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TRIUMF SUB-ATOMIC PHYSICS EEC NEW RESEARCH PROPOSAL 
Detailed Statement of Proposed Research for Experiment # S1240 
 

Title:  Precision mass cartography of the island of inversion 
 
Spokespersons:  D. Lunney and J. Dilling, for the TITAN collaboration 
 
Abstract: We propose a detailed binding-energy survey of the famous “island of 
inversion.” This area is now a benchmark for the disappearance of the normally- 
stabilizing effect of a closed shell on the binding energy.  The newly-commissioned 
TITAN setup at TRIUMF-ISAC is the only Penning-trap capable of carrying out such 
a study, due to the short half-lives involved.  We request 32 shifts of beam time for 
mass measurements of Ne, Na, Mg and Al nuclides around N = 20.  

 

(a) Scientific value of the experiment: Describe the importance of the experiment and its relation to previous 
work and to theory.  All competitive measurements at other laboratories should be mentioned.  Include 
examples of the best available theoretical calculations with which the data will be compared. 

 
The nuclear shell model, in which nucleons occupy orbitals akin to the atomic system, 

was derived from observations of particularly strong binding energies for filled shells and 
is a cornerstone of nuclear structure.  Aptly enough, not only have these so-called “magic” 
numbers been found to exhibit disappearing acts far from the valley of stability, new 
magic numbers have also made apparitions.  This isospin-dependent re-ordering of the 
nuclear quantum states now points us to the improvements needed for a better theory of 
the nuclear interaction.  As such, magic-number migration is a major axis of research in 
nuclear structure.  A recent review article [SorPor2008] summarizes the copious 
collection of experimental and theoretical work and attests to the continued importance of 
tracking the (dis)appearances of closed-shell effects for exotic nuclides.   

 
The original case study for the disappearance of a magic number was that of N = 20 

and the now-famous island of inversion, discovered from pioneering on-line mass 
spectrometry studies of sodium 
isotopes at CERN [Thib75].  Instead 
of the increased binding energy (BE) 
normally associated with a closed 
shell, the derived two-neutron 
separation energies S2n = BE(Z,N) – 
BE(Z,N 2) exhibited an anomaly, 
visible in the figure (right).  A 
“normal” shell closure shows a kink 
at the magic number, as seen for Ca 
and K, whereas the Na and Mg 
isotopes show no such kink at 
N = 20.   

 

view on the island of inversion through S2n

S2n = m(Z,N − 2) + 2mn −m(Z,N)



 
 
Returning to the S2n plot, it is interesting to examine the case of N = 28 for more 

exotic nuclides.  While the case of Ar is still not determined, Cl would appear to fall 
victim to the disappearance of the N = 28 shell.  These masses were obtained from 
measurements made at GANIL using the SPEG energy-loss spectrometer [Sara00].  The 
relative strength of the difference in binding energy before and after a purported magic 
number can be quantified by a quantity defined as the shell gap  = S2n(Z,N) – S2n(Z,N+2).  

In the figure (left) the 
shell gap is plotted 
versus Z for the cases of 
N = 20 and 28.  The 
prominent features of 
this plot are the peaks 
for nuclides having 
N = Z.  This shows the 
exceptional binding of 
such nuclides due to 
proton-neutron pairing 
(sometimes called the 
Wigner effect).  Another 
peak can be seen for 
N = 28 and Z = 20 (the 
doubly-magic nuclide 

48Ca).  The shell gap nicely illustrates the magic number disappearance for N = 20, being 
greatly diminished below Z = 15 (to the point of being “quenched” at Z = 13) from its 
nominal value of 4-5 MeV.  The unfilled N = 28 shell-gap point for Z = 17 was obtained 
from recent mass measurements with SPEG using fragmentation [Jura07].  Such 
measurements so far from stability are indeed impressive, however the uncertainty 
associated with the results is unfortunately too large to report the disappearance of the 
N = 28 shell.  In fact, the error bars of the N = 20 shell gap values for sodium and 
magnesium do not rule out the possibility of a reincarnation of this magic number!  It may 
well be within the possibilities of nature for the doubly magic 26O nuclide to exist.  A 
recent reaction mass measurement was performed at MSU for 25O that highlights the 
emergence of an N = 16 shell [Hoff08] and shows that important theoretical work remains 
to be done to explain the nuclear binding of this region.  It is therefore of great interest to 
complement this work by a more refined mapping of the shell gap behavior to help further 
understand the delicate properties on which shell structure rests.   
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Following the mass measurements, nuclear spectroscopy1 revealed the extra binding 
to be due to deformation brought on by the inversion of so-called “intruding” pf orbitals 
that offered themselves for occupation.  Shell model calculations using only the sd 
orbitals (following the “normal” quantum sequence) did not correctly account for the 
experimental results.  This concept is illustrated (right) by a calculation taken from 
[Otsuka02] that shows how the “normal” orbital 
occupation for N = 20 isotones close to stability (Z = 20 
and lower) has a large energy gap whereas for exotic 
nuclides (Z = 12 and below) the orbital spacing changes 
and the new magic number N = 16 emerges.  These 
results were obtained by including a spin-isospin 
dependence in the nuclear interaction.    

