, P. Adrich, D. Bazin, M. D. Bowen, B. A. Brown,
C. M. Campbell, J. M. Cook, S. Ettenauer, T. Glas-
macher, K. W. Kemper, S. McDaniel, A. Obertelli,
T. Otsuka, A. Ratkiewicz, K. Siwek, J. R. Terry, J. A.
Tostevin, Y. Utsuno, and D. Weisshaar, Phys. Rev. Lett.
99, 072502 (2007).

[5] P. Doornenbal, H. Scheit, S. Takeuchi, N. Aoi, K. Li,
M. Matsushita, D. Steppenbeck, H. Wang, H. Baba,
H. Crawford, C. R. Hoffman, R. Hughes, E. Ideguchi,
N. Kobayashi, Y. Kondo, J. Lee, S. Michimasa, T. Moto-
bayashi, H. Sakurai, M. Takechi, Y. Togano, R. Winkler,
and K. Yoneda, Phys. Rev. Lett. 111, 212502 (2013).

[6] S. Michimasa, Y. Yanagisawa, K. Inafuku, N. Aoi,
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