
Ground state of 33Mg: a puzzle
• Several measurements in contradiction

• ß-decay of 33Na: 3/2+ based on log ft and shell model predictions

• g-factor and hfs parameter: 3/2-

• ß-decay of 33Mg: 3/2+ based on log ft and known 33Al gs

• Coulex on 33Mg: E2 transition between gs and 484 keV state

• (p,p’) on 33Mg: 484 keV state observed

• p(34Mg, 33Mg)X: both 484 keV and 546 keV states observed

• References

• ß-decay of 33Na: Nummela et al., PRC 64, 054313 (2001)

• g-factor: Yordanov et al., PRL 99, 212501 (2007)

• ß-decay of 33Mg: Tripathi et al., PRL 101, 142504 (2008)

• Coulex on 33Mg: Pritychenko et al., PRC 65, 061304R (2002)

• (p,p’) and p(34Mg, 33Mg)X: Elekes et al., PRC 73, 044314 (2006)



Conflicting interpretations
• Ground state parity: g-factor and ß-decay results in 

contradiction

• 484 keV state: populated in E2 transition from Coulomb 
excitation incompatible with different parity from ground state

• Proposed level at 159 keV 
solely inferred from 546 keV 
transition (proposed 
isomeric M2 159 keV 
transition not seen in ß-
decay experiment)

• No solution that rejects only 
one of previous 
measurements
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values deduced following the β-decay of 33Na



Configurations

• Low-lying states in 33Mg

• Competition between different configurations

• Shell evolution depends on deformation

• 3/2+ correspond to 1p1h excitation, whereas 3/2- corresponds to 2p2h 
excitation

ration, leading to a doublet of seniority.

For the negative parity states J!! 7
2

" and 3
2

" are ex-

pected at low energy. The value proposed for Ex

!159 keV( 72
") and 484 keV( 32

") are supported by the "-ray
results. According to the proposed level scheme, the 159 keV

level decays by a long-lived, and therefore unobserved, M2

transition. For the 484 keV level, the E1 g.s. transition domi-

nates completely the competing E2 branch to the 159 keV

level. For the strongly #-populated 705 keV level, the three
possible " transitions are observed with comparable intensi-
ties, thus of the same multipole order. In our case, this order

is restricted to dipoles as their decay time is short. In addi-

tion, dipoles to 3
2 and

7
2 levels fix J

!! 5
2

# to the 705 keV

level. Finally, for the 1243 keV level, the lack of transitions

to levels at 705 and 159 keV suggests J!! 1
2

#, the observed

decay modes being then M1 and E1, respectively.

In the decay scheme $Fig. 2%, we have also reported the
main result of the analysis of the #-delayed neutrons, emitted
in the 33Na decay, and discussed in a separate paper &19'.
Two strong peaks have been observed in the time-of-flight

spectrum at En!800(60) and 1020$80% keV and attributed to

33Na decay with exclusion of the other delayed neutron emit-
ters contributing to the spectrum $33Mg, 32Mg, and 33Al%.
From our analysis &19', it appears that these neutrons popu-
late the 2# state at 885 keV in 32Mg locating around 4 MeV
excitation energy in 33Mg, the main part of the Gamow-
Teller strength measured in this experiment.

IV. DISCUSSION

The # decay of 33Na has been compared to shell model
calculations. For n-rich A!33 nuclei, the situation is
complicated since they are situated in the so-called island
of inversion where many kinds of excitations
(0p0h ,1p1h ,2p2h) are coexisting. The discussion proceeds
in three steps: first we discuss the nature of the parent

nucleus 33Na, then we analyze its beta decay and embed the

final states produced by the shell model into the low-lying

level spectrum observed for 33Mg.

A. Shell model structure of
33
Na

Following our previous study of 34,35Si &11', we work in
the sd-p f valence space. Three different kind of excitations

FIG. 7. Calculated low-lying states of 33Mg:

unmixed case.

S. NUMMELA et al. PHYSICAL REVIEW C 64 054313

054313-6

Calculated low-lying states in 33Mg 
(unmixed case) from Nummela et al.,  
PRC 64, 054313 (2001)



Goals of proposed experiment

• Identify spin and parity of 33Mg ground state, and resolve 
present conflicting information

• Identify spin and parity of excited states, in particular 484 keV 
level seen in Coulomb excitation

• Deduce level scheme using γ-γ coincidences

• Look for proposed long-lived M2 isomeric state at 159 keV

• Characterize intruder configurations in this nucleus



Single nucleon knockout reactions

• One-neutron removal from 34Mg

• Populate excited and ground states in 33Mg

• Measure longitudinal momentum distributions of 33Mg residue tagged on 
gamma-rays

• Unambiguous identification of angular momentum of removed nucleon

• Ground state momentum distribution from inclusive minus excited states

• 484 keV - tagged momentum distribution after subtraction of feeding 
from 705 keV and 1243 keV states

• One-proton removal from 34Al

• Favors population of positive parity states in 33Mg

• Complementary information on the structure of excited states in 33Mg by 
comparison with one-neutron knockout from 34Mg



Angular momentum identification

• Longitudinal momentum 
distribution of residue

• From initial 0+ state, only one 
angular momentum value 
possible to final state

• Calculation shows difference 
between d and p orbitals

• Example on 34Ar-1n

• Ground state p// distribution 
shows agreement with l=0 shape 
whereas excited states with l=2

• From A. Gade et al., PRC 69, 
034311 (2004)
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III. THEORETICAL DESCRIPTION

A. Single-particle cross sections and momentum distributions

The individual cross sections !!I"" for the knockout of a
single nucleon with quantum numbers !n , l , j" leaving the
core in a specific final state I" can be decomposed into a part

that describes nuclear structure (the spectroscopic factor
C2S) and into the contribution characterizing the reaction
process (the single-particle reaction cross section !sp)

!!I"" =#
j

C2S!j,I""!sp„j,Sn + Ex!I""… , !1"

with summation over all the allowed angular-momentum

transfers j.