  
While mass measurements can very nicely illustrate 

eventual disappearances, they do not give sufficient 
information for their explanation since the mass is the 
net effect of all forces acting inside the nucleus.  
Therefore, the arsenal of post-accelerated radioactive 
beams has now been brought to bear on this problem.  A 
recent example was published by Hurst et al. [Hurst09] 
where the process of Coulomb excitation was used to 
probe the single-particle properties of the 29Na nucleus.  
While this nuclide is not considered as a de facto 
resident of the island of inversion, the results are interesting since they show strong 
mixing of the intruder orbitals.  Thus, the understanding of the island itself, requires some 
snorkeling in its littoral shallows.  This was the case for the southern coast of the island 
where the role of intruder states was further elaborated using Coulomb excitation studies 
of 26,28Ne [Pri99].   

 
Complementing reactions and spectroscopy studies is the low-energy technique of 

-NMR coupled with laser spectroscopy, recently used at ISOLDE to decisively nail the 
spin of the 33Mg ground state [Yord07].  The mass is also necessary for complementary 
laser spectroscopy experiments dedicated to the measurement of the mean-square charge 
radius.  The charge radius is extracted from the measured isotope shift, the two 
components of which include a mass shift.  

 
The reader is referred to a recent review article [SorPor08] for the whole picture.      
 
 

                                                 
1 The same group, from Orsay, published nuclear spectroscopy results for 32Mg [Detraz79] in which they reported a 
particularly low 2+ level and interpreted it as the onset of deformation that overpowered the effect of the erstwhile 
closed shell.  In subsequent work [Detraz83], they derived masses for 31-32Mg from the decay-energies, which also 
confirmed the N = 20 disappearance for Z = 12.   

Otsuka et al. et al, EPJ A15,151 (2002)

E
SP

EΔ
= 

S 2
n(

Z
,N

)-S
2n

(Z
,N

+2
)



 
 
Returning to the S2n plot, it is interesting to examine the case of N = 28 for more 

exotic nuclides.  While the case of Ar is still not determined, Cl would appear to fall 
victim to the disappearance of the N = 28 shell.  These masses were obtained from 
measurements made at GANIL using the SPEG energy-loss spectrometer [Sara00].  The 
relative strength of the difference in binding energy before and after a purported magic 
number can be quantified by a quantity defined as the shell gap  = S2n(Z,N) – S2n(Z,N+2).  

In the figure (left) the 
shell gap is plotted 
versus Z for the cases of 
N = 20 and 28.  The 
prominent features of 
this plot are the peaks 
for nuclides having 
N = Z.  This shows the 
exceptional binding of 
such nuclides due to 
proton-neutron pairing 
(sometimes called the 
Wigner effect).  Another 
peak can be seen for 
N = 28 and Z = 20 (the 
doubly-magic nuclide 

48Ca).  The shell gap nicely illustrates the magic number disappearance for N = 20, being 
greatly diminished below Z = 15 (to the point of being “quenched” at Z = 13) from its 
nominal value of 4-5 MeV.  The unfilled N = 28 shell-gap point for Z = 17 was obtained 
from recent mass measurements with SPEG using fragmentation [Jura07].  Such 
measurements so far from stability are indeed impressive, however the uncertainty 
associated with the results is unfortunately too large to report the disappearance of the 
N = 28 shell.  In fact, the error bars of the N = 20 shell gap values for sodium and 
magnesium do not rule out the possibility of a reincarnation of this magic number!  It may 
well be within the possibilities of nature for the doubly magic 26O nuclide to exist.  A 
recent reaction mass measurement was performed at MSU for 25O that highlights the 
emergence of an N = 16 shell [Hoff08] and shows that important theoretical work remains 
to be done to explain the nuclear binding of this region.  It is therefore of great interest to 
complement this work by a more refined mapping of the shell gap behavior to help further 
understand the delicate properties on which shell structure rests.   

 
 
 

3

Motivation for S1240

 
 
Returning to the S2n plot, it is interesting to examine the case of N = 28 for more 

exotic nuclides.  While the case of Ar is still not determined, Cl would appear to fall 
victim to the disappearance of the N = 28 shell.  These masses were obtained from 
measurements made at GANIL using the SPEG energy-loss spectrometer [Sara00].  The 
relative strength of the difference in binding energy before and after a purported magic 
number can be quantified by a quantity defined as the shell gap  = S2n(Z,N) – S2n(Z,N+2).  

In the figure (left) the 
shell gap is plotted 
versus Z for the cases of 
N = 20 and 28.  The 
prominent features of 
this plot are the peaks 
for nuclides having 
N = Z.  This shows the 
exceptional binding of 
such nuclides due to 
proton-neutron pairing 
(sometimes called the 
Wigner effect).  Another 
peak can be seen for 
N = 28 and Z = 20 (the 
doubly-magic nuclide 

48Ca).  The shell gap nicely illustrates the magic number disappearance for N = 20, being 
greatly diminished below Z = 15 (to the point of being “quenched” at Z = 13) from its 
nominal value of 4-5 MeV.  The unfilled N = 28 shell-gap point for Z = 17 was obtained 
from recent mass measurements with SPEG using fragmentation [Jura07].  Such 
measurements so far from stability are indeed impressive, however the uncertainty 
associated with the results is unfortunately too large to report the disappearance of the 
N = 28 shell.  In fact, the error bars of the N = 20 shell gap values for sodium and 
magnesium do not rule out the possibility of a reincarnation of this magic number!  It may 
well be within the possibilities of nature for the doubly magic 26O nuclide to exist.  A 
recent reaction mass measurement was performed at MSU for 25O that highlights the 
emergence of an N = 16 shell [Hoff08] and shows that important theoretical work remains 
to be done to explain the nuclear binding of this region.  It is therefore of great interest to 
complement this work by a more refined mapping of the shell gap behavior to help further 
understand the delicate properties on which shell structure rests.   

 
 
 

reappearance of
magic number ?

Following the mass measurements, nuclear spectroscopy1 revealed the extra binding 
to be due to deformation brought on by the inversion of so-called “intruding” pf orbitals 
that offered themselves for occupation.  Shell model calculations using only the sd 
orbitals (following the “normal” quantum sequence) did not correctly account for the 
experimental results.  This concept is illustrated (right) by a calculation taken from 
[Otsuka02] that shows how the “normal” orbital 
occupation for N = 20 isotones close to stability (Z = 20 
and lower) has a large energy gap whereas for exotic 
nuclides (Z = 12 and below) the orbital spacing changes 
and the new magic number N = 16 emerges.  These 
results were obtained by including a spin-isospin 
dependence in the nuclear interaction.    

  
While mass measurements can very nicely illustrate 

eventual disappearances, they do not give sufficient 
information for their explanation since the mass is the 
net effect of all forces acting inside the nucleus.  
Therefore, the arsenal of post-accelerated radioactive 
beams has now been brought to bear on this problem.  A 
recent example was published by Hurst et al. [Hurst09] 
where the process of Coulomb excitation was used to 
probe the single-particle properties of the 29Na nucleus.  
While this nuclide is not considered as a de facto 
resident of the island of inversion, the results are interesting since they show strong 
mixing of the intruder orbitals.  Thus, the understanding of the island itself, requires some 
snorkeling in its littoral shallows.  This was the case for the southern coast of the island 
where the role of intruder states was further elaborated using Coulomb excitation studies 
of 26,28Ne [Pri99].   