The sum Sn+Ex!I"" is the effective binding energy of the
removed neutron where Sn is the neutron-separation energy

from the ground state of the projectile and Ex!I"" denotes the

excitation energy of the final state of the core. The single-

particle cross sections are a sum of the contributions from the

stripping mechanism (absorption of the neutron in the target)
and diffractive dissociation (elastic breakup):

!sp = !sp
str + !sp

dif f !2"

with !sp
dif f#!sp

str for well-bound nuclei. The single-particle

cross sections entering Eq. !1" were calculated within the
eikonal approach of Tostevin $22%. The stripping and diffrac-
tive contributions have been computed independently from

the target-core and target-neutron S matrices which were de-

termined via Glauber theory assuming Gaussian matter dis-

tributions for core and target. The relative core-neutron wave

functions were calculated in a Woods-Saxon potential. For

deeply bound systems, the reaction cross section is rather

sensitive to the choice of the Woods-Saxon parameters. We

fixed the diffuseness consistent with previous publications

$3% to a=0.7 fm while the radius r0 was selected for each

nucleus individually to reproduce the rms separation of

neutron and core in the 1s1/2 ground state

r1s1/2
= & A

A ! 1
'1/2r1s1/2HF !3"

obtained from a self-consistent Hartree-Fock !HF" approach
employing the SKX Skyrme interaction $23,24%. The
A-dependent coefficient takes into account that the HF radius

is referred to in the nuclear center of mass. The depth of the

potential was chosen to reproduce the effective binding en-

ergy of the initial state. For the core the HF matter rms radii

rc!31S"=3.10 fm, rc!32Cl"=3.14 fm, and rc!33Ar"=3.18 fm
were used. The rms radius of 2.36 fm for the 9Be nuclei of

the target was taken from electron scattering data $25%
corrected for the point charge.

The dependence of the single-particle cross section !sp

from the relative core-neutron radius r(r1s1/2
and the dif-

fuseness a can be estimated in a finite-difference approxima-

tion. For the knockout from 34Ar this yields the following

after evaluating the partial derivatives with respect to r and

a:

$!sp/!sp = 1.286$r + 0.181$a , !4"

where the numerical constants are in fm!1. A 0.1 fm uncer-

tainty in the radius of the single-particle orbit translates

into about 13% relative error, while the cross section is

rather insensitive to the parameter a. The sensitivity of !sp

with respect to the core rms radius rc can be evaluated

similarly:

$!sp/!sp = ! 1.10$rc. !5"

For the one-neutron removal from 34Ar to 33Ar this implies

a change of 0.1 fm in the core radius to result in an 11%

effect which is in contrast to the case of loosely bound

systems, where the sensitivity with respect to the Woods-

Saxon parameters and the core radius is reduced $3%. The
charge radii calculated in the SKX Hartree-Fock approach

agree within 0.02 fm with the existing experimental data.

Therefore, the uncertainties in the core radius and the ra-

FIG. 5. Ground-state (a) and excited-state (b) momentum distri-
butions for the one-neutron knockout residues 32Cl. The shapes are

compared to pure l=2 (dashed-dotted line), pure l=0 (solid line), as
well as to a superposition of both (dotted line) motivated by the
estimates discussed in the text.

FIG. 6. Ground-state (a) and excited-state momentum distribu-

tions (b) for 33Ar compared to calculations assuming l=0 (solid
line) and l=2 (dashed-dotted), respectively. The narrow distribution
for the knockout to the 33Ar ground state is in good agreement with

the calculated momentum distribution for l=0 knockout consistent

with the expected s1/2 configuration for the ground state of
33Ar.

The wider excited-state momentum distribution is nicely repro-

duced by l=2 proving that predominantly excited states with d3/2
and d5/2 configuration are populated in agreement with the level

scheme observed.

ONE-NEUTRON KNOCKOUT REACTIONS ON PROTON… PHYSICAL REVIEW C 69, 034311 (2004)

034311-5



Proposed setup

• Production, filtering and identification of 34Mg and 34Al beams

• Use BigRIPS fragment separator with 345 MeV/u 48Ca primary beam on 
16 mm Be production target

• Knockout reactions on radioactive beams

• Place reaction target (Be or C) at F8 focal point of BigRIPS

• Use Zero Degree Spectrometer (ZDS) in dispersive mode to filter, 
identify and measure momentum of 33Mg residue

• Surround reaction target with the DALI2 array to detect γ-rays emitted in 
coincidence with the heavy residue

• Stopped 33Mg at F11 focal plane

• Use high efficiency Ge detector to look for proposed long-lived isomer, 
and measure its lifetime if found



Lifetime issues

• Doppler broadening and long lifetimes

• Assuming transition from 7/2+ to 5/2+ for 484 keV line: T1/2=69 ps which 
corresponds to 2-3 cm at ß=0.6

• High resolution γ-
ray array cannot be 
used to its full 
capacity

• Geant simulation of 
DALI2 array shows 
evolution of peak 
shape as a function 
of lifetimes: 50, 100, 
200 and 400 ps
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Resolution issues

• γ-ray tagging of momentum distributions

• Relatively high level density and low energy of 33Mg level scheme

• Difficult to resolve 484 keV and 546 keV lines

• Necessary to use γ-γ coincidences with feeding transitions

• Calculated spectra using branching ratios from ß-decay of 33Na
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