 
Complementing reactions and spectroscopy studies is the low-energy technique of 

-NMR coupled with laser spectroscopy, recently used at ISOLDE to decisively nail the 
spin of the 33Mg ground state [Yord07].  The mass is also necessary for complementary 
laser spectroscopy experiments dedicated to the measurement of the mean-square charge 
radius.  The charge radius is extracted from the measured isotope shift, the two 
components of which include a mass shift.  

 
The reader is referred to a recent review article [SorPor08] for the whole picture.      
 
 

                                                 
1 The same group, from Orsay, published nuclear spectroscopy results for 32Mg [Detraz79] in which they reported a 
particularly low 2+ level and interpreted it as the onset of deformation that overpowered the effect of the erstwhile 
closed shell.  In subsequent work [Detraz83], they derived masses for 31-32Mg from the decay-energies, which also 
confirmed the N = 20 disappearance for Z = 12.   

Otsuka et al. et al, EPJ A15,151 (2002)

E
SP

EΔ
= 

S 2
n(

Z
,N

)-S
2n

(Z
,N

+2
)



4

Motivation for S1240

S1240 TITAN: Sept. Ê09:
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MPET baking
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3.7.10-11 Torr (on both sides)



Shorts after baking
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Vacuum System and Detector Upgrade

Advantages:

• 2 independent detection systems

• detector repair without venting MPET

• independent baking possible
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Accuracy check
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• before beamtime
• 39K  vs 23Na
• literature: new FSU data 

mass dep. shift:
0.8(2) keV 

over
∆A=16

R = Rmeas

�
1 + (∆R/R)mds∆A

�

preliminary



Accuracy check II:
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• 27Al from ISAC
• use 27Al to optimize trapping parameters and scale from there for radioactives
• reference: 23Na

mass dep. shift:
0.3(4) keV 

over
∆A=4

preliminary
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29Al complete data:

preliminary
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1 Hz, no dip.

1 Hz, incomplete dip
10 Hz,  47 ms dip cycle

but no dip. applied

10 Hz, incomplete dip.
mod. cycle (45 ms dip)

10 Hz, correct dip.
mod. cycle (45 ms dip)

1 Hz, correct dip.

29Al complete data:

10 Hz, incomplete dip (47 ms)

preliminary
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1 Hz, no dip.

1 Hz, incomplete dip
10 Hz,  47 ms dip cycle

but no dip. applied

10 Hz, incomplete dip.
mod. cycle (45 ms dip)

10 Hz, correct dip.
mod. cycle (45 ms dip)

1 Hz, correct dip.

29Al complete data:

10 Hz, incomplete dip (47 ms)

?!? systematic effect ?!?

preliminary



30Al
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preliminary



30Al
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• 30,000 ions/sec at the channeltron but hardly anything at MPET MCP ( ca. 400 counts in 1/2h )

preliminary



Transfer Efficiency

13

S. ETTENAUER et al. PHYSICAL REVIEW C 81, 024314 (2010)

is floated to high voltage. The ions are confined in the radial
direction by an electric quadrupolar rf field and axially by a
potential minimum formed by a dc gradient. Through collision
with a He buffer gas, the ions are cooled before they are
extracted in bunches from the RFQ. A pulsed drift tube brings
the ions to ground potential with a kinetic energy of 2 keV.
The cooled and bunched ions are transferred directly from
the RFQ to the measurement Penning trap. A homogeneous,
axial 3.7 T magnetic field and a harmonic potential from a
hyperbolic electrode structure establish the confinement in
the Penning trap, resulting in three ion eigenmotions [25–27].
The magnetron and reduced cyclotron motions with respective
frequencies ν− and ν+ are in the radial direction and are
related to the cyclotron frequency νc = (1/2π )(q/m)B via
νc = ν+ + ν−. This equation only holds exactly for an ideal
trap. For a real Penning trap, frequency shifts are induced by
the misalignment of the magnetic field with the trap axis and
by harmonic distortions of the electric field [28,29]. These
frequency shifts have been studied for TITAN’s measurement
Penning trap [30] and are well below the precision of the
present measurement. Through the application of an electric
quadrupolar rf field at the frequency νrf the radial eigenmotions
can be coupled [27]. By applying νrf = νc at a constant product
of amplitude Arf and excitation time Trf of the rf, an initial
magnetron motion can be fully converted into a reduced
cyclotron motion and vice versa. According to ν+ " ν−, this
results in a significant change in an ion’s kinetic energy. In
the time-of-flight resonance detection technique [27,31], ions
initially on magnetron motion trajectories are excited by such
an rf field. Changes in the kinetic energy are observed by
a reduction of the time of flight (TOF) to a microchannel
plate (MCP) detector after the ions are ejected from the
trap. For each ion bunch, a fixed νrf is applied. By scanning
through νrf a resonance with a minimum in TOF at νrf = νc is
obtained. At TITAN the initial magnetron motion is induced
using a Lorentz-steerer [32], which allows fast and precise
ion preparation during the injection of the ion bunch into
the trap. Measurements were taken with excitation times of
Trf = 18 and 48 ms, corresponding to respective ion extraction
rates from the RFQ of 50 and 20 Hz. An example for
a resonance with Trf = 48 ms is shown in Fig. 1 and the
data are fit to the theoretical line shape [27]. To determine
the magnetic field in the trap, reference frequency scans were
performed with 12C before and after each 12Be measurement.
In all cases, the excitation time for 12C was identical to the
one for the interjacent 12Be measurement. The separation in
time between the 12C and 12Be measurements was kept below
one hour to minimize the effect of nonlinear changes in the
magnetic field between the two reference measurements. The
cyclotron frequency of 12C at the time of the 12Be measurement
was linearly interpolated from the preceding and following 12C
measurement. The frequency ratio R = νc(12Be+)/νc(12C+)
was calculated for each measurement set. A summary of these
can be found in Table I.

Various systematic effects at TITAN have recently been
studied with 6Li [30]. We are confident in extending the
corrections to the present mass range, especially since the
effects were shown to be almost two orders of magnitude below
the precision of this measurement. Particularly, because the

−40 −30 −20 −10 0 10 20 30 40
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ν
rf
 − 4 726 491 [Hz]

TO
F 
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s]

T
rf
 = 48 ms

FIG. 1. (Color online) 12Be+ resonance with excitation time of
Trf = 48 ms with a fit of the theoretical line shape (solid line).

reference ion and ion of interest share the same mass number,
effects of an improper electric field compensation, alignment
between magnetic and trap axes, or harmonic distortions of the
electrode structure effectively vanish. To minimize ion-ion or
ion-residual gas interactions, which could shift the observed
frequency, the number of ions in the trap at one time was kept
low: For 12C we detected on average less than 1.5 ions per ion
bunch and in the case of 12Be, the number of ions delivered
to TITAN was as low as 30–300 ions/s. The analysis was
performed once by taking all detected ions into account and a
second time by allowing events with only one registered ion per
bunch. A difference of 78 ppb in R between the two analysis
approaches was observed, corresponding to almost half of the
statistical uncertainty. This appears to be too large, given that
for 12Be the two data sets are highly correlated because of
the relatively rare scenario of detecting two ions during the
same ion bunch. To investigate a potential systematic effect,
we employed an ion-count-class analysis [33] of the reference
measurements as well as of an additional set of 10 12C
runs, which were taken half-way through the experiment.
The extracted shift is in comfortable agreement with zero,
but we cannot exclude a shift of the cyclotron frequency
of 19 ppb for 12C. For 12Be, the low number of counts
does not allow us to perform an ion-count-class analysis.
However, because of the laser ionization, we can safely assume

TABLE I. Mean cyclotron frequency ratio R between 12Be and
12C for Trf = 18 and 48 ms with statistical uncertainties. For the total
R the systematic uncertainties from potential shifts in νc(12C+) and
νc(12Be+) are also displayed.

Trf (ms) R = νc(12Be+)/νc(12C+) Number of Number
measurements of ions

18 0.997 761 43(27) 8 2580
48 0.997 761 37(23) 3 453

Total 0.997 761 39(17){2}{8} 3033

024314-2

T1/2 = 24 ms 
~30-300 ions/s

12Be

normal condition:

terrible transfer efficiency through RFQ:

• ÂchemistryÊ He ↔ Al?

• low pressure in gas bottle => more contamination in gas

• RF problem

‣ needs further investigation & repair !!!



28Na
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• 2,000 ions/sec at the channeltron
• 380 ions in 2 1/2 h
 => we were able to trap
• but no (real) reasonacne

TOF of A=28



Conclusion
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• after baking, repair & upgrade: MPET online again

• but serious problems with RFQ transfer efficiency

• mass of 29,30Al measured
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